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Calcium Increases in Retinal Glial Cells Evoked by Light-
Induced Neuronal Activity

Eric A. Newman
Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455

Electrical stimulation of neurons in brain slices evokes increases in cytoplasmic Ca** in neighboring astrocytes. The present study tests
whether similar neuron-to-glial signaling occurs in the isolated rat retina in response to light stimulation. Results demonstrate that
Miiller cells, the principal retinal glial cells, generate transient increases in Ca** under constant illumination. A flickering light stimulus
increases the occurrence of these Ca>™ transients. Antidromic activation of ganglion cell axons also increases the generation of Miiller cell
Ca’” transients. The increases in Ca>™ transients evoked by light and antidromic stimulation are blocked by the purinergic antagonist
suramin and by TTX. The addition of adenosine greatly potentiates the response to light, with light ON evoking large Ca®" increases in
Miiller cells. Suramin, apyrase (an ATP-hydrolyzing enzyme), and TTX substantially reduce the adenosine-potentiated response. NMDA,
metabotropic glutamate, GABA, and muscarinic receptor antagonists, in contrast, are mainly ineffective in blocking the response.
Light-evoked Ca®" responses begin in Miiller cell processes within the inner plexiform (synaptic) layer of the retina and then spread into
cell endfeet at the inner retinal surface. These results represent the first demonstration that Ca>* increases in CNS glia can be evoked by
anatural stimulus (light flashes). The results suggest that neuron-to-glia signaling in the retina is mediated by neuronal release of ATP,
most likely from amacrine and/or ganglion cells, and that the response is augmented under pathological conditions when adenosine

levels increase.

Key words: calcium; astrocyte; Miiller cell; glial cell; retina; ATP; adenosine; light response; ganglion cell

Introduction

A bidirectional dialogue takes place between neurons and glial
cells in the CNS. In brain slices, neuron-to-glia signaling has been
observed by a number of laboratories (for review, see Newman,
2003b; Schipke and Kettenmann, 2004). Electrical activation of
neurons results in Ca®" increases in astrocytes, a response medi-
ated by neuronal release of glutamate (Porter and McCarthy,
1996; Pasti et al., 1997), GABA (Kang et al., 1998), or acetylcho-
line (Araque et al., 2002), and activation of metabotropic recep-
tors on glial cells. Glia to neuron signaling has also been observed.
Stimulation of astrocytes results in the release of “gliotransmit-
ters,” primarily glutamate, and modulation of the electrical excit-
ability of neighboring neurons (for review, see Volterra et al.,
2002; Newman, 2003b; Fellin and Carmignoto, 2004; Newman,
2005). This bidirectional communication between neurons and
glia enables glial cells to modulate synaptic transmission and
raises the intriguing possibility that glia participate in informa-
tion processing in the CNS.

Glia-to-neuron signaling also has been observed in the retina.
After a rise in Ca*", glial cells release transmitters that can either
facilitate or depress the light-evoked spike activity of ganglion
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cells, the retinal neurons that project to the brain (Newman and
Zahs, 1998). This interaction may be mediated by glial modula-
tion of synaptic transmission onto ganglion cells (Newman,
2004). Retinal glial cells can also inhibit ganglion cells directly, a
response mediated by the release of ATP from Miiller cells (New-
man, 2003a), the principal glial cells of the retina (Newman and
Reichenbach, 1996; Newman, 2001a). ATP released from Miiller
cells is rapidly converted to adenosine by ectoenzymes, resulting
in the activation of ganglion cell A, receptors and to the opening
of ganglion cell K™ channels.

Although robust glia-to-neuron communication is observed
in the retina, it remains unclear whether the reciprocal neuron-
to-glia signaling also occurs. Experimental application of ago-
nists has been shown to evoke Ca*" increases in retinal glial cells
(Newman and Zahs, 1997; Newman, 2001b; Reifel Saltzberg et
al., 2003). However, the physiological stimuli capable of activat-
ing these cells are not known.

The present study was undertaken to determine whether neu-
rons, when stimulated by light flashes, signal retinal glial cells and
elicit increases in glial Ca**. The results demonstrate that light
stimulation evokes Ca”" increases in retinal Miiller cells and in-
dicates that neuron-to-glia signaling is mediated by a light-
evoked release of ATP from neurons.

