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Abstract. This combined study of patch-clamp and in- Introduction
tracellular C&* ([Ca?*];) measurement was undertaken

in order to identify signaling pathways that lead to acti- The retinal pigment epithelium (RPE) is a monolayer of
vation of C&*-dependent Cl channels in cultured rat celis located between the choriocapillaris and the outer
retinal pigment epithelial (RPE) cells. Intracellular ap- segments of photoreceptors. As part of the blood/retina
plication of InsP3 (1Qum) led to an increase in [C&;  parrier it is responsible for maintaining retinal function.
and activation of Cl currents. In contrast, intracellular The RPE transports ions and nutrients between blood and
application of C&" (10 pm) only induced transient acti- subretinal space, phagocytoses shed photoreceptor outer
vation of CI' currents. After full activation by |nSP3, SegmentS, secretes avariety of growth factors' and main-
currents were insensitive to removal of extracellulaf'Ca tains the ion homeostasis of the subretinal space (Bok,
and to the blocker of cgac, La®" (10 M), despite the  1985; Steinberg, 1985; Steele et al., 1992).
fact that both maneuvers led to a decline in{ga The CI” conductances are involved in epithelial transport
InsP3-induced rise in Clconductance could be pre- (willer & Steinberg, 1977; Tsuboi & Pederson, 1988;
vented either by thapsigargin-induced {i1) depletion  Edelman & Miller, 1991; Joseph & Miller, 1991;
of intracellular C&"* stores or by removal of Gaprior to LaCour, 1992: LaCour, 1993; Bialek & Miller, 1994; Hu
the experiment. The effect of InsP3 could be mimickedgt g., 1996), cellular volume regulation (Botchkin &
by intracellular application of the ééchelator BAPTA Matthews' 1993, Kennedy’ 1994), and in the compensa-
(10 mw). Block of PKC (chelerythrine, Jum) had no  tion of changes in the subretinal ion composition (Griff,
effect. Inhibition of C&*/calmodulin kinase (KN-63, 1991; Fuijii et al., 1992; Bialek, Joseph & Miller, 1993;
KN-92; 5 pm) reduced Cl-conductance in 50% of the Gallemore & Steinberg, 1993; LaCour, 1993). Activa-
cells investigated without affecting [€§;. Inhibition of  tion mechanisms include induction by swelling (Botch-
protein tyrosine kinase (S@m tyrphostin 51, 5umM  kin & Matthews, 1993; Ueda & Steinberg, 1994), by
genistein, 5um lavendustin) reduced an increase in phosphorylation (Strauf et al., 1998) and by elevation of
[C&®"]; and CI conductance. In summary, elevation of intracelluiar C&* (Ueda & Steinberg, 1994; Strauf,
[Ca], by InsP3 leads to activation of Cthannels involv-  \vjederholt & Wienrich, 1996). StrauR et al. (1996) de-
ing cytosolic C&" stores and Cd influx from extracel-  scribed the activation of Gadependent Clcurrents by
lular space. Tyrosine kinases are essential for tf-Ca intracellular application of inositol-1,4,5-triphosphate
independent maintenance of this conductance. (InsP3). Ueda and Steinberg (1994) found that while
i ) o swelling-induced CI channels required intracellular
Key words: Retinal pigment epithelium — RPE — ¢+ for activation an additional unidentified cofactor is
Chloride channels — Tyrosine kinase — Inositolphos- 454 necessary. Thus, application of &Gianophore is
phates not a sufficient maneuver for activating Cturrents
(Ueda & Steinberg, 1994), while elevation of cytosolic
I Ca&* by backfilling into the patch pipette only leads to a
Correspondence tdd. StrauR transient effect (Straul3 et al., 1996).
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Table. Composition of bath solutions tubes using a Zeitz DMZ Universal puller (Zeitz; Augsburg, Germany).
The standard pipette solution containedvw(m(i): 110 Cs-methane-
Compound () Control Low-ClI~ Ca'-free NMDG* sulfonate, 20 NaCl, 2 MgGJ 10 HEPES, 0.1 EGTA, 0.1 fura-2-
Ringer  Ringer Ringer Ringer pentapotassium salt, (i) BAPTA pipette solution: 100 Cs-methane-
sulfonate, 20 NaCl, 2 MgG| 10 HEPES, 10 BAPTA, (iii) 10° m
NaCl 135 137 Ca*-pipette solution: 110 Cs-methanesulfonate, 20 NaCl, 2 Mgl
Na-methanesulfonate 120 HEPES, 0.01 CagGJ (iv) NMDG"-containing pipette solution: 100
NMDG-CI 135 NMDG-methanesulfonate, 20 NMDG-CI, 2 Mgg{l10 HEPES, 5.5
CaCl, 1 5 1 EGTA, 0.5 CaC} (BAPTA = 1,2-bis(2-Aminophenoxy) Ethane-
Ca-gluconate 5 N,N,N’,N’-Tetraacetic acid). All solutions were adjusted to pH7.2
MgCl, 0.6 0.6 0.6 0.6 using Tris. InsP3 was added freshly from stock solutions to a final
HEPES 33 33 33 33 concentration of 1Qum. To avoid hyperosmotic swelling of the cells,
TEAC1 10 10 10 10 the pipette solution was hypo-osmotic to the bath solution (app. 60
EGTA 1 mOsm; measured using a Vapor Pressure Osmometer 5100B; Wescor,
Glucose 6.1 6.1 6.1 6.1 Logan, UT). Using these solutions, no changes in cell size could be

observed during experiments in whole-cell configuration. The Nernst
Concentrations are given innm EGTA = ethylene glycol bis  potential for CI was with one of the pipette solutions and control
(2-aminoethylether)-N,N,NN’'-tetraacetic acid, HEPES= N-(2- Ringer —-45 mV and with one of the pipette solutions and the low
Hydroxyethyl)piperazine-N2-ethanesulfonic acid, NMDG = N- CI™-Ringer +0.2 mV. Whole-cell currents were measured using an
methylp-glucanime, TEA = tetraethylammonium. EPC-9 patch-clamp amplifier (HEKA, Lamprecht, Germany) and low-
pass filtered at 3 kHz. Electrical stimulation, data storage and analysis
were performed using the TIDA hard- and software (HEKA, Lam-

