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The regulation of extracellular K+ levels, [K+],, in the central nervous system (CNS) 
is essential for the maintenance of neuronal function. Spatial buffering by glial cells 
is believed to play an important role in this process."2 As suggested originally by 
Orkand, Nicholls, and Kuffler,) excess K+ deposited into interstitial space as a result 
of neuronal activity will enter K+-permeable cells in regions of raised [K+],. In order 
to maintain net electrical neutrality, an equal amount of K+ will exit from these cells, 
or from cells electrically coupled to them, in regions where [K+], is lower. The effect 
of this K+-mediated current flow is to transfer K+ from regions where [K'l0 is high 
to regions where [K+], is low. 

Astrocytes, which are almost exclusively permeable to K+4*5 and which form large 
syncytia of cells coupled together by low-resistance gap junctions,6" are thought to 
mediate K+ spatial buffering in the brain. In the vertebrate retina, astrocytes are 
relatively sparse. Instead, the principal glial element is the Miiller cell, a specialized 
radial glial cell that resembles astrocytes in many respects? 

Miiller cells extend from the inner (vitreal) surface of the retina to the outer 
limiting membrane (at the level of the photoreceptor inner segments)? The membrane 
properties of these cells make them ideally suited to regulate [K+], in the retina 
through the process of K+ spatial buffering. As I will demonstrate below, the membrane 
conductance of Muller cells is highly selective for K+. This K+ conductance is not 
distributed uniformly over the cell surface, but rather is concentrated in specific regions 
of the cell. This nonuniform conductance distribution serves to greatly enhance the 
effectiveness of K+ spatial buffering in the retina. Furthermore, Miiller cells possess 
voltage-dependent ion channels that may also function to amplify spatial buffering 
currents. 

K+ SELECTIVITY OF MUUER CELLS 

The efficiency of K+ spatial buffering is limited by the ion selectivity of the cells 
carrying the spatial buffering current. If cells are exclusively permeable to K+, then 
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the K+ influx that occurs at the site of a [K+], increase will be matched by an equal 
K+ efflux in other regions. If, however, the cell is also permeable to C1- or to cations 
other than K+, the K+ influx will be partially neutralized by currents carried by these 
other ions. The K+ efflux needed to balance the current will be smaller and less K+ 
will be transferred by the spatial buffering process. 

I have measured the K+ selectivity of Muller cells in a series of ion-substitution 
experiments made on retinal slices of the frog? Cells were penetrated in their cell 
bodies, in the inner nuclear layer. As shown in FIGURE 1 (filled circles), Muller cells 
depolarized when K+ of the perfusate was raised. The cell membrane potential (E,,,) 
closely followed the K+ equilibrium potential (FIG. 1, straight line) over a wide range, 
deviating only when K+ of the perfusate was below 2.5 mM. 
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FIGURE 1. Miiller cell membrane potential as a function of perfusate [K+]. All data from a 
single cell recorded from a frog retinal slice. The cell is almost exclusively permeable to K+. In 
normal perfusate (filled circles) E, deviates from the K+ equilibrium potential (straight line) 
only when [K+] is lower than 2.5 mM. In Na-free perfusate (open circles), Em follows E, 
faithfully. (From Newman' with permission from Journal of Neuroscience.) 

The ion selectivity of the Miiller cell membrane can be estimated by fitting the 
data points in FIGURE 1 by the Goldman equation, incorporating both K' and Na+ 
permeabilities. An excellent fit was obtained (FIG. 1, curved line) when a K+ : Na+ 
permeability ratio of 490 : 1 was assumed? That the deviation of Em from the K+ 
equilibrium potential was due to a small Na+ conductance was confirmed in a second 
series of ion-substitution experiments. When Na+ was omitted from the perfusate, 
Muller cell Em followed the Kf equilibrium potential, even at low [K+] (FIG. 1, open 
circles). In other experiments: Muller cell Em remained constant when [Cl-] was 
reduced from 91 to 8 mM, demonstrating that the cell was largely impermeable to 
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C1- as well. Taken together, these experiments demonstrate that Muller cells are 
almost exclusively permeable to K+. 

