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Muller cells, the principal glial cells of the retina, exhibit a high degree of functional and morphological
polarization. An inward rectifying K+ channel, the dominant ion channel in Miller cells, is localized prefer-
entially to cell endfeet, which terminate on the vitreal surface of the retina and on blood vessels. Two acid/
base transport systems, an Nat*/HCO,~ cotransporter and a CI-/HCO,~ anion exchanger, also are localized
preferentially to the endfeet. These functional specializations facilitate the ability of Miller cells to regulate
extracellular ion levels in the retina. Miller cells regulate extracellular K* levels by transporting K+ away
from the neural retina to the vitreous humor and the subretinal space. Miller cells may also regulate retinal
CO, and pH by the combined action of cell carbonic anhydrase and acid/base transporters localized to the
endfeet, and they may control blood flow by the depolarization-induced release of potassium and protons from
cell endfeet onto blood vessels. The physiology of ion transport in CNS astrocytes is not understood as well
as it is in Maller cells. The presence of inward rectifying K* channels and acid/base transporters in astrocytes,
however, suggests that these cells may utilize mechanisms similar to those of Miller cells in regulating the

extracellular microenvironment and in controlling blood flow. The Neuroscientist 2:109-117, 1996
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Neuronal activity leads to substantial variations in the
extracellular concentration of several ions within the
CNS, including K* and H* (1, 2). These changes, in
turn, can modulate subsequent neuronal behavior. Activ-
ity-induced increases in extracellular K* concentration
([K*],) depolarize neurons and modulate neuronal ex-
citability and synaptic transmission (3). Increases in ex-
tracellular H* concentration ([H*],) block a variety of
ion channels and ligand-gated receptors, leading to re-
duced neuronal excitability (4, 5). These effects can be
substantial. In the retina, for instance, a decrease in ex-
tracellular pH (pH,) of only 0.05 pH units reduces syn-
aptic transmission between photoreceptors and second
order neurons by 24% (4).

Glial cells play an essential role in muffling (6) activ-
ity-dependent changes in extracellular ion concentra-
tions. Glial cells in the brain regulate [K*], in several
ways. Potassium released from active neurons is re-
moved from extracellular space by uptake into glial cells
and by the transport of K* through glia to sites distant
from the initial [K*], increase (1). Glial cells also pos-
sess several acid/base transport systems that can alter
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pH,. Recent evidence suggests that these cells generate,
and perhaps regulate, [H*], variations (7, 8).

The case for glial cell regulation of extracellular ion
levels is particularly strong in the retina, where a spe-
cialized glial cell, the Miiller cell, has been extensively
characterized. The accessibility of the retina to experi-
mental manipulation and the ease of studying Miiller cells
in isolation have made the retinal glial cell preparation an
ideal model system for characterizing the mechanisms by
which glia regulate the neuronal microenvironment. This
article will review the mechanisms by which Miiller cells
control extracellular K+ and pH in the retina.

Retinal Miiller Cells

Unlike other CNS regions, the retina is largely devoid
of astrocytes and oligodendrocytes, the principal glial
cells of the brain. Instead, the predominant glial cell is
the Miiller cell, a distinctive type of glia found exclu-
sively in the retina. The Miiller cell is a radial glial cell
that spans the entire neural retina, from the inner limiting
membrane at the vitreal border, to the photoreceptors in
the distal retina.

The Miiller cell has a distinctive polarized morphology
that resembles the morphology of epithelial cells in many
ways (Fig. 1). The distal end of the Miiller cell contains
fine microvillar extensions that project into the subretinal
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Fig. 1. Drawing of a Muller cell (M, shaded blue) of the vascu-
larized mammalian retina with associated retinal neurons. An
endfoot of the Muller cell (EF) terminates at the inner retinal
border, adjacent to the vitreous humor. Additional endfeet ter-
minate on capillaries (CAP). The photoreceptor end of the cell
is covered with microvilli (MV), which project into the subretinal
space surrounding photoreceptors. The Mdller cell soma (M)
lies in the inner nuclear layer. Neurons in the drawing include
rod (R) and cone (C) photoreceptors; and horizontal (H), bipo-
lar (B), amacrine (A), and ganglion (G) cells. Drawing courtesy
of Andreas Reichenbach.

