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The voltage- and K+-dependent
properties
of Muller cell currents and channels were characterized
in freshly dissociated
salamander
Muller cells. In whole-cell
voltage-clamp
experiments, cells with endfeet intact and cells missing endfeet
both displayed
strong inward rectification.
The rectification
was similar in shape in both groups of cells but currents
were 9.2 times larger in cells with endfeet. Ba2+ at 100 PM
reduced
the inward current to 6.6% of control amplitude.
Decreasing
external
K+ concentration
shifted the cell current-voltage
(I-V) relation in a hyperpolarizing
direction and
reduced
current magnitude.
In multichannel,
cell-attached
patch-clamp
experiments,
patches from both endfoot and
soma membrane
displayed
strong inward rectification.
Currents were 36 times larger in endfoot patches.
In singlechannel,
cell-attached
patch-clamp
experiments,
inwardrectifying
K+ channels
were, in almost all cases, the only
channels
present in patches of endfoot, proximal process,
and soma membrane.
Channel conductance
was 27.6 pS in
96 rnM external K+. Reducing external K+ shifted the channel
reversal potential in a hyperpolarizing
direction and reduced
channel conductance.
Channel open probability
varied as a
function of voltage, being reduced at more negative potentials. Together,
these observations
demonstrate
that the
principal
ion channel in all Miiller cell regions is an inwardrectifying
K+ channel. Channel density is far higher on the
cell endfoot than in other cell regions.
Whole-cell
I-Vplots
of cells bathed in 12,7,4, and 2.5 mM
K+ were fit by an equation including Boltzmann
relation terms
representing
channel
rectification
and channel open probability. This equation
was incorporated
into a model of K+
dynamics
in the retina to evaluate the significance
of inwardrectifying
channels
to the spatial buffering/K+
siphoning
mechanism
of K+ regulation.
Compared
with ohmic channels, inward-rectifying
channels
increased
the rate of K+
clearance
from the retina by 23% for a 1 mY K+ increase
and by 137% for a 9.5 mnn K+ increase, demonstrating
that
Miiller cell inward-rectifying
channels enhance K+ regulation
in the retina.
[Key words: glial cell, Miiller cell, inward-rectifying
potassium channel,
voltage clamp, salamander,
potassium
homeostasis]
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An essentialfunction of glial cells is to regulateextracellular K+
levels, [K+],, in the CNS (Newman, 1985a; Cserr, 1986). One
of the mechanismsby which this is accomplishedis “potassium
spatial buffering” (Orkand et al., 1966;Gardner-Medwin, 1983;
Newman et al., 1984; Karwoski et al., 1989). In this process,
K+ is transferred by a current flow through glial cells, from
regions where [K+], is higher to regions where [K+], is lower.
Potassium spatial buffering currents in glial cells passthrough
K+ channels, which dominate the membrane conductance of
these cells (Kuffler et al., 1966; Newman, 1985b).
In sometypes of glial cells, K+ channelsare not distributed
uniformly over the cell surfacebut rather are localized to conductance “hot spots.” This is well documented for Mtiller cells,
the principal glial cells of the vertebrate retina. In amphibian
Mtiller cells, K+ conductance is localized to the cell endfoot, a
structure that lies adjacent to the vitreous humor (Newman,
1984, 1987; Brew et al., 1986). In mammalian Mtiller cells,
additional high-conductanceregionsare present elsewhereover
the cell surface (Newman, 1987). Similarly, in astrocytes from
the amphibian optic nerve, cell endfeet have approximately a
tenfold higher specificK+ conductancethan do other regionsof
the cell (Newman, 1986).
We have proposedthat the high K+ conductance of glial cell
endfeet results in a specializedand more efficient form of K+
spatialbuffering termed “K+ siphoning” (Newman et al., 1984).
In this process,spatial buffering currents in glial cellsare selectively directed out through the cell endfeet. In the amphibian
retina, Miiller cellsare believed to regulatelight-evoked changes
in [K+], by this process(Karwoski et al., 1989).
The type or types of K+ channelsthat mediate K+ siphoning
currents may have an important influence on this homeostatic
process.Is the high K+ conductanceof the Mtiller cell endfoot
mediated by the sameK+ channel responsiblefor the conductance of other cell regions?Do the voltage-dependentproperties
of the channelsinfluence the magnitude of K+ siphoning currents?Answers to thesequestionsare neededto understand the
role that glial cellsplay in the regulation of [K+],.
A previous study utilizing single-channelrecordingshasdemonstrated that the principal K+ channel in both endfoot and
non-endfoot regions of amphibian Miiller cells is an inwardrectifying Kf channel (Brew et al., 1986). This channel has a
high open probability, and consequently, a large macroscopic
conductance,at the restingmembranepotential of the cell (Brew
et al., 1986).In contrast, fast-inactivating (type A) K+ channels
and Ca2+-activated K+ channels,which are alsopresentin Mtiller cells (Newman, 1985c), have a low open probability at the
cell resting potential.
Although an inward-rectifying K+ channel is thought to be
the primary channelopenat rest in Mtiller cells,channelcurrents
have not been characterized in thesecells using the whole-cell
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Figure 1. Micrographsof dissociated
salamander
Miiller cells.A, Cell without an endfoot.The endfootanda por-

tion of the proximal processwere
shearedoff during the isolationproeedure.Bothvoltage-sensing and
currentpassingvoltage-clamp pipettes are
patchedonto the soma.B, Cell with
endfootintact. Both recording pipettes
are patchedonto the endfoot.Nomarskidifferentialinterferenceoptics.Scale
bar, 20 pm.

voltage-clamp technique. In addition, the voltage- and K+-dependent properties of channel currents have not been quantitatively described.Such a description is neededto evaluate how
this channel will influence the processof K+ siphoning.
The goalsof this work are threefold: first, to confirm that an
inward-rectifying K+ channel is the primary channel that conducts current in both endfoot and non-endfoot regions of amphibian Miiller cells;second,to obtain a quantitative description
of inward-rectifying K+ channel properties; and third, to assess
how these properties influence K+ regulation in the retina. I
have usedwhole-cell voltage-clamp, multichannel patch-clamp,
and single-channelpatch-clamp recordings to confirm the presenceand to characterize the propertiesof K+ channelsin endfoot
and non-endfoot regions of salamander Mtiller cells. These
channel properties were then incorporated into a model of K+
dynamics in the retina to evaluate the effect of the channel on
glial cell regulation of [K+],.
A preliminary report of someof thesefindings has appeared
previously (Newman, 1989b).