NONUNIFORM K+ CONDUCTANCE DISTRIBUTION OVER THE 
CELL SURFACE 

Experiments conducted during the past decade have suggested that the KC con- 
ductance of Muller cells is not distributed uniformly over the cell surface. Current 
source-density analysis of the b-wave of the electroretinogram @RG)"*" indicated 
that light-evoked current efflux from Muller cells was restricted to the cell's endfoot, 
a Muller cell process lying at the inner border of the retina. This suggested that a 
large fraction of the cell's K+ conductance was localized in the endfoot process.1o A 
similar suggestion was offered by Tomita and his colleages based on their studies of 
field potentials generated during spreading depression  episode^'^^^^ and by intraretinal 
injections of K+.''!l5 

Input Impedance Measurements 

The hypothesis that there is a nonuniform distribution of K+ conductance across 
the Muller cell surface has been tested in a number of ways using intracellular 
recordings from in situ and dissociated amphibian Miiller cells. The most direct test 
of the hypothesis has come from input-impedance measurements on dissociated sal- 
amander Muller cells. 

If a large fraction of the K+ conductance of the Muller cell is localized in the 
endfoot process, then the input resistance of the cell should rise significantly if this 
portion of the cell is removed. This was accomplished experimentally by a simple 
microdissection procedure. When the stalk process of a dissociated salamander Miiller 
cell is cut with a glass needle (FIG. 2), the two cut ends of the stalk often reseal, 
leaving viable cell bodies without endfeet and isolated endfoot processes. 

The input impedance of single dissociated cells was monitored in recordings made 
from the cell body As illustrated in FIGURE 3 (A and B), both the input 
resistance and time constant of the cell increased approximately 20-fold when the 
endfoot process was removed during the microdissection procedure. Cell resistance 
increased from a mean value of 7.9 Mohm to 152 Mohm following endfoot removal 
(No. = 24). This indicates that 95% of the total membrane conductance of the cell 
resides in or near the endfoot process. 

It could be argued that the increase in cell resistance does not reflect the true 
distribution of membrane conductance over the cell surface, but rather is caused by 
mechanical disruption of the cell membrane, or perhaps by a change in the ionic 
composition of the cell cytoplasm. This possibility was tested by measuring the input 
impedance of isolated endfoot processes prepared by the same microdissection pro- 
cedure used to remove the endfoot from the remainder of the cell. 

Recordings made from the endfoot showed that, in contrast to the cell body, input 
resistance did not increase very much when the cell stalk was cut9*I6 (FIG. 3D). (The 
resistance increased from 8 to 15 Mohm, but most of this increase was due to damage 
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FIGURE 2. Photomicrographs of a dissociated salamander Muller cell microdissected with a 
glass needle. (A) Intact cell. (B) 15 seconds after the stalk was cut. (0 Several minutes later. 
This microdissection procedure was employed in order to measure the input impedance of each 
half of the cell independently. Scale bar, 20 pm. (From Newman’ with permission from Joumol 
of Neuroscience.) 

to the endfoot membrane.) In addition, the membrane time constant of isolated endfeet 
was much shorter than that of the intact cell (0.17 versus 0.7 msec; compare FIG. 
3D with 3C), indicating that the endfoot membrane had a larger specific conductance 
than the remainder of the cell. 

K + Ejection Responses 

The nonuniform distribution of conductance across the surface of Muller cells was 
confirmed in a second series of experiments where responses of dissociated salamander 
cells to localized increases in [K+l0 were Muller cell Em was recorded 
from the cell body while focal [K+], increases were generated by pressure-ejecting a 
125 mM KC1 solution from an extracellular pipette positioned against the surface of 
the cell. 

FIGURE 4 shows a series of K+ responses recorded from a dissociated Muller cell. 
When K+ was ejected at the proximal face of the endfoot, a large depolarization was 
recorded (FIG. 4, trace a). When the ejection pipette was moved to the lateral face 
of the endfoot (FIG. 4, trace b; a distance of only 8 pm) the response was decreased 
sevenfold. K+ ejections to the stalk, cell body, and apical end of the cell (FIG. 4, 
traces c, d, and f )  produced responses only 1.4 to 3.7% the proximal endfoot response; 
however, K+ ejected at the neck of the cell (FIG. 4, trace e) produced a response 5 
to 13 times larger than ejections to neighboring regions. 

