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Abstract. Using the whole-cell configuration of the Introduction

patch-clamp technique, we studied the conditions neces- ) , o i

sary for the activation of Chcurrents in retinal pigment 1 he retinal pigment epithelium (RPE) is a monolayer of
epithelial (RPE) cells from rats with retinal dystrophy ceII_s Ioc_:ated betwee_n the neuronal retina and th(_a chorio-
(RCS) and nondystrophic control rats. In RPE cells fromC@pillaris. The RPE interacts closely with the retina and
both rat strains, intracellular application of i inosi- 'S Important for maintaining retinal function (Steinberg,
tol-1,4,5-triphosphate (IP3) via the patch pipette led to a,1985)- As part of the retina/blood parrler it transports
sustained activation of voltage-dependent Glrrents, 10NS and nutrients between the retina and choriocapil-
blockable by 1 mn 4,4'-diisothiocyanatostilbene-2,2 laris. The RPE takes part in _the daily regeneration of
disulfonic acid (DIDS). IP3 activated Cturrents in the ~Photoreceptors by phagocytosis of shed membranes from
presence of a high concentration of the calcium chelatoPhotoreceptor outer segments. In addition, it compen-
BAPTA (10 mw) in the pipette solution, but failed to do sates for th_e chan_ges of subretmal ion concentration in-
so when extracellular calcium was removed. Intracellu-duced by light. Since electrical properties of the cell
lar application of 10°v Ca* via the patch pipette also membrane are involved in these functions of RPE, con-
led to a transient activation of Ckurrents. When the Siderable attention has been directed to the underlying
cells were preincubated in a bath solution containingion conductances. Usi_ng th_e whole-c_ell configuration of
thapsigargin (um) for 5 min before breaking into the the patch—clamp.technlque in freshly |§olated or cultu_red
whole-cell configuration, IP3 failed to activate voltage- RPE cells, sodium, potassium, calcium and chloride
dependent currents. Thus, IP3 led to release ot Ca channels have been described (Hughes & Steinberg,
from cytosolic calcium stores. This in turn activated an1990; Ueda & Steinberg, 1992; Botchkin & Matthews,
influx of extracellular calcium into the submembranal 1993, 1994; Hughes & Segawa, 1993; Strauss et al.,
space by a mechanism as yet unknown, leading to ak993; Strauss & Wienrich, 1993, 1994; Tao, Rafuse &
activation of calcium-dependent chloride currents. InKelly, 1994; Wen et al., 1993, 1994; Ueda & Steinberg,
RPE cells from RCS rats, which show an increased mem1994). Investigation of the RPE contribution to the elec-
brane conductance for calcium compared to normal ratdroretinogram aroused increasing interest in chloride
we observed an accelerated speed ofairrent activa-  conductances (Gallemore & Steinberg, 1829 Griff,

tion induced by IP3 which could be reduced by nifed- 1991; Fujii et al., 1992; LaCour, 1992; Bialek & Miller,
ipine (1 um). Thus, the increased membrane conduc-1994). The chloride conductance of RPE has been
tance to calcium in RPE cells from RCS rats changes th€nown to be activated by cCAMP in amphibian RPE cells

response of the cell to the second messenger IP3.  (Hughes & Segawa, 1993). In addition, Ueda and Stein-
berg (1994) and Botchkin and Matthews (1993) observed

chloride currents induced by hypo-osmotic swelling in
rat RPE cells. Whereas Botchkin and Matthews (1993)
concluded that the mechanism for activation of chloride
currents remained unknown, Ueda and Steinberg (1994)
I were able to show that intracellular calcium is necessary
Correspondence tdD. Strauss for activation.
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The RCS rat is an animal model for an inherited Table. Composition of the bath solutions
retinal degeneration which is caused by a malfunction of
the RPE. It has been shown that the RPE in this animal
is unable to phagocytose shed photoreceptor outer seg-

Control Low-ClI~ High-C&* C&*-free
Ringer  Ringer Ringer Ringer

ments (McLaren et al., 1982; Chaitin & Hall, 1983; Hall Naci 135 120 137
& Abrams, 1991). This defect has also been demona-methanesulfonate 120

strated in cultured RPE cells from RCS rats (Chaitin & CaCl, 1 5 10

Hall, 1983; Hall & Abrams, 1991). Phagocytosis by Ca-gluconate 5

RPE cells is regulated by the &#nositol-second mes- M9Ck 0.6 0.6 0.6 0.6
senger pathway (Hall, Abrams & Mittag, 1991; Rod- ?EE(EIS 1%3 1303 1%3 1%3
riguez de Turco, Gordon & Bazan, 1992; Heth & Mares-ggta 1
calchi, 1994). Several lines of evidence point to a dis-gjucose 6.1 6.1 6.1 6.1

turbed second messenger system incorrectly regulating
the phagocytosis in RCS RPE cells (Gregory, Abrams &The pH was adjusted to 7.2 with Tris. The concentrations of the com-
Hall, 1992; Heth & Schmidt, 1992; McLaren et al., 1992; ponents are given in mM. EGTA= ethylene glycol bis(2-
Heth & Marescalchi, 1994). An increased membraneaminoethylether)—N,N,NN—tetraacetic acid, HEPESN-(2- Hydroxy-

