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ABSTRACT Glial modulation of synaptic transmission and neuronal excitability in

the mammalian retina is mediated by several mechanisms. Stimulation of glial cells
evokes Ca?" waves, which propagate through the network of retinal astrocytes and
Miiller cells and result in the modulation of the activity of neighboring ganglion cells.
Light-evoked spiking is enhanced in some ganglion cells and depressed in others. A
facilitation or depression of light-evoked excitatory postsynaptic currents is also seen in
ganglion cells following glial stimulation. In addition, stimulation of glial cells evokes a
sustained hyperpolarizing current in ganglion cells which is mediated by ATP release
from Miiller cells and activation of neuronal A, adenosine receptors. Recent studies
reveal that light-evoked activity in retinal neurons results in an increase in the fre-
quency of Ca?" transients in Miiller cells. Thus, there is two-way communication
between neurons and glial cells, suggesting that glia contribute to information process-

ing in the retina. o 2004 Wiley-Liss, Inc.

INTRODUCTION

Glial modulation of synaptic function was initially
described in cocultures of neurons and astrocytes.
These studies demonstrated that neurotransmitters
can evoke Ca®" increases in astrocytes and that trans-
mitters released from astrocytes can modulate synaptic
transmission between neurons (see Araque and Perea
in this issue). More recently, experiments have been
extended from culture to in situ systems, where neu-
ron-glia interactions have been characterized in
greater detail (see Evanko et al., Oliet et al., and Co-
lomar and Robitaille in this issue).

The mammalian retina has proved to be a valuable
preparation for examining neuron-glia interactions in
intact CNS tissue. The isolated retina preparation of-
fers several advantages. The retina can be removed
from the eye and maintained in a chamber in an intact
state. It can be activated by its natural stimulus, light,
as well as by electrical stimulation. The electrical ac-
tivity of ganglion cells, the output neurons of the ret-
ina, can be monitored with both extracellular and in-
tracellular recordings. Notably, retinal glial cells form
a two-dimensional network at the retinal surface,
where their Ca?* activity as well as their electrical
responses are easily monitored.

© 2004 Wiley-Liss, Inc.

There are two types of macroglial cells in the mam-
malian retina, astrocytes and Miiller cells (Fig. 1)
(Newman, 2001a; Sarthy and Ripps, 2001). Astrocytes
are restricted to the vitreal surface of the retina, where
they are located largely within the nerve fiber layer.
Muller cells, specialized radial glial cells, extend deep
into the retina. Their endfeet form the inner (vitreal)
border of the retina while their apical processes extend
into the photoreceptor layer. Retinal glial cells are
chemically and electrically coupled together by gap
junctions (Zahs and Newman, 1997; Ceelen et al.,
2001).

GLIA-GLIA COMMUNICATION

Studies of neuron-glia interactions in the retina
have, to date, focused primarily on changes in neuronal
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Fig. 1. Astrocytes and Miiller cells, the two macroglial cells of
the retina, are shown in this schematic of the mammalian retina.
Astrocytes are confined largely to the nerve fiber layer at the
vitreal (inner) border of the retina. Miiller cells, specialized radial
glial cells found only in the retina, span much of the retinal depth,
from the vitreal border to the photoreceptor layer. The principal
neurons of the retina are illustrated, as are the recording and
stimulating electrodes used in experiments to monitor glial cell
modulation of neuronal spiking.

excitability elicited by activation of glial cells. Before
discussing these experiments, it will be useful to de-
scribe the experimental techniques used to activate
retinal glia. The mechanisms by which glial cells com-
municate with each other will also be discussed in this
section.

Glial Ca?* Increases

Application of many neurotransmitters results in a
rise in intracellular Ca2* in both astrocytes and Miiller
cells at the surface of the retina. ATP and the ATP
analog ATPyS are most effective in eliciting Ca®" in-
creases, typically a sustained Ca®" rise in astrocytes
and transient Ca®" increases and oscillations in Miiller
cells (Newman and Zahs, 1997; Newman, 2003). Car-
bachol, phenylephrine, dopamine, thrombin, and lyso-
phosphatidic acid also elicit Ca®* increases, although
these Ca?" responses are normally smaller than those
evoked by ATP (Newman, 2003). Calcium increases in
retinal glial cells are generated by the release of Ca®*
from thapsigargin-sensitive internal stores (Newman
and Zahs, 1997).