Materials

and Methods

Animals. Tiger salamanders
(Ambystoma tigrinum, aquaticstage)were
used. Animals were killed by decapitation and pithing.
Cell dissociation. Recordings were made from freshly dissociated cells.
The cell dissociation procedure has been described previously (Newman, 1985b) and yields cells with membrane properties similar to those
of in situ cells. Briefly, isolated retinas from hemisected eyes were incubated in CaZ+-, Mg*+-free Ringer’s solution containing papain (35
units of activity/3 ml) and cysteine (2 mM). The tissue was incubated

for 20-30 min at 22°C while being triturated gently at 5 min intervals.
The tissue was then rinsed twice in normal Ringer’s containing 1% BSA
and twice more in Ringer’s containing 1% BSA and 0.1% DNase. The
tissue was maintained in the final rinse solution at 0°C for a period of
3-6 hr and was then triturated using a series of Pasteur pipettes with
progressively smaller tip openings.
Dissociated cells were placed in a perfusion chamber and settled onto
a glass slide coated with concanavalin-A. The perfusion chamber had
a volume of -0.25 ml and was perfused at a rate of - 1.5 ml/min. Cells
were maintained at 15-I 7°C in the perfusion chamber. Recordings were
made from cells within 2 hr of dissociation.
Most isolated cells possessed endfeet and some lateral processes (Fig.
1B). In some cells, however, the endfoot and a portion of the proximal
process were missing, having been tom off during the isolation procedure
(Fig. 1A). As demonstrated previously (Newman, 1985b), these cells
without endfeet are viable and have normal resting potentials.
Whole-ceZI voltage clamp. Milller cells were voltage clamped employing the two-electrode clamp technique with patch pipettes used in
the whole-cell recording configuration (Hamill et al., 198 1). Patch pipettes had a tip inner diameter of - 1 pm and were coated with Sylgard
to reduce cross-capacitance coupling.
Both command pulse and command ramp protocols were used to
measure whole-cell currents. Two ramp speeds were used, a fast ramp
of 2750 mV/sec and a slow ramp of 48.75 mV/sec. Ramps began at a
negative membrane potential and were swept in a positive direction.
The first 20 mV of ramp records were discarded to avoid the transient
artifact generated by the hyperpolarizing step from the holding potential.
Cell-attached patch clamp. Both multi-channel and single-channel
patch-clamp recordings were obtained using the cell-attached recording
configuration (Hamill et al., 1981). Patch pipettes were coated with
Sylgard and had an inner diameter of -0.8 brn for multichannel recordings and -0.4 Km for single-channel recordings.
The membrane voltages specified for cell-attached patch recordings
are corrected for the membrane potential of the cell, which was deter-
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mined to be -74.9 -t 1.6 mV (mean ? SD, n = 55) in a series of
recordings in an external solution containing 2.5 mM K+ (perfusate B).
A specified membrane potential of -20 mV corresponds to an actual
transmembrane potential of -20 mV (inside negative) and to a potential
of -55 mV applied to the pipette.
Amplijiersand data acquisition.An Axoclamp-2A amplifier (Axon
Instruments) was used for the two-electrode, whole-cell voltage-clamp
recordings. An Axopatch-1C amplifier with a CV-4 headstage (Axon
Instruments) was used for cell-attached patch recordings. Records were
acquired and displayed on a digital oscilloscope and stored in an IBMcompatible microcomputer. Whole-cell and multichannel voltage-clamp
recordings were filtered at 500 Hz (80 dB/decade Bessel filter). For
single-channel recordings, CLAMPEX
and FETCHEX programs (pCIamp
software, Axon Instruments) were used to acquire and store data. Singlechannel records were digitally sampled at 2 kHz and filtered at 1 kHz.
Solutions.The composition of the solutions used (in mM) is as follows.
Perfusate A, bath perfusate for whole-cell voltage-clamp experiments
with lK+l.. = 98 mM. contained KCl. 98.0: N-methvl-D-ahrcamine-Cl.
3.3; CaCi;, 1.8; Mgdl,, 0.8; CdCl,, 2.0; dextrose, lb; HEPES, 10. pH
was adjusted to 7.5 with N-methyl-n-glucamine.
The CaCl, was omitted
in some experiments. For experiments with 2.5, 10, and 30 mM [K+],,
N-methyl-D-ghicamine-CI
was substituted for KCl. The Cd2+ served to
block Ca*+ influx and activation of CaZ+-gated K+ channels. Cd*+ reduced outward K+ currents in whole-cell voltage-clamp experiments
but had no effect on inward currents.
Perfusate B was used as bath perfusate for whole-cell voltage-clamp
experiments with [K+], = 2.5-12 mM. For [K+], = 2.5 mM, it contained
KCl. 2.5: NaCl. 98.5: CaCl,. 1.8: MaCl,. 0.8: dextrose, 10: HEPES, 10.
pH &as adjusted to 7.5 withNaGH.-For
[K;], = 4, 7, and 12 mM, KC1
was substituted for NaCl.
Pipette (internal) solution for whole-cell voltage-clamp experiments
contained KCl, 98.0; MgCl,, 0.8; HEPES, 10. pH was adjusted to 7.1
with N-methyl-D-ghtcamine.
Pipette (external) solution for cell-attached patch-clamp experiments
with [K+] = 98 mM contained KCl, 98.0; NaCl, 3.0; CaCl,, 1.8; MgCl,,
0.8; dextrose, 10; HEPES, 10. pH was adjusted to 7.5 with NaOH. For
[K+] = 30 and 10 mM, NaCl was substituted for KCl.
Bath pet&sate B (2.5 mM K+ ) was used as the bath solution in cellattached patch-clamp experiments.
Analysis.Except when otherwise noted, results are given as the mean
f standard deviation (sample number in parentheses).
Curve fitting was achieved using the nonlinear regression MarquardtLevenberg algorithm (Sigmaplot software, Jandel Scientific). Currentvoltage relations and the channel open probability versus voltage relation were analyzed by fitting records to the two-state Boltzmann equation. Details are given in Results.
Single-channel records were analyzed by converting them to current
amplitude histograms (using FEXHAN, pClamp software, Axon Instruments), which were fit to the sum of several Gaussians. The amplitude
probability of the histograms, P,, has the form
n
P,

=

2
,=o

P;G,,

G, = exp -(AMPmm

+ j.AAMP
02

- Z)*

P, = @ _n))!.j~v3’-(l - POP)>
where the jth term in Equation 1 represents the instance when j channels
are open and n is the total number of channels in the patch. G, is the
Gaussian relation for the jth term and P,is the probability value for the
jth term. AMP,,,, is the current value when all channels are closed,
AAMP is the channel unitary current, Z is the channel current, c is the
standard deviation of the Gaussian, and POis the channel open probability. Equations l-3 were fit to the current amplitude histograms of
individual patch records with parameters AAMP, PO,AMP,,,,, and c
varied to provide the best fit.
Model of K+ dynamicsin the retina.Clearance of K+ from the retina
was evaluated using a model of K+ dynamics described previously
(Odette and Newman, 1988). Model parameters were identical to those
specified in an earlier study (Karwoski et al., 1989) except for the following: (1) Mtiller cell conductance (exclusively K+ ) was either ohmic
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or inward rectifying. In the latter case, cell conductance was specified
by Equation 10, below. (2) Eighty-nine percent of the total conductance
of Miiller cells was assumed to lie in the endfoot and ganglion cell layers.
(3) There was no passive or active uptake of K+. (4) At time = 0, [K+],
was raised instantaneously and uniformly within the inner plexiform
layer.