ethyl)piperazine-N2-ethane sulfonic acid, TEACE tetraethylam-
conductance for C4 compared to normal rats has been - oﬁi)upnf’ e y

shown in cultured RPE cells from RCS rats and possibly
contributes to this incorrect regulation (Strauss & Wien-

rich, 1993)' . . placed into a perfusion chamber which was mounted on the stage of an
We used the whole-cell configuration of the patch-jnverted microscope. During the patch-clamp recordings, the cells
clamp technique (Hamill et al., 1981) to look for second-were superfused with the solutions indicated in the Table. The bath
messenger mechanisms which activaté Qlrrents in  solutions were iso-osmotic to Ham’s F10 culture medium. Patch elec-
RPE cells and to compare the reaction of the seconduodes of 3-54() resistance were pulled from borosilicate glass tubing
messenger systems in cells from RCS and nondystrophi@”genberg' Malsfeld, Germany) using a Zeitz DMZ electrode puller

. . . i Zeitz, Augsburg, Germany). The patch pipettes were filled with the
rats. For this purpose, inositol-1,4,5-triphosphate Waépipette solutions containing @): (1) standard pipette solution: 100

intracellularly apphgd via the patch_ pipette to RPE cells. g methanesulfonate, 20 NaCl, 2 MgC10 HEPES, 5.5 EGTA, 0.5
We found that IP3 induced a chloride conductance. Thecacy, (2) BAPTA-pipette solution: 100 Cs-methanesulfonate, 20
speed of chloride current activation was increased imNacCl, 2 MgCh, 10 BAPTA, 10 HEPES (3) 16 m-Ca*-pipette solu-
RPE cells from RCS rats compared to nondystrophidion: 110 Cs-methanesulfonate, 20 NaCl, 2 Mgd0 HEPES, 0.01
rats. CacCl,. All solutions were adjusted to pH 7.2 with Tris. When using
EGTA together with calcium the concentration of the free calcium was
calculated using a dissociation constant of O (Neher, 1988).
Materials and Methods IP3 was freshly added from stock solutions to the final concentrations
of 10 um. To avoid activation of swelling-induced currents the pipette
solution was hypo-osmotic to the bath solution (app. 60 mOsm,; esti-
CeLL CULTURE mated using the Vapor Pressure Osmometer 5100 B; Wescor, Logan,
Utah). Whole-cell currents were measured with an EPC-7 patch-clamp
mplifier (List Medicals, Darmstadt, Germany) and filtered at 3 kHz
wpass. Electrical stimulation, data storage and analysis were per-
formed using the TIDA hard- and software (Battelle, Frankfurt, Ger-

Primary cultures of rat retinal pigment epithelial cells were established
using the method of Edwards (1977). The eyes of pigmented (hoode
rats were stored overnight in Puck’s saline F (Puck, Cieciura & Rob-

|n_son,t ;3052) gtls;)otm te_mpel;itu:(e’. Aftl_er |rF1:cut_>tﬁtlort12C|:n t%/pl\jlgjor 35 many) in conjunction with an AT-compatible computer. The reference
min & (0.1% trypsin in Puck’s saline F without*Can ), electrode was connected to the bath solution by a liquid junction con-

the eyes were opened by a circumferential incision just posterior to thlnSisting of a plastic tube filled with control ringer to minimize changes

ora serrata and the anterior parts of the eye and neural retina WETE the liquid junction potential when the bath solution was changed.

removed revealing the apical sur.face of the RPE,' Shee’ts of the RPEhanging the bath solution from control ringer to low-chloride ringer

were gently brushed off the choroid and collected in Ham’s F10 cultureIed to a change of the electrode offset potential of ~3 mV in 30 min and
i i 0, -

medium supplemented with 20% fetal calf serum, W@l kanamy-  — , cnange of the liquid junction potential of +10.7 mV. The liquid

Cltn ;T)d 50”?'/m| ‘gert1tt_amytch|n. Alflter the sh_eets Werelptarct;allyt(_jls£SOC|—t junction potential was estimated according to the method described by
ated by gentie pipetling, the cell suspension was plated out Into petifap,q, (1992). All stated potential values were corrected for the liquid

dishes equipped with glass coverslips. The cultures were maintained %nction potential. After establishing the whole-cell configuration, the

o 0, H H H 1
37°C and 5% CQin air. The medium was changed twice a week. membrane capacitance and the access-resistance were compensated
After 24 hr, the RPE cells had settled down and started to spread oy 1045 sec. The values of membrane capacitance and access-

The cultures resulted in confluent monolayers of pigmented and POtesistance were estimated 10-15 min after establishing the whole-cell
lygonal shaped cells after 9-20 days.

