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Abbreviations . 4-AP, 4-aminopyridine; DMSO, dimethylsulfoxide; Ex, equilibrium potential of potassium; [K'],,
extracellular concentration of potassium ion; Ka, dissociation constant; NMDG, N-methyl-D-glutamine; RPE, retinal
pigment epithelium; Rs, series resistance; TEA, tetraethylammonium
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Fig.1. Isolation and concentration-dependent block by Cs* of the inwardly rectifying K current. (A) Families of whole-cell currents
evoked by 1-sec voltage-pulses to potentials ranging from — 140 to -+ 40 mV from a holding potential of — 10 mV. The cell was initially
bathed in the standard Ringer solution with 100 M Gd*(upper panel), and then was exposed to 50 mM external Cs*(lower panel).
Currents were recorded in the whole-cell-patch configuration with 4 mM ATP in the pipette solution. (B) Steady-state current-voltage (I-
V) relationships in the absence ( ) and presence (-~—--- ) of 50 mM Cs*. Currents were generated by 2-sec voltage-ramp from + 40
to — 160 mV. Currents reversed at — 75 mM in the control perfusate and at — 31 mV in the presence of Cs*. (C) Cs"sensitive current,
obtained as the difference between the IV curves in (B). The difference current reversed at — 82 mV, which is close to the equilibrium
potential of K* (Ex). (D) Conductance-voltage relationship. Chord conductance was calculated from data in (C), using the equation (1).
(E) Concentration-dependence of the Cs*induced block of the inwardly rectifying K current. Amplitudes of the K current obtained by the
equation (2) in various extracellular Cs*concentration ([Cs*]o) were normalized to the value in the absence of Cs*. Symbols represent X
(n=5) for measurements when the membrane potentials were — 36 mV (@) and — 120 mV (QO), and the positive and negative error bars
indicate SEM at — 36 mV and at — 120 mV, respectively. Smooth curve is the least-squares fit of the data at — 36 mV to the equation (3)
with Ka of 0.52 mM.




T UEE R LEOKT v v

BE SN, ZOBEOBRETEIZ278 £ 5m0sm/1TdH - 7.
ZOENRy FREEBB LOEEY LS VIRICEET LK IR
A S Nernst DR & W CEME S W 2 B0 7% K P gk
(equilibrium potential of potassium, Ex) {&— 86mV T& - 7z,
RIFFED BT BV IO FRKEIC L hiFHEbans
CIERPBEINE ZEWH -9, 0B ICMo# L
IEBALIIR A AT 2 I H - 20T, ZOBRIELE
ENHFBIEARIFZE O B SBILE N2, BIZZOBROE
BT LT, ¥y PREHEOK-Z L3 h— Mk
£ 83mMIZIMBET A LI Lo CTHKDBEIEE 244 £5
mOsm/HZE T 872 (218561 110#). T~y FNE
W) Y P VL DB HEE S NS Exid—83mV TH
7.

HMLLZ & - Tid— 100mV & b BT AL T o B8 -1 o ik
W&o TRE SHBIT 2 AN X EAABE SN, A6 S R

A

Control

0.05 mM Ba*'

+10

400 pA

-10 mV

200 msec -150

Fig. 2.

Current (pA)

Relative K current

679

KEROEM 2 MRLEIT I OHERT AWM X BROBAER
HETHLOT, ITNEHET S EHITHABIMERIEIZ 100 M
DGA*#MA D Ehdorz (ClHHE). I DEEDGI™ XA
SR KB OBEEMKT M, BEKFEES L OCHEAN T
LESHIZIEEREEYRIZS 2272 L LGdY 32t
MO EERKEROBEKREEE K& B EEnT,
ING 2O BROMITIZIEGIFET COEREFH Vi
-7z,

MRS MR AW I LT oML 2 F L (135mM N-x F )V D-7
% 3 » (N-methyl-D-glutamine, NMDG)-CI, 5mM KCl,
10mM HEPES, 10mM 7V a— A, 3mM EDTA-KOH, 3mM
VAT v, 02mg/mly A T84 ), FDOpHIZNMDG
WRDOHE FISTTLIIEE SN,

#11) 7 8 b F ¥ ¥ (charibdotoxin) (Alamone Labs, Elsarem,
Israel) % & < BFILT TS ¥ < (Sigma, St. Louis, USA) #»

