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Abstract. Nystatin perforated-patch clamp and single- currents and this effect was blocked by the,A&ceptor
channel recording methods were used to characterizantagonist losartin.

macroscopic and single-channel Kurrents and the ef-

fects of angiotensin Il (Angll) in cultured rat adrenal Key words: Aldosterone — Angiotensin Il — Angio-
glomerulosa cells. Two basic patterns of macroscopidensin Il type 1 receptor — Losartin — Potassium chan-
current-voltage relationships were observed: type 1 exhels — Quinidine

hibited a rapidly activating, noninactivating, voltage-

dependent outward current and type 2 exhibited an inacitroduction

tivating voltage-dependent outward current attributed to

charybdotoxin sensitive C&dependent K channels. The K* channel classes controlling the plasma membrane
Most cells exhibited the type 1 pattern and experimentgotential and, consequently, Canflux through voltage-
focused on this cell type. Cell-attached and inside-outlependent Cd channels have been hypothesized to play
patches were dominated by a singlé hannel class an important role in mediating regulation of aldosterone
which exhibited an outward conductance of 12 pS (20secretion from adrenal glomerulosa cefisr[review see
mm K pipette in cell-attached and inside-out Configura_z, 21] The resting membrane ionic conductance of these
tions, 145 nw K+in)v a mean open time of 2 msec, and aCG”S is dominated by K [12, 18] and angiotensin Il
weakly voltage-dependent low open probability that in- (Angll)-induced membrane depolarization has been at-
creased with depolarization. Channel open probabilittributed to inhibition of K channels [3, 15, 17, 19].
was reversibly inhibited by bath stimulation with Angll. However, there is little agreement among different labo-
At the macroscopic level, type 1 cell macroscopit K ratories regarding the properties of thé éhannels con-
currents appeared Comprised of two components: golllng the membrane potential even within the same
weakly voltage-dependent current controlling the restingsPecies. Whole-cell patch-clamp measurements of mac-
membrane potential (-85 mV) which appeared mediated0Scopic K currents described two basic patterns of de-
by the 12 pS K channel and a rapidly activating, non- Polarization-activated K current inhibited by Angll or
inactivating voltage-dependent current activated abové@drenocorticotropic hormone (ACTH) in rat, bovine
-50 mV. The presence of the second voltage-depende@nd human glomerulosa cells. One pattern may be
K* channel class was suggested by the effects of Anglidescribed as exhibiting a delayed rectifier-type of rap-
the blocking effects of quinidine and sand the prop-  idly-activating, noninactivating current; the second pat-
erties of the Weak|y V0|tage-dependenf Ehannel de- tern exhibited pronounced inactivation of the outward
scribed. The K selectivity of the macroscopic current current [3, 15, 16, 17]. Brauneis et al. [3] reported that
was demonstrated by the dependence of current reverstle€ noninactivating delayed rectifier pattern predomi-
potentials on the K equilibrium potential and by the nated in rat cells and was also observed in some humar
effects of K" channel blockers, Csand quinidine_ Angll cells whereas the transient pattern of outward current

(10 pv to 1 rnw) reversibly inhibited macroscopic*Kk Wwas predominant in bovine cells and also observed in
human cells. Payet et al. [17] reported that human cells

exhibited the transient current pattern and that this cur-
[ rent was blocked by 2 mn 4-aminopyridine, suggesting
Correspondence taD.P. Lotshaw an A-type K current. In contrast to the results of Brau-



262 D.P. Lotshaw: Angll-modulated KChannels

neis et al. [3], Payet et al. [16] reported that a transienfiltered through a 7@um pore size nylon screen. Cells were pelleted by
outward current pattern predominated in rat cells andentrifugation, resuspended in culture medium and plated at low den-
attributed the current to C’a—dependent maxi-K chan- sity (less than 19cells/ml) on fibronectin treated glass coverslip chips.

nels. None of these studies characterized the macr (_:ultures were maintained at 37°C in an humidified atmosphere of 5%
) uai 1z %02—95% air. Culture medium consisted of a mixture of Ham’s F-12

scopic K current controlling the resting membrane po- 4nq pulbecco’s modified Eagle’s medium (1:1) supplemented with 2%
tential although it was suggested that*Gdependent fetal calf serum, 8% horse serum, 0.1rascorbic acid, Jum vitamin
maxi-K* channels control the resting membrane potentiak, 1 ug/ml insulin, 50 U/ml penicillin G, and 5Q.g/ml streptomycin.
in rat cells [16]. At the single-channel level the predomi- Sera were obtained from GIBCO-BRL, Grand Island, NY and

nant channel observed in cell-attached patches from boﬂ:pllagenase from Worthington, Freehold, NJ; all other reagents were

rat and bovine cells was reported to be an inwardly rec22@ined from Sigma (St. Louis, MO). Losartan (DuP753) was a gen-

. + s L erous gift from Du Pont (Wilmington, DE). Aldosterone was measured
tlfymg K™ channel inhibited by bath appllcatlon of Angll without extraction by radioimmunoassay (Diagnostic Products, Los

[10, 24]. These authors also reported Angll inhibition of angeles, ca).
a second class of noninactivating ermeable channels
postulated to mediate delayed rectification in rat cells.
The discrepancies between these studies have né#ECTROPHYSIOLOGY
been resolved and may reflect differences in cell culture
conditions or electrophysiological methods. At the Patch-clamp recordings [7, 8] were performed on cells maintained in
single-channel level the properties of the Ang”_modu_culture from 2 to 72 hr. However, formation of the gigaohm seal
lated, inwardly-rectifying K channel were not recon- between the pipette and plasma membrane was often difficult in freshly

. . . e . . isolated cells, possibly due to insufficient digestion of cell surface
ciled with the lack of inward rectification in the macro- macromolecules during tissue dissociation. Gigaohm seals were

scopic currents measured under whole-cell patch clampeadily obtained on cells maintained in culture overnight (or at least 12
This might suggest that some Angll-modulatetidhan-  hr). Glass coverslip chips containing adherent glomerulosa cells were
nels rapidly rundown under whole—cell recording condi-transferred to a small volume (0.5 ml) recording chamber mounted on
tions. an inverted microscope equipped with phase contrast optics. The