Results
Whole-cell current-voltage relation
The endfoot of amphibian
Miiller cells has a substantially higher
K+ conductance than do other cell regions (Newman,
1985b).
Is this high conductance due to the presence of a high density
of the same K+ channel found in other cell regions, or is it due
to the presence of a K+ channel unique to the endfoot? This
question was addressed by determining
the Z-V characteristics
of the membrane of endfoot and non-endfoot
regions of salamander Miiller cells.
In order to determine the Z-J’ relation of the non-endfoot
membrane
of Miiller
cells, whole-cell
voltage-clamp
experiments were performed on dissociated cells lacking their endfeet
(Fig. 1A). The endfeet and proximal processes of these cells had
been sheared off during the dissociation
procedure. The Z-V
relation of the endfoot region of Miiller cells, in contrast, was
determined
by performing
whole-cell
voltage-clamp
experiments on dissociated cells with their endfeet intact (Fig. 1B).
Since a large fraction of the total cell conductance is contained
in the endfoot, the Z-V relations of these cells largely reflect the
properties of the endfoot membrane.
For cells both with and without endfeet, a two-electrode
voltage clamp was employed. Both voltage-sensing
and currentpassing pipettes were placed on the cell soma when recording
from cells without endfeet (Fig. 1A). The two pipettes were
placed on the cell endfoot when recording from cells with endfeet
intact (Fig. 1B). As will be demonstrated
below, the placement
of both pipettes on the endfoot was essential for obtaining
a
good space clamp and achieving accurate Z-V plots. Cells were
bathed in a solution containing 98 mM K+ and were internally
dialyzed with a pipette solution also containing
98 mM K+.
Under these conditions,
the resting membrane
potential was
near 0 mV.
Voltage-clamp
records, both from Miiller cells lacking their
endfeet (Fig. 2A) and from cells with their endfeet intact (Fig.
2B), showed strong inward rectification.
In both cases, hyperpolarizing
voltage pulses yielded large inward currents while
depolarizing
pulses produced far smaller outward currents. For
large hyperpolarizations,
the inward current peaked rapidly and
then declined to a smaller, sustained value.
In Figure 2, the amplitudes
of the voltage-clamp
responses
shown in A and B are plotted as a function of command voltage
in C and D. Both peak current (solid circles) and sustained
current (open circles) are shown. The degree of rectification
was
similar for both cells. However, the magnitudes of the currents
were dramatically
different. Evoked currents were substantially
larger for the cell with its endfoot intact compared to the cell
without its endfoot.
A quantitative
comparison
of current amplitudes
was conducted by measuring the peak currents evoked for - 100 mV
command pulses. Current amplitude was - 148.9 f 47.0 nA (n
= 27) for cells with endfeet, and - 16.1 f 8.5 nA (n = 22) for
cells without endfeet. Based on this current amplitude
measure,
89.2% of the total cell conductance is contained within the endfoot and adjacent portions of the proximal cell process, those
portions of the cell missing in cells lacking endfeet. This is a
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Figure 2. Whole-cell voltage clamp of dissociated Miiller cells. A and
B, Voltage-clamp records of a cell without an endfoot (A), and a cell
with endfoot intact (B). The clamp protocol, illustrated at the bottom
of the traces, consists of 2.4 set pulses with amplitudes varying from
- 100 mV to + 100 mV in 20 mV increments. Holding potential for
both cells, 0 mV. Cand D, I-Yrelations plotted from the voltage-clamp
recordsin A andB. Solid circles, peakcurrentamplitude;open circles,

sustained
currentamplitude(measured
at the endof the 2.4 setcommandpulse).The continuouslines are Z-V relationsof the sametwo
cells,obtainedusingcommandvoltageramps.The lines superimposed
over the solid circles wereobtainedusingfast ramps.The lines superimposed overthe open circles wereobtainedusingslowramps.The I-V
relationsobtainedusingcommandpulseandcommandrampprotocols
arenearlyidentical.The I-V plotsof the two cellsshowstronginward
rectification.The plotshavea similarform, but currentamplitudesare
approximatelyfivefold largerfor the cell with its endfootintact.
somewhatlower percentagethan the 95% value obtained in an
earlier study (Newman, 1985b).
The Z-V relations obtained from cellswith and without endfeet were fit by Equations 4-7, which incorporate
the two-state
Boltzmann
relation (Eq. 7), in order to compare their shapes

quantitatively (Hagiwara and Takahashi, 1974;Hagiwara, 1983;
Oliva et al., 1990). The equations have the form
Z = AV.g,
AV=

(4)

V-E,,

(5)

& =NsLopE.ln
g= c.[l + apt’&
where

Z is the membrane

current,

50

100

Voltage (mV)

-60

-100

0

(6)
“)I’,

AV is the driving

(7)
force for

K+ flux, E, is the Nernst potential for K+ , NsLoPE
is the Nernst
constant, and g is the membrane conductance. c is a scaling
constant, v is the voltage at which the conductance is halfmaximal, and SRis a measureof the rate at which the conduc-

Figure 3. Distortion of the Z-V relation of a Miiller cell with endfoot
when recording pipettes are patched onto the cell soma. Placing the two
voltage-clamp pipettes on the soma results in poor space clamp and a
grossly distorted I-V relation, which appears to be almost linear. An
I-V plot with strong inward rectification would have been obtained if
the two pipettes had been patched onto the endfoot. Slow ramp protocol.
Holding potential, +7 mV.

tance changeswith voltage. The magnitude of cell rectification
(the ratio of inward to outward current) is describedwell by the
parameter SR, while Q specifiesthe voltage at which the rectification occurs (the location of the shoulder of the Z-V plot).
The parametersP, E, and c were varied to obtain the best fits
for Z-V plots of peak current.
The calculated values of the parameter SRwere nearly identical for cellswith and without endfeet. Mean values of SRwere
33.8 f 4.2 mV (12) and 32.2 + 6.1 mV (9), respectively, indicating that the I-Vrelations of the two groupsof cellsrectified
to the samedegree.Mean values of the parameter W were - 13.9
+ 8.5 mV (12) and -21.4 + 6.1 mV (9) for cells with and
without endfeet.
The Z-V characteristics of Miiller cells were determined by
utilizing command rampsof voltage aswell ascommand pulses.
Two ramp speedswere employed, a fast ramp of 2750 mV/sec
and a slow ramp of 68.75 mV/sec.
Currents evoked by fast and slow command ramps are illustrated in Figure 2, C and D (continuous lines), along with the
Z-V relations from the samecells determined using command
pulses(symbols).For both cells,rapid ramp currentswere nearly
identical to the Z-V relations for peak current derived from
command pulses(Fig. 2, solid circles). In a like manner, the
slow ramp currents were very similar to the sustainedcurrent
Z-V relation derived from pulses(Fig. 2, open circles). This
correspondenceis reasonable.A rapid ramp sweepsthrough the
entire voltage rangebefore the cell current has time to decline.
Thus, the current evoked by the fast ramp correspondsto the
peak current. A slow ramp, on the other hand, essentiallymeasuresthe steady-state,or sustainedcurrent. The similarity between the Z-V relations determined by command ramps and
command pulsesdemonstratesthat cell membrane properties
can be assessed
accurately using the ramp protocol.
In the voltage-clamp experiments describedabove, both voltage-sensingand current-passingpipettes were patched onto the

The Journal

201,

. . ..I..............,,

Barium

of Neuroscience,

August

1993.

f3(8)

3337

block of current

The I-Vrelations illustrated in Figure 2 suggestthat Mtiller cell
currents are generatedprincipally by inward-rectifying K+ channels. These channelsare known to be blocked by low concentrations

of Ba2+ (Rudy,

1988; Hille,

1992). Ba2+ has also been

shown to block the resting conductance of amphibian Miiller
cells in current-clamp experiments (Newman, 1989a). Mtiller
cell sensitivity to Ba2+was tested in an experiment illustrated
in Figure 4, which showsthat 100 PM Ba*+ almost completely
abolishesthe inward current present in the control trace. The
small remaining current showsmodestoutward rectification. In
a seriesof such experiments, 100 PM Ba2+reduced the current
evoked at - 100 mV to 6.8 + 1.2%(8) of its control magnitude.
Current amplitude following recovery was 94.3 + 9.5% (8) of
control.
Potassium