space surrounding photoreceptors. The proximal end of
the cell forms the endfoot, a structure adjacent to a basal
lamina (the inner limiting membrane) that separates the
retina from the vitreous humor. Both the distal microvilli
and the proximal endfoot resemble features typical of ep-
ithelial cells. The distal microvilli are analogous to the
apical microvilli of epithelial cells, while the endfoot cor-

responds to the epithelial cell basal surface. Amphibian
(but probably not mammalian) Miiller cells are coupled
by gap junctions, as are epithelial cells. Unlike epithelia,
however, Miiller cells are not linked by tight junctions
and do not form a high resistance barrier.

The morphology of the Miller cell is more complex
in mammalian species possessing vascularized retinas.
In these species, the Miiller cell processes additional
endfeet bounded by basal laminae. These endfeet contact
retinal blood vessels, both at the vitreal surface of the
retina and within the inner nuclear layer. They are ho-
mologous to the endfeet of astrocytes that contact blood
vessels in other regions of the CNS.

Miiller cells are functionally as well as morphologi-
cally polarized, and have several types of ion channels
and transport systems localized to specific cell regions.
Potassium channels are localized preferentially to cell
endfeet, as are certain acid/base transporters. Other sur-
face molecules, including an Na*/K* ATPase (9), a glu-
tamate uptake carrier (10), lectin-binding glycoproteins
(11), and cell adhesion glycoprotein CD44 (12), are also
localized to specific areas on the Miiller cell surface. In
addition, orthogonal arrays of particles, assemblies of
plasmalemmal particles characteristic of astrocytes and
astrocyte-like cells (13), are strongly localized to cell
endfeet terminating on the inner limiting membrane and
on blood vessels (14).

In the following sections, we will consider how the
functional polarization of the Miiller cell facilitates the
regulation of the retinal microenvironment. In particular,
we will focus on the properties of K* channels and acid/
base transport systems and the role they play in Miiller
cell regulation of [K'], and pH,. Other reviews of
Miiller cells (1, 15) provide a comprehensive description
of the properties and functions of these cells.

Inward Rectifying Potassium Channels

One physiological characteristic that distinguishes glial
cells from neurons is their high conductance to K*. Al-
though Miiller cells possess a full complement of volt-
age-gated channels, including Ca?*, Ca?*-activated K+,
A-type K*, and Na* channels (16, 17), most channels
on the cell surface are inward rectifying K* channels
(18-20). In Miiller cells, as in other cells, these inward
rectifying channels conduct best when the cell mem-
brane potential is more negative than the K+ equilibrium
potential. Inward rectifying channels are responsible for
the high conductance of Miiller cells to K* at the resting
membrane potential.

Channel Properties

The inward rectifying K* channel of amphibian and
mammalian Miiller cells has been characterized in whole-
cell and single-channel voltage-clamp experiments. Its
current-voltage relation is strongly rectifying (18-20). The
channel has a conductance of ~30 pS in high [K*], and
is blocked by micromolar concentrations of extracellular
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Fig. 2. Inward rectifying K+ channels constitute the dominant
conductance of Miiller cells and, in amphibian species, are lo-
calized to the cell endfoot. These two multichannel cell-at-
tached patch-clamp records from dissociated salamander cells
illustrate that both soma and endfoot membranes have inward
rectifying current-voltage properties. The density of inward rec-
tifying channels is far greater on the endfoot, however (note the
difference in the vertical scales). In this example, channel cur-
rent is 62 times greater at the endfoot. (Reproduced with per-
mission from J Neurosci 1993;13:3333-3345.)