B

400

T

200

-200
-400

-600

L

-800 .
-100 -50 0

L
-150

Membrane potential (mV)

C

01 1 10
[Ba“], (mM)

0.001 001

The effect of external Ba®*on the inwardly rectifying K current. (A) Families of whole-cell currents recorded in the perforated-

patch configuration in the ahsence (upper panel) and presence (lower panel) of 0.05 mM external Ba**. The membrane potential was held
at — 10 mV and then clamped to potentials ranging from — 150 to 4+ 10 mV in 20-mV increments. The control perfusate contained 0.1
mM Gd*. In the presence of 0.05 mM Ba*, inward currents evoked by large hyperpolarizing voltage-pulses decayed with an exponential
time course, consistent with a voltage-dependent block. (B) Effects of Ba** on IV relationship of the whole-cell current. Steady-state
currents in the absence of Ba®* (@) (average values of the currents in the upper panel of (A) between 900 and 1000 msec) and
instantaneous ((]) and steady-state (M) currents in the presence of 0.05 mM Ba®* (current values in the lower panel of (A) at 10 msec and
at 996 msec, respectively). (C) Concentration- and voltage-dependence of the Ba*-induced block of the inward rectifier. Amplitudes of
the K current obtained by the equation (2) in various extracellular Ba** concentration ([Ba*],) were normalized to the value in the
absence of Ba®. Symbols represent X for measurements at — 36 (@) and — 120 mV (O) @=3 to 6). Error bars indicate SEM. The
continuous curve was the least-squares fit of the data measured at the two voltages to the equation (3), with Ka values of 128, M

at —36 mVand 31 4 M at — 120 mV.
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Fig.3. Relationship between the inwardly rectifying K channel and extracellular K*concentration ([K*]s). (A) I-V relationships obtained in
a single cell when [K']o was 2 mM (-voeove ), 5mM ( ) and 20 mM (----- ). The whole-cell-patch configuration was applied with 4
mM ATP in the pipette solution. All external solutions contained 0.1 mM Gd*. Currents were generated by 2-sec voltage-ramp from + 40
to — 160 mV. (B) IV curves obtained from the same cell in the presence of 50 mM external Cs* with 2 mM (e ), 5mM ( ) and
20 mM (----- ) K*. All three traces are superimposed on one another. (C) Cs*sensitive currents. The IV relationship of the inward
rectifier in each [K*]. was isolated by taking the difference between I-V curves measured in the absence (A) and presence (B) of Cs*. (D)
Relationship between the channel conductance and [K'].. In each cell, the inward and outward chord conductances of the inward rectifier
were measured at Ex =25 mV in 2, 5 and 20 mM [K*],, and were then normalized to the values observed in 5 mM [K*].. The symbols
represent X of the relative inward (&) and outward (O) conductances (n=5). The negative and positive error bars indicate SD of the
relative inward and outward conductances, respectively.
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Fig.4. ATP-dependence of the inwardly rectifying K current.
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(A) Time course of changes in current during internal dialysis with the

pipette solution containing 2 mM ATP. The cell was bathed in the standard Ringer solution without Gd*. Symbols depict currents
measured at — 36 mV (O) and at — 83 mV (@), which represent the inwardly rectifying K current and the residual currents, respectively.
The box indicates exposure of the cell to 20 mM external Cs*. (B) I-V curves obtained in the same cell as in (A) at 60 sec ( ), 6.5
min (==--- ) and during exposure to external Cs* at 7 min (- ). (C) An identical experiment in another cell dialyzed with ATP-free
pipette solution. The current at — 36 mV decreased to zero within 8 min and thereafter was unaffected by 20 mM external Cs”, indicating
complete “run-down” of the inward rectifier. (D) I-V curves obtained from the same cell in (C) at 30 sec ( ), 8.5 min (==-=~- ) and
during exposure to 20 mM external Cs* at 9.5 min (- ).
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The delayed outwardly rectifying K current and its dependence on the holding potential. (A) Currents were elicited from a holding