The purpose of this study is the characterization ofprecht, Qermany) _in co_njunction with an 'AT-compatibIe com_puter.
the additional components that are required for sustainelf experiments using pipette solutions with low™Gloncentration

activation of Cé*-dependent Clchannels in rat retinal (standard pipette solution, T C&* pipette solution and BAPTA
. . . pipette solution) with high Clbath solutions (control Ringer and €a
pigment epithelial cells.

free Ringer), all membrane potential values were corrected for the

liquid junction potential of +10.7 mV (measured according to Neher

(1992)). The membrane capacitance was calculated from the integra-
tion of the area below a transient capacitative currents curve which was
induced by voltage-step of +10 mV for 30 msec. The access resistance
was calculated from the relaxation time constant of the same capaci-
tative currents, where the ratio of the time constant and the membrane

. . . . . capacitance yield the access resistance. The average resting potential
Primary cultures of rat retinal pigment epithelial cells were established .

’ . of RPE cells was -3+ 2 mV (h = 32), the membrane capacitance
according to the method of Edwards (1977). After enucleation, €S0 9+ 65 F i — 44) and the access resistance was 12.5 2
were stored overnight in Puck’s saline F (Puck, Cieciura & Robinson,, "~ = — P .

1958). The eyes were incubated in Puck’s saline F withodt @ad (n 45). Both membrane capacitance and access resistance were
ot L . ; o . ; compensated before the actual measurement. Maximal currents ampli-

Mg“* containing 0.1% trypsin for 35 min at 37°C. With a circumfer- .
tudes were measured from currents induced by a voltage-step from 0

ential incision along the ora serata, the bulbi were opened and thel;nv 10 +90 mV for 50 msec.

anterior parts of the eyes including vitreous and retina were removed. : . ) .
. ) . To induce voltage-dependent currents, two major stimulation pro-
Using a fine pair of forceps, the RPE was gently brushed away from . :
tocols were used. The step protocol consisted of nine voltage-steps of

Bruch’s membrane and collected in Ham’s F10 culture medium . . . ) :
(supplemented with 20% fetal calf serum, 10gmi~ kanamycin and 10 mV increasing amplitude and 50 msec duration to depolarize the cell
' from a holding potential of 0 mV. This was followed by nine voltage-

-y ) ;
5.0 “g.ml gentamycin). Aﬁer suspension of th? RPE c_ell_s by gent.le steps of 10 mV increasing amplitude and 50 msec duration to hyper-
pipetting, the cell suspension was plated out into petri-dishes which . . ) .

olarize the cell. The ramplike stimulation protocol was used to con-

were equipped with glass coverslips. The cultures were maintained a{f ; .
Inuously monitor membrane conductance. For this purpose, mem-

37°C and 5% CQin air; the medium was changed twice a week. brane currents were continuously recorded at a holding potential of 0
After 24 hr, the cells had settled down and started to spread out. At the y 9p

: ) .~ mV and the cell was stimulated every 0.5 sec with a ramplike stimu-
age of 3-8 days cultures were used for electrophysiological recordmgﬁ.ation between —100 and +100 mV

Materials and Methods

CELL CULTURE

PaTcH-CLAMP RECORDINGS
MEASUREMENTS OFINTRACELLULAR C&*

Patch-clamp experiments were performed at room temperature. Cov-

erslips with RPE cells were placed into a perfusion chamber that wasor measuring intracellular €a([Ca?*];) in conjunction with whole-
mounted onto the stage of an inverted microscope. The recordingsell recordings of membrane conductance, a dual wavelength photo-
were performed using Kfree conditions to suppress superimposed meter (Luigs and Neumann, Ratingen, Germany) was connected to the
potassium currents. The cells were superfused with the solutions indisame microscope used for patch-clamp experiments. Fluorescence of
cated in the Table. Substances which were dissolved in DMSO confura-2 was measured using the excitation wavelengths 360 and 390 nm
taining stock solutions were added to bath solutions so that the finaht an emission wavelength of 510 nm. Fluorescence signals were digi-
concentration of DMSO did not exceed 0.1%. This DMSO concentra-talized by the built-in AD/DA converter of the EPC-9 patch-clamp
tion has been shown not to influence the membrane conductancamplifier so that fluorescence experiments could be fully monitored
(StrauB3 et al., 1998). Patch pipettes of a resistance ofv@5(in using TIDA hardware and software (HEKA, Lamprecht, Germany).
NMDG*-containing solutions 9-1&(2) were pulled from borosilicate ~ Changes in intracellular free €zare presented as a ratio of the elicited
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fluorescence at 360 and 390 nm. Before each measurement the autfiysed into the cells, membrane conductance increased
fluorescence and the fluorescence derived from the visible part of the(Fig_ 1B) from 0.98 + 0.22 pApFl (n=13)to 128 + 44
patch-pipette were compensated. ApF ! (n = 9). Simultaneous monitoring of [,