configuration. The access resistance was determined by a single-
exponential fit of the relaxation of the transient capacitative current,
PaTcH-CLAMP RECORDINGS which was induced by a 10-mV voltage step for 30 msec from the
holding potential to depolarize the cell. The exponential fit revealed
Patch-clamp recordings were performed at room temperature. Covethe time constant of the membrane capacitance. The ratio of the time
slips with subconfluent primary cultures (3-9 days in culture) were constant to the membrane capacitance yielded the access resistance.
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Fig. 1. Induction of voltage-dependent currents by
intracellular application of IP3.4) Pattern of
50 msec electrical stimulation: The cell was depolarized

from the holding potential (HP= —45 mV) by
100 pA nine voltage steps of 10 mV increasing amplitude
and 50 msec duration and then hyperpolarized by
nine voltage steps of 10 mV increasing amplitude
50 msec duration.B) Left panel: Currents
10 min (induced by the electrical stimulation shown in
Fig. 1A) 15 sec after establishing the whole-cell
configuration with control ringerseeTable) as
bath solution and standard-pipette solution with 10
15 sec M IP3in the pipette. Right panel: Currents
induced in the same cell 10 min after breaking
into the whole-cell configuration (cell capacitance
27 pF). C) Current/voltage plot of the experiment
40 shown in Fig. B: Amplitudes of the steady state
currents were plotted against the potentials
(corrected for liquid junction potential) of the
voltage-steps of the stimulation protocol (Figh)1
After 15 sec in the whole-cell configuration
(circles), no voltage-dependent currents were
observed; 10 min later voltage-dependent currents
(pA) could be observed (squares).
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The membrane capacitance was estimated by integration of the ard@esults
below the transient capacitance current curve of the same voltage step.
The membrane capacitance was 7-40 pF=( 101) or 234 + 5 pF
(sem; n = 10) and the access resistance was 104@8(n = 101) or  |NTRACELLULARLY APPLIED IP34NDUCED
14.4 + 1MQ (sEm; n = 10). V OLTAGE-DEPENDENTCURRENTS
The figures show one typical experiment out of 3—-6 performed.
Data are presented as measew. Statistical analysis was performed We used the whole-cell configuration for intracellular
using Student’s unpairetitest. Significance was considered Rt application of IP3 via the patch pipette to cultured RPE
values lower than 0.05. cells. In the first set of experiments, intra- and extracel-
Media and supplements for cell culture were purchased fromlular calcium concentrations were held at physiological

Gibco Life-Technologies (Eggenstein, Germany). The chemicals Wer(i Is. W d di lul . f
from Sigma (Deisenhofen, Germany), Serva (Heidelberg, Germany),eve S. e used extra- and Intracellular potassium-free

Calbiochem (Bad Soden, Germany) and E. Merck (Darmstadt, Gerconditions to eliminate superimposed potassium_ cur-
many). rents. The cells were superfused by the control ringer
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(Table) and the patch pipette contained the standard peonductance showed nonlinear voltage-dependence un-
pette solution to establish intra- and extracellular physi-der strictly symmetrical chloride concentrations, exclud-
ological calcium concentrations. Directly after breaking ing that rectification resulted from different chloride con-
into the whole-cell configuration, the cells showed a rest-centrations. Thus, the IP3-induced currents were mainly
ing potential of -5 + 9 mV (n = 15). At this point, carried by chloride ions and expressed characteristics of
the cells had not yet been dialyzed by the pipette solutioran outward rectifier.
and residual potassium currents were present. The cells
were clamped to —-45 mV. Under these conditions, the
cells were electrically stimulated directly after establish-|p34npuceED CURRENTS WERECALCIUM -DEPENDENT
ing the whole-cell configuration with 1fim IP3 in the ¢y orIDE CURRENTS
pipette solution using a series of voltage-steps positive
and negative from the holding potential (Figd)1 Im-
mediately after breaking into the whole-cell configura- To characterize more closely the mechanism by which
tion, no voltage-dependent currents could be observetP3 activated the chloride currents, we used a pipette
(Fig. 1B). After a time delay of 20-200 sec, the cell solution containing 10 m BAPTA, a calcium chelator,
started to depolarize, and membrane conductance startéal adjust the cytosolic calcium concentration to zero.
to increase. 7-10 min later, the electrical stimulation ledFor maximal stimulation of calcium-dependent mecha-
to maximal voltage-dependent currents (Fig. dndC)  nisms, we used 10 mcalcium in the bath solution (high-
and the cells showed a resting potential of -23 + 1.9 mVcalcium ringer, Table). The holding potential was 0 mV
(n = 4). Thus, IP3 activated voltage-dependent cur-to eliminate overlying calcium conductances (McDonald
rents. et al., 1994). With 10um IP3 in the pipette, an out-
wardly directed membrane conductance was activated
(Fig. 3B, inlay; Fig. 3C bottom) comparable to the con-
THE CURRENTS INDUCED BY IP3 WERE MAINLY CARRIED  ductance shown in Fig. 1. The currents activated and
By CI™-lons deactivated nearly time-independent and showed inacti-
vation at very positive step potentials. Under these con-
To characterize the IP3-induced currents, the extracelluditions, a maximal stimulation of chloride currents with
lar CI-concentration was varied after the currents hadl13.4 + 13 pApF* was observed. Thus, an increase of
reached maximal amplitudes (after 7-10 min). In a firstcytosolic-free calcium seems not to be necessary for ac-
set of experiments, the IP3 currents were stimulated byivation of chloride currents by IP3. In the next step, the
depolarization (Fig. &). These currents (Fig.B) were  effects of IP3 under extra- and intracellular calcium-free
reversibly reduced to 59.5 + 4.4% (= 3) of control  conditions were studied. The cells were superfused with
when the chloride concentration in the bath was reduce@alcium-free bath solution (Table 1). The patch pipette
from 151.2 nm to 21.2 mm (recovery occurred to 105 + contained 10um IP3 in the BAPTA-pipette solution.
7%; n = 3, not shown. Thus, IP3-induced currents Under these conditions, IP3 failed to induced voltage-
were decreased when the chemical gradient for chlorideependent currents (Fig. 4). Thus, IP3 activates calcium-
was reduced. dependent chloride currents by stimulating an influx of
In a second set of experiments, we studied the shifextracellular calcium into the cell.
of the reversal potential (zero current potential) of the  To provide further evidence for calcium-dependent
IP3-induced currents (Fig.@. The reversal potential chloride currents, the effect of directly increasing the
was estimated from current/voltage plots where maximatytosolic calcium concentration was investigated. For
current amplitudes were plotted against the step poterthis purpose, calcium was intracellularly applied via the
tials (Fig. Z0) of the electrical stimulation (shown in Fig. patch pipette (Fig. 5). In these experiments, the cells
1A, from a holding potential of 0 mV). Using the high- were superfused by control ringer (Table) and the patch
calcium ringer (Table) as bath solution, a reversal potenpipette contained the IB m-calcium-pipette solution.
tial of E,., = —33.8 £ 1.2 mV ( = 4) was observed. Breaking into the whole-cell configuration under these
Changing the bath solution to the low-chloride ringer conditions resulted in a transient increase of the mem-
resulted in a reversal potential of +0.4 £ 1.5 mV£ 4).  brane conductance. A current/voltage plot at the mo-
The calculated Nernst' potentials for Clvere E, = ment of maximal current amplitudes (FigBpshowed
-45 mV with high-calcium ringer (high extracellular that intracellularly applied calcium led to currents com-
chloride concentration) ane, = +2 mV with low-  parable to those induced by IPSegFig. 3). The rever-
chloride ringer. Addition of the chloride channel blocker sal potential of the calcium-induced currents was —43.1 £
4,4'-diisothiocyanatostilbene-2’Aisulfonic acid 2 mV (n = 4). With 10“wm calcium in the patch pipette
(DIDS, 1 mw) to the bath solution led to a reversal block no activation of voltage-dependent currents was ob-
of the outward currents to 7.8 + 6% (= 4) of control  served (ot showi. Thus, intracellularly applied cal-
(recovery occurred to 63 + 119%; = 4). The chloride cium transiently activated chloride currents.
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Fig. 2. Identification of currents induced by IP3.
(A) Pattern of electrical stimulation. The cell was
depolarized using 9 voltage steps with 10 mV
increasing amplitude and 50 msec duration in
1-sec intervals (HP= 0 mV). (B) Left: Currents
induced by depolarizatiors€eFig. 2A) when the
IP3-induced currents reached maximal amplitudes
under control conditions (high-calcium ringer as
bath solution (Table), standard pipette solution).
Under these conditions a chemical gradient for
chloride directed into the cell is present. Right:
Reduced currents induced by depolarization of the
same cell after changing the bath solution to
low-chloride ringer (Table) so that symmetrical
chloride concentrations exist on both sides of the
membrane (cell capacitance 19 pR}) (n a