The purpose of the present study was to Characterizﬁhamber was continuously perfused at a rate of 1 ml/min with modified
; : Fanks' sali ilibrated with 100%,Qin mu): 140 NaCl, 4 KCl,
macroscopic and single-channef iKurrents and to ex-  oro S3NE equiibrated wi 6Qin mwm) a

. . 1.25 CaC}, 1.2 MgCl,, 4.2 NaHCQ, 10 N-2-hydroxyethylpiperazine-
amine Angll effects on K currents in rat adrenal glo- N’-2-ethanesulfonic acid (HEPES), 5.5 glucose, pH adjusted to 7.4

merulosa cells. To reduce channel rundown or 10ss Oyith NaOH. For experiments in which the KCI concentration of the
normal signal transduction processes, the nystatin perfasaline was increased, the NaCl concentration was reduced by an
rated-patch technique [8] was substituted for whole-cellequimolar amount. Sodium methanesulfonate was used in |0w&CI
patch clamp. This method restricts exchange betweel*'l?e' rePIacipg an equimolar amount of NgCI. In some experimgnts.a
the pipette solution and cytosol to solutes permeable tglgh K" saline was used to zero the resting membrane potential (in

th tatin-f d . i I | th): 145 KClI, 2.5 MgC}, 5 glucose, 10 HEPES, pH adjusted to 7.4
. e ?5/]5 atin-formed pore, primarly small monovalen with KOH. All recordings were performed at room temperature.
ons .

The perforated-patch variation of the whole-cell patch clamp was
employed using nystatin as the pore forming agent [8]. A stock solu-
tion of nystatin dissolved in dimethylsulfoxide (50 mg/ml) was freshly
Materials and Methods prepared each day and diluted in pipette solution to a concentration of
200 pg/ml. The patch pipette solution contained (imjn55 KCI, 70
K,SO,, 8 MgCl,, 10 HEPES, pH adjusted to 7.3 with KOH. In some
experiments Cswas substituted for Kin the nystatin-pipette solution
(in mm): 55 CsCl, 70 CsSO,, 8 MgCl,, 10 HEPES, pH adjusted to 7.3
with CsOH. Patch pipettes were fabricated from Corning 7052 capil-
Primary cultures of rat adrenal zona glomerulosa cells were preparethary glass to give a pipette resistance of 3 to 4 megohms when filled
by collagenase digestion of the capsular portion of the adrenal glandwith pipette solution as described. Pipettes were coated with sylgard
from female Sprague-Dawley rats weighing between 125-175 gm(Dow Corning, Midland, MI) to within 10Qum of the tip. Membrane
(Harlan, Indianapolis, IN) as described [9]. Briefly, animals were anes-potentials were corrected for liquid junction potentials as described
thetized by ether inhalation prior to euthanasia by decapitation. Adre{14].
nal glands were removed and placed in an ice-cold, modified Hanks’ Pipettes for cell-attached and inside-out patch clamp were con-
saline €omposition beloyv Glands were dissected free of adherent fat structed using borosilicate TW-150 glass capillaries (World Precision
and the capsular portion containing the zona glomerulosa layer wainstruments, Sarasota, FL) to give pipette resistances of 6 to 8 meg-
removed and cut into small pieces. The capsular fragments wer@hms when filled with pipette saline as described above. The KCl and
washed twice with the saline containing 0.2% fatty acid free bovine NaCl concentrations of the pipette solutions were varied but the sum of
serum albumin (BSA) followed by incubation for 1 hr at 37°C in their concentrations was always 14mpin general the pipette solution
oxygenated saline containing 0.2% BSA, 1.0 mg/ml collagenase, ana@ontained (in mn): 145 KCI + NaCl, 2 MgCl, 0.1 CaC]}, 10 HEPES,

25 pg/ml deoxyribonuclease I. Incubation was stopped with ice-cold pH adjusted to 7.4 with NaOH.

saline and the tissue was washed four times by repeated cycles of = Membrane current was measured with a Axopatch 200 amplifier
centrifugation and resuspension in fresh 0.2% BSA saline to removdAxon Instruments, Foster City, CA). Macroscopic currents were low
enzymes and cellular debris. The tissue was triturated through a smaflass filtered at 10 kHz (-3 dB) with a four-pole Bessel filter. Currents
bore pipette to separate cells and the resulting cell suspension wasere sampled at 10 KHz or 20 KHz (TL-1-125 analog-to-digital con-

CeLL CULTURE
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verter, Axon Instruments) and stored on computer for subsequensisted of a transient outward current activated by depo-
analysis with PCLAMP software (Axon Instruments). Single-channel larizing voltage commands from a holding potential of
currents were low-pass filtered at 2 KHz and stored on computer °_g90 mV and often. but not a|WayS exhibited a small

using a digital audiotape recorder (Sony, Japan) for subsequent analil;\| ardly rectifving current response to hvperpolarizin
sis. For computer analysis of recorded data, current records wer W y Ify' g cu p yperp 1Zzing

sampled at 10 KHz during playback: events were selected for analysi¥0ltage commands (Fig. 2). As in the type 1 pattern,
by the 50% of current amplitude threshold criteria and analyzed fordepolarization-activated inward currents were small and
mean current amplitude and open times with PCLAMP software.obscured by outward currents. Bath stimulation of the
Mean channel open times were determined from single exponential fitope 2 cells with 1 m Angll inhibited the peak depolar-
to open time histograms. Single-channel open probability was deterj;ation-activated outward current and increased its rate
mined from 10-sec episodes of continuous recording and calculated a%f inactivation (Fig. 2): reversal of Angll inhibition of
NP, Y s nt, @ membrane current was rarely observed under this record-
0 f=1 ' . s . . .
ing condition. The depolarization-activated outward cur-
rent was predominantly attributable to the *Gaepen-
whereP, represents the single-channel open probabiijtyepresented  dent maxi-K channel. This was demonstrated by the
the fraction of the analysis period withopen channels ani repre- sensitivity of the outward current to block by 5@1n
sents the maximum numper of simultaneously open ‘channels in th%harybdotoxin (Fig. 2) and low concentrations (5m
record. In the figures of single-channel current recordings, downwardof extracellular tetraethylammonium chloride (TEA)
(data not showp Furthermore, single maxi-Kchannel
currents were readily observed in single-channel studies
Results particularly in the older culturesiata not showph Cells
exhibiting the type 1V pattern were largely unaffected