The microscope was adjusted so that the fluorescence from onI)P . .
one cell was registered. To allow continuous monitoring of cytosolic (Flg' 1C) showed an increase of 198 + 19%# 5) from

Ce* concentration throughout the experiment, cells were preincubate@® 0as€ IeV?I of 116 + 3(= 13). '
with fura-2AM. For this purpose, RPE cells were incubated with fura- InsP3-induced currents showed an outwardly recti-
2AM (5 um) dissolved in Ham's F10 culture medium without any fying character with a reversal potential of -36.7 + 1.3
supplements for 20 min in the dark. Subsequently, the cells were sumV/ (n = 15; Fig. IC andD). These currents could be
perfused for 20 min to remove residual fura-2AM. In addition, fura-2 reduced to 12 + 5%r( — 5) by application of 1 m
(0.1 nv) was added to the pipette solution to minimize washout during DIDS (4 4’—diis_othioc anatostilbene-2' 2disulfonic
the experiment. . s y ’ -
acid) with recovery to 70 + 9% (= 5). InsP3 induced
similar voltage-dependent currents when all cations were
DATA PRESENTATION replaced by NMDG. In these experiments, a voltage
, , step of only 20 mV (from a holding potential of 0 mV)
The figures usually show one experiment out of 3—6 performed. Data\Nas applied to exclude voltage errors as a result of the
are presented as mearsem. Statistical analysis was performed using hiah . f NMDG .. uti
student’st-test. Significance was considered Ritvalues lower than igher _re5|stance 0 - ?Ontammg solutions.
0.05. Comparison of current density in the presence (3.7 £ 0.7
pApF 1, n = 7) and absence (2.95 + 0.2 pApEn = 7)
of cations did not reveal significant differences.
MEDIA AND SUBSTANCES

+
Media and supplements for cell culture were purchased from GIBCO—I NVOLVEMENT OF CyTosoLic C&" SToREsS

Life Technologies (Eggenstein, Germany) and Seromed (Berlin, GerTg clarify if InsP3 acts directly on Clchannels or if

many). The other substances were obtained from Sigma (Deisenhofen : : +
Germany), Serva (Heidelberg, Germany), E. Merck (Darmstadt, Ger-msp3 acts via release of Carom cytosolic cé stores,

. + . )
many) and from RBI Research Biochemicals’(iKoGermany). CytOSOlIC.Cc?l. stores were depl_eted by thap3|garg|n be-
fore application of InsP3. In a first experiment, we stud-

ied the impact of thapsigargin {dm) itself on membrane
Results conductance. Surprisingly, when thapsigargin was ap-
plied to cells in the perforated-patch configuration no
effect on CI' conductance could be observed (Fig. 2).
In a second experiment, thapsigarginu(l) was applied
prior to InsP3 leading to a rise in [€§; to 164.14 +

In a first step, membrane conductance was measure%ls% 06 =5 o_f the base value (FigAJ. When [Céqi :
using the perforated patch configuration (Horn & Marty, feached m_aX|maI I_evels, _the whole-cell cor_n‘lgurat|on
1988). In the absence of potassium, at low extracellulal as esta_bhshed (Fig.B3 using _the standard pipette el
Ca&* concentration (using standard pipette solution with ution with InsP3 (10pum). Initially, no changes in

2+
150 wg/ml nystatin and control Ringer as bath solution) [gazq]i bor nrletmzra?iﬁ c?nd%(i::lancff rogcr:qjirr:edi \'/rhler},
resting currents displayed negligible voltage-depenI a ]; began 1o decliing, reaching afte alevel o

dence. Current density in response to a voltage-ste ?(t)hi 12.% 0.: Agof(;hetbasallleveil before_ ar()jph;:aéllor?_
from 0 to +90 mV remained stable (value directly after 1apsigargin. L-onguctance Ievels remained stable, in
establishing perforated-patch recording 1.02 + 0_Zparucular_, no voltage-dependent currents could be de-
pApF %, value after 10 min 1.09  0.25 pApE n = 8). tected (Fig. &).

The same could be observed in the whole-cell configu- I_Cl‘t_currep'f[i ch%!? 6;:3? t)e %(;“;‘:’ll_fd _bytlr?tracizllﬁlar
ration without InsP3 in the pipette solution (current den-2Ppiication ot the .a-chetator via the paten-

sity directly after establishing the whole-cell configura- pipette (Fig. 4. Ninety seconds after establishing the

: 1 . . whole-cell configuration with 10 m BAPTA in the
202 0533 +0.18 pApF*, after 10 min 1.3+ 0.21 pApF,; patch pipette the membrane conductance started to in-

In contrast, stimulation of RPE cells by intracellular crease and reached maximal current amplitudes of 11.62

1
application of inositol-1,4,5-trisphosphate (InsP3) led to* 2.7 pApF " (n = 5 measured from voltage_-step .0 to
a marked activation of voltage-dependent currents (Fig+90 mV) after 5 min in the whole-cell _conf|gurat|0n.
1). In these experiments, the cells were superfused Witl:|'hese currents showed a reversal potential of -34.4 £ 1.1
control Ringer solution and InsP3 (10v) was added to mv (n = 5).
the standard pipette solution. Directly after breaking intoROLE OF EXTRACELLULAR Ca&*
the whole-cell configuration, the cells showed a resting
potential of -® + 2 mV (h = 32) and no voltage- In a previous publication, we were able to demonstrate
dependent currents could be observed. As InsP3 difthat intracellularly applied InsP3 failed to activate Cl