Ba?* (19, 20). The conductance of Miiller cell inward
rectifying channels follows the square root [K*], versus
conductance relation seen in the inward rectifying chan-
nels of other systems (18, 19).

The inward rectifying conductance in Miiller cells is
modulated by several substances, including glutamate,
dopamine, and thrombin, all of which reduce cell con-
ductance (20, 21). These responses are mediated by sev-
eral second messenger systems, including intracellular
Ca?* and cAMP.

Channel Localization

Miiller cell inward rectifying channels are not distributed
uniformly over the cell surface but are localized to spe-
cific cell regions. This striking feature is most prominent
in amphibians, where ~90% of all Miiller cell K* chan-
nels are localized at or near the basal membrane of the
cell endfoot (22).

Channel localization has been studied using several
techniques. Raising [K*], locally by focal ejections of K+
onto the cell surface results in cell depolarizations pro-
portional to the local value of membrane conductance. In
amphibian cells, K* ejections onto the endfoot, and par-
ticularly onto the basal membrane of this structure, evoke
much larger depolarizations than do ejections onto other
cell regions (22, 23). Cell-attached patch-clamp record-
ings of inward rectifying channel currents produce similar
results. Multichannel recordings from endfoot patches
yield currents 38 times as large as currents recorded from
the soma (Fig. 2) (19). Indeed, cell-attached recordings
from the endfoot show that an extremely high density of
channels is localized to the basal membrane. Multichannel
currents as large as 890 pA (corresponding to 320 chan-
nels per patch) have been recorded (19).

The distribution of Miiller cell K* channels in mam-
mals is more complex. In cells from vascularized mam-

malian retinas, a high density of K* channels is found in
several cell regions, including the endfoot, the soma, and,
in the cat, the apical end of the cell (23). In the monkey,
the density is highest near the soma region, where K*
channels are probably localized to cell endfeet that ter-
minate on blood vessels in the inner nuclear layer (23).

Regulation of Extracellular Potassium

Neuronal activity generates substantial increases in [K™],
(1). In the brain, natural sensory stimuli increase the rest-
ing [K*], of ~3 mM by up to 1 mM (24). In the retina,
light stimulation results in [K*], increases of up to 1
mM in the synaptic layers and decreases of 2 to 3 mM
in the subretinal space surrounding the photoreceptors
(which hyperpolarize when stimulated) (25, 26). Under
intense electrical stimulation or pathological conditions,
such as epileptic activity, [K*], in the brain can approach
12 mM (27).

Glial cells remove excess K* released into extracel-
Iular space by several mechanisms. Net K+ influx into
glia occurs by both passive (K* and Cl- influx) and
active (Na*/K* ATPase) uptake processes (1). Glia also
transfer K* from sites of neuronal release by a “‘spatial
buffer’”” mechanism (28)—excess K* flows into glial
cells and generates a cell depolarization that drives out
an equal amount of K* from other cell regions. This K*
current results in the transfer of K* from regions where
[K*], is high to regions where [K*], is lower.

Miiller cells remove excess K* from the neural retina
by a specialized form of the spatial buffer mechanism
termed ‘‘K* siphoning” (29) (see Box 1). When [K*],
rises within the retina because of light-evoked neural
activity, excess K* enters Miller cells. This K* influx
drives out an equal amount of K* from other regions of
the cell. Potassium efflux will be greatest in regions with
high K* conductance or regions adjacent to low [K*],.
In amphibian Miiller cells, efflux occurs, in large part,
from the cell endfoot, where most K* channels are lo-
calized (29, 30). The K* released from the endfoot dif-
fuses into the adjacent vitreous humor, which functions
as an efficient sink.

Both inward and outward K* siphoning currents pass
through Miiller cell inward rectifying channels. The volt-
age- and K*-dependent properties of this channel en-
hance the clearance of K+ from the retina. When [K*], is
raised, channel conductance increases (19, 20). Thus, cell
membrane conductance and K* currents will be enhanced
in regions where [K*], is elevated. Computer simulations
indicate that the properties of inward rectifying channels,
compared with those of ohmic channels, lead to a 23%
enhancement of the K* siphoning clearance rate when
[K*], rises from 2.5 to 3.5 mM (19). The enhancement is
increased to 137% when [K*], rises from 2.5 to 12 mM.