second set of experiments, the reversal potentials
of the IP3-induced currents were investigated. This
experiment is depicted as a current/voltage plot
(potentials corrected for liquid junction potential).
The cell was electrically stimulated using the
stimulation protocol shown in Fig.A(HP = 0

mV) and the steady-state currents were plotted
against their step potentials. Under extra- and
intracellular asymmetrical chloride concentrations
(standard pipette solution, the high-calcium ringer
shown in Table) the maximal IP3-induced currents
showed a reversal potential of -37.7 mV
(triangles). With symmetrical chloride

step potential (mV)

0 time (msec)

T T )
80 90 100

control symm. [CI]

et =

| 20msec
500 pA

current (pA)

B control current concentrations on both sides of the membrane
100 (pA) (standard pipette solution, the low chloride ringer
( — recovery control in Table), the currents showed a reversal potential
300 b of 0 mV (squares) which was reversible when the
.f bath solution was switched back to high-calcium
i 600 ¢ ringer (circles). The cell capacitance was 41 pF.
symm. [Cl] ~ recovery
0 L (D) Effect of the CT-channel blocker DIDS: The
‘0 e experiment is depicted as current/voltage plot
200 - @ x“‘ (potentials corrected for liquid junction potential).
step potential (mV) o .IDS The‘ maximgl current am‘plitudes were plptted
g mRREERE against their step potentials of the electrical
-150 - -100 50 100 stimulation protocol (shown in Fig.AL, holding
‘:ﬁ potential HP= 0 mV). Extracellular application
-150 — b 400 - of 1 mm DIDS (squares) led to a reversible
225 ‘ (triangles) block of the voltage-dependent outward
600 - current (circles).

a resting potential of —-21.+ 1 mV (n = 5). After 7-10
min, the cells showed voltage-dependent currents with
As shown in Fig. 4, IP3 induced chloride currents only maximal current amplitudes of 2.2 + 0.4 pApRn =
when extracellular calcium was present. To test if IP35). The currents induced by BAPTA were comparable to
directly increased the calcium permeability of the cellthose induced by IP3 (Fig.A6and B). However, the
membrane, or if IP3 led to the release of calcium frommaximal current amplitudes induced by BAPTA were
IP3-sensitive calcium stores which in turn lead to anmuch smaller (112 £ 15 pAy = 5) than those induced
influx of extracellular calcium into the cell, the effects of by IP3 (2833 + 488 pAn = 5).