AcTIVATION OF CI™ CURRENTS BY INTRACELLULAR
APPLICATION OFINSP3
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Fig. 1. Activation of Ca-dependent Clchannels by intracellular application of InsP3. The bath solution contained Cafi* (Control Ringer),

the pipette solution 1Q.M inositol-1,4,5-trisphophate and 1@ fura-2. The cells were preincubated with fura-2AM) Ramplike stimulation

protocol which was used to monitor changes in membrane conduct&)deatch-clamp recording using the stimulation protocol in Figwhich

was started 60 sec after breaking into the whole-cell configuration. As InsP3 diffuses into the cell, membrane conductance started t€)jncrease. (
Simultaneous recording of [€§; measured by the fluorescence ratio of the two excitation wavelengths (360 nm : 390 nm). The ris&ling§Ca
clearly associated with a concomitant rise in membrane conductddic8tép protocol used for measurement of currents depicted in EigE)

Current recording 5 min after breaking into the whole-cell configuration when membrane conductance reached maximal values (membran
capacitance 6 pF; dotted line indicates the zero-current legl)IC@rrent/voltage plot where maximal current amplitudes after 30 sec and 5 min

in the whole-cell configuration with InsP3 in the pipette were plotted against their voltage-steps of the step-protocol to summarize an experimen
with another cell (membrane capacitance 14 pF).

perforated patch

o 0 A s
30s
I thapsigargin (1pM) |

100

Fig. 2. Effect of thapsigargin during perforated-patch recording. 25 sec after establishing the perforated-patch recording (standard pipette solutic
supplemented with 150/ml nystatin and control Ringer as bath solution).t thapsigargin was applied extracellularly. No change in membrane
conductance could be observed during application of thapsigargin (membrane capacitance 12 pF; dotted line indicates zero current level).

currents under extra- and intracellularGéree condi-  intracellular application of InsP3 led to maximal current
tions (see alsdrig. 4B), indicating that for the activation amplitudes of 1.38 + 0.39 pApE (n = 4, voltage-step

of CI” channels influx of extracellular G4is required. from 0 to +90 mV), a value not significantly different
When C&" was omitted from the extracellular solution, from the resting membrane conductance. To mimic the
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Fig. 3. Effect of preincubation of cells in thapsigargii)(Change in the intracellular €adepicted as fluorescence ratio before and after breaking

into the whole-cell configuration with InsP3 in the patch pipette (Control Ringer as bath solution). The bar indicates the time of application of
thapsigargin (1um). (B) Continuous recording of the membrane conductance 45 sec after breaking into the whole-cell configuration using the
ramplike stimulation in Fig. A (membrane capacitance 50 pF; dotted line indicates the zero-current I&)&urtent/voltage plot of the membrane
currents 45 sec after breaking into the whole-cell configuration and 5 min later (currents were plotted against the potentials of the ramplike
stimulation).

effect of an influx of extracellular G4 into the cell, we  after full activation of cytosolic free G4 and membrane
applied C&* (10 pum) via the patch pipette. This maneu- currents led to a decrease in intracellulaCe levels
ver led to transient activation of voltage-dependent curlower than the base levels observed before establishing
rents which reached maximal current amplitudes of 25 #the whole-cell configuration. After removal of extracel-
3.8 pApF!(n = 7, voltage-step from 0 to +90 mV) after lular C&*, the cytosolic free Cd was —33.5 + 19% of
60 sec in the whole-cell configuration. The currentsthe InsP3-induced C4level (0 = 7; the negative value
showed a reversal potential of -37.2 + 5.2 mv£ 5) indicates a C& level below the resting level). Readdi-
with asymmetrical intra- and extracellular @oncen- tion of extracellular C& led to an intracellular G4
trations (using control Ringer in the bath and¥0Ca*  level of 128 + 13% of the InsP3-induced €devel (n =
pipette solution) and a reversal potential of 0 mV with 7). In contrast, membrane conductance was not affected
symmetrical CI concentrations (low CIRinger and by both maneuvers.
10°m C&* pipette solution) at the moment of maximal
current activation. The membrane conductance returned
to the resting level 15 sec later. With 108 C&*inthe ~ ROLE OF PROTEIN KINASES
patch pipette, stimulation of currents was so rapid that its
rise escaped observation and we were only able to ohin the first set of experiments, the effect of a blocker for
serve the return to the resting level. protein kinase C, chelerythrine, (Herbert et al., 1990)
To obtain further information on the role of €dor ~ was studied. Extracellular application of chelerythrine
the activation of Cl channels, the effect of removing (10 w™m) did not influence InsP3-induced currents and
extracellular C&" after activation of Cl channels was cytosolic free C&". In the presence of chelerythrine, re-
investigated (Fig. 5). For this purpose, the whole-cellmoval and readdition of extracellular €adecreased or
configuration was established again with 4@ InsP3  increased the InsP3-induced®#evel as in control con-
and fura-2 in the patch-pipette. As in previous experi-ditions. In the presence of the €#almodulin kinase
ments, this led to an increase in cytosolic freé Q&ig.  inhibitor KN-93 (5 pm) changes in intracellular G&
5A) and a subsequent activation of voltage-dependerinduced by InsP3 or changes in extracellular Cafter
CI” currents (Fig. B). Removal of extracellular G4  InsP3 application were not affected. However, in 50%
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Fig. 4. Effect of removing C&" on the activation of membrane conductanég.Effect of the intracellular application of the &zchelator BAPTA.