Glomerulosa cells were identified by visual appearancdy charybdotoxin suggesting that these cells did not ex-
under phase contrast microscopy. In culture, adhereriRress a significant number of Cadependent maxi-K
cells identified as glomerulosa cells initially retained channels. _
their characteristic spherical shape and granular cyto- _The remainder of the results will address the prop-
plasm. Over one-to-two days in culture, many cells flat-€rties of cells expressing the typd\ relationship. This
tened and extended short processes along the substrate/¥srélationship may represent the predominant pheno-
described [20]. After two days in culture, cells retained YPe of glomerulosa cell® vivo; this relationship was
their ability to secrete aldosterone in response to horoPserved in all acutely dissociated cells examinea=(
mone stimulation; one hr stimulation with nAngll or ~ 10) and in most of the cells maintained in culture for less
100 pa ACTH increased aldosterone fivefold and thirty- than 24 hr (>80%). The type ¥/ pattern was observed
fivefold over basal secretion, respectively. more commonly in cells maintained for greater than 24
hr in culture suggesting that culture conditions either
induced this phenotype or selected for the survival of this
PATTERNS OF MACROSCOPICMEMBRANE CURRENT cell type. Gradations between the type 1 and tyg¥ 2
relationships were occasionally observed. We have been
Two patterns of macroscopic current-voltad¥)(rela-  unable to predict whichv pattern will be observed prior
tionships were observed in the cultured cells using theo recording based on cell morphology.
nystatin perforated-patch clamp. One pattern, referred to
as type 1, consisted of a rapidly activating, noninactivat-
ing outward current response to depolarizing voltage! YPE 1 ANGII-MODULATED MACROSCOPICK™ CURRENT
commands from a holding potential of -90 mV and no
inwardly rectifying current in response to membrane hy-The steady-stat®/ relationship of the type 1 cell may be
perpolarization (Fig. 1). In other experiments, outwarddivided into two main components: (i) a weakly voltage-
current was maintained for pulse durations of up to 0.5dependent “leak” current active at the resting membrane
sec indicating that the current did not exhibit slow inac- potential and (ii) the rapidly activating, noninactivating
tivation (data not shown However, some cells exhib- outward current analogous to delayed rectifier ¢ur-
ited a small transient componersegFig. 6). The hold-  rents found in many cell types. Stimulation by bath per-
ing potential, -90 mV, was near the average restingusion of Angll reversibly inhibited both the weakly
membrane potential of these cells, -87.2 + 6.4 mV (mearvoltage-dependent leak current and the depolarization-
+ spb) measured as the zero membrane current potentialpctivated outward current (Fig. 1). Inhibition of both
Transient inward currents evoked by depolarizing volt-components of membrane current was observed at Angll
age commands above -50 mV were also observed howeoncentrations as low as 1@pand no differences be-
ever in most cells inward currents were small and usuallyween the sensitivity of either component was detected.
obscured by outward current. A stable level of current inhibition required approxi-
The secondV pattern, referred to as type 2, con- mately 10-min exposure at bath concentrations below 0.1

current deflections represented inward current.
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Control 50
;ﬁm
e oS .
Ang L Fig. 1. The type 1 pattern of membrane current and effect of Angll onltheelationship.
(A) Superimposed membrane current responses to 100 msec voltage commands between
-125 and 35 mV in 20 mV increments from a holding potential of —-90 mV are shown
immediately before (control), after 4-min bath stimulation with 1s0 Angll (Ang I1), and
15 min after washout of Angll (recovery). The voltage command paradigm is illustrated
above the control membrane current trac&.Nlembrane current measured at the end of
each voltage command is plotted as a function of membrane potential from records showr
W in A: control (circles), Angll treatment (squares), and recovery (triangles). To clearly
f“‘"’“‘“""“"‘"‘“""""""’*ﬁ illustrate changes in membrane current occurring near the holding potential, outward
_._.W_____ membrane current was plotted only up to 400 pA.
Recovery
400 pA
20 ms

nv Angll and at least 5 min at higher concentrations.was demonstrated by examining the effects of elevated
Angll-induced inhibition appeared to saturate when cellsextracellular K concentration on the reversal potential
were exposed to ImAnNgll for several minutes. Recov- of the Angll-modulated component of leak current (Fig.
ery from Angll-induced inhibition was usually maximal 3). Increasing extracellular Kincreased the slope con-
within 15 to 20 min after Angll washout; the depolar- ductance of thév curve and shifted the curve to the right
ization-activated outward current usually recovered moreas expected for a Kselective conductance (FigBp
rapidly than the weakly voltage-dependent component.In 10 mm K* small inward current relaxations were in-
The effect of Angll on the steady stalé relation-  duced by the most negative voltage commands (to -125
ship (Fig. B) was plotted to illustrate modulation of the mV) (Fig. 3A). This current relaxation represented de-
weakly voltage-dependent leak current. Measured as thactivation of the leak K current which was visible in 10
change in slope conductance, 0.5 to 1M Angll de- mm K* and not 4 rw K* due to the increased*Kcon-
creased the linear slope conductance to 47% of the corductance. Increased*kconductance was due to the in-
trol (average, range was between 20% to 80% inhibitioncreased extracellular ‘Kconcentration as well as the
n = 16) measured between -85 and —-125 mV. Themore depolarized holding potential (-65 mV) used to
reversal potential of the Angll-modulated current wasavoid maintaining a large holding current in 10ank™.
-88.9 + 4.5 mV (mean spb, n = 16), measured as the The reversal potential of the Angll-modulated current
intersection of thdV curves for the control and Angll also shifted to the right with elevation of extracellulat K
stimulated steady-state current (Fig3)1 The reversal as expected for modulation of'Kselective conductance
potential of the Angll-modulated current was close to the(Fig. 3C). The slope of the regression line was 45 mV/
expected equilibrium potential for ‘Ksuggesting modu- 10-fold change in extracellular Kconcentration. This
lation of a K" current. The K selectivity of this current  value is somewhat less than expected for modulation of
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Fig. 2. The type 2 pattern of membrane current and effect of Angll and charybdotoxin &¥ tie&tionship. £) Superimposed membrane current
responses to 100 msec voltage commands between -125 and 55 mV in 20 mV increments from a holding potential of —90 mV are st
immediately before (control), after 4-min bath stimulation with 10 Angll (Ang Il). The voltage command paradigm is illustrated above the
control membrane current trace8) (Peak current measured during each voltage command is plotted as a function of membrane potential fr
records shown ir\: control (circles), Angll treatment (squares}) Effect of 50 nv charybdotoxin on peak membrane current-voltage relationship
measured as inA) in another type 2 cell: control (circles), charybdotoxin (squares).

a perfectly K selective conductance (approximately 58 TyPE 1 DEPOLARIZATION-ACTIVATED K* CURRENT
mV/10-fold change in K concentration).

