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Abstract. We used whole-cell patch-clamp recording Key words: Retinal pigment epithelim — G protein —
techniques to investigate G protein-activated currents ifPatch-clamp — Nonspecific cation channels
cultured rat retinal pigment epithelial (RPE) cells. Using
140 mv KCl intracellular and 130 m NaCl extracellular
solutions, rat RPE cells possessed both inward and outhtroduction
ward K" currents. Upon addition of the nonhydrolyzable
guanine triphosphate analogue, guanosif®53-  The retinal pigment epithelium (RPE) is a single layer of
thiophosphate) (GT¥5, 0.1 nm), to the recording elec- specialized epithelial cells lying external to the neuro-
trode, a nonspecific cation (NSC) current was elicited.sensory retina. The RPE serves a variety of functions
The NSC current had a mean reversal potential of +5.4vhich include mechanical and metabolic support for the
mV in 130 mv extracellular NaCl with Csaspartate in  retina and maintenance of a homeostatic flux of ions and
the pipette, and was not affected by alterations in theyater between the retina and choroid (Steinberg &
extracellular C&" or CI” concentration. The GH5-  Miller, 1979). The transport of fluid by the RPE is
activated current was found to be permeable to severahought to be a significant factor in maintaining retinal
monovalent cations (K Na', choline, TRIS, and attachment (Zauberman, 1979). Other functions of the
NMDG). Addition of fluoroaluminate, an activator of RPE that are essential for the processing of incoming
large molecular weight heterotrimeric GTP-binding pro- light rays and for the integrity and function of the neural
teins (G proteins), to the intracellular recording solutionretina include acting as a pigment barrier to absorb ex-
activated the NSC current. The G protein involved wascess light coming through the sclera, transporting numer-
pertussis toxin (PTX)-sensitive, since Gy failed to  ous metabolites to and from both the retinal cells and the
activate the NSC current in cells pretreated with PTX.choroidal circulation, phagocytosis of shed rod and cone
Further investigation of second messenger moleculesuter segments, and the storage and transport of vitamir
suggested that activation of the NSC current was nop (Steinberg & Miller, 1979). The RPE forms one
affected by alterations in intracellular €aor ATP. From boundary of the subretinal space and the photoreceptol
these results, we conclude tha G protein-regulated outer segments and Mueller cells form the other, there-
NSC current is present in rat RPE cells. Activation of fore, information on the regulation of ionic conductances
the NSC current may sufficiently depolarize RPE cells toin this epithelium is essential for understanding changes
activate outward K currents. This would provide a in ion and fluid homeostasis in the subretinal space.
mechanism by which these cells could rid themselves of  Using patch-clamp techniques, a variety of ion chan-
accumulated K nels have been described in freshly isolated and culturec
RPE cells from various amphibian and mammalian spe-
cies. Information obtained from patch-clamp studies has
[ demonstrated that mammalian RPE cells exhibit multiple
Correspondence tayl.E.M. Kelly types of K'-selective ion channels (Fox, Pfeffer & Fain,
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1988; Strauss, Richard & Wienrich, 1993; Strauss, Wei-microscope. The recording chamber was superfused (1-2 ml/min) with
ser & Wienrich, 1994; Tao, Rafuse & KeIIy, 1994) as @ variety of solutions from elevated reservoirs, and the flow rate was

_ ; regulated by a series of valves. Perfusands containing NaH@@e
\jl-vgeslal?).ElSStvoltage(&d\?vpenQEr?t gaQQUedad & Steml?]erg, | continuously bubbled with 5% CZ95% O,. All extracellular and in-
! rauss lenrich, ) and anion channe S(racellular solutions were adjusted for pH 7.3-7.4 and the osmolarity

(Botchkin & Mathews, 1993; Ueda & Steinberg, 1994). \as measured by freezing point depression (Osmette A, Fischer Sci-
A voltage-dependent tetrodotoxin-sensitive'Nairrent  entific, Nepean, Ont.). Extracellular solutions had a final osmolarity of
has also been described in cultured but not freshly is0330-340 mOsm and the osmolarity of intracellular solutions was be-
lated rat RPE cells (Botchkin & Mathews, 1994)_ tween 310-320 mOsm. The use of a slightly hyperosmotic external
GTP-binding proteins are involved in the transduc- solution was found to be effective in eliminating transient changes in
tion of signals from a variety of receptors to effectors ionic conductances, which occurred as a result of osmotic changes

h . h | d és . " during the initial period of whole-cell recording. The Table lists the
such as 1on channéls and enzym r(reVIeW S€€  \arious extra- and intracellular solutions used. The standard extracel-

Bre_itWieser, 1991; Brown, 1993; Rodbell, '1992)'- The ylar solution consisted of (in m): NaCl, 130; KCI, 5; N&-HEPES,
actions of many hormones and neurotransmitters in reguto; NaHCQ, 10; MgCl,, 1; and glucose, 10 (solution A, Table). Re-
lating fluid transport in exocrine cells are mediated via G placement of extracellular Navas accomplished using equimolar sub-

protein_coup|ed pathways (Marty' 1987) Therefore, ourstitution with either choline chloride, TRIS-hydrochloride, N-methyl-

purpose was to examine the role of G proteins in regu_D—glucamine (NMDG) chloride, or KCI (solutions B-E, Table). Extra-

o . . cellular calcium was replaced by 0.2urCaCl, with 1.5 mv EGTA
lating ionic conductances in RPE cells. In this report, We(solution G, Table). The extracellular calcium concentration with this