The recording was started 30 sec after breaking into the whole-cell configuration. Intracellular application of BAPTA led to an increase in membrang
conductance (membrane capacitance 35 pF, dotted line represents zero-currenBjeléfRct of intracellular application of InsP3 (30v) under

intra- and extracellular G&-free conditions (using the BAPTA pipette solution and®Giee Ringer as bath solution). The recording was started

30 sec after breaking into the whole-cell configuration. Under these conditions, InsP3 failed to activate membrane currents (membrane capacitan
21 pF, dotted line indicates zero current level).

of the cells investigated, application of KN-93 after re- CI™ channels (Fig. B). Extracellular application of lav-
moval of extracellular Cd led to a decrease in Gl endustin (1um) led to a reduction of InsP3-induced cur-
current amplitude (Fig.&). This decrease was indepen- rents to 30 + 11% of control (recovery occurred to 88 +
dent of the intracellular Ga-concentration. In the pres- 9%;n = 6). The BAPTA-induced currents could also be
ence of KN-93, the maximal current amplitude decreasededuced by tyrosine kinase inhibition. Application of
to 36 + 10% of control (recovery occurred to 85 + 15%; tyrphostin 51 (50um) led to a reduction of BAPTA-
n = 3). Comparable results could be observed usingnduced currents to 63.2 + 5.2% of control (recovery
another blocker for Cd/calmodulin kinase, KN-62 occurred to 118.8 + 2.3%) = 3). Readdition of extra-
(5 wm). This substance did not influence cytosolic-free cellular C&* in the presence of the tyrosine kinase
Ca*. In 3 of 6 cells, KN-62 (Fig. B) led to a reduction  blocker tyrphostin 51 did not increase intracellulaGa
of maximal CI' current amplitude to 58 + 13% (= 3)  however, full recovery occurred after washout of tyr-
with subsequent recovery to 89 + 23% € 3). phostin 51 (Fig. A-C). A structurally different com-

In contrast to inhibition of serine/threonine kinases, pound also influenced the InsP3-induced increase in cy-
the inhibition of protein tyrosine kinase had an effect ontosolic free C&". Genistein (5um) reduced the InsP3-
both the InsP3-induced Gtonductance and the InsP3- induced increase in intracellular free Tao -17.9 +
induced C&" levels. For these experiments; @urrents  6.7% of control i = 3; negative value indicates reduc-
and cytosolic C&' levels induced by intracellular appli- tion below base line level); recovery occurred to 69 + 6%
cation of InsP3 were fully activated. Application of a of control ( = 3).
tyrosine kinase inhibitor, tyrphostin 51 (%04), reduced
the CI' currents (Fig. 8). Tyrphostin 51 reduced InsP3-
induced currents to 63.4 + 4% of contral & 6); re-  THE INFLUX PATHWAY FOR EXTRACELLULAR C&"
covery occurred to 97.6 + 3% of contral (= 6). The
structurally different compound lavendustin was alsoLa®" is known to blocklcgac C&* channels (calcium
able to reduce the current amplitudes ofGdependent release activated current) which are activated by deple-
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Fig. 5. Effect of removing extracellular G4 after full activation of InsP3-induced current#) (Change in intracellular free €adepicted as the

ratio of the two excitation wavelengths after breaking into the whole-cell configuration with InsP3 in the pipette. The bar indicates the time of
removal of extracellular G4 (using C&*-free Ringer as bath solutionBY Simultaneous registration of membrane currents. Removing extracellular
Ca* decreased intracellular €4o base line level but did not alter InsP3-induced membrane conductance. The decrease after readding extracellulas
C&* is due to rundown during the whole-cell configuration (membrane capacitance 21 pF; dotted line indicates zero current level).

tion of InsP3-sensitive cytosolic &astores (Hoth & currents mimic an InsP3 effect. The reduced ionic
Penner, 1993). Extracellular application ofL.&10 pm, strength of the intracellular solution cannot be an activa-
resulting in 90% inhibition) reversibly reduced the tor of CI” currents as has been reported by Nilius et al.
InsP3-induced level of intracellular free €a(Fig. 88 (1998). A reduced ionic strength only activates ClI
and C). The membrane conductance remained un-<channels when intra- and extracellular solutions are iso-
changed in the presence of T'aFig. andD). Ina  osmotic. A switch to a hyperosmotic bath solution re-
final series of experiments, the blocker of nonselectiveverses the effects of a reduced intracellular ionic
cation channels, flufenamic acid (idv), was applied to  strength. In addition, the activation of Tthannels in
the cells after maximal stimulation by InsP3. This ma- RPE cells is clearly dependent on the presence of InsP3
neuver had no effect, either on levels of fJaor on  in the pipette solution. When using the same solutions in
membrane conductance. perforated-patch recordings with nystatin or without