Glutamate, even at high concentration (1 mM), is
ineffective in producing Ca®* increases in retinal as-
trocytes and Miiller cells (Newman and Zahs, 1997),
even though it evokes large Ca®" increases in brain
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astrocytes. It is not clear what accounts for the insen-
sitivity of retinal glial cells to glutamate, although
functionally this insensitivity seems reasonable as ex-
tracellular glutamate levels are normally high (~ 10
wM) at the retinal surface in vivo (Dreyer et al., 1996).
Increases in glial Ca®* are also evoked by mechanical
and electrical stimuli applied to single astrocyte so-
mata (Newman and Zahs, 1997).

Glial Ca2%* Waves

Activation of retinal glial cells with chemical, me-
chanical, or electrical stimuli often initiate propagated
Ca?" waves (Newman and Zahs, 1997; Newman,
2001b). These Ca®>" waves travel through both astro-
cytes and Miiller cells, even when the wave is initiated
by stimulating a single astrocyte soma. The Ca?"
waves travel at a velocity of ~ 23 pm/s and up to 180
pm from the site of initiation.

Calcium waves propagate between glial cells in the
retina by two mechanisms, via diffusion of an intra-
cellular messenger through gap junctions and by re-
lease of an extracellular messenger (Newman,
2001b). Several lines of evidence confirm the exis-
tence of these two mechanisms. When an astrocyte
soma is stimulated mechanically, the resulting Ca®"
wave propagates continuously through the processes
of the astrocyte and into adjacent astrocytes. After a
delay of ~ 1 s, the wave also propagates into neigh-
boring Miller cells (Fig. 2A). When glial purinergic
receptors are blocked with suramin or PPADS, or
when apyrase is added to the bath, propagation from
astrocytes to Miller cells is either delayed or blocked
entirely, while propagation between astrocytes is
largely unaffected (Fig. 2B). The purinergic antago-
nists also block Ca?" wave propagation from Miiller
cell to Miller cell when a wave is initiated by stim-
ulating Miiller cells.

These experiments indicate that Ca®" waves are
propagated in part by the release of ATP from glial
cells. This mechanism has been confirmed by imaging
ATP release using the luciferin-luciferase chemilumi-
nescence assay (Newman, 2001b). When a glial Ca?*
wave propagates across the retinal surface, a wave of
ATP release precedes the Ca®>" wave by approximately
1 s (Fig. 20). It is likely that ATP release occurs from
the glial cells as the ATP chemiluminescence signal
persists in the presence of Cd?" (Newman, 2003),
which blocks Ca®*-dependent ATP release from neu-
rons.

When superfusate flows across the retinal surface,
Ca®* wave propagation is asymmetric, as released ATP
is carried by the bath (Fig. 2D). If a purinergic antag-
onist is added to the flowing superfusate, this asym-
metric propagation is eliminated (Fig. 2E), demonstrat-
ing that only ATP (or a related purinergic agonist)
contributes to wave propagation as an extracellular
messenger (Newman, 2001b).



Fig. 2. Propagation of Ca?" waves through astrocytes and Miiller
cells in the rat retina. A: A Ca®" wave propagates through both
astrocytes and Miiller cells following mechanical stimulation of an
astrocyte soma (asterisk). A as well as B, D, and E are pseudocolor
Ca?* ratio images that show Ca®" increases within glial cells. B: In
the presence of 100 pM suramin, a purinergic receptor antagonist,
stimulation of an astrocyte (asterisk) evokes a Ca®* wave that
propagates through several astrocytes but fails to propagate into
neighboring Miiller cells. C: Stimulation of glial cells on the retinal

Taken together, these experiments demonstrate that
Ca®" waves are propagated through glial cells in the
retina by two mechanisms. Propagation between astro-
cytes is mediated largely by diffusion of an intracellu-
lar messenger, most likely IP; (Newman and Zahs,
1997), through gap junctions. Propagation from astro-
cytes to Miiller cells, and from one Miiller cell to others,
is mediated by the release of ATP. ATP release also
contributes to wave propagation between astrocytes.

NEURON-GLIA COMMUNICATION

The experiments described above demonstrate that
mechanical stimulation or experimental application of
neurotransmitters can activate retinal glial cells. An
essential but unanswered question is whether retinal
glial cells are also activated by intrinsic neuronal ac-
tivity, as are glial cells in brain slice preparations (see
Schipke and Kettenmann in this issue). Unpublished
observations by this author indicate that retinal glial
cells are indeed activated by neurons when the retina
is stimulated by light.