potential of — 90 mV by a series of voltage-pulses to potentials ranging from — 100 to + 30 mV in 10-mV increments. Voltage-steps were
applied at 10-sec intervals. Currents were recorded in the whole-cell-patch configuration with ATP-free pipette solution. (B) Currents
evoked in the same cell by the voltage-steps from a holding potential of — 10 mV to the same potentials as in (4). (C) IV relationships
obtained at holding potentials of — 90 mV (O) and — 10 mV (@), using the data in (A) and (B). Data points represent peak amplitudes of
the outward currents, if any. Otherwise, they represent average amplitudes of currents measured between 1150 and 1200 msec.
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Fig. 6. Voltage-dependence of the delayed outwardly rectifying
K current. Conductance-voltage relationship was measured in
the standard Ringer solution. Chord conductance at each
membrane potential was calculated from leak-subtracted peak
currents according to the equation (1). In each cell, the chord
conductance was normalized to the maximum value, which
was obtained by fitting the data to a Boltzmann function given
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SD for 13 cells. The smooth curve is the least-squares fit of
the data points to the equation (4) with the values of Viz =+
2.5 mV and k., =— 13.7 mV. All cells were recorded in the
whole-cell-patch configuration with ATP-free pipette solution.
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Fig.7. lon-selectivity of the delayed outwardly rectifying K current. (A) Tail currents recorded from a cell bathed in the standard Ringer
solution (5 mM [K*]o). The whole-cell-patch configuration was applied with ATP-free pipette solution. The membrane voltage was first
depolarized for 240 msec from a holding potential of —80 mV to + 30 mV to maximally activate the conductance (not shown), and then
was hyperpolarized to potentials ranging from — 100 to — 50 mV, which deactivated the conductance to produce tail currents. The
membrane potential was held at — 80 mV for 10 sec between test pulses. The noisy traces depict the tail currents and the smooth traces
represent exponential fits of the data points. The traces were low-pass filtered at 5 kHz. (B) Amplitudes of the tail currents determined by
exponential fits of the current relaxations in (A) plotted as a function of the test potential. The straight line is the best fit of the data points
by linear regression. The cross-point between the x-axis at zero current and the regression line indicates a reversal potential of — 74 mV.
(C) Currents recorded from another cell in 140 mM [K*].. The whole-cell-patch configuration was applied with ATP-free pipette solution.
The membrane voltage was stepped from a holding potential of — 87 mV to various test potentials in 10-mV increments. (D) Peak