InsP3 in the patch-pipette in whole-cell recordings no

changes in membrane conductance could be observed.
Discussion

MECHANISM OF INSP3-INDUCED INCREASE IN

In this study we were able to show that intracellularly by
{CvTosoLic FRee C&

applied inositol-1,4,5-triphosphate (InsP3) to cultured ra
retinal pigment epithelial cells releases*Cé&om cyto-
solic stores. Subsequently, activation of tyrosine kinaséntracellular application of InsP3 to RPE cells led to an
leads to activation of an influx of extracellular €anto  increase in free cytosolic €& Possibly, this is enabled
the cell. This increase in cytosolic-free £deads to an by a direct opening of G4 channels by InsP3 (Kuno &
activation of voltage-dependent Gihannels. For a sus- Gardner, 1987; Kuno, Maeda & Mikoshiba, 1994) or by
tained activation of these Clkhannels, the activity of release of C& from InsP3-sensitive cytosolic €&
tyrosine kinase was required. stores (Marty & Tan, 1989; Matthews, Neher & Penner,
Since we used a hypotonic pipette solution (differ-1989; Hoth & Penner, 1993). Extracellular application
ence of 60 mOsm), it is unlikely that swelling induced of thapsigargin, a substance which depletes cytosolic
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Fig. 6. Effect of the inhibition of protein kinase on €adependent Clcurrents. Q) Effect of C&*/calmodulin kinase inhibitors was observed in
50% of the investigated cells. Left panel: Effect of KN-62(&) on InsP3-induced currents (= 3). Right panel: Effect of KN-93 (fum) on
InsP3-induced currents (= 3). (B) Effect of protein tyrosine kinase inhibitors. Maximal current amplitudes were measured using a voltage-step
from 0 to +90 mV. Current amplitude before application of the blocker was set at 100%. Left panel: Effect of tyrphostin |ott) (66
InsP3-induced currents (= 6). Middle panel: Effect of lavendustin A (gm) on InsP3-induced currenta & 6). Right panel: Effect of tyrphostin

51 (50 wm) on BAPTA induced currentsn(= 3).

C&" stores by inhibition of their C4-ATPase, led to an lar application of L&*, but not by flufenamic acid. In the
increase in cytosolic free €ain RPE cells. When InsP3 concentration we used, Eainhibits 90% of the currents
was applied intracellularly after this maneuver, no fur-through Icgac channels (Hoth & Penner, 1993). Flu-
ther changes in cytosolic free €acould be observed. fenamic acid is a well known inhibitor of nonspecific
Thus, InsP3 acts via release ofCérom cytosolic C&*  cation channels. Both substances did not influence the
stores. This is supported by the observation that intrainsP3-induced Clconductance. In addition, the mem-
cellular application of BAPTA also led to an activation brane potential was clamped to 0 mV, which inactivates
of CI” current. However, BAPTA was not as effective as L-type C&* channels. Since the intracellular application
InsP3 in activating Clcurrents. To clarify the origin of of InsP3 induced large Ckurrents, it was not possible to
the InsP3-induced increase in cytosolic fre¢ Caxtra- measure currents throughgac channels directly. De-
cellular C&* was removed after the InsP3-inducedGa veloping methods to measure currents throughac
increase reached the maximal level. This maneuver ledhannels in the presence of large” Currents was be-
to a decrease of intracellular €abelow the base level yond the scope of this paper.

which fully recovered to the original level when extra-

Ce||u|al’ C§+ was readded. Thus, InsP3 seems to in_MECHAN|SMS AcCTIVATING CI” CONDUCTANCE

crease cytosolic free Eaby store-depletion-dependent

induction of a C&" influx from the extracellular space. The InsP3-induced Céinflux into the cell activates Cl
C&" influx into the cell could be reduced by extracellu- channels. The identification of InsP3-induced conduc-
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Fig. 7. Effect of tyrphostin 51 on InsP3-induced membrane conductance and rise in intracelRilaggF€hange in intracellular free Eadepicted

as fluorescence ratio of the two excitation wavelengths 360 nm and 390 nm. The recording was started after breaking into the whole-ce
configuration with InsP3 in the patch pipette (Control Ringer as bath solution). The rectangles indicate the duration during which extragellular Ca
was absent (a-free Ringer as bath solution) and the presence of tyrphostin 5150 (B) Changes in maximal outward current amplitude
(induced by a voltage-step from 0 to +90 mV) induced by tyrphostin 51. Values are given in per cent of the contralegltygthostin 51 and
recovery were significantly different)Cj Changes in intracellular Gaduring the experiments. The numbers correspond to the numbessand’
indicate when intracellular Gawas estimated. The levels in intracellular’Cavere expressed in per cent of the InsP3-induced rise in intracellular
Ca*. Negative values indicate a reduction of the intracellulai*®@alow the base level. In some cells, it appeared that when extracellfian@a
readded in the presence of tyrphostin that intracellular frég §arted to increase. However, the values of intracellul&f Gare not significantly
different between extracellular €afree conditions and the presence of tyrphostin. The values “2”, “3” and “4” were not significantly different
among each other but significantly different to “5”.

tance has been reported in a previous publication (Strau€haracter and a fast voltage-dependent activation which
et al., 1996). Several reasons speak for chloride as this unusual for other known G&dependent Clchannels.

ion responsible for InsP3-induced currents. The current$n addition, the C&"-dependent Clchannel in RPE cells
are sensitive to the chloride channel blocker DIDS ‘4,4 can be blocked by DIDS and not by the fenamate com-
diisothiocyanatostilbene-22lisulfonic acid). In addi- pound flufenamic acid. With these characteristics the
tion, these currents could be induced by InsP3 when althannels resemble the epithelial “Calependent Cl
cations were replaced by NMDG While reversal po- channel cloned by Cunningham et al. (1995) which ac-
tentials equal the Nernst potential for symmetrical-Cl tivates in the same manner and which can be blocked by
concentrations, the reversal potential of InsP3-inducedIDS and not by the fenamate compound niflumic acid.
currents is more positive than the Nernst potential for Cl However, C&" alone is not sufficient for a sustained
under asymmetrical Clconcentrations. However, this activation of CI channels. The intracellular application
is to be expected as the InsP3-induced'@ependent of Ca* only leads to a transient activation of Giur-
Cl™-channel is able to conduct methanesulfonates whichents. In these experiments, it was difficult to find the
were used to replace Gbns (Calahan & Lewis, 1988). right C&" concentration in the pipette solution. v