high intracellular BAPTA concentrations (Fig. 6) and of Thapsigargin is known to inhibit the ATPases of
thapsigargin (Fig. 7) were studied. High intracellular calcium stores and to release calcium from cytosolic cal-
concentrations of BAPTA are known to passively de-cium stores without the formation of IP3. The cells were
plete intracellular calcium stores (Hoth & Penner, 1993).preincubated for 5 min with Jum thapsigargin in stan-
Therefore, the whole-cell configuration was establisheddard bath solution (Table) before establishing the whole-
with 10 mv calcium in the bath and 10 mBAPTA in cell configuration with 10 m BAPTA and 1Qum IP3 in

the pipette solution without IP3. The cells depolarized tothe pipette solution. Under these conditions, IP3 failed

INVOLVEMENT OF CyTosoLIC CALCIUM STORES
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Fig. 3. Maximal stimulation of CI currents by IP3 with 10 m C&* in the bath and 10 m BAPTA in the pipette. &) For continuous recording

of the membrane conductance, the cell was electrically stimulated every 0.5 sec. From the holding potential of 0 mV, the cell was hyperpolariz
to =100 mV and then depolarized stepwise to +100 mV (step duration was 50 msec, step increment was +BP@ovijiruous recording of the
membrane conductance when IP3 was applied intracellularly to the cell. The cell was stimulated using the stimulation protocol showh in Fig. 3
The recording started 15 sec after breaking into the whole-cell configuration with the patch pipette containing BAPTA-pipette solution with IP3 (1
wM). After a time delay of 25 sec (indicated by the arrow) the membrane conductance started to increase showing increasing amplitudes w
increasing depolarization (inlay). The cell capacitance was 29¢)H.i(ne-dependent behavior of the IP3-induced currents. The cell was electrically
stimulated using the stimulation protocol shown in Fig. vith a holding potential of 0 mV. Left: Ten seconds after breaking into the whole-cell
configuration, the electrical stimulation led to residual capacitance artifacts and no voltage-dependent currents were observed. Right: Ten minu
after breaking into the whole-cell configuration, the electrical stimulation led to voltage-dependent currents which activated nearly time
independently and showed a weak inactivation at very positive step potentials (cell capacitance Bp @Erent/voltage plot of the steady state
currents shown irC. The steady-state current amplitudes were plotted against the potentials (corrected for liquid-junction potential) of the
voltage-steps of the stimulation protocol. Ten seconds after breaking into the whole-cell configuration witHRBin the patch pipette (circles),

the nearly linear current/voltage relationship of the membrane conductance indicated the absence of voltage-dependent currents. Ten minutes
breaking into the whole-cell configuration (squares), the cell showed increasing current amplitudes induced by de- or hyperpolarization.

to induce voltage-dependent currents (Fig. 7). Thusences in the speed of activation of the current were in-
depletion of calcium stores by thapsigargin preincubavestigated. In a previous paper, we showed that RPE
tion prevented the effect of IP3 in cultured rat RPE cells.cells from RCS rats express an increased calcium con-
Therefore it seems likely that IP3 activates calcium-ductance as compared to cells from nondystrophic rats.
dependent chloride currents by release of calcium fronirhis calcium conductance was nifedipine sensitiveml
cytosolic calcium stores which then leads to an influx of nifedipine led to a reversible reduction of the maximal
calcium into the cell. current amplitudes to 35 + 5% (= 5); recovery oc-
curred to 60 + 5%r{ = 3). The maximal barium current
amplitude of this conductance was in RPE cells control
CoMPARISON OF CI™-CURRENT ACTIVATION IN CELLS rats 0.75 + 0.15 pApF (n = 4) whereas in cells from
FROM RCSAND NONDYSTROPHICRATS RCS rats 2.6 + 0.3 pApE (n = 5). Our hypothesis was
that a faster diffusion of calcium into the cell should
Since the main characteristics of the response to IPBesult in a faster activation of the chloride conductance.
were identical in RCS and nondystrophic rats, differ- The diffusion rate of calcium is dependent on the con-
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15 sec after breaking into the
whole-cell configuration

3 \ FOTA 0pA
——— 0.5 sec r{'
BAPTA 20 msec I |

15 pA jﬂ ¥

15 sec

500 pA

10 min after breaking into the
whole-cell configuration

Fig. 4. Effects of intracellularly applied IP3 under extra- and intracellular calcium-free conditions. Effect of IP3 under extracellular calcium-free
conditions: The cells were superfused using calcium-free ringer (Table) and the pipette was filled with BAPTA-pipette solution withMP3 (1