Potassium siphoning is a key mechanism for regulat-
ing retinal [K*],. Light stimulation resuits in a [K*],
increase in the vitreous humor near the retinal surface,
as measured using K+*-selective microelectrodes (30,
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Box 1: Regulation of Extracellular Potas-
sium by Miiller Cell Potassium Siphoning

Efflux of K* from active neurons generates in-
creases in [K*], that must be muffled to maintain
normal neuronal function. In the retina, most K+ is
released within the second synaptic layer, the inner
plexiform layer. A substantial fraction of this K+
is removed from extracellular space by a current
flow through Miiller cells. The excess K* enters
Miiller cells, depolarizes the cells, and drives out
an equal amount of K* from other cell regions. In
Miiller cells of vascularized mammalian retinas
(Fig. 3), K* efflux occurs from several regions with
a high density of K* channels: 1) the endfoot at the
inner border of the retina, where released K*
dif8fuses into the vitreous humor; 2) the apical end
of the cell, where K* diffuses into the subretinal
space; and 3) the endfeet terminating on blood ves-
sels. In the subretinal space, light stimulation evokes
a [K*], decrease that increases the driving force for
K* efflux from the apical microvilli of Miller cells.
The release of K* onto blood vessels may partici-
pate in the control of retinal blood flow (Box 3).
When [K*], in the retina is reduced to normal levels,
K* is returned to neurons by a reversal of the K*
current flow. The directed flow of K* current
through high conductance regions of Miiller cells is
termed ‘‘K* siphoning’ (29). It is a specialized
form of the ‘‘K* spatial buffering’’ process (28).
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Fig. 3. Potassium siphoning in the mammalian retina.
Heavy arrows, K- fluxes into and out of Mlller cells; V,, cell
membrane potential; /PL, inner plexiform layer; SRS, sub-
retinal space. The apical end of the Miiller cell is at the top.
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Fig. 4. Potassium siphoning through Mdller cells plays an es-
sential role in regulating [K*], in the retina. Light-evoked [K*}],
increases are recorded with a K*-selective microelectrode in
the inner plexiform layer of the cat retina (A). When Miller cell
K+ channels are blocked by the addition of 3 mM Ba?*, the
light-evoked [K*], increase more than triples in amplitude. The
light-evoked [K*], decrease in the subretinal space (B) more
than quadruples when Ba?* is added. The scale bar, 0.5 mV,
represents ~0.1 mM [K*],. (Modified and reproduced with per-
mission from J Neurophysiol 1992;67:1201-1212.)

31). This vitreal [K*], increase is generated by a Miiller
cell K* siphoning current because the increase is nearly
abolished when Miiller cell K* channels are blocked by
Ba?*. Measurements of [K*], in the inner synaptic (plex-
iform) layer of the retina demonstrate the importance of
this K* clearance mechanism. In amphibia, light-evoked
[K+], increases more than double (31), and in cats, more
than triple (32) when siphoning currents are blocked by
Ba? (Fig. 4A).

In addition to the K* efflux from the endfoot, K* is
also directed out of the apical end of Miiller cells into
the adjacent subretinal space. Potassium efflux from the
apical end of Miiller cells occurs for two reasons: 1) a
light-evoked [K*], decrease in the subretinal space, gen-
erated by K* transport into photoreceptors (25, 32),
increases the driving force for K* efflux in this region;
and 2) in mammalian species, particularly in the cat, the
apical end of Miiller cells has a high K* conductance.
Thus, during light stimulation, a fraction of the K* re-
leased from neurons is transferred by a K* current to
the subretinal space (31, 32). This component of the K*
flux not only reduces the [K*], increase within the neural
retina but also minimizes the [K*], decrease in the space
surrounding photoreceptors (Fig. 4B).