What do these responses tell us about the distribution of conductance across the 
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Muller cell surface? It can be shown, using an ohmic model of the Muller cell, that 
the amplitude of cell responses to focal K+ ejections is directly proportional to the 
K+ conductance of that portion of the Muller cell membrane experiencing the [K+], 
increase;’ thus, the K +  ejection results confirm that the endfoot process of the cell 
has a much larger K+ conductance than do other cell regions. In addition, the results 
demonstrate that this high conductance is localized primarily to the proximal face of 
the endfoot, that portion of the cell that is directly apposed to the vitreous humor in 
vivo (compare FIG. 4, traces a and b). Quantitatively, the results indicate that the 
specific conductance of different regions of the cell, relative to the proximal endfoot, 
are as follows: proximal face of endfoot, 100%; lateral face of endfoot, 18.4%; stalk, 
1.8%; cell body, 1.6%; neck, 13.0%; apical end, 2.1% (No. = 21). 

A similar series of K+ ejection experiments were conducted on Muller cells in 
situ in retinal slices of the salamander and frog? Intracellular recordings were made 
from Muller cells penetrated in the inner nuclear layer of slices while a 100 mM KCl 
solution was ejected into specific retinal layers. Qualitatively, the responses recorded 
from retinal slices confirmed those obtained from dissociated cells. K+ ejections into 
the nerve fiber layer, that is, onto the endfoot membrane, produced larger cell de- 
polarizations than did K+ ejections in other retinal layers. In addition, in some cells, 
K+ ejections in the outer plexiform layer (the location of the “neck” of the cell) 
produced larger responses than did ejections into adjacent retinal layers. Quantitative 
estimates of specific membrane conductance could not be obtained from retinal slice 
experiments, however, because the dynamics of the spread of K+ from the ejection 
site to the Muller cell surface were not known. 

NONUNIFORM K+ CONDUCTANCE DISTRIBUTION AND 
SPATIAL BUFFERING 

The experiments described above provide convincing evidence that a large fraction 
of the total K+ conductance of Muller cells is confined to the endfoot process. This 
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FIGURE 3. Input impedance measurements of dissociated salamander Muller cells. (A) Response 
of an intact cell to a 1-nA current pulse. (B) Response of the same cell to a 0.1-nA pulse 
following removal of the endfoot process. The cell input resistance and time constant both 
increased approximately 21-fold. (0 Response of an intact cell to a 1-nA pulse, shown at a 
faster sweep speed. (D) Response of an isolated endfoot process to a 1-nA pulse. Input resistance 
rose moderatdy while the time constant decreased. Scale bars, 5 mV. (From Newman’ with 
permission of Journal of Neuroscience.) 
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FIGURE 4. Responses to focal K+ ejections recorded from the cell body of a dissociated 
salamander Miiller cell (shown schematically at left). Ejections were ditected a t  a, proximal 
face of the endfoot (inner limiting membrane); b, lateral face of the endfoot (nerve fiber layer); 
c, stalk (inner plexiform layer); d, cell body (inner nuclear layer); e, neck (outer plexiform layer); 
f, apical end of the cell (rod inner segment layer). Based on these responses., the specific K+ 
conductance of the proximal face of the endfoot of this cell was estimated to be 81 times larger 
than that of the cell body. The neck conductance was approximately 13 times larger than the 
cell body conductance. Scale bar for drawing of cell, 10 pm. 

nonuniform distribution of K+ conductance has important implications for the reg- 
ulation of interstitial K+ levels by Miiller cells. If K+ conductance were distributed 
uniformly over the cell surface, spatial buffering by Muller cells would function to 
redistribute a localized [K+l0 increase across the entire thickness of the retina. This 
is illustrated in FIGURE 5A, which indicates the pattern of K+ fluxes across the Muller 
cell membrane (arrows) following a [K+l0 increase in the inner plexiform layer. In 
this situation, the local [K+l0 increase is attenuated, but only at the expense of raising 
[K’],, in other retinal layers. 