The influx of extracellular C& into the cell activates was too small and with 10@m, only the return of mem-
CI~ conductance. When Gawas omitted from intra- brane conductance back to the resting level could be
and extracellular solutions, InsP3 failed to activaté Cl observed. This is also the explanation for the observa-
currents (StrauRR et al., 1996). Thus, InsP3 activatesion that application of a Ca-ionophore did not succeed
Ca*-dependent Clchannels. The CGa-dependent Cl  in activation of CI currents (ot showi). Using this
channels in RPE cells showed an outwardly rectifyingmethod, it is impossible to induce the right intracellular
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Fig. 8. Effect of blockers for C&™-influx pathways on the InsP3-induced rise in intracellulaf"Cé) Change in intracellular free Gadepicted

as fluorescence ratio of the two excitation wavelengths 360 nm and 390 nm after breaking into the whole-cell configuration with InsP3 in the patcl
pipette (Control Ringer bath solution). The rectangle indicates the time“f(lLA wm) application. B) Voltage-dependent at the time of maximal
InsP3-induced rise in intracellular E(left panel), the presence of Ea(middle panel) and recovery from E&(right panel; membrane capacitance

16 pF; dotted line indicates the zero-current leve). sJummary ( = 5) of the effects of L&' (10 um) and flufenamic acid (Jum) on intracellular

free C&*. The InsP3-induced CGalevel was set as 100D} Summary (i = 5) of the effects LA™ (10 wm) and of flufenamic acid (Jum) on the

maximal outward current amplitude (induced by a voltage-step from 0 to +90 mV). The current amplitude before application of the blocker was
set as 100%.

C&* concentration to see this transient activation of Cl Observations pointing in the same direction were
channels. Failure in inducing the right €aconcentra- made previously by Ueda and Steinberg (1994). These
tion may also be the explanation for the inability of thap- authors failed to activate Gadependent Cl channels
sigargin to induce chloride currents. In addition, remov-by extracellular application of ionomycin in the presence
ing extracellular C&" after full activation of CI- of extracellular C&". However, if the authors (Ueda &
conductance and full rise of free cytosolicX#ed to a  Steinberg, 1994) first incubated the cell in ionomycin
reversible decrease of intracellular Tebut did not  under extracellularly Cd-free conditions and readded
change Cl currents. Thus, after full activation, €ais  extracellular C&" in the presence of ionomycin, they
no longer required to maintain the Gtonductance ac- were able to activate G&adependent Cl channels in
tivated by C&". An additional factor which is not C& RPE cells. This maneuver resembles a maneuver used to
dependent and activated by release of'Claom cyto-  induce capacitative Gaentry. We suggest that the data
solic stores is required for Clchannel activation. The from Ueda and Steinberg (1994) can be interpreted if one
activation of this factor seems to be dependent on thassumes that G&dependent Clchannels need factors
way in which C&" is released from cytosolic stores. Us- which are activated by the release offCom cytosolic

ing InsP3 or passive depletion of stores by intracellularstores for a sustained activation. We propose that the
application of the C#&'-chelator BAPTA, C&'- right intracellular C&" concentration in combination
dependent chloride currents could be activated. Usingvith a factor that is activated by depletion of cytosolic
thapsigargin to deplete €astores by inhibition of the Ca&* stores is required for sustained activation of Ga
Ca*-ATPase of these stores did not lead to activation ofdependent chloride channels in RPE cells. The addi-
chloride currents. tional factor enables sustained activity of the chloride
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channels independent from €a In addition, this factor investigating activation mechanisms for the CFTR (cys-
can only be activated by certain mechanisms of storgic fibrosis transmembrane regulator) €hannels, tyro-

depletion, of which InsP3 is the most efficient. sine kinases appeared as inhibitors of Channels. In-
hibition of tyrosine kinase seems to activate CFTR Cl
FACTORS ACTIVATED BY DEPLETION OF channels independently of the cAMP pathway (lllek et
2% STORES al., 1995; Sears et al., 1995; Shuba et al., 1996; Yang et

al., 1997). However, the observations made in these

To characterize the factors that are activated by release sftudies are somewhat contradictory. French et al.
Ca&* from intracellular stores, we investigated the effect(1997) showed that the most commonly used blocker of
of inhibiting various protein kinases. Inhibition of pro- tyrosine kinases, genistein, is able to interact directly
tein kinase C by chelerythrine (Herbert et al., 1990) nei-with CFTR channels. The effect of tyrosine kinase on
ther changed the InsP3-induced rise in cytosolic freeCFTR channels is more likely to be enabled by inhibition
C&* nor the activation of Clcurrents. C&/calmodulin  of phosphatases which in turn activate CFTR channels
kinase blocker KN-62 (Tokumitsu et al., 1990) and KN- (Yang et al., 1997). Tyrosine kinases appear as an acti-
93 (Sumi et al., 1991) showed no effect on the pathwayator of swelling induced Clchannels (Creel et al.,
which stimulates calcium influx from extracellular space. 1998; Lepple-Wienhues et al., 1998) or of €Channels
However, in 50% of the investigated cells, these subdinvolved in the initiation of apoptosis (Szabo et al.,
stances reduced the InsP3-inducedctirrent. Since the 1998). Until now, the role of tyrosine kinases in activa-
effects of KN-93 and -62 on Clcurrents were observed tion of C&*-dependent Clchannels was believed to be
under extracellularly Cd-free conditions, C& appears that of an activator of phospholipase C which initializes
as a trigger to initialize kinase activity. Thus, the in- the C&"/InsP3-second messenger system (Marrero et al.,
volvement of C&*/calmodulin kinase in activating €& 1996). More directly, C&-dependent Clchannels have
dependent Cl channels cannot be excluded. Interest-been shown to be inhibited by tyrosine phosphorylation
ingly, data from other tissues on regulation of?Ga via increase of their Ca-sensitivity (Shintani & Ma-
dependent Clchannels by C#/calmodulin kinase are runaka, 1996). In our study, €aappears as the initiator
contradictory. In smooth muscle €4almodulin ki- of Cl”-conductance, whereas tyrosine kinase keeps Cl
nase led to inactivation of these channels (Wan & Kot-channels continuously activated independent of*Ca
likoff, 1997). In epithelial cells, these ion channels However, using the patch-clamp technique it is not pos-
(Fuller et al., 1994; Schlenker & Fitz, 1996) are acti- sible to demonstrate the direct interaction of tyrosine
vated. kinase and Clchannels as has been discussed for inves-