des_cnbe for the first t_lme’ the presence of a nonspec'f'%ubstitution was estimated to be 1f1.nCalcium concentration was
cation current (NSC) in cultured rat RPE cells and shoWcalculated using a software program based on the algorithm of Gold-
that the activation of this current is G protein-mediated.stein (1979 [provided by J. Kleinschmidt]). The standard intracellular
Part of this work has been presented in abstract fornpipette solution consisted of (inmi): KCI, 140; HEPES (free acid), 20;
(Poyer & KeIIy, 1995)_ MgCl,, 1; CaCl, Q.4; EGT_A, 1; ATP,Il; and GTP_, 0.1 (solution H,
Table). Free C# in the pipette solution was estimated at 100. n
When low chloride intracellular solutions were used, 140 KCI was
Materials and Methods replaced with 110 m K *-aspartate and 30mKClI (solution |, Table).
Low chloride solutions were made*Kree by substituting 100 mn
Cs'-aspartate, 10 m Na'-HEPES, and 30 m NacCl for K*-aspartate
and KClI (solution J, Table). When Clvas reduced in the extracellular

Long Evans rats (age 8 to 12 days) were anaesthetized using halothar*@thing medium, this was accomplished by equimolar substitution of
sacrificed by decapitation, and the eyes enucleated. Rats were maifl With aspartate ions (solution F, Table). For some experiments,
tained and euthanized in accordance with the ARVO Statement for th& TP was replaced by 0.1MmGDPBS, GTRS or GppNHp. The fluo-
Use of Animals in Ophthalmic and Vision Research. The RPE cellsfoaluminate complex, used in several studies, was formed in the low
were isolated using a modification of the method of Wang, Koutz andchloride, K'-aspartate (solution I, Table) or Gaspartate (solution J,
Anderson (1993). Enucleated eyes were placed in calcium-free Hank'd able) intracellular solution by the addition of IvNaF and 25um
EDTA (CFHE; Gibco BRL, Burlington, Ontario). The connective tis- AlClz or 10 ma NaF and 10Qum AICI5. Potassium channel blockers
sue was removed and the globes bisected along the equator, discardifg@rium, 4-aminopyridine [4-AP], tetraethylammonium [TEA], and
the anterior portion. The posterior eye cups were then placed in CFH@Uinine), the N& channel blocker amiloride, and the cation channel
containing 220 U/ml hyaluronidase type Il (Sigma Chemical, St. blocker, gadolinium were added to the extracellular solution and su-
Louis) and 65 U/ml collagenase A (Boehringer Mannheim, Laval, Que_perfused at concentrations cited in Results. All chemicals were pur-
bec) for 10 min at 37°C. In fresh CFHE, the neural retina was peelecthased from Sigma Chemical (St. Louis).

from the eye cup using forceps and the remaining posterior segment

incubated at 37°C for 5 min in CFHE enzyme solution. Following a E
LECTROPHYSIOLOGICAL RECORDING TECHNIQUES
second transfer to fresh CFHE, the RPE was gently removed from the Q

remaining eyecup and collected using a fire-polished Pasteur pipettaye used the whole-cell patch clamp technique to measure currents in
RPE tissue was triturated through a narrow-bore fire-polished Pasteygolated RPE cells (Hamill et al., 1981). The recording conditions used
pipette to yield a suspension of single cells and small clumps of RPEyave been described previously (Tao et al., 1994). Briefly, patch elec-
tissue. The cell suspension was washed and resuspended jidd 600  trodes were pulled from borosilicate glass micropipettes with diameters
Dulbecco’s modified Eagle’s medium (DMEM) plus 20% fetal calf of 1.5 mm outside and 1.1 mm inside (Sutter Instruments, Novato, CA)
serum, 0.5% penicillin-streptomycin (Gibco BRL, Burlington, On- ysing a two-stage vertical microelectrode puller (Narishige model
tario), and gentamicin (5@g/ml; Sigma Chemical, St. Louis). The cell ppg3, Tokyo, Japan). Electrodes were coated with beeswax to reduce
viability was estimated using trypan blue exclusion and was generallycapacitance and had resistances of @Bwhen filled with intracel-
greater than 90%. The cells were seeded onto glass coverslip (12 mjar solution and placed in the extracellular bathing solution. Offset
diameter) in 4-well culture dishes and placed in a 37°C incubator withpotentials were nulled using the amplifier circuitry before seals were
an atmosphere of 5% Cf5% O,. The media was changed 24 h made on cells. Liquid junction potentials (LJP) between the bath and
following the initial plating to DMEM containing 10% fetal calf serum  patch clamp electrodes were measured experimentally and defined a:
and antibiotics. Cells were maintained in culture for 2-5 days prior tothe potential of the bath solution with respect to the pipette solution

CELL DissocIATION AND CULTURE

electrophysiological recording. (Barry & Lynch, 1991). For whole-cell recording the membrane po-
tential of the cell,V,,, was then calculated a¢,, = V, - LIJP. To
SUPERFUSION AND SOLUTIONS confirm experimentally generated measurements, LJPs were also cal

culated with a software program (JPCalc, Version 2.00; P.H. Barry,
Cells attached to glass coverslips were placed in a shallow recordingydney, Australia) which uses the generalized Henderson equation for
chamber (volume 2 ml) and positioned on the stage of a Nikon inverted\ polyvalent ions,