Because K+ conductance is principally localized in the endfoot process of Miiller 
cells, the actual pattern of spatial buffering currents will be quite different. As illustrated 
in FIGURE 5B, almost all of the K+ current entering the Miiller cell from the site of 
[K’],, increase will leave the cell at the proximal face of the endfoot. This K+ will, 
in turn, diffuse directly into the vitreous humor, which will act as a nearly infinite 
K+ sink. This modified form of spatial buffering, which has been termed “K+ si- 
phoning,”” has a distinct advantage over the traditionally envisaged form of K+ 
buffering: excess K+, instead of being transferred to neighboring regions of neural 
tissue, is deposited in the vitreous, where it will not influence retinal activity. Because 
95% of the conductance of Muller cells is localized to the endfoot process, 95% of 
all Kt transferred by Muller cell spatial buffering will leave the cell via the endfoot. 

K+ siphoning by Miiller cells is a powerful mechanism for removing excess K+ 
from the retina. It occurs, however, at a cost. In order to achieve a high-endfoot K+ 
conductance relative to the remainder of the cell, the absolute conductance of most 
of the cell is low (0.14 mS/cm2 versus 31 mS/cm2 for the endfoot?. Computer 
simulations demonstrate that this low specific conductance is the limiting factor in 
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the amount of K+ that can be transferred by K+ siphoning.”.‘* If the conductance 
of the main body of the cell were higher, more K+ would be transferred by K+ 
currents, but a smaller percentage of the K+ would be directed into the vitreous. 

The nonuniform distribution of K+ conductance along the length of the cell body 
of Muller cells may help to counter the effects of the low average conductance of this 
region of the cell. The K+ ejection experiments described above demonstrate that the 
specific conductance of the Muller cell membrane that lies within the outer plexiform 
layer (the neck of dissociated cells) is six to eight times larger than the conductance 
of the cell in neighboring retinal layers. The outer plexiform layer is one of the two 
retinal laminae where light-evoked K+ increases OCCUT.’~ Thus, the conductance of 
the Muller cell membrane is larger in precisely that region where influx of K+ current 
takes place. This specialization of the Muller cell membrane offsets the low average 
conductance of the cell body and will increase the effectiveness of K+ siphoning 
several-fold. 

EXPERIMENTAL DEMONSTRATION OF K+ SIPHONING 

The process of K+ siphoning, which was originally proposed because the endfeet 
of Muller cells were found to have high K+ conductance, has been demonstrated 
experimentally.” The apical end of dissociated salamander Muller cells were exposed 
to increased [K+], by ejection of a 100 mM KC1 solution from an extracellular pipette. 
Efflux of K+ from other regions of the cell was then monitored using a K+-selective 
micropipette (FIG. 6A). Responses of the K+ electrode are shown in FIGURE 6B. A 
large [K+], increase was recorded when the ion-selective pipette was positioned at the 
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FIGURE 5. Diagrams illustrating the process of K+ siphoning by Muller cells in the retina. 
(A) If K+ conductance was distributed uniformly over the cell surface, an increase in [K+l0 in 
the inner plexiform layer would cause a K+ influx into Muller cells in this region (large arrow) 
and a K+ efflux from all other regions of the cell (small arrows). (B) Because most of the 
conductance of the Muller cell is localized to the endfoot process, almost all K+ efflux will 
occur from this region. Excess K+ from the inner plexiform layer will be transferred to the 
vitreous humor rather than to other retinal layers, as in A. 
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FIGURE 6. Experimental demonstration of K+ siphoning. (A) The apical end of a dissociated 
salamander Muller cell was exposed to increased [Kc], by ejecting an 85 mM KC1 solution from 
an ejection pipette. Efflux of K+ from other regions of the cell was monitored with a K+-selective 
micropipette (a through d). (B) Responses recorded from the K+-selective electrode. K+ efflux 
from the cell was only detected at site d, the proximal face of the endfoot. Traces b, c, and d 
are expanded vertically relative to trace a. (From Newman et (11.” with permission from Science.) 

site of K+ ejection (FIG. 6B,a). Much smaller [K’], increases were measured when 
the K+ electrode was moved to the stalk of the cell (FIG. 6B, b and c). These increases 
were generated by diffusion and bulk flow of K+ from the ejection site, as indicated 
by their slower time courses and the decrease in their amplitude with distance. 