As mentioned above, K* conductance in Miiller cells
is modulated by several substances. This suggests that
the efficiency of K* clearance from the retina may be
influenced by its physiological state, as the levels of neu-
rotransmitters, such as glutamate and dopamine, vary.
Potassium clearance may also be altered under patho-
logical conditions, such as when thrombin levels rise
because of a breakdown of the blood-retina barrier (20).
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Fig. 5. Sodium/bicarbonate cotransport is localized to the cell
endfoot in amphibian Miiller cells. Focal increases in extracellu-
lar HCO,-, generated by HCO, ejection (botiom trace), evoke
influxes of Na* and HCO,- and generate the outward currents
seen in these whole-cell voltage-clamp records. Ejection of
HCO," onto the endfoot (A) evokes the largest current, demon-
strating that cotransporters are localized preferentially to this
cell region. (Reproduced with permission from J Neurosci 1991;
11:3972-3983.)

Sodium/Bicarbonate Cotransport

Miiller cells posses several acid/base transport systems,
including an Na*/HCO,~ cotransporter, a Cl-/HCO;~
anion exchanger, and an Na*/H* exchanger. These
transport systems regulate intracellular pH in Miller
cells and may contribute to changes in extracellular pH
in the retina.

Sodium/Bicarbonate Cotransporter Properties

The Miiller cell Na*/HCO,~ cotransporter, like those of
other cells, is electrogenic: a net negative charge is trans-
ferred as 3 HCO,~ are transported along with each Na*
(33, 34). Because the cotransporter is electrogenic, it is
modulated by cell membrane potential. Cell depolariza-
tion favors an influx of Na* and HCO,™ and results in
an intracellular alkalinization.

The Miiller cell Nat/HCO,~ cotransporter has been
characterized in several ways. When isolated Miiller
cells are depolarized by raising [K*],, intracellular pH,
monitored by ratio imaging of the pH indicator dye,
BCECF, becomes more alkaline (35, 36). The alkalini-
zation is HCO, -dependent, Cl--independent, and is in-
hibited by DIDS, a cotransporter blocker. Cotransporter
activity has also been monitored by recording the current
generated when extracellular HCO, ™ is increased. Ejec-
tion of HCO,~ onto Miiller cells leads to an influx of
Na* and HCO,™ and to the generation of an outward
current, as recorded in whole-cell voltage-clamp exper-
iments (34) (Fig. 5).

Activation of the cotransporter generates an extracel-
lular acidification as well as an intracellular alkaliniza-
tion. When local pH, is monitored with a variant of the
ratio imaging technique, a rapid acidification of the bath-
ing solution surrounding dissociated cells is observed
(35, 36) (Fig. 6).

Cotransporter Localization

Sodium/bicarbonate cotransporter sites, like K+ channels,
are localized preferentially to cell endfeet. The cotrans-
porter has been localized in amphibian cells by monitor-
ing currents evoked by local ejection of HCO,~ onto the
cell surface. The largest cotransporter currents are seen
for HCO,~ ejections onto the endfoot (34) (Fig. 5). The
cotransporter has also been localized by monitoring the
location of the extracellular acidification resulting from
cotransporter activation. When the cotransporter is stim-
ulated by raising [K*],, extracellular acidification is
greatest at the cell endfoot (35, 36) (Fig. 6).

Other Acid/Base Transport Systems

The Miiller cell possesses a second HCO,~ transport sys-
tem, a CI~/HCO,” anion exchanger. When Cl~ is re-
moved from the extracellular bathing solution, an
intracellular alkalinization is observed. This alkaliniza-
tion, generated by an efflux of Cl- and the associated
influx of HCO,~, is HCO, -dependent and is inhibited by
DIDS, a blocker of the CI-/HCO,™ anion exchanger (35).