J.F. Poyer et al.: G Protein Activation of a Cation Current in RPE Cells 15

Table. Composition of extracellular and intracellular solutions

Extracellular solutions

(mm) A B c D E F G
NaCl 130 30 130
KCI 5 5 5 5 145 5 5
Na-HEPES 10 10 10 10 10 10 10
Glucose 10 10 10 10 10 10 10
MgCl, 1 1 1 1 1 1 1
CaCl, 1 1 1 1 1 1 0.2
NaHCQO, 10 10 10
Choline-Cl 140
TRIS-CI 140
NMDG-CI 140
EGTA 15
Na"-aspartate 100

Intracellular solutions

(mm) H | J K L
NaCl 30 30
KCI 140 30 140
Na-HEPES 10 10
HEPES acid 20 20 20
MgCl, 1 1 1 1 1
CaCl, 0.4 0.4 0.4 0.4 0.1
EGTA 1 1 1 1 1
K*-aspartate 110
Cs-aspartate 100
BAPTA 10
CsCl 110
ATP 1 1 1 1 1
GTP 0.1 0.1 0.1 0.1 0.1

N N Membrane potential and ionic currents were recorded with an
LIP=(RT/F)SIn {EZ-ZU@P / EZ-ZU@-S} (1) Axopatch 1D amplifier (Axon Instruments, Foster City, CA). Currents

=t =t were filtered with a 4-pole low-pass Bessel filter (-3 dB at 1 kHz) and
digitized at a sampling frequency of 5 kHz using pCLAMP software
(Axon Instruments). Current and voltages were displayed on a Gould
. N TA240 chart recorder and were stored on both computer disk and

videotape using a pulse code modulator (Medical Systems, Greenvale.

S= Zl [(zu)@-aD)]/ Zl [Zu(a-a)] NY). All experiments were conducted at room temperature (20-22°C).
= = Values for cell capacitance were obtained from the capacitance com-
pensation circuitry on the amplifier. Measures of series resistance were
obtained from the amplifier and were always less tham@0 In most
cases 80% series resistance compensation was used. Data are pr
sented as mean sem unless otherwise noted.

Permeability ratios (PB/PA) were based on experimentally mea-
sured reversal potentials and were calculated using the following deri-
vation of the Goldman-Hodgkin-Katz equation (Hille, 1992). The ra-
'tios are stated in the text as permeability relative td:Na

where

whereLJP represents the potential of the solutid®) {vith respect to
the pipette P) and u, a and z represent the mobility, activity and
valency (including sign) of each ion speciés R is the gas constant,
T is the temperature iK andF is the Faraday, so th&T/FIn = 58.2
log,o in MV at a temperature of 20°C.

All the data shown has been corrected fdPs. TheLJP using
standard intracellular and extracellular solutions (solutions A and H
Table) was 2.5 mV. In asymmetric low chloride solution (solutions A
and |, Table) theLJP was 9 mV. When low chloride extracellular PB[B],
solution and Csaspartate intracellular solution (solutions J and F, AV, =V,B-V,A=58log PAIA 2
Table) was used theJP was 4 mV. Under experimental conditions °
where [CT],,, or [CIT];, was varied the.JPs were -2.5 mV (solution  whereV, = reversal potentialA = Na"-containing extracellular solu-
F and H; solutiorA and H, Table) and 10 mV (solution A and J, Table) tion, B = substituted extracellular solutiosgeTable for solutions).
respectively. In cation substituted extracellular solutions with-Cs
aspartate in the pipette theJPs were 15 mV (solution B, C or D and
J, Table) and 5 mV (solution E and J, Table). When low calcium
solutions were used (solutions G and L, Table) L was 3 mV.
When data has been leak subtraction, this is noted in the figure legend¥VHOLE-CELL CURRENTS IN RAT RPE (ELLS
The reference electrode used was either a standard Ag/AgCl pellet in
conjunction with a 31 KCl-agar bridge or a sealed electrode/salt bridge Figure 1 shows inward and outward whole-cell currents
combination (Dri-Ref-2: World Precision Instruments, Sarasota, FL).recorded from rat RPE cells cultured for 2-5 days. With

Results
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Fig. 1. Whole-cell patch-clamp recordings from two representative cells showing the effect of 4-aminopyridine (4-AP,A,B]) and 1 nm
barium C, D) on inward and outward currents in rat retinal pigment epithelial cells. The extracellular solution was standand 8aChwhile
the intracellular solution was standard 14& idCl with the addition of 100um GTP (solutionsA andH, Table). The voltage protocol is shown
at the top of paneA. Cells had a whole-cell capacitance of 25 and 20 pF for paheled B, respectively. Data were leak subtracted at 1® G
for panelA and not leak subtracted for pari&l4-AP virtually eliminates the outward current while barium blocks the inward cur@rmontrol;
O blocker (4-AP or barium)A difference current).

standard 130 m NaCl extracellular and 140 mKCI duced (42 £ 4%n = 4) by 5 mu TEA (hot showi.
intracellular solutions, whole-cell currents were found toFigure 1, paneB shows the current-voltage plot for the
be primarily K-selective. Confirmation of the ion se- currents in paneh, before and after superfusion with 1
lectivity of the outward current was carried out using tail mm 4-AP. Also shown is the difference current for the
current reversal analysis with varying extracellulai K 4-AP sensitive current, obtained by digital subtraction of
concentrationsrnot showi. The mean (s%em) reversals the 4-AP blocked current from the control current. In-
for tail currents were =72, -37 + 2, and 62 2 mV  wardly rectifying K" current (,;) was also present in
when cells were superfused with 5, 25, and 5@ ex-  45% of the 62 cells tested (Fig. 1, pa@®l For the cell
tracellular K, respectively f = 3 cells). This is a 47 shown in this figure},; was abolished (>90% block) by
mV change in reversal potential per 10-fold change in1 mm barium leaving only a leak conductance of 8)G
extracellular K concentration, approaching the Nernst The current-voltage plot for the control, barium block,
predicted value of 58 mV per 10-fold change in extra-and difference currents is shown in Fig. 1, paDelThe
cellular K" concentration and indicates that these cur-barium-sensitive current shows inward rectification at
rents are largely carried by'K The most frequently ob- potentials negative to —-82 mV, reverses at —78 mV (-73
served outward K current in rat RPE cells was a volt- + 2 mV, n = 3), and has a negative slope conductance
age- and time-dependent outward curreh) (wWhich  between its reversal potential and —-62 mV.