When the K+ electrode was positioned against the proximal face of the endfoot 
(FIG. 6B, d), the slow [K+], rise was absent but was replaced by a rapid, transient 
increase. This [K+], increase, which had latencies as short as 4 msec in many cases, 
was due to K+ efflux from the endfoot membrane. These results demonstrate that 
when K+ enters a Muller cell at the site of a [KC], increase, K+ exits from the cell 
primarily from the endfoot process. This is precisely what is expected given the 
distribution of K+ conductance across the surface of the Muller cell membrane. 

VOLTAGE-DEPENDENT ION CHANNELS 

Recent experiments” have demonstrated that, in addition to the voltage-indepen- 
dent K+ conductance of the endfoot, Miiller cells possess four types of voltage- 
dependent ion channels: a Ca” channel, a Ca*+-activated K+ channel, a fast-inac- 
tivating (type A) K+ channel and an inward-rectifying K+ channel. (The voltage- 
dependent Ca2+ channel generates electrically activated ‘‘Ca2+ spikes” when the resting 



NEWMAN: RETINAL GLIAL CELLS mi 

K+ conductance of Muller cells is blocked.? These four channels have been char- 
acterized in voltage-clamp studies on dissociated salamander Muller cells.” As illus- 
trated by their current-voltage (I-v) relationships (FIG. 7), three of these channels 
(the Ca2+ channel, the Ca*+-activated KC channel and the type-A K+ channel) open 
only when the cell is depolarized to -60 mV or less; however, the fourth type of 
channel, the K+ inward rectifier, undergoes large conductance changes near the cell 
resting level. 

The K+ inward rectifying channel is probably of the most importance functionally, 
as it is the only voltage-dependent channel that is open under physiological conditions. 
The properties of this channel are complex (see FIG. 7B). Channel conductance is 
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FIGURE 7. Current-voltage relations of four voltage-dependent currents recorded from disso- 
ciated salamander Muller cells. These plots were obtained from whole-cell voltage clamp ex- 
periments using single, patch electrodes. (A) Inward Ca2+ currents (Ca) and outward CAf+- 
activated K+ currents (a were observed when cells were depolarized to greater than -40 
mV. Type A K+ currents (Kd were observed for depolarizations to greater than -60 mV. (B) 
Inward rectifier K+ currents were recorded from a cell bathed sequentially in 2.5, 16, and 80 
mM K+ perfusate. The dashed line and points a-c in (J3) are included to illustrate changes in 
channel conductance due to a localized [K+], increase. See text for details. (From Newman.? 
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significantly larger when the cell is hyperpolarized than when it is depolarized. In 
addition, the entire I-V relation of the channel shifts to the right when [K+], is raised. 

The influence that inward-rectifying K+ channels have on K+ spatial buffering 
can be appreciated by considering their properties. If [K+], is raised from 2.5 to 16 
mM over a restricted region of the cell surface, for example, the I-V relation of those 
channels exposed to the K+ increase will be shifted to the right (FIG. 7B, curve “16” 
versus curve “2.5”). The [K+], increase will depolarize the cell moderately, to a level 
indicated by the dashed vertical line in FIG. 7B; the high conductance of the Miiller 
cell endfoot has the effect of shunting the membrane potential to near the resting 
level, even for large focal increases in [K+], (see Newmang). The conductance of the 
channels exposed to 16 mM K+ (given by the slope of the I-V curve at point b in 
FIG. 7B), is 4.2 times larger than the conductance at rest (the slope at point a, FIG. 
7B). 