CI” currents did not contribute significantly to the As shown in Fig. 1, Angll reduced a depolarization-
steady-state leak current. Reducing extracellular Cl activated, noninactivating outward current. Tail currents
concentration by substituting sodium methanesulfonatevere utilized to examine ion selectivity, voltage-depen-
for 50% of the extracellular NaCl in the bath saline did dence and Angll modulation of outward current (Fig. 4).
not alter the controlV relationship or the reversal po- Tail current amplitudes were directly proportional to the
tential of the Angll-modulated component of membraneamplitude of the outward current, indicating that tail cur-
current @ata not shown The current reversal potential rents represented deactivation of depolarization-
induced by 1 m Angll was -92.5 + 2.5 mV (mean &0,  activated outward currentlata not showp Tail current
n = 3) in the low CI, 4 mm K* saline and -87.2 + 6.4 relaxations were well fit by single exponential functions
mV (mean +sp, n = 9) in normal extracellular C| 4  at test potentials more negative than —45 mV suggesting
mm K*. If Angll also modulated a Clconductance then that the current was predominantly comprised of a
the reversal potential would have been expected to shifsingle-channel class. The tail current relaxation time
to a more depolarized membrane potential, assumingonstant was weakly voltage-dependent, increasing from
methanesulfonate was impermeable relative ta ClI approximately 2 msec at a test potential of —105 mV to
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Fig. 3. Effect of elevated extracellular’kand Angll on the weakly voltage-dependent leak current and the reversal potential of the Angll-modulate
current. A) Superimposed membrane current responses to 100 msec voltage commands between -125 and -25 m\é&itrakelular K
(uppermost traces), in 10nmextracellular K (middle traces), and during stimulation with f1iAngll in 10 mm K* (lower traces). The voltage
command paradigm is illustrated above the upper and middle sets of current traces, evoked from a holding potential of -85 m¥ fnathan

-65 mV in 10 nm K*. (B) IV plot of the instantaneous membrane current at each voltage from current traces shfovan thmm (circles) and

10 mm (squares) extracellular’K The dashed line represents the membrane current values during Angll trea@)eEffe¢t of the extracellular

K™ concentration on the reversal potential of Angll-modulated membrane current, measured as the intersection of control daviccéves.
Symbols indicate the meansb of the reversal potentiah(= 9, 3 and 6 at 4, 7 and 10wnextracellular K, respectively). The line represents the
least squares linear regression fit to the data.

approximately 3 msec at —45 mV. Tail current ampli- rent deactivation under the ionic conditions employed.
tude did not saturate in response to increasing pulse pdReducing C&" current, either by lowering extracellular
tentials when measured at a constant test potential (Figca™ from 1.25 to 0.1 mu or addition of 100um Ni*™* to

4D) even with depolarizing pulses to 100 m¥ata not  block T-type C&" current [13], shifted the tail current
showr). Control experiments indicated that tail current reversal potential between -3 and -5 mV and slightly
relaxations were not substantially affected by"Caur-  decreased the time constant of the relaxations at the mos
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Fig. 4. Tail current analysis of the depolarization-activated outward membrane cudgai{ currents evoked by repolarization from the pulse
potential (35 mV) to test potentials between -105 and -35 mV in 10 mV increments. The voltage paradigm is illustrated above the current tre
Current during the pulse potential was offscal®). Tail current amplitude plotted as a function of the test potential; amplitudes were determinec
from single exponential fits to the current relaxation. The reversal potential was measured as the intersection of a least squares regression fit
data (solid line) with the voltage axis, =88 mV for this ce@) Effect of extracellular K concentration on the tail current reversal potential. Symbols
represent the meansp of the reversal potential at each extracelluldrdoncentrationr{ = 10, 3 and 5 at 4, 7 and 10mK™*, respectively). The
regression fit of the data (solid line) exhibited a slope of 45.0 mV/10 fold changé.ifDX Voltage-dependence of depolarization-activated current.
The tail current evoked by increasing pulse potentials was measured at a constant test potential of —55 m\éxtrdaallular K. Pulse potentials
were varied from -45 to 45 mV in 10 mV increments. The line represents a third order regression fit to thesdathe voltage protocol employed

and the tail currents evoked by pulse potentials from —-45 to 35 mV; for clarity tail currents are shown for 20 mV increments in pulse potent

hyperpolarized test potentialsldta not shownh These pected for a K selective current (Fig.@); the slope of
treatments did not otherwise affect either outward curthe regression line was 45 mV/10-fold change in extra-
rent activation during the depolarizing command or tailcellular K concentration. Angll decreased the tail cur-
current relaxations. rent amplitude without affecting its reversal potential,
The tail current reversal potential was used to ex-relaxation time constants or voltage-dependence. Angll
amine the K selectivity of the depolarization-activated (1 nv) inhibited the tail current amplitude an average of
outward current (Fig. B). The reversal potential shifted 56% (N = 5). The effects of Angll are shown for sepa-
with changes in extracellular 'Kconcentration as ex- rate experiments using 4smand 10 nv extracellular K



268

- 200

~ -200

D.P. Lotshaw: Angll-modulated KChannels

(mean +sp, n = 12) between -125 and -65 mV and
3.67 + 4.38 nS/pF between 15 to 55 mV. Treatment of
Cs'-loaded cells with 1 m Angll induced only minor
changes in membrane current.

Other K channel blockers examined included ex-
tracellular tetraethylammonium (TEA) which weakly in-
hibited both the leak Kcurrent and the depolarization-
activated K current by approximately 30% at a concen-
tration of 30 mu. TEA did not alter the time constant or
the reversal potential of the tail currents. Neither 0 n
charybdotoxin, 5 m 4-aminopyridine nor 10 m 2, 3
diaminopyridine significantly inhibited macroscopic
membrane currents when applied to the bathtd not
shown).