Materials and Methods

Retinal preparations. Experiments were performed on acutely isolated
retinas of male Long—Evans rats (175-300 g). Two preparations were
used: the whole-mount retina and everted eyecup. One of the two prep-
arations proved technically superior for different experiments, but all
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dium intensity (see Fig. 5C, bottom trace). The
relative intensities of the low, medium, and
high stimuli were 1:7.1:14.1.

Antidromic activation of ganglion cell axons.
Axons were stimulated with 1 ms, —200 to
—400 pA current pulses passed through a
unipolar electrode (Ringer’s-filled pipette, ~10
wm tip diameter). The stimulating electrode
was positioned above bundles of axons near the
optic disk.

Quantification of Ca®" transients in Miiller
cells. Flickering light increased the generation of
Ca*™" transients in Miiller cells. The frequency

Figure 1.

mental material).

results could be reproduced in both preparations. The animals used in
this study were treated in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of the University of Minnesota.

Whole-mount retina. Animals were killed and eyecups were prepared
as described previously (Newman and Zahs, 1998). Retinas were gently
peeled from the back of the eye so that many retinal pigment epithelium
(RPE) cells adhered to the retina. These attached RPE cells permitted the
isolated retina to dark adapt and remain responsive to light for several
hours, even after exposure to bright illumination. The vitreous humor
was removed from retinal pieces by gentle peeling with forceps. Retinas
were held in place in a chamber with nylon threads attached to a plati-
num ring and superfused at 2—-3 ml/min with bicarbonate-buffered Ring-
er’s solution at 24°C.

Everted eyecup. The back half of the eye was everted over a dome and held
in place by an overlying plastic barrier with a hole cut into it, as described
previously (Newman and Bartosch, 1999). Excess vitreous humor was then
removed by suction. Eyecups were superfused at 2-3 ml/min with
bicarbonate-buffered Ringer’s solution at 24°C and remained responsive
to light for 4—6 h.

Calcium imaging. Retinas were incubated in the Ca**-indicator dye
Fluo-4 AM (31 ug/ml) and pluronic acid (2.6 mg/ml) for 30 min at room
temperature, as described previously (Newman, 2001b). Whole-mount
retinas were incubated after removal of the vitreous humor. Eyecups
were incubated after they were mounted in the superfusion chamber, and
the vitreous was removed. Dye incubation filled astrocytes and Miiller
cells efficiently. Ganglion cell somata and axons were labeled to a lesser
extent and did not display Ca*" increases in response to light stimula-
tion. Calcium indicator dye fluorescence was monitored with 488 nm
excitation, a 500 nm long-pass barrier filter, and confocal microscopy
(Odyssey scanner; Noran, Middleton, WI).

Unaveraged confocal images were acquired at 30 Hz when character-
izing the time course of Ca”" transients generated in Miller cells. Time-
averaged images, which had reduced noise, were acquired at 1.25 Hz and
were used when characterizing the Ca** responses evoked by light stim-
ulation. Unless otherwise noted, the focal plane of acquired images was
between 0 and 15 wm below the vitreal surface of the retina. AF/F scales
in the figures represent the magnitude of Ca®" changes within Miiller
cells.

Light stimulation. The excitation illumination of the confocal scanner
also served as the light stimulus used to evoke neuronal activity. Two
stimulation protocols were used. In the flickering light protocol, the
illumination was held constant at a low intensity during control periods
and alternated between low and high intensities (0.8 s period, 50% duty
cycle) during stimulation periods (Fig. 1, bottom trace). In the light ON
protocol, the illumination was stepped from fully off to a constant, me-