At the same time, the I-V relation of those channels not exposed to the [K+], 
increase remains unchanged (FIG. 7B, curve “2.5”). The conductance of these channels 
will be smaller (by 20%) than at rest, however, because the cell is partially depolarized 
by the [K’l0 increase (compare the slope of the I-V curve at c with the slope at a, 
FIG. 7B). It should be borne in mind that, under physiological conditions, the changes 
in inward-rectifying conductance will probably be less dramatic than those illustrated 
here, as light-evoked increases in retinal [K+], probably do not reach 16 mM.Z’-23 

The example illustrated above suggests that inward-rectifying K+ channels enhance 
the process of K+ spatial buffering in two ways. First, the K+ and voltage-dependent 
properties of the channel lead to an increased membrane conductance in regions 
exposed to [K+], increase. This, in turn, results in a greater influx of K+ into Muller 
cells. Secondly, the voltage-dependent properties of the channel lead to a reduction 
in the membrane conductance in other regions of the cell, reducing the amount of 
K’ that is deposited in neighboring regions of retinal tissue. (Efflux of K+ from the 
endfoot process will not be reduced by cell depolarization as it occurs through 
K+ channels that are largely voltage-independent; E. A. Newman, unpublished 
observations.) 

K+ SIPHONING IN THE BRAIN 

Muller cells are a specialized form of radial glial cell that share many properties 
with astrocytes and radial glia in the brai11.8‘~~ The endfeet of astrocytes and Muller 
cells are homologous. Both terminate on basal laminae. Muller cell endfeet lie against 
the inner limiting membrane next to the vitreous humor while the endfeet of astrocytes 
lie against capillaries and the pial surface of the brain. In both types of cells, high 
densities of orthogonal arrays of intramembranous particles (assemblies) are found on 
those membrane surfaces apposed to the basal laminae.25.26 

It would not be surprising then, to find that the endfeet of astrocyes and radial 
glial cells in the brain, like those of Muller cells, possess high K+ conductance. Such 
a membrane specialization would serve an important role in brain K+ homeostasis. 
K+ spatial buffering currents entering glial cells in regions of increased [K+], would 
be shunted out through their endfoot processes, directly into the blood plasma or the 
cerebrospinal fluid. In the absence of an endfoot specialization, on the other hand, 
excess K+ would be deposited into neighboring neural tissue; thus, the directed flow 
of spatial buffering currents through the endfoot processes, that is, K+ siphoning, 
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would play an important role in enhancing the process of Kf spatial buffering in the 
brain, as it does in the retina. 

K +  Conductance Distribution in Astrocytes 

Recent experiments from my laboratory2' suggest that the endfoot processes of 
astrocytes do, in fact, have high K+ conductance. The experiments were performed 
on freshly dissociated astrocytes of the optic nerve of salamander (Ambystoma), 

FIGURE 8. Responses of a dissociated astrocyte from the optic nerve of salamander to focal 
K+ ejections. A photograph of the cell (with recording electrode attached) is shown at left. K+ 
ejections directed at two of the endfeet of the cell (a and b) produced significantly larger cell 
depolarizations than did ejections directed at the main process of the cell (c and d) and the cell 
soma (e). These results demonstrate that, as in Muller cells, the endfeet of astrocytes have 
significantly greater K+ conductance than other regions of the cell. Scale bar for photograph, 
10 pm. 

prepared by the same enzymatic digestion procedure used to isolate Miiller cells9 As 
illustrated in FIGURE 8, the cells isolated from the optic nerve had one to several 
stout processes radiating from a large cell body. The processes often branched into 
finer extensions that ended in terminal enlargements. These cells were electrically 
inexcitable in control perfusate and were judged to be astrocytes; astrocytes are the 
primary, if not only, type of cell found in the optic nerve of salamanders?' 

The distribution of K+ conductance across the surface of these cells was tested 
by monitoring cell responses to focal K+ ejections. Responses evoked by ejections 
directed at astrocyte endfeet were significantly larger than were responses to ejections 
in other cell regions. This is illustrated in FIGURE 8, where the K+ responses of two 
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of the endfeet of an astrocyte (traces a and b) were 3 to 11 times larger than were 
the responses of the main process of the cell (traces c and d) and the cell body (trace 
e). These results demonstrate that, as in Muller cells, a large fraction of the K+ 
conductance of astrocytes is localized in their endfeet. 

