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PHYSIOLOGICAL PROPERTIES AND POSSIBLE FUNCTIONS OF MULLER CELLS

ERIC A. NEWMAN
Eye Research Institute of Retina Foundation, Boston, MA 02114 (UsA)

INTRODUCTION

Miiller cells are the principal glial elements of the vertebrate
retina. They are long, radially oriented cells which extend from
the outer limiting membrane, near the photoreceptor inner segments,
to the inner limiting membrane, at +the vitreal border of the

retina1’2.

Their cell bodies lie in the inner nuclear layer. At
the inner limiting membrane, Miiller cell processes are terminated by
endfeet, which form the inner boundary of the retina. Miiller cells
are a specialized type of radial glial cell; they are similar, in
many respects, to astrocytic glial callsj.

In recent years, there has been increasing interest in the
properties and functions of Miiller cells. Traditionally, these
cells were thought to serve as a structural element in the retina
and to support the metabolic functions of retinal neurons. During
the past decade, studies have indicated that Miiller cells may also
be respongible for inactivating a number of neurotransmitters in the
retina, including glutamateA’S, GAB!LS’6 and acetylcholine5. There
have also been suggestions that Miiller cells are involved in the vi-
sual cycle of synthesis and renewal of visual pigment87.

Beginning with the work of Miller and Dowlings, physiological
studies have suggested additional functions for Miiller cells. As
will be discussed below, Miiller cells are now believed to generate
several components of the electroretinogram (ERG), including the b-
wave, the d-wave and the slow PIII response. They are also thought
to participate in the regulation of extracellular K' levels ([K'] )
in the retina.

MEMBRANE PROPERTIES OF MULLER CELLS
Membrane ion selectivity. As in other glial cells, the mem-

brane of Miiller cells is almost exclusively permeable to k*. Ion
substitution experimant39’10 have demonstrated that these cells be-
have as almost perfect K* electrodes: Miiller cell membrane potential
follows the K' equilibrium potential as external [K+] is varied. In
at least one preparationg, the Miiller cell membrane is almost 500
times more permeable to K+ than to Na+.

Presented at The 8th Taniguchi International Symposium on Visual Science, Nov. 25-29, 1985.
0168-0102/86/$03.30 © 1986 Elsevier Scientific Publishers Ireland Ltd.



S210

Non-uniform distribution of K' conductance

Over the past decade, a number of experiments have indicated
that the XK' conductance of Miiller cells is not distributed uniformly
over the cell surface, but rather is concentrated in the cell's end-
foot process. Based on their work on the generation of the spread-

ing depression potential, Mori, Miller and Tomita11’12

suggested
that X* currents arising during spreading depression flowed prefer-
entially through Miiller cell endfeet. I reached a similar conclu-
sion based on current source-density studies of the generation of
the ERG b—wave13'14. These experiments 1indicated that a large
source of b-wave current originated from +the endfoot, suggesting
that Miiller cell endfeet had a higher K+ conductance than the re-
mainder of +the cell. More recently, Tomita and his colleagues have
studied retinal potentials generated by Miiller cells in response to
intraretinal injections of k' (ref. 15-17). These experiments, as
well, support the notion that Miiller cell endfeet have high k" con-
ductance.

Input impedance measurements. I have tested the hypothesis

that there 1s a non-uniform distribution of K+ conductance across
the Miiller cell surface 1in a number of ways. The most direct test
comes from input impedance measurements on dissociated salamander
Miiller 081189’18. The input resistance of dissociated cells, mea-
sured by passing constant current pulses through the recording elec-
trode, was 7.9 Mohms. When the endfoot process of a cell was cut
off by a mierodissection procedure, however, the resistance of the
remainder of the cell rose to 152 Mohms (n=24). The results demon-
strate that 95% of +the total membrane conductance of Miiller cells
lies in or near the endfoot process.

k' ejection responses. The non-uniform distribution of K+ con-

ductance across the Miiller cell surface was confirmed in a second
series of experiments where responses of dissociated cells to focal
x* ejections were monitored9’18’19. A 125 mM KC1l solution was
ejected from an extracellular pipette in order to raise [I(+]o over a
restricted region of the cell surface. As shown in Fig. 1, a Kt
ejection directed towards the proximal face of the endfoot (trace a)
evoked a much larger cell response than did ejections directed to-
wards other cell regions (traces b-f).