In contrast to these serine/threonine kinases, proteitigations concerning the direct interaction of G-proteins
tyrosine kinase (PTK) seemed to be involved in the com-and ion channels (Clapham, 1994).
munication between Gé stores and the cell membrane.
Extracellular application of tyrphostin 51 or lavendustin _ __ ~
reversibly reduced the InsP3-induced?Geependent C& -DEPENDENTCI™ CHANNELS AND RPE FUNCTION
CI™ currents. In addition, inhibition of tyrosine kinase
could also block CI currents induced by intracellular Chloride conductances have been found to be of func-
application of BAPTA. Thus, protein tyrosine kinases tional importance for the RPE. They provide efflux
are needed in addition to &afor activation of CI chan-  pathways out of the cell for epithelial transport (Miller &
nels. Tyrphostin 51 also prevented the recovery from theSteinberg, 1977; Tsuboi & Pederson, 1988; Edelman &
decrease in cytosolic free €ainduced by removal of Miller, 1991; Joseph & Miller, 1991; LaCour, 1992;
extracellular C&" after CI' currents and intracellular LaCour, 1993; Bialek & Miller, 1994; Hu et al., 1996),
Ca* were maximally stimulated by InsP3. In addition, enable cellular volume regulation (Botchkin & Mat-
genistein reduced the InsP3-inducediGdevels to lev-  thews, 1993; Kennedy, 1994) and maintain subretinal ion
els lower than the resting level. Thus, tyrosine kinase1omeostasis during electrical activity of the photorecep-
are involved in the induction of the store depletion-tors (Griff, 1991; Fujii et al., 1992; Bialek et al., 1993;
induced influx of extracellular Ga into the cell. The Gallemore & Steinberg, 1993; LaCour, 1993). In the
induction of a C&" influx by release of C& from cy-  present study we showed that release of ‘Cmom
tosolic stores via activation of tyrosine kinase has beerytosolic InsP3-sensitive stores activates Channels.
observed by other groups (Low, 1996; Marhaba et al.JnsP3 is known to be stimulated by several agonists like

1996; Sharma & Davis, 1996). neuropeptides (Kuriyama et al.,, 1992), vasopressin
(Friedman et al., 1991) and carbachol (Liu et al., 1992).

Turco, Gordon & Bazan, 1992). Light stimulates the
The participation of tyrosine kinase in Gthannel requ- generation of InsP3 (Rodriguez de Turco et al., 1992)
lation has become a topic of interest recently. In studiemand also stimulates basolateral chloride conductance



152 O. Stra et al.: Protein Tyrosine Kinase and RPE

(Gallemore & Steinberg, 1993)_ We suggest that the Human retinal pigment epithelial cells possess V1 vasopressin re-
light-induced increase in basolateral chloride conduc- CeptorsCurr. Eye Res10:811-816 _ _
tance may be due to InsP3-induced activation ot'ca Fujii, S Gallemore, R.P., Hughes, B.A., Steinberg, RH 1992. D{rect
d dent Clch ls. InsP3 itself be ind db evidence for a basolateral membrané &nductance in toad reti-
epen e,'n C anne S. Ins Ise may € Induce Yy nal pigment epitheliumAm. J. Physiol262:C374-C383

an agonist which diffuses from the retina to the cell aftergyjer, c.m.. 1smailov, 1.1, Keeton, D.A., Benos, D.J. 1994. Phosphor-
light stimulation (Gallemore & Steinberg, 1993). ylation and activation of a bovine tracheal anion channel b§*Ca

In summary, we were able to show that a’ta calmodulin-dependent protein kinasedl Biol. Chem269:26642—
dependent Cl conductance is activated subsequent to 26650
InsP3—dependent Ghrelease from cytosolic stores. The Gallemore, R.P., Steinberg, R.H. 1993. Light-evoked modulation ba-

i ot ; solateral membrane Gtonductance in chick retinal pigment epi-
conductance is initiated by aCtlvatl.On of Canflux from thelium: the light peak and fast oscillatiod. Neurophysiol.
the extracellular space. For chloride conductance to re- -q.4669_1680

main activated over a length of time, tyrosine kinasegyiff, £.R. 1991. Potassium-evoked responses from the retinal pigment
activity is essential. Possibly, tyrosine kinases are in- epithelium of the toadufo marinus. Exp. Eye Re53:219-228
volved to provide the link between depleted®Catores ~ Herbert, J.M., Augereau, J.M., Gleye, J., Maffrand, J.P. 1990.

and the subsequent induction of an influx of extracellular Chelerythrine is a potent and specific inhibitor of protein kinase C.
cat Biochem. Biophys. Res. Commui72:993-999

Horn, E., Marty, A. 1988. Muscarinic activation of ionic currents mea-
sured by a new whole-cell recording methal. Gen. Physiol.
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