SUMMARY 

Electrophysiological experiments, obtained primarily from dissociated salamander 
cells, demonstrate that the K+ conductance of Muller cells is distributed in a highly 
nonuniform manner over the cell surface. A large fraction of the total cell conductance 
is localized to that portion of the endfoot process that faces the vitreous humor. Along 
the remainder of the cell, specific K+ conductance is larger in the outer plexiform 
layer than in neighboring regions. High-endfoot conductance directs K+ spatial buff- 
ering currents preferentially through the endfoot process, leading to an efficient form 
of spatial buffering termed K+ siphoning. Preliminary experiments suggest that the 
endfeet of astrocytes also have high K+ conductance. 
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DISCUSSION 

E. E. NATTIE (Dartmouth MedicuZSchooZ, Hunover, NH):  How does the potassium 
cycle back into the plexiform cells? 

E. A. NEWMAN (Eye Research Institute of Retina Foundation, Boston, MA): One 
of the main questions regarding the mechanism of potassium movement into the 
vitreous or into the blood or the CSF is: How do you get it back? I am assuming a 
completely passive model, and when potassium levels in the retina or  the brain are 
reduced again by uptake of Kf into neurons, then the system will work in reverse, 
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and it will behave symmetrically so that potassium can flow back into the retina or 
the brain. 

N. J. ABBOTT (King’s College, London): This comment relates to invertebrates. 
If the blood-brain barrier is actually formed by glial cells in many of these invertebrates 
so that the glial cells line the blood vessel, then your potassium would move directly 
into the blood. In animals where the endothelium forms the barrier and glial endfeet 
terminate there, it actually gives you better control, I think, because you can dump 
potassium into this glial region or space between glia and barrier that is in contact 
with CSF. Then you wouldn’t necessarily lose all that potassium into the blood so 
you could get it back again quickly after a transient rise. So there may be some merit 
in separating the barrier from the glial process. 

NEWMAN: But in case of glia at the level of the capillaries this space, if there is 
any, would be relatively small. This region couldn’t function as a good storage site 
for potassium. So if there’s any siphoning to this region, it would have to be pumped 
into the capillary, or it would quickly be saturated. 

ABBOTT: There’s quite good evidence that this space, although small, is in con- 
tinuity with the CSF and the subarachnoid spaces. 

C. NICHOLSON: As you know, in many lower vertebrates, lizards and turtles for 
example, the principal type of glia seems to be long ependymal cells that span the 
distance between the surface membranes of the brain and the ventricles. They are 
sometimes a millimeter long, which is five times the length of the Muller cell and 
often very fine in geometry. Do you think that these cells have enough capacity to 
carry potassium over long distances? 

NEWMAN: If these radial glial cells have the very fine processes that they appear 
to have, then I don’t think that influx into these processes in the middle of a brain 
would make its way out to the extremities. I think the space constant of the cell 
would be too short, and it would not work efficiently. There would have to be other 
potassium transport mechanisms in that case. 

A. R. GARDNER-MEDWIN (University College London, London, England): The 
nonlinear properties of the membrane channel that we’re talking about, the inward 
rectifier, are particularly useful in buffering. Can you give us any data about the voltage 
level at which this channel is turned on and where you think it would be relevant; 
in changing light levels, for example? 

NEWMAN: I’ve made one estimate of the change in conductance. If you have an 
increase in extracellular potassium from 2.5 mM to 16 mM, which is not quite 
physiological, the conductance of the membrane exposed to the potassium increase 
will be 4.2 times greater than the conductance of the region not exposed, so it’s a 
very significant change in potassium conductance. It certainly will be smaller than 
that in the retina because potassium doesn’t go up to 16 mM, but it will be significant. 
The inward rectifier I-V curve has its greatest change in slope centered at the resting 
potential of the cell, so that for any excursion in the membrane potential or changes 
in potassium, you get a change in conductance. 