The antiarrhythmic drug quinidine reversibly in-
duced a voltage-dependent inhibition of membrane cur-

rent at membrane potentials below -60 mV (Fig.

versal potential measured in 4_ and_l@n _raxtraf:ellular K. Tail cur- gr|zggér:?;2§vz$§§ag§gqFt)(())nperﬁ']:e(;?'nlg:ill!?'/elnnthIﬁgvseijlzt’jo-

rents were measured as described in Fig. 4; inextracellular K, o . !

control (squares) and Angll (triangles) tail current amplitudes and in 109uinidine effects were complicated by the voltage-

mm extracellular K, control (inverted triangles) and Angll (diamonds) dependence of quinidine blocking and unblocking reac-

tail current amplitudes. Lines represent linear regression fits to the dattions. Extracellular quinidine caused a dose-dependent
inhibition of the steady-state depolarization-activated
outward current and slowed activation and deactivation

(Fig. 5). A lower Angll concentration (0.1M) was em-  kinetics. Effects on depolarization-activated current

ployed so that tail currents remained large enough tavere apparent at a concentration of L& quinidine;

accurately reveal the reversal potential. Angll-inducedanalysis of the concentration dependence of quinidine

tail current inhibition was not associated with a shift in block of tail current relaxations at a membrane potential

reversal potential in either 4 or 10MrK™*, of =55 mV (Fig. 7) was fit to the Hill equation:

As described for leak Kconductance, Clchannels

did not contribute significantly to the depolarization- | = (1 + (Ko/[QD™) ™, 2

activated outward current. Reducing extracellular ClI ) . .

concentration of the bath saline by substituting sodiumVhere is the normalized curreni;, is the apparent

methanesulfonate for 50% of NaCl did not alter the de-dissociation constant(]] is quinidine concentration, and

polarization-activated outward current, tail currents, tail" IS the Hill coefficient. This fit yielded an apparek,

current reversal potentials, or Angll modulation of the ©f 38 pm/L and a Hill coefficient of 1.7. These experi-
tail current @lata not showjp ments were performed in 0.1InrCa™ saline to minimize

Ca™ current deactivation effects on tail currents.
Quinidine also reduced the instantaneous current re-

sponse to depolarizing voltage-clamp pulses (FR). &

well as the steady-state current level during tail current

measurement (Fig Bj, corresponding to weak inhibition

of leak K" current. Stimulation with 1 m Angll in the

presence of 10@m quinidine (which inhibited tail cur-

Fig. 5. The effect of 0.1 m Angll on tail current amplitude and re-

ErFFecTs oFK™ CHANNEL BLoCKERS ONTYPE 1 CELLS

The effects of several Kchannel blockers were exam-
ined to further verify the ionic basis of the macroscopic

currents and attempt to separate different ¢urrent
P P rents by greater than 80%) caused a further large reduc-

components. Application of the nonselectivé¢hannel ' = -
blocker C& to the cytoplasm strongly inhibited steady tion of remaining membrane current at depolarized mem-
prane potentialsdata not showp This result would

state membrane current at all potentials indicating tha o
the membrane conductance is dominated bykannels. suggest that unblocked current represented a distinct

Cells were C&loaded by substituting C<or K* in the class of Angll-regulated Kchannels, the weakly volt-
nystatin perforated-patch pipette solutice¢éMaterials age-dependent leak channel.

and Methods). Csloading linearized the slope conduc-

tance of the steady stalté curve (as described in Fig. 1) LosaARTIN BLock oF ANGII-INDUCED K™

to 0.020 + 0.005 nS/pF (mean g, n = 3) between CURRENT MODULATION

-125 and -65 mV, increasing slightly to 0.072 + 0.02

nS/pF between 15 to 55 mV. By comparison, the slopeéAngll-induced stimulation of aldosterone secretion was
conductance in control cells was 0.261 + 0.23 nS/pReported to be blocked by the specific Angll type 1 (AT
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Fig. 6. Effect of quinidine on membrane currentd1) Membrane current evoked by 100 msec voltage commands from a holding potential of —9(
mV before (Control), during 100m quinidine (Quinidine), and after washout of quinidine (Recovery). The voltage command paradigm is illustrate
above the control current traceé2| IV plot of the steady state membrane current measured at the end of each voltage command for the con
(circles) and quinidine (squares) dataAa. (B1) Tail currents measured from the same cell aé ibefore (Control), during 10Qm quinidine

(Quinidine), and after washout of quinidine (Recovery). Tail currents were measured as described in Fig. 4, the voltage paradigm is illustrated e
the control current tracesBR) Tail current amplitudes plotted as a function of the test potential at which the tail current was measured for the cont
(squares) and quinidine (triangles) data frBh Lines represent linear and third order regression fits to the control and quinidine inhibition data

respectively.
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100 T zero mV using high K saline; the pipette contained 20
_ mm K*, allowing measurable inward currents and an ex-
[e) e . .
£ 80+ pected K equilibrium potential of =50 mV, assuming a
9 cytosolic K" concentration of 145 m. The IV curve
S gl (Fig. 9B) plots the mean (™) unitary current ampli-
e tude from seven patches measured under these condi
€ tions. The slope conductance was asymmetric due to the
© 40+ g .
5 unequal K distribution across the patch membrane; the
© slope conductances for the inward and outward currents
8 207 were 7.8 and 12.2 ps, respectively. The averagm)(x _
reversal potential of the single channel currents esti-
0 } , } | mated from second order regression fit of the data from
107 106 10-5 10-4 10-3 each patch was -51 + 3.4 mV.