-100

-50

0
Voltage

50

100

(mV)

Figure 4. Barium block of inward-rectifying current. Addition of 100
pru Ba2+ almost completely abolishes the inward current present in the
control trace. The inward current recovers almost completely after 105
set of washout. Cell with endfoot. Slow ramp protocol. Holding potential, 0 mV.

endfoot when recording from cells with endfeet (Fig. 1B). This
wasdone to ensurethat the cellswere adequatelyspaceclamped,
an important consideration, particularly when recording from
cells that generate large currents. If, in contrast, recordings are
made with the two pipettes placed on the cell soma, adequate
spaceclamp is not achieved and the resulting Z-V relation is
grossly distorted. This is illustrated in Figure 3, which shows
the Z-I/ relation obtained from a cell with the two recording
pipettes placed on the soma.The current, instead of displaying
marked inward rectification, appearsto be almost ohmic. This
distortion of the Z-V plot, arising from improper placement of
the recording pipettes, is the reasonwhy I erroneously identified
the conductance of the Miiller cell endfoot as nonrectifying in
previous preliminary publications (Newman, 1985~; Maranto
and Newman, 1988).

dependence

current

are almost exclusively

sults from a paucity

-25

Voltage

(mV)

permeable

to K+.

The reduction in conductance with decreased[K+], is also
typical of inward-rectifying K+ channelsand is predicted by the
Goldman-Hodgkin-Katz current equation (Hille, 1992). It re-

0

-25
-1 20 -100

of current

Inward-rectifying K+ channelsare sensitive to [K+], aswell as
to voltage (Hagiwara et al., 1976; Hille, 1992). The sensitivity
of Mtiller cell currents to [K+], was tested by determining cell
Z-V relations sequentially in bath solutions containing 98, 30,
10, and 2.5 mM K+ (Fig. 54). A fast ramp protocol was employed. With eachbath solution, the voltage-clamp holding potential was adjusted to the resting (zero current) potential.
Two important changesoccurred in the cell Z-l’ relation as
[K+], was lowered. First, the relations shifted to the left, with
both the reversal potential and the shoulder potential having
progressively more negative values as [K+], was lowered. Second, the conductance of the cell (the slope of the curve) was
reduced for lower [K+],.
Both of these changesare typical of currents generated by
inward-rectifying K+ channels (Hagiwara, 1983). The shift in
the reversal potential of the current had a slopeof 52.5 mV per
tenfold changein [K+], (n = 11). This slope,closeto the Nemstian value of 57 mV, indicatesthat the channelsconducting the

-80 -60 -40
Voltage (mV)

-20

of charge carriers at reduced

[K+],;

for low

Figure 5. Potassium dependence of
whole-cell Z-V relations. A, [K+], is
lowered sequentially from 98 mM to 2.5
mM. Cell with endfoot. Fast ramp protocol. Holding potentials, +4, -26,
-53, and -83 mV, in 98, 30, 10, and
2.5 mM K+. B, [K+],. is lowered sequentially from 12 mM to 2.5 mM. Z-V
relations are shown by continuous lines.
Cell with endfoot. Slow ramp protocol.
Holdingpotentials, -42, -56, -69, and
-19 mV in 12, I, 4, and 2.5 mM K+.
The I-V relations in B are fit by Equations 4-6 and 9 with Boltzmann parameters E and SRequaling - 24.0 mV and
45.4 mV, respectively. The theoretical
relations (shown by the four sets of
symbols) provide an excellent fit, deviating from the experimental records
only at the most depolarized voltages.
In both A and B, the conductance of
the membrane is reduced and the I-V
plots shifted to the left as [K+], is reduced.
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Z-V curve shifted in an hyperpolarizing direction and the conductance of the cell wasreduced with decreased[K+],. The shift
in reversal potential was nearly Nemstian, having a slope of
50.0 mV per decadechangein [K+], (n = 13).
Current-voltage relation of membranepatches
The whole-cell voltage-clamp recordings described above indicate that the membrane of both endfoot and non-endfoot
regions of Miiller cells have similar inward-rectifying conductance properties. This conclusion was tested directly by measuringthe I-Vproperties of discretepatchesof membraneusing
the cell-attachedpatch-clamptechnique.Theseexperimentswere’
conducted using multichannel, rather than single-channel,
patches in order to obtain the averaged Z-V relation of many
channelsat once. Patch pipettes were filled with a solution containing 98 mM K+.
The voltage-clamp records obtained from a cell-attached
membranepatch on the endfoot of a Mtiller cell are illustrated
in Figure 6. Record “0.6 min” wasobtained soonafter a gigaohm
sealwas obtained. The current showspronounced inward rectification. The magnitude of the current is extremely large for
a patch recording. As will be demonstratedbelow, the response
representsthe summed current of approximately 200 inward-

-500
~,....,....I....,....,i

-100

-50

0
50
Voltage (mV)

100

Figure 6. Current-voltage relations of a multichannel patch of endfoot
membrane. Trace labels indicate the time (in min) after a tight seal was
made. The magnitude of the inward-rectifying current decreases with
time. Cell-attached patch. Fastrampprotocol.Holdingpotential,0 mV.
(-75 mV applied to the patch pipette; see Materials and Methods).

rectifying

[K+],, there are fewer K+ ions to carry current into the cell. In
other systems, the magnitude of inward-rectifying current is
approximately proportional to the squareroot of [K+], (Hagiwara and Takahashi, 1974; Sakmann and Trube, 1984a).The
currents recorded from Miiller cells held closely to this square
root relation (graph not shown).
A secondseriesof recordingswere made to determine the K+
dependenceof the Z-V relations under more physiological conditions (Fig. W). Recordingswere madefrom Miiller cellsbathed
in solutions containing 12, 7, 4, and 2.5 mM K+. Recordings
also differed from those shown in Figure 54 in that slow, rather
than fast, command ramps were employed. Thus, the responses
correspond to the sustainedcomponent rather than the peak
component of channel current. Sustainedcurrent is more meaningful physiologically than is peak current, becauseactivitydependent variations in glial cell potentials and in external [K+]
occur relatively slowly in the CNS (Orkand et al., 1966; Kelly
and Van Essen,1974; Karwoski and Proenza, 1980). As in the
experiment illustrated in Figure 54, the reversal potential of the