Left panel: Currents induced by the electrical stimulation protocol shown in BRigising a holding potential of 0 mV, 15 sec after establishing

the whole-cell configuration. Only residual capacitance artifacts were observed but no voltage-dependent currents (cell capacitance 16 pF). Mid
panel: Continuous recording of the membrane conductance during the whole-cell configuration yithIB@ in the pipette solution using the
electrical stimulation shown in Fig.A3 The membrane conductance remained unchanged. A magnification of the current deflections (frame)
indicates a linear current/voltage relationship and therefore the absence of voltage-dependent currents. Right panel: Currents induced by elect
stimulation shown in Fig. A from a holding potential of 0 mV, 10 min after breaking into the whole-cell configuration. Under extracellular
calcium-free conditions IP3 had no effects on the membrane conductance.

centration gradient for calcium from the extra- to the significantly faster activation of chloride currents than in
intracellular space and on the membrane permeability foRPE cells from control rats was observed using both bath
calcium. Thus, variations of extracellular calcium con- solutions. With 1 nm calcium in the bath, the current
centration or a changed membrane permeability for calincrease in RPE cells from RCS rats was +190 @86
cium should change the speed of chloride current acti+23 + 7% @ = 4) in cells from nondystrophic rats. With
vation. For this investigation we used the BAPTA- 10 mv calcium in the external solution, the current in-
pipette solution with IP3 to control intracellular €a crease in cells from RCS rats was +58 + 15086+155
buffer capacity. As bath solution we used control ringert 15% ( = 5) in cells from nondystrophic rats. The
and high-calcium ringer (Table) to test the effects of twolL-type calcium-channel blocker nifedipine (im) re-
different calcium gradients. The activation of chloride duced the current increase in RCS RPE cells to +45 +
currents was monitored using the stimulation protocoll6% ( = 3) in the presence of 10 vmextracellular
shown in Fig. 2 from a holding potential of —45 mV. calcium which confirms the identity of the €achannel
This holding potential keeps L-type calcium channelsmediating the increased speed of thé @lrrent activa-
active. Since the IP3-induced outward currents were altion in RPE cells from RCS rats. Thus, the increased
most totally blocked by DIDS (Fig.[2), they were ex- membrane conductance for calcium in cells from RCS
clusively carried by Clions. To compare the activation rats changes the response of the cells to the second mes-
of chloride currents in both cell types, the slope of out-senger IP3.

ward current activation was estimated during the linear

phase of current activation (FigAB The slope of cur-

rent activation was expressed as increase in outward CUBsiscussion

rent amplitude within one minute. This was expressed in

percent on the control value measured directly after

breaking into the whole-cell configuration and is shownWe demonstrated that intracellular application of IP3 to
in Fig. 8B. A faster activation of chloride currents was cultured retinal pigment epithelial (RPE) cells from both
observed in RPE cells from RCS and nondystrophic ratfRCS and nondystrophic rats led to activation of voltage-
when a higher concentration gradient for calcium wasdependent chloride currents. These chloride currents
established using a bath solution with 1Girgalcium  were calcium-dependent. Cytosolic calcium stores and
(Fig. 8B). In addition, in RPE cells from RCS rats, a an influx of extracellular calcium into the cell were in-
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10° M Ca?*

control maximum recovery

A

15 sec 200 current
(pA) maximum

300 pA
B 400 control

step potential (mV) recovery
r T 1
-1 -50 a 50 100

-400 -

Fig. 5. Activation of CI” currents by intracellular application of €a(A) Continuous recording of the membrane conductance using the stimulation
protocol shown in Fig. 8. The stimulation started 10 sec after breaking into the whole-cell configuration with tieviQa*-pipette solution.
After 40 sec the current deflections induced by the electrical stimulation increased transiently and decreased to the control level (cell capacita
16 pF). B) Current/voltage plot of the currents at the times indicated.iS8teady state currents were plotted against the step potentials (corrected
for liquid junction potential) of the electrical stimulation shown in Figh.3'he conductance in the control period (triangles) showed a linear
current/voltage relationship indicating the absence of voltage-dependent currents. WheR*te&eCawas maximal (squares), the cell showed
voltage-dependent currents with a reversal potential of9-42 mV (n = 4). After 50 sec the membrane conductance recovered to the control
level (circles). Thus, intracellular application of €ded to a transient activation of Gturrents.

volved in the activation of these currents. The L-typeglycoprotein expressing MDR1 cells (Valverde et al.,
calcium conductance which provides the increased memt992) have been shown to conduct gluconate or meth-
brane conductance for calcium in RPE cells from RCSanesulfonates. A similar suggestion was made by Botch-
rats led to an accelerated activation of the IP3-inducedin and Matthews (1993) for swelling-induced chloride
chloride conductance in these cells. currents in cultured rat RPE cells.
Since IP3 failed to activate chloride currents under

intra- and extracellular calcium free conditions, and since
THE IP34NDUCED CONDUCTANCE the effect of IP3 could be mimicked by intracellular ap-