It can be shown that the amplitude of a K* response to a focal
& ejection 1is direectly proportional to the K* conductance of that
region of cell membrane experiencing the [K+]o increase’. Thus, the
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Fig. 1. Responses to focal K* ejections recorded from the cell body
of a dissociated salamander Miiller cell (shown schematically at
left). Ejections were directed at: 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 gegment layer). Based on experiments such as
these, the specific K conductance of the proximal face of the end-
foot of Miiller cells was estimated to be 63 times larger than that
of the cell body. The conductance of the neck region was 6 to 8
times larger than the conductance of neiggboring regions. Scale bar
for drawing of cell, 10 pm. From Newman 7.

k* ejection results confirm that the Miiller cell endfoot has a much
larger K* conductance than the remainder of the cell. The results
also demonstrate that 1) almost all of the endfoot conductance is
localized to that region of the endfoot which faces the vitreous hu-
mor in vivo (compare Fig. 1, trace a with trace b), and that 2) the
neck of dissociated cells (that region which lies in the outer plex-
iform layer in situ) has a several-fold larger k' conductance than
neighboring regions of the cell (compare Fig. 1, trace e with traces
¢c,d and f.) Quantitatively, results from K+ ejection experiments
indicate that, relative to +the proximal endfoot, the specific con-
ductance of other regions of the Miiller cell are: proximal face of
endfoot, 100%Z; lateral face of endfoot, 18.4%; stalk, 1.8%; cell
body, 1.6%; neck, 13.0%; apical end, 2.13%.
Voltage-dependent ion channels

Until recently, Miiller cells, 1like other glial cells, were
thought to be electrically passive. During the past two years, how-

ever, voltage-dependent ion channels have been described in a number
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Fig. 2. Current-voltage relations of four voltage-dependent ion
currents recorded from dissociated salamander Miiller cells. These
plots were obtained in whole-cell voltﬁge clamp experiments using
aiﬁgle, patch elgctrodes. (A) Inward Ca“  currents (Ca) and outward
Ca“ -activated K currents (K. ) were observed when cells were depo-
larized to past -40 mV. Tysg—ﬁ K" currents (K,) were observed for
depolarizations past -60 mV. (B) Inward rectify&ng K' currents wer

recorded from a cell Bgthed sequentially in 2.5, 16 and 80 mM K

perfusate. From Newman™ .

of glial cells in primary cultures<°~2%, Miiller cells have similar
voltage-dependent channels. For example, if the resting k¥ conduc-
tance of a Miiller cell is blocked pharmacologically, the cell can
generate action potentials which are based on a voltage-dependent
influx of Gaz+ current23.

I have studied the voltage-dependent behavior of Miiller cells
in a series of voltage clamp studies on dissociated salamander
cells. As illustrated in Fig. 2, four voltage-dependent channels
were found: a Ga2+ channel, a Ga2+—activated K+ channel, a type-A o
channel and an inward rectifying K* channel. Of these four voltage-
dependent channels, the inward rectifying K* channel is probably the
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most important functionally for Miiller cells, as it is the only one
that is open under normal physiological conditions.

POSSIBLE FUNCTIONS OF MULLER CELLS
Generation of the electroretinogram

As suggested by Fabar24 and Miller and Dowlings, several compo-
nents of the ERG are belleved to be generated by Miiller cells. This
'Miiller cell' hypothesis of ERG generation prediects that light-
evoked changes in [K+]° lead to an influx of X' into Miiller cells
and to the generation of a radially directed current flow through

the extracellular space of the retina.
The Miiller cell hypothesis has received much support since it
was originally proposed. 1) Light-evoked responses of Miiller cells

resemble several components of +the ERG, including the b-waves’zs,

the M-vave<® and the slow PIII response®’?7.  2) Light-evoked
changes in [K+]°, which are thought to generate the radial flow of
current through Miiller cells, have been measured with ion-selective
microelectrodes. A large [K+]0 increase is seen in the inner plexi-
form layer while a smaller, transient increase occurs in the outer

plexiform 1ayar27_30.

A [K+]0 decrease, having the time course of
the slow PIII response, occurs at the level of the photoreceptor in-
ner aegment329’31’32. 3) Current source-density snalysis of the ERG
indicates that b—wave13’14’24 and slow PIII24 currents flow through
Miiller cells (see Fig. 3). 4) Computer simulations of ERG currents
in the retina demonstrate +that, at least in principle, the Miiller
cell hypothesis can account for the generation of the ERG b-wave and
the slow PIII reaponaaBj.