currents from (C) plotted as a function of voltage.
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Fig. 8. Activation- and deactivation-kinetics of the delayed outwardly rectifying K current. (A) Time course of activation. The noisy traces
are the averages of two separate sets of currents generated by a series of voltage-pulses to the potentials indicated. The membrane
potential was held at — 70 mV for 8 sec between voltage-pulses. The traces were low-pass filtered at 2 kHz and corrected for residual
capacitative artifacts by subtracting the scaled sub-threshold currents. The smooth curves represent the least-squares fit of the data to a
Hodgkin-Huxley n® model given by the equation (5). The cell was bathed in the standard Ringer solution. The whole-cell-patch
configuration was used with ATP-free pipette solution. (B) Voltage-dependence of the activation time constant. Each symbol and error
bar represents X &= SD for 6 cells. For each cell, the activation time constant was determined as shown in (A). The curve is an
exponential fit of the data points, indicating that the activation time constant decreased e-fold in 31.7 mV. (C) Time course of deactivation.
Deactivating currents at various membrane potentials were fitted as shown in Fig. 7A to obtain time constants for deactivation. Each
symbol and error bar represents X & SD for 4 to 6 cells. The curve is an exponential fit of the data points, showing that the time constant
increased e-fold in 64.8 mV.
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Fig.9. Inactivation of the delayed outwardly rectifying K current. (A) Time course of inactivation. The noisy traces represent currents
evoked by 1-sec membrane depolarizations to potentials ranging from — 10 to + 40 mV. The superimposed smooth traces are
exponential fits of the decay in currents. The membrane was held at — 80 mV for 15 sec between voltage-pulses to allow time for recovery
from inactivation. The cell was bathed in the standard Ringer solution. The whole-cell-patch configuration was applied with ATP-free
pipette solution. (B) Voltage-dependence of the inactivation time constant. The open circle represents the time constant determined from
the fitting curves in (A). The closed circle represents the time constant obtained by the envelope method as shown in (C). ©
Estimation of the inactivation time course by the envelope test in the same cell as in (A). The upper panel shows a family of currents
activated by 500-msec voltage-pulses to -+ 40 mV following prepulses to — 20 mV of varying duration. Leak currents were not subtracted.
The first current, which had no prepulse before it, rose to a peak and then was inactivated partially. The second current, which followed a
750-msec prepulse to — 20 mV, rose to a smaller peak, indicating that a substantial fraction of the channels was already inactivated. Peak
currents became progressively smaller with longer prepulses. Between each trial, the membrane voltage was held at — 80 mV for 30 sec
to allow the delayed rectifier channel to recover from inactivation. The interrupted line is an exponential curve with a time constant of 900
msec. The lower panel shows currents produced in the same cell by an identical voltage-clamp protocol as shown in the upper panel
except that prepulses were to —40 mV. The interrupted line is an exponential curve with a time constant of 2182 msec. D) A
representative example of the steady-state inactivation. Peaks of the delayed rectifier evoked by test pulses to +40 mV from
various holding potentials were measured. Before eliciting the test pulse to + 40 mV, the membrane was held at — 90 mV for 30
sec and then at each test holding potential for 30 sec. Data were normalized to the maximum peak current, which was obtained
when the test holding potential was —90 mV. The smooth curve is the least-squares fit of the data points to the equation (6) with
values of Visz = — 35.1 mV and k.= 8.5 mV. The perforated-patch configuration was used. The inward rectifier was blocked by
exposing the cell to 20 mM external Cs™
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Fig. 10. Sensitivity of the delayed outwardly rectifying K current to external TEA*. (A) Families of currents recorded in the same cell in the
absence (upper panel) and presence (lower panel) of 20 mM external TEA*. The perforated-patch configuration was applied. The control
perfusate contained 20 mM Cs* to block the inward rectifier. Leak currents were subtracted. (B) Relationship between the current
amplitude and extracellular concentration of TEA* ([TEA*]y). In each cell, peak currents were evoked by voltage-steps to 0 mV from a
holding potential of — 80 mV at various [TEA],, and then were normalized to the current measured in the absence of TEA*. Each symbol
and error bar represents X = SD for 4 cells. The curve is the least-squares fit of the data points to the equation (3) with Kq of 5.1 mM.
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(A) A family of currents evoked from a

holding potential of — 80 mV by 2.4-sec voltage-pulses to potentials ranging from — 110 to + 30 mV. The perforated-patch configuration
was applied. The perfusate contained 50 mM TEA" to block the delayed rectifier. (B) Currents evoked in the same cell from a holding

potential of — 10 mV by the voltage-steps to the same potentials as in (A).

(C) Steady-state I-V relationships obtained with holding

potentials of — 80 mV (O) and — 10 mV (@). Data points represent the average values of the currents in (A) and (B) measured between
2.2 and 2.4 sec. The interrupted line represents the instantaneous current measured 10 msec after the onset of the voltage-pulses from