Figure 7. Current-voltage relations of
multichannel
membrane patches. A,
Soma membrane patch. B, Endfoot
membrane patch. The two I-V plots
show similar inward rectification but
vastly different current magnitudes. The
current recorded from the endfoot patch
is 62 times greater than the current from
the soma patch. The thin linesshow a
Boltzmann relation (Eqs. 4-7) fit to the
data. (In B, the Boltzmann line is superimposed over the voltage-clamp
record for most of its length.) Values of
Boltzmann parameters k’$ and SR are
-3.3 mV and 38.9 mV in A and - 19.3
mV and 45.4 mV in B. Leakage currents were subtracted from traces (see
text). Cell-attached patches. Fast ramp
protocol. Holding potentials, 0 mV.
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The traces in Figure 6 representa time series,with the labels
indicating the time at which each trace was acquired (in min),
relative to the time the gigaohm sealwas made. As time proceeds,the magnitude of the current recorded from the patch is
reduced. This decline was typical of multichannel patch recordingsand wasoften more rapid than that illustrated in Figure
6. Presumably, the number of active channels in the patch is
reduced with time. Although the cause of the loss of active
inward-rectifying channelsis not known, the phenomenon has
been observed in other preparations, including chick lens epithelia (J. L. Rae, personalcommunication).
The phenomenon of channel loss can be used to advantage.
If the Z-V trace obtained late in a patch recording is subtracted
from a trace obtained early on (trace 0.6 minus trace 9.8 in this
example), the Z-V relation of those channelslost in the intervening time is obtained. The advantageof this procedure is that
the leakagecurrent of the seal,which is present in both traces,
is subtracted out, leaving a more accurate representation of
channel Z-V characteristics.The “difference” Z-V relations obtained from successivetime points (trace 0.6 minus trace 4.5,
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trace 4.5 minus trace 6.4, etc.) had nearly identical shapes, indicating that the membrane patch contained but a single type
of channel (graph not shown).
The subtraction procedure was used in analyzing a series of
patch recordings. Two examples are illustrated, one from the
soma of a cell (Fig. 7A) and the other from the endfoot of a
second cell (Fig. 7B). Both voltage-clamp recordings show marked
inward rectification and resemble the I- I’ relations obtained in
whole-cell recordings. The two cell-attached patch recordings
illustrated in Figure 7 resemble each other closely in form, but
differ dramatically in magnitude. The current recorded from the
endfoot membrane patch is 60 times larger than is the current
from the soma patch.
This difference in current magnitude was found in all recordings and indicates that channel density is higher at the endfoot.
In a series of patch recordings from soma membrane, mean
current at - 100 mV was -7.4 + 8.0 pA (10). In contrast, patch
recordings from endfoot membrane had a mean current of -282
f 2 19 pA (17). The ratio of these two values, 38: 1, demonstrates
that the density of inward-rectifying
K+ channels is far greater
on the endfoot than it is on the soma. This ratio actually underestimates the relative density of channels on endfoot and
soma membrane for the following reasons. Although the mean
current of endfoot patches was -282 pA, the current exceeded
-400 pA in 5 out of the 17 patches examined and reached -890
pA in one patch. In addition, many patches on the soma had
no channels at all and these were not included in the soma
average of -7.4 pA. (Comparisons of current amplitude from
individual patches are further complicated by the fact that membrane area undoubtedly varied from patch to patch.)
The shapes of the Z-V relations obtained from soma and
endfoot patches were compared quantitatively by fitting the
voltage-clamp records with the Boltzmann relation (Eqs. 4-7).
Calculated values of the Boltzmann parameter SR were similar
for soma and endfoot patches. Mean values were 48.1 f 19.7
mV (10) and 43.3 + 6.2 mV (18), respectively. Mean values for
E were - 14.7 f 37.2 mV (10) and -16.6 f 18.0 mV (18) for
soma and endfoot patches.
Single-channel currents
A series of cell-attached, single-channel recordings were made
to investigate further the nature ofthe channels present in Mtiller
cells. These patch-clamp recordings revealed the overwhelming
predominance of a single type of channel in all cell regions. This
was an inward-rectifying
K+ channel. Voltage-clamp traces from
one such recording, made with 98 mM K+ in the recording
pipette, are illustrated in Figure 8. Gated, single-channel currents were present when the cell membrane was hyperpolarized
but were absent when the membrane was depolarized. Channel
current had a reversal potential near 0 mV, the approximate
value of the K+ equilibrium potential. These properties are
typical of inward-rectifying
K+ channels, which conduct inward
current for membrane hyperpolarization but do not conduct
outward current for membrane depolarization.
(A second type of channel was seen rarely. Only four examples
were encountered in the study, during which several hundred
inward-rectifying
K+ channels were recorded. The channel had
a larger unitary conductance than the inward-rectifying
channel
and a low open probability and rapid flickering kinetics at hyperpolarized voltages. This channel was not characterized in
detail.)
Inward-rectifying
K+ channels were present in all cell regions
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Figure 8. Single-channel voltage-clamp records of an inward-rectifying
K+ channel. Holding potential values (in mV) are given at left. Horizontal line segments indicate the closed-state current level. The channel
remains closed at depolarizing membrane voltages and gates open at
hyperpolarizing voltages. Cell-attached membrane patch from near the
junction of the endfoot and proximal process.

tested, including the soma, proximal process,and endfoot of
Miiller cells. Channeldensity waslow in the somaregion where
channelswere absent in many patches. Channel density was
high in the endfoot. Most recordingswere made near the border
of the proximal processand the endfoot, where channel density
was best for securingpatch recordingshaving a few channels.
A seriesof single-channelrecordings was made using patch
pipette solutionscontaining 98, 30, or 10 mM K+. Resultsfrom
theseexperiments are summarized in Figure 9, where plots of
the mean Z-V relations of single channels are shown. Mean
channel conductanceswere 27.8 f 4.9 pS (29), 19.1 f 1.8 pS
(14), and 7.4 + 0.7 pS (29) respectively, for external solutions
containing 98, 30, and 10 mM K+ . The correspondingreversal
potentials were -7.2 & 7.3 mV, -25.7 f 5.8 mV, and -43.1
-t 9.1 mV.
The Z-V relations of inward-rectifying K+ channelsbehaved
similarly to the relations obtained from whole-cell voltage clamp
(Fig. 5). As the external [K+] was lowered, the single-channel
conductance was reduced and the reversal potential shifted in
a hyperpolarizing direction. The reduction in channel conductance followed the squareroot relation closely(graphnot shown).
However, the shift in reversal potential had a slopeof 36.2 mV
per decadechangein [K+],, deviating from the Nemstian ideal
to a significant degree.The reasonfor this deviation is not clear.

3340

Newman

* inward-rectifying

K+ Channels

in Glia

,, 0.8
.c
z
a
2 0.6
0

0.0'

Voltage (mV)

' * ' ' '
-100

' ' s ' ' ' '
0
-50

Voltage (mV)

Figure 9. Summary of single-channel I-V relations with 98, 30, and
10 mM K+ in the external (pipette) solution. Mean I-Vrelations + SEM
are shown. Truce labelsindicate the K+ concentration (in mM).

Figure 10. Open probability of inward-rectifying K+ channels as a
function of membrane holding potential. The Boltzmann relation (Eq.
8) is fit to the mean open probability at each potential. Boltzmann
parameter values are K, - 118.6 mV, P, 44.12 mV.