The CI-/HCO,~ exchanger also is localized prefer-
entially to the cell endfoot. Immunohistochemical label-
ing indicates that the amphibian Miiller cell possesses
an anion exchanger expressed from the AE3 gene (37).
Labeling is heaviest at the endfoot, indicating that anion
exchange 1s localized to this cell region.

The Miiller cell possesses the ubiquitous Na*/H* ex-
changer that also plays an important role in regulating
intracellular pH. The recovery of intracellular pH fol-
lowing a Miiller cell acidification is dependent on the
Na*/H* exchanger. The recovery does not occur when
Na* is removed from the extracellular solution and when
amiloride, an Na*/H* exchange blocker, is added (un-
published observations). It is not yet known whether the
Na*/H* exchanger is localized to specific regions of the
Miiller cell or is distributed uniformly over its surface.

Miiller Cell Control of Extracellular pH

Neuronal activity results in a series of extracellular pH
changes. In regions of the brain containing synapses, ac-
tivity often generates a transient alkalinization, followed
by a prolonged acidification (2). The alkalinization is gen-
erated by activation of both glutamatergic and GA-
BAergic receptors (38) while the acidification is produced
by acid and CO, efflux from active neurons (39). In the
retina, a light-evoked extracellular alkalinization domi-
nates in both the photoreceptor and the inner plexiform
(synaptic) layers (40, 41).
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Fig. 6. The Na‘'/HCO, cotransporter generates an extracellular acidification that is localized preferentially to the cell endfoot. Micro-
graph of a dissociated salamander Miiller cell (A). Scale bar, 20 pm. image of extracellular pH beneath the cell, as measured by
imaging of a pH indicator dye fixed to the coverslip (B). The cell Na'/HCO, cotransporter is activated by raising [K*],. The resuiting
Na‘ and HCO," influx into the cell generates an extracellular acidification, which is greatest at the endfoot. The pseudocolor image
is calibrated in pH units (bar at righfy. (Reproduced with permission from J Neurosci 1996;16:159-168).

Glial cells contribute to activity-dependent pH vari-
ations in extracellular space. The glial cells in hippo-
camp»al slices generate an extracellular acidification
when [K~*], is raised (8). This acidification arises from
stimulation of the electrogenic Na*/HCO,” cotrans-
porter. As discussed above, the retinal Miiller cells also
generate a depolarization-induced extracellular acidifi-
cation produced by activation of Na*/HCO,~ cotrans-
port (35, 36).

The glial acidification of extracellular space may serve
an important regulatory function. The extracellular al-
kalinization produced by synaptic activation can result
in a substantial enhancement of synaptic potency (be-
cause of a release from H* block of presynaptic Ca**
channels) (4). The acidification generated by glial cells
will partially counter this alkalinization and result in a
stabilization of synaptic strength. In this way, activity-

dependent acid efflux from glial cells may be viewed as
a component of a negative feedback system limiting neu-
ronal excitability (42).

Miiller cells may play such a pH regulatory role in
the retina. Light-evoked neuronal activity depolarizes
Miiller cells and activates the Na*/HCO,~ cotransporter.
The resulting acid efflux from Miiller cells will reduce
the neuronally generated extracellular alkalinization and
stabilize overall retinal excitability. Although the acidifi-
cation is greatest at the endfeet of Miiller cells, acid efflux
also occurs in other regions, including the synaptic layers.

Regulation of Retinal CO,

The retina is one of the most metabolicdlly active tissues
in the body and produces substantial CO,, which must
be removed efficiently to prevent tissue acidosis. Miller
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Box 2: Regulation of CO, in the Retina

Active neurons generate CQO,, which must be removed
efficiently to prevent acidosis. In the retina, photore-
ceptors are particularly active and produce abundant
CO,. Miiller cells may aid in removing this CO, by
converting it to HCO,~ and H*. Although CO, has a
high diffusion coefficient (1.6 < 10~5 cm? s~') and,
thus, can diffuse away from active neurons rapidly, its
concentration in solution is only 1.3 mM (at pH 7.4).
In contrast, although bicarbonate has a lower diffusion
coefficient (0.9 - 10~5 cm? s™!), it is present at a con-
centration of 26 mM. Net HCO,~ diffusional flux,
thus, is 11-fold higher than that of CO, (45). Conse-
quently, CO, can be removed from a region of neu-
ronal activity more efficiently if it is first converted to
HCO,~. The conversion of CO, to HCO,~ proceeds
by the reaction that is catalyzed by the enzyme CA
(43):

co, + H,0 <S4, H.co, & B + HCO;