plication of calcium, IP3 induced a calcium-dependent
Intracellular application of IP3 via the patch-pipette led chloride conductance. Ueda and Steinberg (1994) could
to an activation of voltage-dependent currents. Since esalso demonstrate the activation of chloride currents by
tablishing extra- and intracellularly symmetrical chloride directly increasing the cytosolic calcium concentration
concentrations shifted the reversal potential to zero andising a calcium ionophore in pretreated cells in calcium-
the currents could be blocked by DIDS, the IP3-inducedfree bath solution. Like Ueda and Steinberg (1994) and
currents could be identified as chloride currents. TheBotchkin and Matthews (1993), we failed to activate
voltage-dependent outward currents were more affectedhloride currents using a ionophore in combination with
by DIDS than the inward currents. This has also beertalcium in cells which were not pretreatedata not
reported by other groups investigating chloride currentsshowr). The reason for this remains unknown.
in RPE cells (Botchkin & Matthews, 1993; Ueda & In addition, we showed that IP3 induces an influx of
Steinberg, 1994). Under asymmetrical concentration®xtracellular calcium into the cell which in turn activates
for chloride, the reversal potential of the IP3-inducedcalcium-dependent chloride currents. This hypothesis
currents did not correspond exactly to the Nernst potenwas supported by the observation that the reversal po-
tial for chloride. A possible explanation for this obser- tential of IP3-induced currents was significantly more
vation is that many chloride channels show a certairpositive than that of currents activated by intracellularly
permeability for methanesulfonate-ions, the chlorideapplied calcium. IP3 must increase the calcium perme-
substitute used in these experiments. Chloride or anioability of the cell membrane to induce an influx of ex-
conductances in T84 colonic cells (Halm & Frizzell, tracellular calcium into the cell for activation of calcium-
1992), lymphocytes (Calahan & Lewis, 1988) and P-dependent chloride currents. The additional calcium per-
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Fig. 6. BAPTA-induced voltage-dependent current) Effect of intracellularly applied BAPTA (10 mm) on the membrane conductance. Top:
Currents induced 15 sec after breaking into the whole-cell configuration using the electrical stimulation protocol shownAn Hig. dipette
contained BAPTA-pipette solution. No voltage-dependent currents were observed. Bottom: After 10 min in the whole-cell configuration, the san
electrical stimulation induced voltage-dependent currents (cell capacitance 2BpEurtent/voltage plot of the experiment shownBnThe
steady-state current amplitudes were plotted against the potentials (corrected for liquid junction potential) of the voltage steps of the electric
stimulation. Fifteen seconds after breaking into the whole-cell configuration (triangles), the cell showed a passive membrane conductance w
voltage-independent currents. Ten minutes after breaking into the whole-cell configuration (circles), the electrical stimulation led to increasin
voltage-dependent currents in response to increasing depolarization of the cell. Calculating the difference between the currents measured dire
after breaking into the whole-cell configuration and the currents measured 10 min after breaking into the whole-cell configuration yielded th
BAPTA-induced currents (squares).

Ca>

haosigarei 10 sec after
BA}; IT)3A thapsigarein breaking into the
Whole-cell_ Fig. 7. Effect of IP3 on cells preincubated in
configuration thapsigargin. Before breaking into the whole-cell
L 0pA configuration the cell was preincubated inui
T thapsigargin for 5 min. Upper trace: Directly after
I breaking into the whole-cell configuration with the
20 msec 500 pA BAPTA-pipette solution with IP3 (1qum), the cell
(cell capacitance 12 pF) was electrically stimulated

using the stimulation protocol shown in FigA1
WMMWMMWWWWWMWMWMM WMMWWMWMWWMWMMWWW (HP = 0 mV). The electrical stimulation led only

to residual capacitative artifacts. Middle trace: In a
continuous recording of the membrane

conductance no changes of the currents induced by
the electrical stimulation shown in FigA3vere

15 sec

_opa observed. Lower trace: After 10 min in the
10 min after whole-cell configuration no voltage-dependent
_— s currents could be detected (stimulation protocol in
reaking in
20 msec b }?al gll to the Fig. 1A, HP = 0 mV). Thus, in cells preincubated
whole-ce . with thapsigargin, intracellularly applied IP3 failed
configuration to activate chloride currents.

meability shifts the reversal potential of the IP3-inducedKuno et al., 1994) or by increasing the membrane con-
currents to more positive values. The influx of extracel-ductance for calcium by release of calcium from cytoso-
lular calcium into the cell may occur via direct opening lic IP3-sensitive calcium stores (Marty & Tan, 1989;

of calcium channels by IP3 (Kuno & Gardner, 1987; Matthews, Neher & Penner, 1989; Hoth & Penner, 1993;
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Kirischuk et al., 1995). In our investigation, IP3 failed to Here, we describe a calcium-dependent chloride
activate currents when the cells were preincubated witltonductance which is activated by depletion of IP3-
thapsigargin. As has been observed by Kirischuk et alsensitive calcium stores in rat RPE cells. It has been
(1995), thapsigargin showed no acute effect in our exshown that IP3 is activated in RPE cells in response to
periments but needed 5 min of incubation to prevent theseveral agonists such as neuropeptides (Kuriyama et al.,
effect of IP3. In addition, BAPTA alone activated chlo- 1992), vasopressin (Friedman et al., 1991), carbachol
ride currents, however to a much lesser extent than whe(Liu et al., 1992) and serotonin (Osborne et al., 1993).
applied in combination with IP3. This can be explainedIP3 also triggers the onset of phagocytosis (Rodriguez de
by the fact that BAPTA (10 m) is able to passively Turco et al., 1992). In addition, exposing the retina to
deplete calcium stores (Hoth & Penner, 1993). Thus, ifight increases the IP3 concentration in RPE cells (Rod-
seems more likely that the calcium influx resulted from riguez de Turco et al., 1992) and stimulates a basolateral
depletion of IP3-sensitive calcium stores. This was sup<hloride conductance (Gallemore & Steinberg, 1889
ported by the fact that in our hands calcium alone onlyJoseph & Miller, 1991). Since we have shown that IP3
transiently activated the chloride currents, while IP3 ledalso stimulates a chloride conductance in rat RPE cells,
to a sustained activation of currents. Since even in thave propose that changes of the RPE chloride conduc-
presence of BAPTA, IP3 was able to activate chloridetance induced by light are mediated by an increase of the
currents, a simple rise of the cytosolic calcium concen-cytosolic IP3 in these cells. 1P3 itself may be induced by
tration did not induce an influx of extracellular calcium a substance which diffuses from the retina to the RPE as
into the cell. We propose that the action of calcium re-it has been discussed by Gallemore and Steinberg (1990).
lease from cytosolic stores increases the membrane per-