Quinidine, M N This putative K channel class characteristically ex-
hibited a brief mean open time and low open probability
Fig. 7. Concentration dependence of quinidine-induced inhibition of (Fig. 10). The all-points current amplitude histogram of
tail currents. Depolarization-activated Kurrent was evoked by a volt-  the current records shown in Fig. 9 indicated that a single
age command to 35 mV; tail currents were measured at a test potentidhannel class was present in the patch (FigA)l(]’he
of =55 mV and expressed as a percentage of control. Each point rePypen-time histograms of unitary current events were well
resents a separate experiment. The curve represents a least squaf Sb inal tial functi Fi hibiti
regression fit to the Hill equation (Eq. 2). I y singlé exponential tunctions (Fig. BY exhi I_ Ing
time constants between 1.4 to 2.7 msec over a wide range
of membrane potentials (Fig. ©). The mean open

receptor antagonist losartin but not affected by a specifidimes exhibited a tendency to increase with membrane
Angll type 2 (AT,) receptor antagonist [4]. Therefore if depolarization but this effect was not observed in all
Angll-induced modulation of K channels is involved in Patches. The open probability (Yfexhibited a biphasic
stimulation of aldosterone secretion then losartin should®Sponse to membrane potential (FigD18ee also Fig.
also inhibit Angll-induced K channel modulation. In 13A), increasing gradually in response to membrane de-
the experiment shown in Fig. 8, Oy losartin substan- Polarization to approximately 0 mV and much more
tially blocked Angll-induced inhibition of both the leak St€eply at membrane potentials above 0 mV. This patch
and depolarization-activated components défdGrrent. ~ Was estl_mated to contain three active channels based or
Subsequent stimulation of the same cell with 0/ n the maximum number of simultaneously open channels
Angll following washout of the preceding losartin plus observed.

Angll treatment resulted in the typical pattern of Angll- K" selectivity of the channel was demonstrated by
induced membrane current inhibition, demonstrating théhe effect of the pipette Kconcentration on the reversal
cell was responsive to Angll. In three other experimentsPOte”t'a| of unitary currents recorded from cell-attached

pretreatment with losartin was observed to block subsePatches (Fig. 11). The slope of the linear regression fit to

K™ concentration.
Single-channel currents were recorded in the inside-
CHARACTERIZATION OF LEAK K™ CHANNELS out patch configuration and single-channel properties
were similar to those obtained in cell-attached patches.
Spontaneously active putative singlé &hannel currents However channel gating usually ran down over several
were routinely observed in cell-attached patch-clamp reminutes (approximately 5 min) in this configuration.
cordings at the resting membrane potential. However, £hannel gating persisted in inside-out patches when
second channel class attributable to nonselective catioBa"™ concentration was buffered to below 201 with 5
channels was also frequently observed [11]. To avoidnm EGTA on the cytosolic face indicating that channel
mistaking nonselective cation channel currents fdr K gating was not C&-dependent.
channels the ionic composition of the pipette solution
was adjusted to contain a mixture of Nand K" such
that the reversal potential of Kselective channels dif- CONTRIBUTION OF WEAKLY VOLTAGE-DEPENDENTK™
fered substantially from that of nonselective cation chan-CHANNELS TO MAcRoscoPICK™ CURRENT
nels.
The predominant class of putative singlé ¢hannel  The response of weakly voltage-dependefitdkannels
currents observed is shown in FigA9In this cell- to depolarization is shown in Fig. 12. Single-channel
attached patch the resting membrane potential was set tnean open times and conductance were similar to that
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Fig. 8. The effect of losartin (DuP753) on Angll-induced inhibition of membrane curréytSgperimposed current responses to 100 msec voltage
commands between —-115 and 25 mV in 20 mV increments in the presence afi0dsartin (DuP753), after 6 min bath stimulation with 018 n
Angll in the presence of 0.pm losartin (DuP753 + Ang Il), following washout of Angll and losartin (Wash), and after 4 min bath stimulation with
0.5 nv Angll (Ang II). (B) IV relationships for the data iA using the current measured at the end of each voltage command for DuP753 alon
(circles), DuP753 + Angll (squares), wash (triangles) and for Angll alone (inverted triangles).

described in Figs. 9 and 1@gta not showh Depolar- P, = P./[1 + exp(Vgs— Vi)/K)] 4)

izing voltage commands rapidly evoked a stable increase

in channel open probability that was maintained for thewhereP,,,, is the maximum single channel open prob-

duration of the voltage command. The ensemble averagability, V., the membrane potential/, 5 the membrane

of repeated patch membrane current responses indicat@@tential at whichP, is one half maximum, ané the

that these K channels would produce a rapidly activat- slope factor. The fit predicted B, of 0.27,V, 5 of

ing, noninactivating macroscopic current response to de81.9 mV, and the slope factor of 74.5 mV.

polarizing voltage commands. Macroscopic steady state"i¢onductance calculated
The proportion of the depolarization-activated mac-from nystatin perforated-patch clamp measurement of

roscopic K conductance represented by this ¢hannel membrane current is shown in Fig.B;3membrane cur-
class was estimated from the unitary channel conductent records were not leak subtracted: ¢onductance

tance and open probability: was calculated as a chord conductance from the mem-
brane current at the end of 100 mS voltage clamp pulses
Gk = NyP, (3) and assuming a Kequilibrium potential of -85 mV and

steady state membrane current entirely due to Khese
whereGy represented the macroscopi¢ Bonductance, data represent the average of 13 cells which ranged in
N the number of channels availablethe single-channel membrane capacitance between 4 and 20 pFcdén-
conductance, anid, the single-channel open probability. ductance was not observed to saturate even at membran
The voltage-dependence of the single-channel opepotentials up to 100 mVdata not showh
probability was estimated from nine patches with various ~ The macroscopic K conductance that could be
pipette K concentrations so that single-channel eventamaximally attributed to the weakly voltage-dependent
could be clearly measured over a wide range of memK™ channel was calculated using Eq. 3 and is indicated
brane potentials (Fig. ¥J. Saturation of the open prob- by dotted line in Fig. 1B. This calculation suggested
ability was not observed in these experiments as moghat this channel class may account for most but not all
patches became unstable at potentials above 50 mV. Th# the K™ conductance at membrane potentials below 0
smooth curve represents the fit of these data to a BoltzmV. Deviation of the curves at membrane potentials be-
man equation of the form: low —80 mV may be attributed to ohmic leakage currents
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Fig. 9. Cell-attached patch clamp recording of singlé ¢hannel currents A) Representative examples of steady-state single-channel activity (20
mm K* pipette solution) measured at several patch membrane potentials (indicated at left of each current trace). The current level correspo
to 0, 1 or 2 simultaneously open channels is indicated at the left of each trace. The cell resting membrane potential was set to zero with a hi
bath saline. Current records were digitally filtered at 500 Hz for dispByMean (isem) of unitary current amplitude from seven patches plotted
as function of patch membrane potential. The curve represents a second order regression fit to the data.