Miiller cells, which contain both membrane-bound and
cytoplasmic forms of CA (20, 44), may aid in CO,
removal. The CO, released by photoreceptors is con-
verted to HCO,~ and H*, either within or at the sur-
face of Miiller cells. Bicarbonate and H* (bound to
mobile buffer molecules) then diffuse through the
cells to the endfoot, are converted back to CO,, and
diffuse into the vitreous humor (Fig. 7, path A). This

‘“facilitated’” CO, diffusion (45) may be augmented
by the action of acid/base transporters at the endfoot.
Sodium/bicarbonate cotransport and Na*/H* exchange
will transport HCO,~ and H* from the endfoot into
the vitreous humor, thus reducing the concentration of
these ions at the proximal ends of Miiller cells and
favoring further acid/base diffusion to the endfoot
(Fig. 7, path B). This hypothetical CO, regulatory
mechanism is termed ‘“CO, siphoning’’ (44).

receptors 2

co,

Fig. 7. Transport of CO, in Mdller cells. CA, carbonic anhy-
drase.

cells may participate in this CO, homeostasis process.
These cells, like other glia, possess high levels of car-
bonic anhydrase (CA), an enzyme that catalyzes the re-
versible hydration of CO, to H* and HCO,~ (43, 44).
CA substantially increases the effective diffusion of CO,
in solution by converting it to HCO,~ (see Box 2). In
the retina, the CA activity in Miiller cells enhances the
transfer of CO, from neural tissue to the vitreous humor.

The preferential localization of acid/base transport
systems to Miiller cell endfeet may augment this CO,
transfer and lead to a polarized ‘‘CO, siphoning’’ trans-
port mechanism (44) (Box 2). Following the hydration
of CO,to H* and HCO,™, both ions will diffuse within
Miiller cells to the endfoot, where Na*/HCO,~ cotrans-
porters and, perhaps, C1-/HCO,~ exchangers will trans-
port HCO,~ into the vitreous humor. The activity of both
transporters at the endfoot may establish an HCO,~ gra-
dient within the cell, favoring further diffusion to the
endfoot and transport into the vitreous humor.

Control of Blood Flow

In both the brain and the retina, neuronal activity results
in localized increases in blood flow (46, 47). This vas-
cular response is the signal monitored when activity in

the intact brain is imaged with positron emission to-
mography and functional magnetic resonance imaging.
The neuronal signals that modulate blood flow are not
fully understood. Nitric oxide metabolism is involved
but does not fully account for the vascular responses
observed (48).

In addition to nitric oxide, both K* and H* modulate
vascular smooth muscle tone. [K*], increases lead to ar-
teriole dilation, as does a reduction in extracellular pH
(49). The K* effect arises from stimulation of smooth
muscle Na*/K+ ATPase and the resulting cell hyperpo-
larization (50). The pH, effect may arise from an H*
block of smooth muscle Ca?* channels. Given the (ap-
proximately) fourth power relation between vascular di-
ameter and hydraulic conductance (51), even a small
increase in vessel diameter will lead to a significant in-
crease in blood flow.