resembled the delayed rectifier" Kurrent described in

fresh and cultured RPE cells from a variety of amphibianyprol vsis-RESISTANT GTP ANALOGUES ACTIVATE A

and mammalian species (Hughes & Steinberg, 1990¢a1ioN CURRENT IN RAT RPE GELLS

Strauss et al., 1993; Wen et al., 1993; Strauss et al., 1994;

Tao et al., 1994)1, was blocked (70 + 8%n = 3) by  Upon introduction of the nonhydrolyzable GTP ana-
1 mm 4-AP (Fig. 1, panelA) and was significantly re- logue, GTRS (100uMm) into the cytoplasm of cultured
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Fig. 2. (A,B) Patch-clamp recording from a representative cell (whole-cell capacitance of 28 pF) taken 1 min after assuming the whole-
configuration. The voltage protocol is shown at the top of the figure. Data were not leak subtracted. The extracellular solution was standarc
mm NaCl (solution A, Table) while the intracellular solution was 11Q #*-aspartate (solution I, Table) with the addition of 100 GTPyS. Both
inwardly and outwardly rectifying potassium currents are present in this €MD) (Same cell as shown in pan8l| 15 min after assuming the
whole-cell configuration. The activation of a cation current is apparent.

rat RPE cells, whole-cell recordings indicated the acti- In RPE cells cultured for 2-5 days, the GJ®
vation of a large noninactivating current. Figure 2, panelactivated current occurred in 53 of 67 cells tested (80%)
A, shows macroscopic currents recorded from a cell 1 mirwithin a 15-min period following cytosolic introduction
after assuming the whole-cell configuration with extra- of GTPyS. In contrast, the GT¥5-activated current was
cellular standard 130 mNacCl (solution A, Table) and rarely seen in cells cultured for more extended periods of
low chloride, K'-aspartate solution (solution I, Table) time (>5-7 days in culture), suggesting that expression
with 100um GTPyS in the pipette. The asymmetric low and regulation of the channels giving rise to the GEP
chloride solutions were used to differentiate betweenractivated current may be altered in RPE cells proliferat-
chloride currents reversing at a potential of —-38 mV froming in culture. Thus, data shown in subsequent figures
cation currents reversing at more positive poten-represents recordings made only from cells within the
tials. The current-voltage plot for the whole-cell currentsfirst 2-5 days in culture. At this time in culture, the
shown in panelA demonstrates that, immediately after majority of cells have not yet begun to proliferate and
break-in, the cell exhibits inwardly rectifying current at remain rounded and heavily pigmented. In many cases,
potentials negative to =75 mV and outwardly rectifying truncated microvillous processes were still apparent on
current at more positive potentials. These currents rethe apical cell surface.

semble the K currents normally seen under control con- Like GTPyS, another hydrolysis-resistant GTP ana-
ditions in the absence of GHB. Figure 2, paneB  logue GppNHp (10Qum), also activated a cation current
shows currents recorded from the same cell 15 min aftein 7 cells tested. The GppNHp-activated current had a
break-in with GTRS in the pipette. Large noninactivat- comparable time course of activation and was similar in
ing currents are apparent at potentials hyperpolarized anchagnitude to the GT¥#5S-activated current. To confirm
depolarized to the holding potential (-69 mV). The cur-the specificity of the GTHS and GppNHp effects, we
rent-voltage relationship for the currents showmi(see  also tested the effects of GTP and GES? a hydrolysis-
Fig. 2D) is linear and reverses at +5 mV (+5.5 + 1.3 mV, resistant guanine nucleotide that does not activate G pro-
n = 22), suggesting that GHS activates a cation con- teins. Figure & shows the time course for currents re-
ductance. corded in four representative cells using standard extra-
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100+ whole-cell current did not return to values measured im-
mediately after break-in.

We also attempted to determine if inward and out-
ward rectifying K currents were still present or were
504 /’\\ suppressed by GRS either prior to or following
— GTPyS-activation of the cation current. For the cell