meability for calcium. This increase in calcium perme-

ability causes submembranal calcium levels to rise!P3 FESPONSE OFRPE (ELLs FROMRCS RaTs

which in turn activated chloride currents.

The chloride conductance described here was nof he retinal degeneration in RCS rats is caused by the
activated by volume changes. We used a hypo-osmotithability of RPE cells to ingest shed photoreceptor outer
pipette solution (difference app. 60 mOsm) to prevent thes€égments. The phagocytosis of these membranes is
bath solution from becoming hypo-osmotic to the cytosolregulated by the IP3/calcium second messenger system.
during the whole-cell configuration. The cells showed Several investigations point to an impaired regulation of
no visible changes in cell volume during the patch-clampPhagocytosis as a consequence of a disturbed second
recordings. In addition, the amplitude of the observedMessenger system in the RPE of RCS rats (Gregory,
chloride currents was clearly dependent upon the naturdbrams & Hall, 1992; Heth & Schmidt, 1992; McLaren
of the intracellularly applied substances. In the absencgt al., 1992; Heth & Marescalchi, 1994). In addition,
of IP3 only a weak activation of chloride conductances@n increased calcium conductance in RPE cells from
was observed. Under extracellular calcium-free condiRCS rats has been reported (Strauss & Wienrich, 1993).
tions no chloride currents were activated in the presencéhus, we compared the response to IP3 in RPE cells
of IP3. from RCS and nondystrophic rats. We studied the acti-

vation of chloride currents in both species which was

dependent on an influx of extracellular calcium into the
PHYsIioLoGIcAL RoOLE OF THE IP34NDUCED cell. We could show that the activation of chloride cur-
CHLORIDE CURRENTS rents was dependent on the diffusion rate of calcium into

the cell. With a higher gradient for calcium into the cell,
Chloride conductances have been shown to be of impofwe observed a faster activation of calcium-dependent
tance for RPE cells. Chloride conductances play a rolehloride currents by intracellular application of IP3. A
in volume regu|ati0n in RPE cells, an important function faster chloride current induction was observed in RPE
when considering that the RPE forms a part of the retinacells from RCS rats compared to cells from nondystro-
blood barrier (Botchkin & Matthews, 1993; Ueda & Phic rats, due to the increased calcium conductance in
Steinberg, 1994; Kennedy, 1994). In addition, chloridecells from RCS rats. The speed of chloride current in-
conductances are involved in epithelial chloride transporgluction in RPE cells from RCS rats could be reduced by
by the RPE. Chloride conductances activated by cAMPthe L-type channel blocker nifedipine. The increased
provide an efflux pathway for chloride out of the cell calcium conductance in RPE cells from RCS rats is due
across the basolateral membrane (LaCour, 1992; Fuijii €@ L-type calcium channels. Thus, L-type calcium chan-
al., 1992; Bialek & Miller, 1994). Finally, chloride con- nNels change the response of RCS RPE cells to IP3 and
ductances are involved in the generation of light-evokednay be part of the impaired regulation of phagocytosis
signals from the RPE apparent in the electroretinogran®bserved in this rat strain.
(Gallemore & Steinberg, 198%; Joseph & Miller,
1991; Bialek & Miller, 1994). The authors thank Dr. T. Weiser and Dr. F. Stumpff for helpful dis-
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Fig. 8. Differences in Ci-current activation by IP3 between cells from nondystrophic control rats and RCSAgT® tompare the activation of

CI” currents by IP3 in RPE cells from RCS and nondystrophic rats the slope-a@kent activation was estimated. The slope of current activation
was evaluated in the continuous recordings of the membrane conductanee 4B mV) during the linear phase of outward current increase and
calculated as increase of the current amplitude in one minute. This was expressed in percent of the current amplitude measured directly after brea
into the whole-cell configuration.B) Comparison of the current increase induced by IP3 in RPE cells from RCS and nondystrophic rats. The
currents were induced using BAPTA-pipette solution containing IP3uipand bath solutions containing 10vmor 1 mv Ca?* (seethe Table).

In RPE cells from RCS rats, a significantly faster increase of current was observed witlaticiwith 10 nm Ca2" in the bath solution. The blocker

for L-type calcium channels nifedipine (@m) could significantly reduce the increased current increase in RPE cells from RCS rats.
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Gallemore, R.P., Steinberg, R.H. 1@8&ffects of DIDS on the chick
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