In freshly isolated retinas or in the presence of low
levels of ATP (0.5-2 pM), Miiller cells display transient
Ca?" increases that occur at a low frequency (approx-
imately 0.3—0.6 transients/s/100 cells). Stimulation of
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surface evokes ATP release, detected by the luciferin-luciferase
chemiluminescence assay. Five line scans show the spatial pattern
of ATP chemiluminescence at the indicated times after stimulation.
D: Superfusate flow across the retinal surface (from left to right)
causes asymmetric propagation of a Ca?* wave. E: Addition of
suramin eliminates the asymmetry despite continued superfusate
flow. A, B, D, and E reproduced from Newman (2001b); C from
Newman (2003).

the retina with repetitive light flashes significantly
increases the frequency of these Ca®" transients. These
evoked Ca?" transients are most prominent in Miiller
cell endfeet at the retinal surface, but are also observed
in Miiller cell processes in the inner plexiform layer.
The light-evoked increase in Miiller cell Ca®" tran-
sients is blocked by tetrodotoxin (TTX), suggesting that
the increases are generated by the spiking of retinal
ganglion cells. Ganglion cells are the only retinal neu-
rons that consistently generate action potentials, al-
though some amacrine cells also spike (Bloomfield,
1996).

The importance of ganglion cells in mediating the
light-evoked activation of Miiller cells is supported by
experiments in which ganglion cell axons are stimu-
lated electrically. Antidromic activation of ganglion
cells results in an increase in the frequency of Ca®*
transients in Miiller cells that is even larger than the
increase seen during light stimulation. The increase in
glial Ca?"* transients following ganglion cell stimula-
tion is blocked by TTX. The mechanism by which neu-
rons evoke glial Ca®* increases in the retina remains to
be elucidated. Nevertheless, the demonstration of neu-
ron-to-glia communication suggests that glial Ca®*
transients are physiological responses that occur in
vivo.
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Fig. 3. Glial modulation of light-evoked spiking in rat ganglion
cells. Enhancement of neuron spiking (A) and depression of spiking
(B) are illustrated in recordings from two different neurons. A fre-
quency plot of spike activity (top trace) and Ca®" levels within glial
cells adjacent to the neuron (bottom trace) are shown for each trial.
Arrows indicate initiation of the glial Ca®" wave. The bar at the
bottom shows the repetitive light stimulus that evoked neuronal
spiking. Reproduced with modification from Newman and Zahs
(1998).

GLIA-NEURON COMMUNICATION
Direct Modulation: Glial Release of
Transmitters

Modulation of neuron spiking

Stimulated glial cells can modulate the electrical
activity of retinal neurons by several mechanisms,
leading either to an enhancement or to a depression of
neuronal spiking. In one study of glia-neuron interac-
tions, the light-evoked spike activity of ganglion cells
was monitored with extracellular recordings as neigh-
boring glial cells were activated by mechanical stimuli
(Newman and Zahs, 1998). When a glial Ca®>" wave
was initiated and propagated past a ganglion cell, ac-
tion potential generation in that neuron was altered;
57% of the neurons showed a significant change in
spike activity (Fig. 3). Of these, 17% of the neurons
showed an increase in spiking while 83% showed a
decrease. Glial Ca®" waves failed to modulate neuronal
activity if they died out before reaching the neuron.

Inhibitory glial modulation of neuronal spiking may
be Ca%*-dependent as the magnitude of neuronal mod-
ulation was found to be proportional to the amplitude
of the Ca?" increase in neighboring glial cells. In addi-
tion, thapsigargin substantially reduced the magni-
tude of neuronal modulation as well as reducing Ca®*
increases in glial cells.
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The results of pharmacological experiments (New-
man and Zahs, 1998) indicate that several neurotrans-
mitters may be involved in glial modulation of neuro-
nal spiking. Depression of neuronal spiking by glia was
reduced by the AMPA and NMDA glutamate antago-
nists NBQX and D-AP7 as well as by the GABA and
glycine antagonists bicuculline and strychnine.

Modulation of synaptic transmission

Unpublished observations by this author demon-
strate that light-evoked excitatory posysnaptic cur-
rents (EPSCs) recorded from ganglion cells in whole-
cell voltage-clamp experiments are also modulated by
glial cells. In some ganglion cells, EPSCs are facilitated
during a brief period beginning ~ 2 s following glial cell
stimulation and lasting for 10—25 s. In other ganglion
cells, EPSCs are depressed following glial cell activa-
tion. The mechanisms by which glial cells modulate
synaptic transmission in the retina remain to be eluci-
dated.