shown in Fig. &, GTPyS activated a cation current
which reversed at -2 mV. Subsequent application of 5
mm extracellular B&" produced a small reduction in both
inward and outward current. The Badifference cur-
rent, obtained by subtracting the whole-cell current ob-
pr—pn tained in the presence of Bafrom the current prior to
— —  Gpp(NH)p Ba®* exposure, revealed an inwardly rectifying Kur-
‘- f;'g» rent and a small outward *Kcurrent. The inward K
i current was increased by 65% over values recorded im-
mediately after attaining the whole cell configuration.
This suggests that Kcurrents were still present follow-
ing GTPyS dialysis and that GT¥S may enhance in-
wardly rectifying K" current in rat RPE cells.
Other agents tested included th& ¢hannel blocker
quinine (0.5 nw), which has also been reported to inhibit
NSC currents in some cell types (Gogelein & Pfann-
muller, 1989), the epithelial Nachannel blocker, amilo-
[ H 10 5 ride (100 wm), and the nonspecific cation channel
blocker, gadolinium (100wm). None of these com-
TIME AFTER BREAK-IN (min) pounds were effective in significantly reducing the
Fig. 3. Time course for the activation of the cation current by GEP GTPYS_aCt.lvated cation current m.easured at +51 and
and GppNHp. Current was measured every 20 sec following a holding_l,zg mV' in 4-7 cells testeds¢eFig. 4B). However,
potential of 69 mV using 100 msec pulses to +51 and 129 mV. FourduINineé slightly reduce_d Currenj[s measured at 0 mV (13
separate representative cells are shown for intracellular solutions corit 5%, N = 4), a potential at which outwardKcurrents
taining the addition of either 10gm GTPyS, GppNHp, GTP, or would be apparent but little cation current would be
GDPBS to a K aspartate pipette solution (solution I, Table). The present.
extracellular solution in all cases was standard 130NacCl (solution
A, Table). The whole-cell capacitances were 24, 30, 38, and 12 pF for
GTPyS-, GppNHp-, GTP-, and GOF5-containing cells, respectively. |oN SELECTIVITY OF THE GTPyS-ACTIVATED
Neither GTP nor the inactive GDP analog GE®elicited any current CATION CURRENT
change, while GT#S and GppNHp activated a cation current.

NORMALIZED CURRENT (pA/pF)

-150

To investigate the ionic selectivity of the G7B-
cellular 130 nm NaCl (solution A, Table) and Kk  activated current for monovalent cations, we used intra-
aspartate intracellular solution (solution I, Table) cellular and extracellular solutions designed to minimize
containing either GTP, GT¥S, GppNHp or GDBS, re-  ClI~ conductance and obliterate” Kurrents. Figure A
spectively. Currents were measured every 20 sec followshows currents recorded in a cell with*@sspartate in-
ing 100 msec voltage steps +51 and —-129 mV. Neithetracellular solution (solution J, Table) plus 1Qv
GTP nor the inactive GDP analogue, GE® elicited GTPyS and N&-aspartate bathing solution (solution F,
any change in the outward or inward currents. HoweverTable). Under these recording conditions, initially very
GTPyS and GppNHp induced similar increases in bothlittle whole-cell current is apparent (FigAr Current
outward and inward currents within 5 min of break-in. recordings made at 15 min after break-in (Fig)how-
The mean activation time for the G¥B- and GppNHp- ever show that cytosolic superfusion of the cell with
activated currents measured in 14 and 7 cells, respe&TPyS, as before, activates a large noninactivating con-
tively was 5.7 £ 0.9 and 6.0 £ 1.5 min. Peak currentductance. Figure G shows thel-V relationship for the
amplitudes measured for GHB- and GppNHp- currents shown in Fig. A and B. The linear current-
activated currents was 134 = 51 and —97 + 20 pA/pF androltage characteristics and positive reversal potential of
95 + 20 and -240 + 43 pA/pF for command potentials ofthis current (+5.7 + 1.4 mVih = 18), under conditions
+51 and -129 mV. Some decline was observed in thavhere contributions from Kcurrents and chloride cur-
GTPyS- and GppNHp-activated current in the 10-15rents are reduced, identifies the GjiJRactivated current
min following activation, however once activated, the as a nonspecific cation (NSC) current.
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Fig. 4. GTPyS may enhance an inwardly rectifying i€urrent. Current-voltage plofj from a representative cell. The extracellular solution was
low chloride (solution F, Table) while the intracellular solution was 119 Ki-aspartate (solution I, Table). The Badifference current (open
squares) revealed a small outwart¢urrent and an inwardly rectifying Kcurrent that was increased 65% over initial values recorded immediately
after attaining the whole cell configuratiorB)(Quinine, amiloride and gadolinium do not block the G/BPactivated cation current. GB-
activated current (meansp) measured at —129 mV and +51 mV before and after 15 min of superfusion withMdumine (a), 0.1 m amiloride

(b) or 0.1 mu gadolinium (c).

Further confirmation that the GHS-activated cur- the GTRS-activated conductance appears relatively im-
rent was not permeable to anions, was obtained by expermeable to Clions, since neither the amplitude nor
amining the amplitude and reversal potential for the in-the reversal potential of the current is significantly af-
duced current under experimental conditions wherdected by alterations in the Ckoncentration gradient.
[CI7]out (sOlutions A and F, Table) or [C], (solutions | We then investigated the cation selectivity of the
and K) was varied. Reduction of extracellular T{drom GTPyS-activated cation current by substituted Nathe
140 nm to 40 mv did not significantly affect the ampli- extracellular solution with other monovalent cations.
tude of the GTRS-induced current measured at +51 mV Figure 7A shows current-voltage plots for currents re-
(75 = 2 pA/pF in 140 mu [Cl7],,;and 77 = 4 pA/pF in  corded in a representative cell in 13@rMaCl extracel-

40 mv [ClT],,) in 7 cells tested (Fig. &). Figure 8  lular solution (solution A, Table) with 100 m Cs'-
shows the measured reversal potential of the ¢3-P aspartate solution in the pipette (solution I, Table). Sub-
activated current plotted against the theoreti€gl The  stitution of extracellular Na with TRIS, or NMDG
least-squares best fit of the data (broken line) has a slopgsolutions B—E, Table) shifted the reversal potential of
of 0.007. Also plotted (continuous line) is the relation- the NSC current to more negative potentials and reducec
ship for a CrI-selective current with a slope of 1. Thus, the current amplitude measured at —40 nB4(= —-38
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56