not subtracted from the macroscopic current recordsattached patches (Fig. 14). In the experiment shown the
The average number of'Kchannels in 1 pF of membrane pipette solution contained 145mfi. K*, allowing mea-
was estimated from the macroscofig at —-60 mV to be  surement of single channel currents despite Angll-
approximately 870, assuming an outward single-channghduced membrane depolarization; the cell membrane
conductance of 10 pS in 4nmextracellular K (data not  potential was not controlled in these experiments. At
showr) and that these channels accounted for all tfie K this pipette K concentration channels exhibited an in-
conductance at this potential. This calculation further asward single channel conductance of 24 pS based on the
sumed an estimated inward single-channel conductancgope conductance of the mean unitary currents and were
of 4.5 pS in 4 nw extracellular K and utilized the volt- identified based on their apparent reversal potential (ex-
age-dependent open probability described by the Boltztrapolated from an expected resting membrane potential
man equation fit of the single-channel open probabilityof -85 mV), a voltage-independent mean open time of
from Fig. 13A. approximately 2.0 msec, and a low single channel open
These calculations suggest that at least one othegsrobability. Bath stimulation with Angll reversibly de-
class of voltage-dependent*kchannel contributed to creased\NP, over the entire range of potentials examined
macroscopic K conductance. In agreement with these(Fig. 14B) indicating that observed changes in single
calculations, inclusion of 10@m quinidine in the pipette channel current were not attributable to Angll-induced
saline of single-channel recordings only partially inhib- changes in cell membrane potential. Reversal of Angll
ited the weakly voltage-dependent khannel, reducing inhibition of NP, required approximately 20 min after
the mean open time andP, but not significantly affect- washout of Angll.
ing single channel current amplituddaa not showhn
These effects were consistent with an open channel
blocking mechanism for quinidine [22]. Discussion

ANGIlI M oDULATION OF LEAK K* CHANNEL
In the present study we observed two patterns of mac-

Bath stimulation with Angll reversibly inhibited opening roscopic IV relationships in cultured rat glomerulosa
of the weakly voltage-dependent”kchannels in cell- cells similar to those reported previously for rat cells [3,
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Fig. 10. Mean open time and open probability of single channel events from the cell-attached patch current records show.ifAFigl-points
current amplitude histogram of the current record at a patch membrane potential of 0 mV. The smooth curve represents two Gaussian distrib
corresponding to current levels of the closed and open states; a third peak corresponding to two open channels is not observable aB}his sc
Open state dwell time histogram of single channel events at a patch membrane potential of 0 mV. The curve represents a single exponen
exhibiting a time constant of 2.3 mSCY Mean open times determined from single exponential fits to open state dwell time histograms plotted
a function of the patch membrane potential. The curve represents a linear regression fit to thHe)d€Ry, Calculated as described in methods,
plotted as a function of patch membrane potential. The patch was estimated to contain three active channels based on the maximum nurr
simultaneously open channels observed. The curve represents a third order regression fit to the data.

17]. The type 1V pattern was characterized by a weakly were able to measure Angll inhibition of a macroscopic
voltage-dependent component of Eurrent active at the K™ current active at the resting membrane potential. Fur-
resting membrane potential and a rapidly activatingthermore, treatments that inhibited Tanflux (lowering
noninactivating voltage-dependent component apparergxtracellular C&" concentration, organic and inorganic
in response to membrane depolarizations above -50 m\Ca'™* channel blockers) did not significantly affect mem-
The type 1 pattern occurred in the majority of cells re-brane current, indicating that type 1 cell Khannels
corded after 12 hr in culture and was observed in the fewvere not C&"-dependent. The type 2 pattern was char-
acutely dissociated cells examined, suggesting that thiacterized by a transient depolarization-activated outward
may represent the predominant phenotypevivo. In K™ current mediated by charybdotoxin-sensitive*Ga
contrast to previous whole-cell recordings of macro-dependent K channels. The observation that the type 2
scopic current in “type 1" glomerulosa cells [3], we pattern was more common in older cultures might sug-
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Fig. 11. The reversal potential of unitary currents measured over a
range of extracellular (pipette) *Kconcentrations in cell-attached
patches with resting membrane potential set to 0 mV with high K
saline. Symbols indicate the meansb of the reversal potentials; WMMW
sample sizes were 3, 7, 4 and 6 for 10, 20, 75 and 143 pipette

solutions, respectively. The curve represents a linear regression fit to
the data.

gest that thidV pattern was induced during cell culture.

Ca"*-dependent K channels also predominate the depo- 2 oA

larization-activated outward current of clonal adrenocor- 'QLPmS
tical Y1 cells [23].

K* CHANNEL CLASSES IN THETYPE 1 CELLS

The present study identified only one class dfdhannel

at the single-channel level, a weakly voltage-dependent
channel that was spontaneously active at the resting
membrane potential. This channel predominated in
membrane patches such that it was difficult to obtain , , _
membrane patches that did not contain multiple activé:'g' 12. Single K" channel gating responses in a cell-attached patch to

. e _repeated 100 mS depolarizing voltage commands from a holding po-
channels of this class. The outwardly rectifying conduc tential of —80 to 0 mV. The top trace illustrates the time course of the

tance properties (due to asymmetrid istribution voltage command; subsequent traces illustrate consecutive single chan:
across the membrane) and weakly voltage-dependemt current response to the voltage pulse. The bottom current trace
gating properties of this channel are predicted to generatepresents the ensemble average of twenty-five patch current response
a macroscopic current that closely matches the charade the voltage pulse. The resting membrane potential was set to 0 mV
teristics of the measured macroscopié’ Kurrent at with high K* saline. Capacitive transients and leak were su_bt‘racted_;
membrane potentials below approximately -40 mv'dlsplayed current trace_s and the ensemble average were digitally fil-
. . tered at 1,000 Hz for display.
These observations suggest that this channel class domi-
nated the macroscopic'Kurrent at membrane potentials
below —40 mV. The tendency for channel gating to run-[24]. Control of the resting membrane potential by an
down in inside-out patches may offer an explanation forinward rectifier, as opposed to the weakly voltage-
the failure of previous whole-cell patch clamp experi- dependent K channel described in the present study,
ments to observe Angll inhibition of macroscopic cur- would have important consequences for membrane po-
rent at more negative membrane potentials [3, 16]. tential responses to activation of inward current, increas-
Previous cell-attached patch clamp studies oning the magnitude and duration of depolarization and
acutely dissociated rat glomerulosa cells reported an ineonsequently affecting patterns of Tainflux. How-
wardly rectifying 42 pS K channel to be the predomi- ever, no evidence of an inwardly rectifying macroscopic
nant K" channel active at the resting membrane potentiaK™ current in the type 1 cells was observed in the present