Single-channel openprobability
The records of Figure 8 illustrate that the inward-rectifying K+
channel is continually closedat voltages more positive than E,
(0 mV in this case).This closureis most likely due to an internal
Mg2+ block of the channel, as is the casefor inward-rectifying
K+ channelsin someother systems(Matsuda et al., 1987; Vandenberg, 1987; Matsuda, 1991). The Mg2+ block is absent at
voltages more negative than E,. At these hyperpolarized voltagesa secondtype of channel modulation occurs: voltage-dependent gating. As shown in Figure 8, the open probability of
the channel varies as a function of membrane potential. Open
probability is high at depolarized voltages (Fig. 8, traces -40,
-60) and is reduced as the membrane is hyperpolarized.
The gating behavior of the channel was examined by plotting
open probability as a function of membrane voltage (Fig. 10).
Records were obtained with a pipette solution containing 98
mM K+. The mean values of open probability at each potential
were fit by the two-state Boltzmann equation, which has often
been used to model the voltage dependenceof channel gating.
The equation has the form

current arisesfrom the time-dependent gating of inward-rectifying K+ channels,asshownin experimentswhere channelopen
probability is monitored as a function of time following a hyperpolarizing voltage step.
A record from one suchcell-attachedpatch-clamp experiment
is shown in shown Figure 11A. The patch had five active channels that initially were all open when the command potential
was shifted from 0 to - 100 mV. After a brief period, some of
the channelsclosed.The meantime-dependentresponseofthese
five channelsis shown in Figure 11B, which is an averageof 64
sequential voltage-clamp traces. The inward channel current
peakedrapidly and then decayedto a sustainedlevel. For comparison,the cell current produced by the same- 100mV voltage
step, recorded usingthe whole-cell voltage-clamp technique, is
shown in Figure 11C. The decline in inward current seenin the
whole-cell record is similar to that measuredfrom the patch
recording.
This comparisonwas quantified by fitting the voltage-clamp
recordsto the sum of two exponentials. The mean value of the
first (shorter) time constant proved to be very similar for patch
and whole-cell recordings, indicating that the time dependence
of channel open probability doesindeed account for the timedependentdecline in inward current seenin whole-cell recordings. Mean values of the first time constant were 26.7 f 11.8
msec(11) for cell-attached patch records and 24.8 + 6.6 msec
(22) for whole-cell recordings. Values of the secondtime constant were 372 f 379 msec (11) and 197 + 148 msec (22)
respectively. (The secondtime constant of the patch records is
not reliable due to the noise of the records.)

P,=[l

+exp(v)J’,

(8)

where POis the channel open probability, K is the potential at
which POis 0.5, Vis the membranepotential, and Spis inversely
proportional to the rate at which POchangeswith voltage. The
best fit to the data was obtained for J$ equals - 118.6 mV
and S’ equals44.12 mV. [Although POwasonly determined for
[K+], = 98 mM, inward-rectifying K+ channelPOhasbeenshown
to be independent of [K+], in other glial cell preparations (Brew
et al., 1986; McLamon and Kim, 1989a).]
Time dependenceof channel open probability
Whole-cell voltage-clamp records (Fig. 2A,B) show that the inward currents produced by large hyperpolarizing pulsespeak
rapidly and then decay to a sustainedlevel. This decay of inward

Quantitative description of cell I-V relations
A quantitative description of the Z-V properties of Miiller cells
wasobtained by fitting the I-Vrelations of cellsbathed in physiological levels of K+ (Fig. 5B) to Equations4-6 and 9. Equation
9, which specifiesthe membrane conductance of a Mtiller cell,
incorporates two Boltzmann distribution terms. The first term
is taken from Equation 7 and represents the rectification of
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inward-rectifying
K+ channels (channel block by MgZ+). The
second term is taken from Equation 8 and represents the open
probability voltage dependence of inward-rectifying
K+ channels. The product of the two terms (rectification
open probability) describes the ensemble channel conductance under
steady-state conditions. In addition, Equation 9 specifies that
the conductance is proportional to the square root of [K+],:
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1 + exp(y)).(

1 + exp(+q)y’.

(9)

In order to fit a series of Z-V relations to Equations 4-6 and
9, &LOPE of Equation 6 was first adjusted to produce the best
fit for the reversal potentials of the four Z-I’ curves. E and Sp
were set to - 118.6 mV and 44.12 mV, respectively, the empirically derived values for the Equation 8 parameters. The
parameters v and SR, as well as the scaling constant c, were
then adjusted to produce the best fit to the four I-Vcurves.
The relation described by Equations 4-6 and 9 provides an
excellent fit to the data. This is illustrated in Figure 5B by the
four sets of symbols, which precisely overlie the voltage-clamp
records for most of their length. The closeness of the fit demonstrates that the square root relation linking [K+], to channel
conductance holds well.
A total of 13 series of Z-v relations with [K+], = 2.5, 4, 7,
and 12 mM were fit by Equations 4-6 and 9. The mean values
of Vtpand SR obtained were - 18.5 f 19.6 mV and 42.4 f 7.8
mV, respectively.
Discussion
Inward-rectifying
K+ channels
The results presented here demonstrate clearly that an inwardrectifying K+ channel is the principal channel type in both endfoot and non-endfoot regions of salamander Mi.iller cells. Three
sets of experiments support this conclusion. First, whole-cell
I-Vrelations
of both cells without endfeet and cells with endfeet
intact displayed prominent inward rectification. Second, the Z-V
relations of membrane patches from both the soma and endfoot
displayed inward rectification. And finally, single-channel patchclamp recordings showed that an inward-rectifying
K+ channel
was the dominant channel type over all Mtiller cell regions
tested.
The properties of the inward-rectifying K+ channel account
well for the observed whole-cell currents of Miiller cells. The
sustainedcomponent of the whole-cell current differed from the
peak component at large, hyperpolarizing voltages (Fig. 2CD).
This difference is due to the voltage dependenceof the channel
open probability (Fig. lo), which decreaseswith increasedhyperpolarization. The time courseof channel closurefollowing a
hyperpolarizing step (Fig. 1lA,B) matches the time course of
the decline in whole-cell current for the samehyperpolarizing
voltage step.
The resultspresentedin this work are in good agreementwith
previous findings. Inward-rectifying K+ channel currents were
first observed in Mtiller cells in a whole-cell voltage-clamp investigation of amphibian Miiller cells without endfeet (Newman, 1985~).A previous single-channelstudy identified an inward-rectifying K+ channel as the dominant channel type in
both endfoot and somaregionsof salamanderMtiller cells(Brew

I

5nA
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-lid
Figure II. Time dependenceof channel open probability. Inward current is evoked by a step change in holding potential from 0 to - 100
mV (protocol shown at bottom). A, Patch-clamp record of a membrane
patch containing five inward-rectifying K+ channels. Horizontal line
segments indicate single-channel current levels. B, Mean current of 64
such records averaged together. Channel open probability is initially
high following the voltage step, leading to a large inward current. At
later times, open probability decreases, resulting in a reduction in the
current. Leakage and capacitive currents were subtracted in A and B.
C, Whole-cell voltage-clamp record. Current is evoked by the same
- 100 mV voltage step. Cell without endfoot. The time course of current
decline is similar for single-channel and whole-cell recordings.