=150 mV 100 mV

- 6000 pA -

Fig. 5. The GTRS-activated current is an NSC current. Whole-cell recordidys(d current-voltage plot8] from a representative cell with low
chloride, K'-free cesium aspartate intracellular solution containing @GS TPyS (solution J, Table). The extracellular solution was spartate
Ringers (solution F, Table). The voltage protocol is shown at the top of the figure. The whole-cell capacitance was 14 pF. Data were not
subtracted. The GHS current is an NSC current since it was still activated fiafi€e and low CI conditions and reverses closes to 0 mV.

mV for the solutions used) from —-411 pA/pF to —162 INVESTIGATION OF G PROTEIN CHARACTERISTICS AND

pA/pF and —-60 pA/pF for TRIS solutions and NMDG SeECOND MESSENGERPATHWAYS

solutions, respectively. FiguréBis a bar graph summa-

rizing the mean reversal potentials measured from 4-11

cells in the different cation-substituted extracellular so-Fluoroaluminate (Alf), as with the nonhydrolyzable
lutions. Permeability ratios (relative to Nand shown GTP analogues, has proved to be a useful tool for the
in parenthesis) for K(1.07), choline (0.51), TRIS (0.42) activation of heterotrimeric G proteins as opposed to the
and NMDG (0.34) were calculated using Eq. (Beé low molecular weight GTP binding proteins (Kahn,
Materials and Methods). Thus, the permeability se-1991; Hall, 1992). To confirm the type of G protein
guence for the rat RPE NSC channel i§ Kk Na“ > involved in GTR'S and GppNHp-mediated activation of
choline > TRIS > NMDG. Selectivity of the NSC chan- the NSC current we dialyzed RPE cells with AIHn 20

nel to divalent cations was not investigated, howevercells tested, inclusion of NaF (1nm and AICL (25 pm)
reduction of extracellular G4 concentration from 1 m  in either C§-aspartate (solution J, Table) of {aspartate

to <10 nv did not alter the mean reversal potential or pipette solution (solution |, Table) containing Ffgy
significantly reduce the magnitude of the Gy¥&  failed to activate a sustained cation current. However,
activated current in three cells tested. This indicates thaihcreasing the concentration of NaF to 1@ rand AICL
external C&" is not required for the activation of the to 100 um, resulted in robust activation of a large con-
NSC current ¢ee also beloy ductance in 5/5 cells tested. The Adkctivated current,
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Fig. 7. Cation selectivity of the GT#S-activated currentA) Repre-
Fig. 6. The GTR/S-activated cation current is not affected by alter- sentative current-voltage curves for a rat RPE cell showing the effect of
ations in the [CI] concentration gradientA) The amplitude of the  replacement of Nain the extracellular solution by several monovalent
cation current was measured at +51 mV in 7 cells with standard intracations on the GT#S-activated current. The voltage protocol for the
cellular recording solution (solution H, Table) and in extracellular so- 150 mv Na’ trace is the same as that shown in Fig. 5, while the
lution in which [CI],,, was altered by substitution with aspartate (so- protocol for the remaining traces is shown at the top of the panel. Data
lutions A and F, Table). The current amplitude was not affected by were not leak subtracted. The recording electrode contained solution J,
reduction in the external [C] from 140 to 40 nm. (B) The reversal  Table with GTRS substituted for GTP. Current magnitude and rever-
potential of the GTRS-activated current was measured in 23 cells in sal potential were altered by replacement of all but 10 of 130 m
which [CIT];, or [CIT],,. Was altered by substitution with aspartate extracellular Na (solution A, Table) with either choline, TRIS, or
(solutionsA,F,J, Table) and plotted against the theoretical-EThe NMDG (solutionsB-D, Table, respectively).B) Mean +sem reversal
least-squares fit of the data (broken line) had a slope of 0.007 correpotential measured fonj cells in the above solutions containing in-
sponding to a 4.8 mV per 10-fold change of T}/[Cl ], The con-  tracellular GTRS.
tinuous line has a slope of 1, predicted for a-6¢lective current.

strating activation of GG subunits by Al (for review see

Rodbell, 1992, also Higashijima et al., 1991) and further
shown in Fig. &, had properties similar to the G¥B-  implicates G proteins in the regulation of the NSC cur-
activated cation current, although the activation of thisyent.
current was delayed with respect to that seen with  Different G proteins can be distinguished by their
GTPyS in the pipettegeeFig. 2). Figure 8 shows that  susceptibility or insensitivity to pertussis toxin (PTX)
the AlF,-activated current had a linedV relationship  inactivation. The toxin inactivates G proteins by cata-
and the current reversed close to 0 mV (-1.1 + 0.4 mV Jlyzing the ADP-ribosylation of thex subunit of G pro-
n = 5). Thus, the data indicate that Alfnimics the teins (Ui, 1990). Members of the &, family are all
effects of GTRS in activating the NSC current in rat sensitive to PTX while members of the, @d G, family
RPE cells and that activation of this current is sustainedare insensitive to PTX modification. We investigated
in the presence of an adequate concentration of NaRwhether activation of the NSC current in RPE cells was
This finding is consistent with previous findings demon- mediated via a PTX-sensitive or PTX-insensitive G pro-
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Fig. 8. Fluoroaluminate activates the NSC curre) {Whole-cell current recorded in a rat RPE cell with Kspartate pipette solution (solution
J, Table) and 130 m NaCl bathing solution (solution A, Table). Dialysis of the cell interior with 1@ idaF and 10Qum AICI; activated both
inward and outward current at 9 min after breaking into the whole-cell recording configurat/arelationships obtained at 2 mi®@j and 10 min
(A) indicate that initially both inward and outward Kurrents are apparent (FigBB however, after 10 min a large current is activated (Fig) 8
which reverses at 0 mV and has simila¥ characteristics to the GTHS activated NSC current. The capacitance of the cell shown in 22 pF.