0.4 pA
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study or in previous whole-cell patch clamp studies [3].A

. . . Single Channel Open Probabilit
The 42 pS inwardly rectifying channel described by Vas- ingle ha P y

silev et al. [24] differed substantially from the"Kchan- 020 T
nel described in the present study. Under similar record- +
ing conditions (145 m K* pipette solution), the weakly

voltage-dependent channels exhibited an inward single- 015 +

channel conductance of 24 pS, a mean open time of 2
mS, and a low open probability as opposed to a 42 pS
conductance, a mean open time of 0.38 mS and a high 0.10 +
open probability (0.15 at —80 mV) for the inwardly rec-
tifying channel [24]. It would appear possible that the
inward rectifier described by these authors represented
inwardly rectifying nonselective cation channels re-
ported in rat adrenal glomerulosa cells [11]. Otherwise

we must hypothesize the unlikely possibility that all of 1 —t————1
our patches contained two classes dfs€lective chan- 120 -80 40 0O 40 8 120
nels of similar conductance and gating properties such Membrane Potential, mV

that an outwardly rectifying channel masked the in-
wardly rectifying property of the channel mediating in-
ward currents.

. Macroscopic K* Conductance, nS/pF
DEPOLARIZATION-ACTIVATED K™ CURRENT 3 -

Several indirect lines of evidence suggested that a second
class of depolarization-activated, noninactivating K
channel contributed to macroscopic Burrents at mem- >
brane potentials above -50 mV. Depolarization-activat-
ed outward current usually recovered from Angll inhi-
bition more rapidly than leak current. The steady state
outward slope conductance of Geaded cells increased
nearly threefold at positive membrane potentials relative
to negative membrane potentials. Quinidine appeared to
selectively inhibit a depolarization-activated component _
of membrane current. Finally, the predicted macro- —r . e —

scopic current attributable to the weakly voltage- 420 80 -4 0 4 8 120

dependent K channel was insufficient to account for the )

increase in macroscopic *Kconductance at membrane Membrane Potential, mV

potentials above _4(.) mV. These observations may aISEig. 13. Modeling of the maximum macroscopic*Konductance that
have other explanatlons. may be attributed to the weakly voltage-dependefitcannel. Q)

A strongly voltage-dependent’kchannel class with Voltage-dependence of the mean single channel open probability de-
properties consistent with the macroscopic current hasermined from nine patches. The curve represents the fit of the data to
not yet been characterized in rat glomerulosa cells. |dena Boltzman distribution (Eq. 4)B] Voltage-dependence of mean mac-
tification of a second class of strongly Voltage-dependenfOSCOpiC K conductance measured from 13 cells using nygtatin perfo-
K* channel may require selective pharmacologicalrated-patch clamp current measuremes¢ text for explanatignThe

smooth curve represents a second order regression fit to the data. The

blockers to reduce interference from the weakly VOItage'dotted line represents the maximum macroscopiccnductance at-

depende_nt Kchannels. Strongly voltagg-_d_ependent apP-tributable to the weakly voltage-dependerit shannel, assuming 870
parent single K channel currents exhibiting a larger channels per pFsee text for explanation

single channel conductance and long open times were

observed in some cell-attached and inside-out patches.

However, such channels have not been observed oftemerulosa cells [24]. These channels were reported to
enough in the absence of multiple weakly voltage-exhibit single channel conductances of 48 pS and 27 pS
dependent K channels to characterize their ion selectiv- (150 nm K* pipette solution) and were reported to be
ity and gating properties. Previous cell-attached patctactive at the resting membrane potential. The more thor-
clamp studies described two"permeable channels hy- oughly characterized 27 pS channel was more commonly
pothesized to mediate delayed rectification in rat glo-observed (40% of patches) and was also reported to be
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inhibited by Angll [10]. The open probability of the 27

pS channel was reported to increase from 0.28 at a mem-"

brane potential of -50 to 0.42 at 50 mV. This relatively

small change in open probability would appear unlikely
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Fig. 14. Effect of bath stimulation with Angll on spontaneously active
K™ channels in a cell-attached patcA) Current traces illustrate rep-
resentative steady state channel gating activity before (Control), 3 min
after onset of bath stimulation with 1.amAngll (Angll), and 15 min
after washout of Angll (Recovery). The patch membrane potential was
equal to the cell membrane potential minus the pipette command po-
tential (Vpip). B) The open probability plotted as a function of changes
in patch membrane potential produced by pipette polarization for the
control (circles), Angll (squares) and recovery (triangles) data. The
patch contained at least three active channels in the control condition.
Curves represent linear regression fits to the data.

to account for the increase in macroscopit ¢onduc-
tance occurring over this range of membrane potentials.

In summary, Angll-induced effects on glomerulosa
cell plasma membrane ion conductances will dictate
membrane potential changes and patterns &f Gelux.
Consequently, Angll-regulated ion channels represent an
important component of the signal transduction pro-
cesses controlling aldosterone secretion. Regulation of
K™ channels is expected to be an important component of
membrane depolarization. Angll control of Konduc-
tances was found to be mediated through activation of
the AT, receptor which was previously shown to mediate
Angll-induced aldosterone secretion [4] and is consistent
with previous reports that losartin inhibited Angll-
induced inhibition of®Rb flux [6], Ca"*-dependent
maxi-K* channels [16], and elevation of cytosolic 'Ca
concentration [1]. The properties of the weakly voltage-
dependent K channel suggested that this channel func-
tions to maintain the resting membrane potential and
Angll inhibition of this channel class will have an im-
portant role in initiating membrane depolarization.
However, Angll modulation of other channel classes,
such as nonselective cation channels [11], may also con-
tribute to Angll-induced membrane depolarization and
stimulation of C&" influx in adrenal glomerulosa cells.
Angll inhibition of other depolarization-activated 'K
channels is hypothesized to increase the amplitude anc
duration of membrane depolarizations initiated by acti-
vation of inward currents, allowing recruitment of high
threshold, voltage-dependent Tahannels.

This work was supported by Grants-in-aid from the American Heart
Association, lllinois Affiliate and Kentucky Affiliate.
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