et al., 1986). These investigators found that the high conductance of the cell endfoot resultsfrom a high density of inwardrectifying channelsin this cell region. The channel properties
describedin this earlier single-channelstudy are very similar to
those seenin the present work, unitary conductance was - 3 1
pS in 89 mM K+, Sp was -54 mV, and K was --119 mV.
Inward-rectifying channelshave also been reported in a patchclamp study of mammalian Mtiller cells (Nilius and Reichenbach, 1988). Inward-rectifying K+ channelsare present in
mammalian astrocytes (Barreset al., 1990b; Barr-es,199l), oligodendrocytes (Barres et al., 1988; Sontheimer and Kettenmann, 1988; McLamon and Kim, 1989a,b), O-2A glial progenitor cells (Ban-eset al., 1990a), Schwann cells (Wilson and
Chiu, 1990a,b), and glioma cells (Brismar and Collins, 1989),
although channel expressionin thesesystemsdependson age,
culture conditions, and other factors.
The properties of the inward-rectifying K+ channel described
in this work resemblethose of other systems.The channel unitary conductance, 27.8 pS in 98 mM K+, is similar to the conductance in bovine oligodendrocytes, 29 pS in 140 mM K+
(McLamon and Kim, 1989a),and in cardiac cells, 27 pS in 145
mM K+ (Sakmann and Trube, 1984a). The conductance of the
Mtiller cell channel is roughly proportional to the squareroot
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An estimate of the total number of inward-rectifying K+ channels in a Mtiller cell can be made by dividing the cell conductance by channel conductance. In bath solution containing 98
mM K+, the conductance of cells with endfeet averaged 1.49 rS.
Thus, there are - 53,600 inward-rectifying
K+ channels per cell.
An estimated 89.2% of these channels are localized to the endfoot or proximal process. If we assume a total cell area of 5540
pm2 and an endfoot area of 442 pm* (Newman, 1985b), active
channel density on non-endfoot cell regions is 1.14 channels/
pm* while the density on the endfoot is 109 channels/Km*. Based
on these values, the ratio of channel density on endfoot and
non-endfoot membrane is 95: 1, even larger than the 38: 1 ratio
estimated from multichannel patch-clamp records.
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Figure 12. Theoretical Z-V relations of the “standard” Miiller cell
bathed in 2.5, 4, 7, and 12 mM K+ (thick fines). The relations are
calculated from Equations 4-6 and Equation 10, which specifies the
membrane conductance. [K+], = 100 mM and NsLopE= 25 mV in Equation 6. The cell is assumed to have a conductance of 106 nS for [K+],
= 2.5 mM, the mean value measured empirically. The thin lines show
the chord conductance for each Z-V plot, calculated at -92 mV, the
reversal potential in 2.5 mM K+. Vertical line segments indicate the
points on the Z-V plots through which the chord conductances pass.
Labels indicate the external K+ concentration (in mM).
of [K+],, as it is for inward-rectifying
channels in other systems
(Hagiwara and Takahashi, 1974; Sakmann and Trube, 1984a).
The open probability of the Mtiller cell channel is voltage and
time dependent, as is PO of the cardiac myocyte channel (Sakmann and Trube, 1984b). The Mtiller cell channel opens rapidly
upon hyperpolarization, as does the channel of cardiac myocytes
(Sakmann and Trube, 1984a). In contrast, the inward-rectifying
channel of the starfish egg activates slowly over several hundred
milliseconds (Hagiwara et al., 1976).
Distribution and density of K+ channels
In the present study, whole-cell inward-rectifying
currents were
9.2 times larger in cells with endfeet intact than in cells without
endfeet, indicating that 89.2% of the inward-rectifying
K+ channels are localized to the endfoot or to the neighboring proximal
process. (This estimate of conductance distribution assumes that
cell processes were not lost during the dissociation procedure.)
Similarly, multichannel patch-clamp currents recorded from
endfoot membrane were substantially larger (an average of 38fold) than were currents from soma membrane, demonstrating
that channel density is far greater on the endfoot. Even in recordings from endfoot membrane, however, there was a wide
variation in the number of channels per patch, suggesting that
there may be small portions of the endfoot membrane, perhaps
only a few micrometers wide, that contain an extremely high
density of channels. One endfoot patch had an inward current
of -890 pA at - 100 mV, equivalent to the current of -320
active inward-rectifying
K+ channels.

Quantitative description of channel properties
A primary goal of this work has been to obtain a quantitative
description of the voltage- and [K+],-dependent properties of
the inward-rectifying
K+ channel of Mtiller cells. This was accomplished by determining the voltage dependence of channel
open probability and by measuring whole-cell Z-I’ relations of
cells bathed in physiological levels of K+. These data were then
fit by Equations 4-6 and 9.
The empirically derived values of I$, Sp, Q, and SR can be
incorporated into an equation that describes the membrane conductance of a “standard” Mtiller cell. The equation has the form
g = 2.50.&a
x[(l

+ exp(avqi.:8*5)).(1

+ exp(-11i461-

“))r’,
(10)

where g,,, is the cell membrane conductance for [K+], = 2.5
mM. 1-I’ relations of the “standard” Mtiller cell can be plotted
from Equations 4-6 and 10, and are shown in Figure 12, for
[K+], = 2.5, 4, 7, and 12 mM.
Potassium siphoning
One of the essential functions of glial cells in the CNS is to buffer
activity-dependent variations in [K+], (Newman, 1985a; Cserr,
1986). This function is particularly well documented for amphibian Mtiller cells, which regulate [K+], in the retina by the
process of K+ siphoning (Newman et al., 1984; Karwoski et al.,
1989). Light-evoked K+ increases, which are largest in the inner
plexiform layer of the retina (Karwoski and Proenza, 1980; Dick
and Miller, 1985; Karwoski et al., 1985) generate an influx of
K+ into Mtiller cells, leading to cell depolarization. This depolarization induces a K+ efflux from other cell regions. Because
most Miiller cell channels lie at the cell endfoot in amphibians,
this efflux occurs predominately from the endfoot. Potassium
leaving the endfoot diffuses into the adjacent vitreous humor,
which functions as a reservoir or sink for the K+ .
The net effect ofthis process in amphibian species is to transfer
K+ from regions of light-evoked [K+], increase in the retina to
the vitreous humor. Ion-selective microelectrode measurements
of [K+], in the vitreous and within the retina (Karwoski et al.,
1989) have confirmed that this K+ siphoning mechanism plays
a dominant role in the removal of K+ from the amphibian retina.
[The distribution of K+ channels in mammalian Mtiller cells is
more complex (Newman, 1987) and leads to K+ siphoning currents directed to other retinal regions (Frishman et al., 1992).]
The effectiveness of the K+ siphoning process is limited, in
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Figure 13. Simulations of K+ clearance from the retina. At t = 0, [K+j, is
raisedfrom 2.5 mM to 3.5 rni @j-or
to 12mM(B)within theinnernlexiform
layer. The plots showthe s;bsequent
clearanceof K+ from the inner plexiform layer. Three clearance mecha-

10.0
7.5

3.0 -

nisms are simulated: K+ siphoning with
inward-rectifying K+ channels (continuous lines),K+ siphoning with ohmic
K+ channels (dashed lines),and K+ dif-