Inhibition of ganglion cells

In addition to facilitation and depression of synaptic
transmission, glial cells can modulate neuronal activity
in the retina by a third mechanism (Newman, 2003).
When glial cells are activated by agonist application
(ATP, ATPyS, dopamine, thrombin, lysophosphatidic
acid) or by mechanical stimulation, an outward hyper-
polarizing current is evoked in many ganglion cells
(Fig. 4A). This glial-evoked hyperpolarization reduces
the spiking of those neurons with spontaneous activity.
Selective stimulation of either astrocytes or Miiller
cells demonstrates that neuronal inhibition is medi-
ated by Miiller cells; Miller cell activation is both nec-
essary and sufficient to evoke inhibition. The inhibition
is not reduced when synaptic transmission is blocked
with Cd®*, demonstrating that glial inhibition is not
mediated by glial activation of inhibitory interneurons.

Miiller cell inhibition of ganglion cells is mediated by
glial release of ATP, which is rapidly converted by
ectoenzymes to adenosine. Adenosine in turn activates
ganglion cell A, receptors, resulting in an increase in
neuronal K™ conductance. This mechanism of glial in-
hibition of neurons is supported by a number of find-
ings (Newman, 2003). Miiller cell release of ATP into
the inner plexiform layer has been directly imaged
using the luciferin-luciferase chemiluminescence as-
say. In addition, ganglion cell inhibition is reduced by
blockers of the ectoenzymes which convert ATP to
adenosine (Fig. 4B) and inhibition is blocked com-
pletely by the A, receptor antagonist DPCPX (Fig. 4C).
Direct ejection of adenosine onto ganglion cells pro-
duces neuronal inhibition similar to that observed fol-
lowing glial cell stimulation (Fig. 4D).

In summary, glial cells can modulate neuronal activ-
ity in the retina by at least three mechanisms. In some
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Fig. 4. Glial release of ATP inhibits rat ganglion cells. A: Ejection of
ATP~S onto the retinal surface evokes a Ca®" increase in glial cells
and a hyperpolarization (current-clamp recording) and an outward
current (voltage-clamp recording) in a neighboring ganglion cell. B:
Stimulation of glial cells with ATPyS evokes an inhibitory outward
current in a ganglion cell. Addition of AOPCP, an ectonucleotidase
inhibitor that blocks conversion of AMP to adenosine, reduces and

ganglion cells, glial cell activation results in a facilita-
tion of synaptic transmission and to an enhancement of
light-evoked spiking. In other ganglion cells, a depres-
sion of synaptic transmission and a decrease in spiking
is observed. Glial cell activation can also result in the
hyperpolarization of ganglion cells mediated by activa-
tion of A; receptors and the opening of neuronal K*
channels.

Indirect Modulation

Glutamate transport

The types of glial modulation of neurons described
above are mediated by the release of transmitters from
glial cells and the subsequent activation of neuronal
receptors. These mechanisms are forms of direct mod-
ulation of neurons by glia. In addition, glial cells can
modulate neurons in the retina by indirect mecha-
nisms.

The best characterized form of indirect modulation is
mediated by the uptake of glutamate by Miiller cells at
synapses (see Marcaggi and Attwell in this issue). Glu-
tamate transport into glia is well characterized and is
mediated by GLAST (EAAT1) and GLT-1 (EAAT2)
transporters in Miiller cells (Lehre et al., 1997; Eliasof
et al., 1998).

When glutamate transport in the retina is blocked
with the competitive inhibitor L-trans-pyrrolidine-2,4-

slows the time course of the current. The effect is largely reversible. C:
Addition of DPCPX, an A, adenosine receptor antagonist, abolishes
the outward neuronal current evoked by ATPyS stimulation of glial
cells. D: Adenosine ejection evokes a larger, shorter latency current in
a neuron than does ATPyS ejection at the same retinal location.
Reproduced from Newman (2003).

dicarboxylic acid (PDC), both the amplitude and the
duration of ganglion cell EPSCs are increased dramat-
ically (Fig. 5A) (Higgs and Lukasiewicz, 2002). Both
AMPA and NMDA components of the current are en-
hanced. This increase in synaptic transmission is sub-
stantially larger than the enhancement seen when glu-
tamate transport is blocked in other CNS regions (see
Marcaggi and Attwell in this issue). The dominant role
of glutamate transport in shaping synaptic currents in
the retina arises because EPSCs in retinal ganglion
cells normally decay slowly due to sustained release of
glutamate from presynaptic terminals. Diffusion away
from the synaptic cleft is not sufficient to clear released
glutamate, which must be removed by transporters.

It is likely that Miiller cell glutamate transporters,
rather than neuronal transporters, shape synaptic re-
sponses in the retina. Glutamate uptake occurs pri-
marily in glial cells rather than neurons in the CNS
(Rothstein et al., 1996; Bergles and Jahr, 1998). In
addition, when neuronal transport in the retina is
blocked with dihydrokainate (DHK), little change in
synaptic current is observed (Higgs and Lukasiewicz,
2002).