the holding potential of — 80 mV in (A).
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Fig. 12. Voltage-dependence of the sustained outwardly rectifying K channel. (A) Tail currents activating at — 30 mV following the
prepulses to potentials indicated. The cell was bathed in the standard Ringer solution and recorded in the whole-cell-patch configuration
with 4 mM ATP in the pipette solution. (B) Conductance-voltage relationship. The chord conductance was calculated by the equation (7),
and was normalized to a maximum value in each cell. Each symbol and error bar represents X & SEM for 10 cells. The smooth curve is
the least-squares fit of the data to the equation (4) with values of Vi2 = — 63.1 mV and ks=~— 9.3 mV.
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Fig. 13. Activation- and deactivation-kinetics of the sustained outwardly rectifying K current. (A) Time course of activation. Currents were
evoked from a holding potential of — 70 mV by voltage-pulses to the potentials indicated. The perforated-patch configuration was applied.
Each noisy trace is the average of three separate runs. The perfusate contained 100 mM TEA* and 20 mM Cs*. Leak currents were subtracted.
Smooth traces show exponential fits of the currents. (B) Time course of activation in another cell. The perfusate was same as in (A).
Currents were evoked from a holding potential of — 70 mV by voltage-pulses to the potentials indicated. The smooth trace shows the
least-squares fit of the data to either a single exponential function (— 10 mV) or an equation which consists of two exponential functions (0
mV and more positive potentials). (C) Time course of deactivation. The noisy traces represent deactivating currents produced by
hyperpolarizing the membrane from a holding potential of — 30 mV to voltages indicated. The smooth traces are exponential fits of the
currents. The whole-cell-patch configuration was applied with 4 mM ATP in the pipette. The perfusate was the standard Ringer solution.
(D) Voltage-dependence of the deactivation time constant. Each symbol and error bar represents X == SEM for 8 cells.
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Fig. 14. Sensitivity of the sustained outwardly rectifying K current to external Ba™. (A) Families of whole-cell currents measured in the
absence (upper panel) and presence (lower panel) of 2 mM Ba** in the bath. The whole-cell-patch configuration was applied with 4 mM
ATP in the pipette solution. The control perfusate contained 20 mM TEA* and 5 mM Cs*. (B) Concentration- dependence of the Ba?
induced block. Each symbol and error bar represents X & SEM for 3 to 8 cells. For each cell, the maximum chord conductance in the
presence of Ba* was calculated from the tail currents using the equation (7), and then was normalized to the value determined in the
absence of Ba?*. The curve is the least-squares fit of the data points to the equation (3) with K4 of 1.1mM.
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Fig. 15. The effects of external TEA* and Cs* on the sustained outwardly rectifying K current. (A) Families of whole-cell currents recorded
in the absence (upper panel) and presence (lower panel) of 20 mM TEA® in the bath. The control perfusate was the standard Ringer
solution. (B) Families of whole-cell currents recorded in the absence (upper panel) and presence (lower panel) of 5 mM Cs” in the bath.

The control perfusate contained 20 mM TEA™
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Table 1. Difference between two types of outwardly rectifying K channels in bovine RPE

Chord conductance

. ) cyati Deactivation K, for Ba™ K, for TEA*
tC hz;nnel -voltage relationship - A]fltllq‘gl[ é(sm Inactivation time constant -induced -induced
P 2 S VoV k. (mv)* at —60mV(msec)  inhibition (mM)  inhibition (mM)
8 12 n
Detlayi(jil Hodgkin
outwardly 8.5 +3 —14 -Huxley, Present 23 >10 5.1
rectifying 12 model
K channel
Sustained
outwardly _ _ Exponential
rectifying 34 63 9 model Absent 297 1.1 >50
K channel

* Parameters in the equation (4).
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Abstract

Whole-cell currents from freshly isolated retinal pigment epithelial (RPE) cells of the bovine were recorded by the patch
clamp technique to identify K channels which comprise the resting K conductance of the RPE cells and to elucidate how these
channels are regulated. The average resting membrane potential of the bovine RPE cells was -64 mV (n=185). An inwardly
rectifying K current and two types of outwardly rectifying K currents were present in the bovine RPE cells. The inwardly
rectifying K current was time-independent, and was selectively inhibited by extracellular Cs*. Conductance of this channel
decreased as extracellular K™ concentration increased. This behavior is uncommon among K channels, but would be useful for
regulation of K* concentration in the subretinal space by the RPE. High concentration (2 to 4 mM) of ATP was required in the
pipette to maintain the activity of the inward rectifier. The first outwardly rectifying K current was the delayed outward
rectifier which was inactivated by prolonged membrane depolarization. This channel was active only when the membrane
potential was above -40 mV, indicating that this channel does not serve as the resting K conductance. The delayed outward
rectifier was selectively inhibited by extracellular tetraethylammonium® (TEA®). The second outwardly rectifying K current
was the sustained outward rectifier which was not inactivated by prolonged membrane depolarization. This current was
exhibited only in 24% of the total cells. This K channel had an opening threshold around -90 mV. High concentrations of
Ba® blocked this channel, but TEA* did not. The inward rectifier and the sustained outward rectifier were active at the resting
potential, revealing that these channels comprise the resting K conductances of the bovine RPE. Furthermore, on the basis of
sensitivities to K channel blockers, the inward rectifier and the sustained outward rectifier could be located in the apical and
basolateral sides of the RPE, respectively.