5.0
2.5 -

2.5
0

5

10

0

Time (s)

large part, by the low density of K+ channels in the non-endfoot
regions of Mi.iller cells (Newman et al., 1984; Brew and Attwell,
1985; Eberhardt and Reichenbach, 1987). The sparseness of
channels limits the influx of K+ into Miiller cells and restricts
the total amount of K+ that can be transferred by the siphoning
process.
However, influx of K+ into Miiller cells is controlled by channel conductance as well as by channel density. As we have seen,
the ensemble conductance of inward-rectifying
K+ channels is
a function of both voltage and [K+],. As described in the following paragraphs, the voltage- and [K+],-dependent properties
of these channels result in an increase in channel conductance
in regions where [K+], is raised.
The increase in inward-rectifying
channel conductance is best
analyzed by considering the Z-V plots of the archetypic Miiller
cell bathed in 2.5, 4, 7, and 12 mM K+ (Fig. 12, thick lines).
The resting membrane potential of the cell in 2.5 mM K+ is
approximately - 92 mV. The membrane conductance of the cell
in 2.5 mM K+ is given by the slope conductance (thin line) of
the 2.5 mM Z-V plot at the cell resting potential. The conductance is 106 nS.
Let us now consider the conductance of a small region of nonendfoot membrane that is exposed to 4 mM K+ (generated by
the activity of neighboring neurons). If we assume that the region
of increased [K+], is restricted, the cell resting potential will
remain at -92 mV. Under these conditions, the conductance
of the region of membrane experiencing the 4 mM K+ is given
by the chord conductance of the 4 mM Z-V plot at -92 mV.
This conductance equals 157 nS. Similar calculations can be
made for [K+], increases to 7 mM and to 12 mM, and yield chord
conductances of 245 nS and 366 nS, respectively. When expressed as a ratio, the membrane conductance in 2.5, 4, 7, and
12 mM K+ varies as 1:1.49:2.31:3.46.
These conductance increases have an important bearing on
the regulation of K+ by Miiller cells. An increase in membrane
conductance in regions of raised [K+], will augment the influx
of K+ into Miiller cells in these regions. Increased K+ influx, in
turn, will lead to enhanced transfer of K+ by the siphoning
process and to better regulation of [K+],. Note that a rise in
membrane conductance occurs only in regions where [K+], is
raised. Thus, K+ efflux during the siphoning process will continue to be localized to the cell endfoot.
Potassium clearance in the retina
The precise degree to which increased [K+], augments K+ siphoning currents is difficult to assess. The increases in cell mem-

5
Time (s)

10

fusionthroughextracellularspace(dotted lines).Clearance occurs most rap-

idiy for K+ siphoning
rectifying channels.

with inward-

brane conductancecalculated above assumethat the Miiller cell
membranepotential doesnot changewhen [K+], is raised. It is
well known, however, that light-evoked [K+], increasesin the
retina do depolarize Miiller cells(by a few millivolts) (Karwoski
and Proenza, 1977). Thus, actual increasesin membrane conductance will be somewhatlessthan those calculated above.
In light of this and other complicating factors, I have chosen
to evaluate the effect of inward-rectifying channels on K+ siphoning by usinga model of K+ dynamics in the retina (Odette
and Newman, 1988).The model simulatesthe regulation of K+
by a siphoning current flow in Miiller cells. Miiller cell K+
conductance is specifiedin the model, either as an ohmic conductance or as an inward-rectifying conductance described by
Equation 10. Miiller cell depolarization due to [K+], increases
is simulated in the model, as is diffusion of K+ through extracellular spaceand the releaseof K+ from active neurons.
The model was used to simulate the clearanceof K+ from
the amphibian retina following a simple step change in [Kf],.
Potassiumconcentration wasinitially setto 2.5 mM throughout
the retina and in the vitreous humor. At time = 0, [K+], was
raisedinstantaneouslywithin the inner plexiform layer, a region
extending from 45 pm to 95 Km beneath the vitreal surface of
the retina. Clearanceof this [K+], increasefrom the inner plexiform layer (measuredat a depth of 70 pm) was then followed
in time. Two simulations were run, with [K+], in the inner
plexiform layer raised from 2.5 mM either to 3.5 mM (Fig. 13A)
or to 12 mM (Fig. 13B).
Three distinct clearance mechanismswere analyzed in the
simulations: (1) clearancevia K+ siphoning with inward-rectifying Miiller cell channels(Fig. 13, continuous lines), (2) clearance via K+ siphoning with ohmic Miiller cell channels (Fig.
13, dashed lines), and (3) clearance via K+ diffusion through
extracellular space(Fig. 13, dotted lines). The effect of each of
thesebuffering mechanismson clearanceof the [K+], increase
was analyzed independently of the other two.
The simulations demonstratethat K+ clearanceoccurs most
rapidly for K+ siphoningwith inward-rectifying channels,somewhat slowerfor K+ siphoningwith ohmic channels,and slowest
of all for simplediffusion. The enhancementof the K+ siphoning
processby inward-rectifying channels is far more pronounced
for a [K+], increaseto 12 mM (Fig. 13B) than for an increase
to 3.5 mM (Fig. 13A). This is expected since the increase in
inward-rectifying channelconductanceis greaterfor larger [K+],
increases.
The simulations can be analyzed by determining the time
taken to reduce the [K+], increaseto one-half its initial value.
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For a K+ increase to 3.5 mM (Fig. 13A) the one-half clearance
time is 2.42 set for siphoning with inward-rectifying
channels,
2.87 set for siphoning with ohmic channels, and 6.66 set for
diffusion. Corresponding one-half clearance times for an increase to 12 mM (Fig. 13B) are 2.32 set, 5.08 set, and 6.66 sec.
Thus, inward-rectifying
channels augment K+ siphoning moderately for a 1 mM K+ increase (a 16% decrease in one-half
clearance time), but enhance K+ siphoning substantially for a
9.5 mM K+ increase (a 54% decrease in the one-half clearance
time).
The enhancement of K+ siphoning by inward-rectifying
K+
channels can also be assessed by examining the initial clearance
rates (the slope of the plots at time = 0). For the K+ increase
to 3.5 mrq the initial clearance rates are 0.28 and 0.23 mM/sec
for inward-rectifying
and ohmic K+ channels, respectively. Corresponding clearance rates for 12 mM K+ are 2.82 and 1.19 mM/
sec. Thus, the clearance rate is enhanced 23% for a 1 mM K+
increase and 137% for a 9.5 mM increase.
The simulations demonstrate that inward-rectifying
channels
enhance the K+ siphoning process in Miiller cells in response
to activity-dependent increases in [K+],. This results in better
regulation of [K+], in the retina than would be possible if the
K+ channels of Miiller cells were ohmic.
Light-evoked [K+], increases in the retina rarely exceed 1 mM
(Karwoski and Proenza, 1980; Dick and Miller, 1985). Thus,
K+ siphoning is, most likely, enhanced only moderately by Miiller
cell inward-rectifying
channels. However, even a 20% or 30%
increase in clearance rate may play an important role in maintaining proper retinal function. [Retinal [K+], can increase to
30-50 mM during experimentally induced spreading depression
episodes (Mori et al., 1976; do Carmo and Martins-Ferreira,
1984).Unlike the cerebralcortex, however, it is not clear whether spreadingdepressionoccurs naturally in the in vivo retina.]
The situation is different in the brain (Somjen, 1979; Sykova,
1983). As in the retina, sensory stimulation results in modest
[K+], increases,rarely exceeding 1 mM (Kelly and Van Essen,
1974; Singer and Lux, 1975). However, [K+], can rise dramatically under pathological conditions. Potassium concentration
increasesto 8-12 mM during epileptic discharges(Lux, 1974;
Lothman et al., 1975) and rises to 30-80 mM during episodes
of spreadingdepression(Lothman et al., 1975; Nicholson et al.,
1978). Like Miiller cells, astrocytes (and perhaps oligodendrocytes) regulate [K+], variations by a spatial buffering and/or K*
siphoning

process (Orkand

et al., 1966; Gardner-Medwin,

1983,

1986; Newman, 1986; Dietzel et al., 1989). Potassiumcurrents
in thesecellsare likely carried by inward-rectifying K+ channels
(Barres, 1991). The voltage- and K+-dependent properties of
these channels could substantially enhance the K+ buffering
function of ghal cells in the brain.
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