Glial cells may participate in the regulation of blood
flow in the CNS (Box 3). The depolarization of glial cells
modulates the extracellular milieu in two important ways:
1) depolarization generates a K* efflux through K+ chan-
nels, resulting in a [K*], increase; and 2) depolarization
generates an HCO,~ influx through the electrogenic Na*/
HCO,~ cotransporter, resulting in an extracellular acidi-
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Box 3: Regulation of Blood Flow by Glial
Cells

Neuronal activity leads to local increases in blood
flow, delivering additional glucose and oxygen to
active cells. Glial cells may partially mediate this
vascular response. Glial cell depolarization result-
ing from neuronal activity leads to an efflux of K+
through K* channels and to an influx of HCO,~
through the electrogenic Na*/HCO,~ cotransporter
(Fig. 8). The resulting rise in [K*], and decrease
in pH, may dilate blood vessels and lead to in-
creased blood flow. In the retina, Miiller cells are
ideally suited to mediate vascular dilation. Both K*
channels and cotransporter sites are localized pref-
erentially to Miiller cell endfeet, which terminate
directly on blood vessels.

N —"
neuron (

C

— K+ ;

blood vessel

K+
P —

me glial cell
endfoot

pH|

Fig. 8. Glial cell regulation of blood flow. V,, cell mem-
brane potential.

fication. Both K* channels and Na*/HCO,~ cotransporters
are localized to the endfoot in Miiller cells. Because many
Miiller cell endfeet terminate on blood vessels in the
mammalian retina, activity-induced [K'], increases and
extracellular acidifications will be large at vessel walls.

Miiller cells, thus, are ideally suited to modulate blood
flow in response to changes in neuronal activity. Ele-
vated activity leads to an increase in [K*], and [H*], in
the narrow space between cell endfeet and the smooth
muscle cells of vessels. These increases may induce ves-
sel dilation and lead to a local increase in blood flow.
This signaling mechanism would have the further ad-
vantage of being extremely rapid. Communication be-
tween active neurons and the vessels would occur
principally by the electrotonic spread of current through
Miiller cells, rather than by diffusion through intracel-
lular or intercellular pathways.

Astrocytes

Do astrocytes in other regions of the CNS help to reg-
ulate extracellular ion levels as Miiller cells do in the

retina? The evidence suggests that these cells may, in-
deed, help to regulate the neuronal microenvironment.
Astrocytes possess a number of K* channels, including
an inward rectifier channel (52), which help to remove
excess K* from extracellular space. Potassium released
by active neurons is taken up and temporarily seques-
tered in glia by both active and passive uptake processes
(1, 53). In addition, under the appropriate conditions, K+
spatial buffer currents can be induced in networks of glial
cells coupled by gap junctions (54). These currents are
thought to regulate activity-dependent [K*], variations in
a manner similar to that observed in Miiller cells (55).

CNS astrocytes also possess a number of acid/base
transport systems, including an Na*/HCQO,~ cotransporter,
a C17/HCO;~ anion exchanger, and an Na*/H* exchanger
(2, 56). The Na*/HCO;~ cotransporter has been shown to
generate extracellular acidification when astrocytes are
depolarized (8). In the CNS of the leech, this glial Na*/
HCO,~ cotransporter muffles a transient extracellular al-
kalinization produced by neuronal activity (57).

Astrocytes in the brain may also regulate blood flow
in response to neuronal activity. The presence of K*
channels and Na*/HCO,~ cotransporters in astrocytes
ensures that both K* and acid will be released from these
cells when they are depolarized by neuronal activity. As
discussed above, increases in [K*], and [H*], result in
vascular dilation and in increased blood flow.

Little is known about the distribution of channels and
transporters over the surface of brain astrocytes. Astro-
cytes are, of course, morphologically polarized. Astro-
cytes possess multiple endfeet, which terminate on brain
vessels and the pial surface and contain high densities
of plasmalemmal orthogonal arrays of particles (13). As-
trocytes, like Miiller cells, may be functionally polar-
ized, as well. Indeed, in amphibian astrocytes isolated
from the optic nerve, K* conductance is localized pref-
erentially to cell endfeet (58). Given the functional and
morphological similarities between astrocytes and
Miiller cells, it is quite possible that astrocytes in the
brain employ mechanisms similar to those of Miiller
cells in regulating the extracellular microenvironment
and in controlling blood flow.
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