tein by incubating cells with PTX (500 ng/ml) for 24 hr Table) bath solution. Under these conditions, GSP
before recording. In all PTX-treated cells testad< 6),  still activated the NSC current. The activated current
GTPyS failed to activate the NSC current (Fig. 9), sug-recorded in low C& conditions had a similar amplitude
gesting that the G protein involved in the activation of (—382 pA/pF and 199 pA/pF at —-129 and +51 mV/=

the NSC current is of the &, class. In another two 5) to that recorded with standard pipette solution
cells tested from the same culture, but without PTX-([C&*],, = 107 m). Thus, the GTRS-activated NSC
pretreatment, GTH#S-activated the NSC current and the current did not appear to require an increase ir{a
activated current had a comparable amplitude (-282 antbr activation.

—296 pA/pF at =129 mV and 122 and 158 pA/pF at +51 Since some NSC channels are sensitive to the modu-
mV) to the current recorded previously in other cells. latory effects of internal ATP (Rae et al., 1990), we also
Many NSC channels are sensitive to activation byinvestigated whether exclusion of ATP (f04) from the
second messengers such as cytosolf¢ C#e tested the pipette solution affected the magnitude of the NSC con-
involvement of [C&"];, in the activation of the NSC ductance in rat RPE cells. In the three cells tested the
current in rat RPE cells by dialyzing cells with G§y®in  GTPyS-activated NSC conductance was not signifi-
10 mv BAPTA pipette solution (solution L, Table free cantly affected by exclusion of ATP from the pipette

Ca&* < 10 rv) and nominally C&'-free (solution G, solution.
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min (after assuming the whole-cell configuration). The
delay of 5—6 min before onset of G¥B-induced acti-
200 + vation of the cation conductance in RPE cells suggests ar
indirect effect d a G protein on the cation channel. A
similar time course has been reported for GBP
mediated activation of NSC channels in guinea pig chro-
maffin cells (Inoue et al., 1991). In contrast to the effects
of GTPyS and GppNHp, inclusion of GBS in the
100 T pipette did not activate the cation current. Since GBP
is a hydrolysis-resistant GDP analogue that competes
with GTP for binding sites on G proteins, the lack of
activation of the cation current by GIBB confirms the
I involvement é a G protein in regulation of this current.

A variety of different agents are known to have
blocking effects on NSC channels, however studies of
the function of these channels has been complicated in
that no selective blockers are yet identified. Agents
which have been reported to have some blocking actions
-100 T on NSC channels include*Kchannel blockers, such as

quinine (Gogelein & Pfannmuller, 1989) and the lan-

(] prx@m=6) thanide compound gadolinium, which has been found to
block the activation of stretch-activated cation channels
in several different cell types (Yang & Sachs, 1989;
Fig. 9. PTX blocks the activation of the GFS current. Mean (sev) ~ Davis, Meiningert & Zawieja, 1992; Naruse & Sokabe,
current amplitudes measured at +51 and -129 m\=( 6) in cells ~ 1993). When we tested quinine and gadolinium on the
pretreated for 24 hr with 500 ng/ml of PTX indicate that GiBailed GTPyS-activated current in rat RPE cells we found that
to activate the NCS current. In control cells without PTX treatment hoth these compounds were without effect, since neither
Gzpyizagai"f/t‘:d an NSC C‘t‘"e”t with f‘compzradb'_e a’:r‘]p"t“dﬁ a(t *5lof these drugs reduced the amplitude of the whole-cell
and — mV 1o the currents previously recorded In other calls- . . .
14). The mean (ssem) for all cé)ntrol celli were compiledh(= 16). cg_rrents or altered the time course .Of a.Ctlvatlon' In ad-

dition to the above agents, the epithelial ‘Nehannel

blocker amiloride (Jacob, Bangham & Duncan, 1985;
Benos et al., 1995) was also without effect on the
GTPyS-activated current.

The presence of nonspecific cation (NSC) channels
This study describes the properties and the regulation dfiave now been described in numerous cell types includ-
a G protein-activated NSC current present in cultured raing heart cells (Colguhon et al., 1981), IMCD kidney
RPE cells. We show that, using standard whole-cell reepithelial cells (Ono et al., 1994), macrophages (Lipton,
cording conditions, the membrane conductance of rafl986), rat and mouse pancreatic acinar cells (Maruyama
RPE cells is normally dominated by"Kconductances. & Petersen, 1982), lacrimal acinar cells (Marty, Tan &
Rat RPE cells display both outwardly rectifying and, in Trautmann, 1984), and subsequently in every type of
45% of cells tested, inwardly rectifyingkcurrents. The exocrine gland which have been investigatfa (eview
presence of similar Kcurrents has been demonstrated insee Marty, 1987). In ocular tissues, NSC channels have
cultured and fresh RPE cells from several amphibian andheen described in human (Cooper et al., 1990) and frog
mammalian species: frog (Hughes & Steinberg, 1990)(Cooper, Tang & Rae, 1986) lens epithelial cells and
rat (Strauss, 1994), rabbit (Tao et al., 1994), monkeyabbit corneal endothelium (Rae et al., 1990). Charac-
(Wen et al., 1993), and human (Strauss et al., 1993; Weteristics of the multitude of NSC channels which have
et al., 1993). These Kconductances, which are located been reported vary, depending on both the cell system
on both the apical and basolateral membranes of thand the investigational approach used. The common de-
RPE, are thought to play a major role in transepithelialnominator, as its name implies, is the selectivity of this
ion transport and contribute to Khomeostasis in the channel for small monovalent cations, coupled with the
subretinal space (Steinberg & Miller, 1979). inability to discriminate between these cations. The