High endfoot conductance. The findings that I have presented

above on the membrane properties of Miiller cells have a direct bear-
ing on the generation of the ERG. According to the Miiller cell hy-
pothesis of b-wave generation (summarized in Fig. 3), there is an
influx of K' into Miller cells within the inner and outer plexiform
layers, the sites of light-evoked [K+]0 inerease in the retina.
This influx must be balanced by an equal K' efflux from other re-
gions of the cell. Because 95% of all cell conductance is localized
to the endfoot, most of this current efflux will occur through the
endfoot membrane. The return current pathway through extracellular
space, from the inner surface of +the retina %o the two plexiform
layers, establishes a transretinal voltage which is recorded as the
ERG b-wave.
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Fig. 3. Generation of the ERG b-wave by Miiller cells. The results
of a current source-density analysis of the b-wave (shown at left)
demonstrated that the ERG response is generated by two current sinks
in the inner and outer plexiform layers and by & current §2urce at
the vitreal surface of the retina (data from a frog eyecup ™). The
current sinks arise as K ,current enters the cell in regions of
light-evoked increase in [K' ] _ (indicated by open arrows at right of
£ig); Almost all of this Qurrent exits from the endfoot of the
Miiller cell. This efflux is recorded as a current source. he cur-
rent flow through extracellular space established by these K fluxes
(s0lid lines) generates the b-wave. " This pattern of current flow
also leads to the transfer of excess K from the plexiform layers to
the vitreous humor. M, Miller cell; ggL, outer plexiform layer;
IPL, inner plexiform layer. From Newman” .

In this scheme, the high conductance of the endfoot membrane is
directly responsible for determining +the pathway along which ERG
currents travel within the retina. This pathway, in turn, deter-
mines the magnitude of the ERG potential. Computer simulations
show, for instance, that the Miiller cell produces a b-wave response
which is five times larger than would be generated if the endfoot
membrane had +the same specific K+ conductance as the remainder of
the cel1?3,

Membrane conductance in the outer plexiform layer. Other spe-

cializations of the Miiller cell membrane may also influence the gen-
eration of +the ERG. As described above, that region of the Miiller
cell which lies within the outer plexiform layer has a significantly

larger K* conductance than do neighboring regions of the cell. (K+
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ejection experiments, Fig. 1, suggest that in salamanders, the spe-
cific conductance of the cell in the outer plexiform layer is 7.5
times the cell conductance in the inner plexiform layer.) This im-
plies that a light-evoked xt ] increase in the outer plexiform
layer will give rise to a larger influx of k¥ into Miiller celle, and
thus, to a larger transretinal potential, than will a gimilar [K ]O
increase in the inner plexiform layer.

This phenomenon may help to resolve one of the more important
questions concerning the Miiller cell hypothesis of b-wave generation
(see ref. 30). During b-wave generation, light-evoked [K+]0 in-
creases are much smaller in the outer plexiform layer than they are
in the inner plexiform 1ayer30. Yet, k* current influx into Miiller
cells in the outer plexiform layer is roughly equivalent to the cur-
rent influx in the inner plexiform 1ayer14. This apparent contra-
diction may be explained by regional differences in +the membrane
conductance of Miiller cells; because the membrane conductance is
larger in the outer plexiform layer, a relatively small increase in
[K+]o in this region could give rise to a large current influx.

Inward rectifying gi_ channels. The presence of voltage-

dependent ion channels in Miiller cells will also influence ERG gen-
eration. Under normal physiological conditions, when Miiller cells
are not depolarized by more than 10 or 20 mV, influx of k¥ into
Miiller cells will be carried largely by inward rectifying kt chan-
nels. Because these channels rectify, the magnitude of the current
entering a cell for a given increase in [K+]o will be larger than
the value suggested by the membrane conductance at rest. Based on
the current-voltage relation of the inward rectifying channel (Fig.
2y B), the conductance of a region of membrane exposed to 16 mM
[K ] will be 4.2 times greater than the membrane exposed to resting
(2.5 mM) k' (ref. 23).
Regulation of extracellular K+ levels

k' spatial buffering. 1In 1966, Orkand, Nichols and Kufﬂar34
suggested that astrocytes might aid in the regulation of [K ]
the brain through the process of xt spatial buffering. According to
their hypothesis, xt enters glial cells in regions of tissue where
[K+]o is raised. 1In order to maintain net electrical neutrality, an
equal amount of k' exits from these cells, or from cells electri-
cally coupled to them, in regions remote from the initial [K ]
crease. The net effect of +these current fluxes ia to transfer K
from regions where [K' 1, is high to regions where x? ]O is low.
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Fig. 4. Diagrams illustrating thg process of k" siphoning by Miiller
cells in the retina. (A) If K conductance was,distributed uni-
formly over the cell surface, an increase in [K ] in the inner
plexiform layer would cause g K influx into Miille® 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
Miller cell 1s localized to the endfoot progess, almost all K ef-
flux will occur from this region. Excess K from the inner plexi-
form layer will be transferred to the vitrqgus humor rather than to
other retinal layers, as in A. From Newman ’.