D-serine release

Synaptic currents in the retina may also be modu-
lated by the release of D-serine from glial cells (see
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Fig. 5. Glial modulation of synaptic transmission by glutamate
transport and release of D-serine. A: Inhibition of the glial glutamate
transporter by PDC greatly increases the amplitude and duration of a
light-evoked EPSC recorded from a ganglion cell in the salamander
retina. Both the oN and the OFF components of the light response are
potentiated. B: Addition of D-serine, an NMDA receptor coagonist,

Miller in this issue). Activation of glutamatergic
NMDA receptors requires, in addition to glutamate,
the presence of a coagonist that binds to the glycine
binding site of the receptor. D-serine, rather than gly-
cine, may be the endogenous ligand that binds to this
site (Wolosker et al., 1999; Mothet et al., 2000). In the
retina, glial cells appear to be the primary source of
D-serine (Stevens et al., 2003). D-serine and serine
racemase, the synthesizing enzyme for the amino acid,
are localized to Miiller cells and astrocytes in the ret-
ina. In culture, D-serine is released from astrocytes
when they are stimulated with glutamate (Schell et al.,
1995).

Physiological experiments demonstrate the impor-
tance of D-serine for NMDA transmission in the retina
(Stevens et al., 2003). Addition of D-serine potentiates
light-evoked EPSCs mediated by NMDA receptors and
heightens ganglion cell responses to NMDA ejections
(Fig. 5B), demonstrating that the glycine binding site
of the receptor is not normally saturated. Addition of
D-amino acid oxidase, which degrades D-serine, de-
creases light-evoked EPSCs and reduces responses to
NMDA ejections (Fig. 5C), demonstrating that
D-serine is present in the retina and normally poten-
tiates NMDA transmission.

Regulation of extracellular ion levels

Glia may also modulate synaptic transmission in the
retina through the regulation of extracellular K™ and
H™" levels. Neuronal activity leads to substantial vari-
ations in the concentration of K™ and H* in the extra-
cellular space (Kelly and Van Essen, 1974; Karwoski et
al., 1985; Chesler and Kaila, 1992; Newman, 1995).

potentiates the inward current recorded from a rat ganglion cell in
response to NMDA ejection. C: Addition of D-amino acid-oxidase,
which degrades D-serine, reduces the inward current evoked by
NMDA ejection. A reproduced from Higgs and Lukasiewicz (2002); B
and C from Stevens et al. (2003).

These variations can alter synaptic transmission; K*
increases depolarize synaptic terminals (Raushe et al.,
1990) while H* block presynaptic Ca®>" channels
(Prodhom et al., 1989; Barnes and Bui, 1991) and
NMDA receptors (Traynelis and Cull-Candy, 1990).
Miiller cells play an essential role in regulating extra-
cellular K* and H*' concentrations (Newman, 1995,
1996), thus influencing the effect of these ions on syn-
aptic transmission.

FUTURE DIRECTIONS AND IMPLICATIONS

As summarized in this review, retinal glial cells and
neurons communicate and mutually influence each
other. Neurons signal glial cells, evoking Ca®' in-
creases in Miiller cells when the retina is stimulated
with light. Glial cells in turn signal neurons by several
mechanisms. Miiller cells release ATP into the inner
plexiform layer, activating ganglion cell adenosine re-
ceptors and eliciting neuronal hyperpolarization. Glial
cells also facilitate and depress synaptic transmission
in the retina. Synaptic modulation could be mediated
by the release of ATP from Miiller cells and the activa-
tion of neuronal purine receptors (Cunha, 2001; Zhang
et al., 2003). Alternately, synaptic modulation could be
mediated by the release of glutamate and the activa-
tion of neuronal ionotropic or metabotropic glutamate
receptors, as it is in other CNS systems (Araque et al.,
1998; Kang et al., 1998).

Many important questions concerning glia-neuron
communication in the retina remain to be answered.
How does neuronal activity evoke Ca®* increases in
retinal glial cells? Are light-evoked Ca®" increases
large enough to elicit the release of transmitters from
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glia or to trigger propagated intercellular glial Ca%*
waves? Which transmitters released from glial cells are
responsible for modulating synaptic transmission in
the retina? Do these gliotransmitters act pre- or
postsynaptically? Most importantly, does glial modula-
tion of neuronal activity occur in vivo? Only after these
questions are answered will we be able to assess the
importance of glial cells to information processing in
the retina.
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