Our results demonstrate that inclusion of GH?  GTPyS-activated current in rat RPE cells was a NSC
GppNHp in the pipette activates a large cation current incurrent, since in the presence of khannel blockade it
rat RPE cells. In the presence of Gy¥ or GppNHp, showed virtually no discrimination between Nand K
the NSC current activated rapidly after a delay of 5-6ions with a R/Py,of 1.07 and had &, close to 0 mV in

NORMALIZED CURRENT (pA/pF)

Il CONTROL (n=16)

Discussion
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130 mv Na" or K* extracellular solutions. In addition to Nonspecific cation channels in many cell types ar
almost complete nondiscrimination betweerad K*  sensitive to second messenger molecules such &5 C
ions, large cations such as TRIS and NMDG also ap-and nucleotides such as AT review sed?artridge &
peared to be able to permeate the rat NSC channel. THewandulla, 1988). In rabbit corneal endothelial cells th
channel exhibited a low permeability to Olith alter-  apical membrane contains a cation-selective chanr
ations in extracellular Clproducing little change in cur- which is activated by internal G&levels above 1T m
rent amplitude or current reversal potential. and inhibited by ATP when the internal concentration o
A large nonselective channel with somewhat differ- this nucleotide exceeds 3 (Rae et al., 1990). Inves-
ent properties to the NSC current recorded in rat RPEigation of second messenger molecules which may reg
cells has been described in membrane patch recordindate the activity of NSC channels in rat RPE cells re
from cultured human RPE cells (Fox et al., 1988). Thisvealed that this current did not appear to require an i
nonselective channel had a unitary conductance of 30grease in [C&7;, for activation and was not affected by
pS, a R/P,, of 0.8 and showed poor selectivity between the inclusion or exclusion of ATP in the pipette solution
K* and CT. Investigations of the calcium and voltage- _Macroscopic current recording does not provide in
dependence of the nonselective channel in human Rpfermation on the location of the NSC channel to eithe
cells revealed that this channel was not dependent off!® RPE apical or basolateral membrane of RPE cel
either extracellular or intracellular €abut was voltage-  therefore, it is difficult to propose a role for this channe
dependent, with the open probability of the channel de!N 'elation to current models of ion transport for this
creasing as the membrane potential increased. Simil pithelium (Stelnb_erg & M|Iler, 1979; Joseph & Miller,
large-conductance channels that show selectivity for sevi991: Edelman, Lin & Miller, 1994). However, the ac-

eral substrates but are primarily anion selective havé'vat'on of NSC channels would allow Nanflux, caus-

been described in rat Schwann cells (Gray, Bevan gng a depolarization of the cell relative to the resting

Ritchie, 1983). rat muscle (Blatz & Magleby, 1983) and potential. The ensuing depolarization, if sufficient,
the a i;:al mer'nbranes of MDCK cells (Kolbl Brown & could activate other ion channels such as outwardly re
P : IR ' . tifying K* channels, which may provide an efflux path-
Murer, 1985). This poor discrimination between camonsWay for K* which enters the cell via the apical N *-
and anions and the voltage-dependency sets these chaji- + . .
nels apart from the NSC channels described in this studafbl cotransporter or the Ne&K™ pump, or it may act

; . : o Xrate CI' conductances.
which are selective for cations but have limited perme-"— summary, this study has demonstrated that tt

ability for_ aniqns. . L NSC current in rat RPE cells is G protein activated. Th
Confirmation that GTRS-mediated activation of the 5.y ation of the NSC current with fluoroaluminate anc

NSC current in rat RPE cells involves a heterotrimeric a,jock of the current activation following pretreatment
opposed to a low molecular-weight (18-32 kDa) mono-yity pTx suggests that the G protein involved is a het
meric G proteins, was carried out by dialyzing cells with erotrimeric G protein of the PTX-sensitive/G, class.

AlF,. The AIF, complex, occurring as a result of F pyrther studies are needed to further clarify the chara
complexing with AICL, is a known activator of heterotri- teristics of the G protein involved in regulating the NSC
meric G proteins and is able to mimic the action of GTP channel in rat RPE cells and to screen for factors respo

and thus cause dissociation of thesubunit of G pro-  sjple for the physiological activation of these channels

teins (Ui, 1990). We found that AJFactivated a cation

current with similar properties to the G¥B-activated

NSC current. In the case of fluoroaluminate, however,The authors wish to thank Christine Jollimore for her expert technic:

the time course of activation of the NSC current was;s$i3tance-dT£iS study W;S Suppﬁﬂgd by_lgffagts ffgm(gg‘; (’)\llfgllfg
: H cience an ngineerin esearc ouncil o anada 4‘

ol o e thae Hemometratd The Renits Pigmentosa Eye Rescarch Foundation. J5F s

N ; i X %orted by an NSERC studentship award.

that sodium fluoride acts in a concentration-dependent

manner with aK, for G protein activation of 0.47 mn

(Higashijima et al., 1991).
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