Miiller cells may play a similar regulatory role in the retina.
If K+ conductance were distributed uniformly over the cell surface,
an influx of K' into Miller cells in regions of light-evoked [K+]0
increase would be balanced by an efflux of K* in other retinal lay-
ers. This is 1illustrated in Fig. 4A, which shows the distribution
of k¥ fluxes that would be present following a [K+]0 increase in the
inner plexiform layer. In this case, the original [K+]0 increase is
dissipated, but at the expense of raising [l{+]0 in other regions of
the retina.

Because the XK' conductance of Miiller cells is localized in the
endfoot, the actual distribution of K' fluxes will be quite differ-
ent. As shown in Fig. 4B, almost all of the k" influx into Miiller
cells in the inner plexiform layer will be balanced by an efflux
from the endfoot membrane. The K© exiting from the endfoot will
diffuse directly into the vitreous, which will function as a large
K' sink. This modified form of spatial buffering, termed 'K’ si-
phoning'aﬁ, has a distinct advantage over +the traditionally envi-
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Fig. 5. Experimental demonstration of k* siphoning. (A) The apical
end of a dissociated salamander Miiller cell was exposed to increased
[K'] by aiecting an 85 mM KCl solution from an ejection pipettg.
Eff18x of K from other regions of the cell was monitored with a K -
selective microelectrode (a throygh d). (B) Responses recorded from
the K -selective electrode. K efflux from the cell was only de-
tected at site d, the proximal face of the endfoot. Traces b, ¢ and
d are expandedjgertically relative to trace a. From Newman, Fram-

bach and Odette

sloned process of spatial buffering: excess K+, instead of being
transferred into mneighboring regions of neural tissue, is deposited
in the vitreous, where it will not influence retinal activity.

Demonstration of k" siphoning. The process of - 33 siphoning has
been demonstrated experimentally using dissociated salamander Miiller
cells3?. As illustrated in Fig. 5, the apical (photoreceptor) end
of Miiller cells were exposed to increased [K+]° by pressure ejecting
an 85 mM KCl solution from an extracellular pipette. Efflux of K+
from other regions of the cells was monitored with an ion-selective
microelectrode positioned near the cell surface (Fig. 5A, b through
d). Efflux of K' was only detected at the proximal face of the end-
foot (Fig. 5B, trace d). The results demonstrate that when k' en-
ters a Miiller cell in a region of [K+]O increase, efflux of k* from
the cell occurs prinecipally from the high conductance membrane of
the endfoot.

Membrane specializations and K" siphoning. As observed above,
Miiller cell membrane conductance 1is larger in the outer plexiform
layer than it is in neighboring laminae. This membrane specializa-
tion may have evolved in order to make K" siphoning by Miiller cells
more effective. A larger k* conductance in the region of a [K+]o
increase, such as in the outer plexiform layer, will lead to a
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greater influx of k" into the cell, and thus to better regulation of
[K+]0. At the same time, the K* conductance of the cell membrane in
other retinal layers remains low, ensuring that most excess K+ will
be siphoned into the vitreous humor instead of into retinal tissue.

The voltage- and K+—depandent properties of the inward rectify-
ing K+ channel will have a similar effect on K+ siphoning. The con-
ductance of +the membrane will increase in those regions of the
Miiller cell experiencing [K+]0 increases. This will 1lead to a
greater influx of K+. At the same time, the conductance of the mem-
brane will actually decrease in those regions where [K+]0 does not
risezj, thus reducing the amount of k' that will flow into other
retinal layers.
Relation between K siphoning and ERG generation

The process of Kt siphoning and the generation of the ERG are
closely related phenomena. As is 1llustrated in Fig. 3, the cur-
rents that arise due to the influx of K" into Miiller cells in re-

gions of increased [K+]0 are responsible for the siphoning of Kkt out
through the endfoot and into the vitreous humor. These same cur-
rents, flowing radially through extracellular space, are responsible
for generating components of the ERG. In this respect, the b-wave,
and other ERG components of Miiller cell origin, may be thought of as
epiphenomena, arisin as a consequence of the process of & siphon-

ing by Miller cells>°.

CONCLUSION

During the past few years we have learned that the physiologi-
cal properties of Miiller cells are far more complex than originally
thought. The XK' conductance of these cells is distributed in a
highly non-uniform manner over the cell surface. A large fraction
of the +total cell conductance is localized to that portion of the
endfoot which faces the vitreous humor. Along the remainder of the
cell, the membrane conductance is larger in the outer plexiform
layer than in neighboring laminae. The cell also possesses four
types of voltage-dependent ion channels, including an inward recti-
fying K+ channel. These membrane specializations play an important
role in the generation of ERG components and in the regulation of
[K+]o in the retina.
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