Calcium transients in Miiller cells. A-C show Ca*" fluorescence ratio images of the retina that have been thresh-
olded. The red and yellow areas indicate retinal regionsin which Ca > has increased transiently during the acquisition period. The
red areas are regions <<12 um 2. The yellow areas exceed this size and are scored as Ca > transients within Miiller cells. Images
in A-Cwere acquired before, during, and after a flickering light stimulus, respectively. The light stimulus protocol, a 16 s episode
of flickering light superimposed on a dim background light, is shown at the bottom. The dashed line represents 0 intensity. The
gray barsindicate the timing of the three acquisition periods, and the arrows point to the corresponding images (see Materials and
Methods for details). Miiller cell Ca" transients are shown in supplemental movie 1 (available at www.jneurosci.org as supple-

of these transients was calculated using image-
processing functions in MetaMorph (Universal
Imaging Corporation, Downingtown, PA). A
series of Ca”" fluorescence images was ac-
quired as a stack and was partitioned into three
time periods (Fig. 1, bottom). Images within
each period were merged, retaining the maxi-
mal value at each pixel. The resulting “maxi-
mum” image was divided by the mean of the
images in that time period. This normalized im-
age was thresholded, highlighting regions of the
image in which Ca®" had increased transiently
sometime during the time period (Fig. 1, red and yellow regions). The
same threshold level was used in all experiments and was set so that it was
slightly above the Ca®" fluorescence noise. The integrated morphometry
analysis function of MetaMorph was then used to count the number of
thresholded regions >12 pm? in area (Fig. 1, yellow regions).

The increase in the number of Ca** transients evoked by a flickering
light stimulus was calculated as follows:

% increase in Ca’" transients =

2 + transientSg;ger
- . —1)-100
transientsy,.. + transients,g., ’

where transientsg; .,> transients ¢, .., and transients .. are the number
of transients that occurred during the three measurement periods (dur-
ing, before, and after presentation) of the flickering light stimulus.

Ganglion cell action potential recording. Action potentials were re-
corded extracellularly with Ringer’s-filled pipettes (2—3 um tip diameter)
positioned within the ganglion cell layer (GCL). Recordings were band-
pass filtered (300—-1800 Hz) with a MultiClamp 700A amplifier (Molec-
ular Devices, Union City, CA).

Solutions and statistics. The bicarbonate-buffered Ringer’s solution con-
tained the following (in mm): 111.0 NaCl, 3.0 KCl, 2.0 CaCl,, 1.0 MgSO,, 0.5
NaH,PO,, 15.0 dextrose, and 32 NaHCOj;. Reagents were purchased from
Sigma (St. Louis, MO) except for (*)-1-aminocyclopentane-trans-1,3-
dicarboxylic acid (trans-ACPD), (RS)-3-(2-carboxypiperazin-4-yl)-propyl-
1-phosphonic acid (CPP), (RS)-a-cyclopropyl-4-phosphonophenylglycine
(CPPG), (RS)-a-ethyl-4-carboxyphenylglycine (E4CPG), L-(+)-2-amino-
4-phosphonobutyric acid (1-AP-4), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-
benzo[f]quinoxaline-7-sulfonamide (NBQX), 1-(6-amino-9H-purin-9-yl)-1-
deoxy-N-ethyl-b-p-ribofuranuronamide ~ 5'-N-ethylcarboxamidoadenosine
(NECA), N-(4-acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-
1 H-purin-8-yl)phenoxy]acetamide =~ (MRS~ 1706),  8-cyclopentyl-1,3-
dipropylxanthine (DPCPX), 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-
a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM 241385), and scopolamine, which
were purchased from Tocris Cookson (Ellisville, MO). All drugs were added
directly to the superfusate solutions.

Numerical values are given as mean = SEM with # in parentheses,
except when otherwise noted. Statistical significance was determined by
the single-tailed Student’s t test.

Results
Two types of macroglial cells are present in the mammalian ret-
ina: astrocytes and Miiller cells (Newman, 2001a). Astrocytes are
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Figure2. (alcium transientsin individual Miiller cells in retinas under constant illumination.
Insome Miiller cells, Ca* rose rapidly from aflat baseline. In others, the rapid rise in Ca 2 was
preceded by a smaller, slow Ca>" increase (arrows). The four traces were obtained in different
trials. Calcium fluorescence images were acquired at 30 Hz.

confined mainly to the nerve fiber layer at the inner (vitreal)
border of the retina. Miiller cells, the principal retinal glial cells,
extend from the inner border of the retina to the photoreceptor
layer in the outer retina.

Calcium transients in Miiller cells

Transient increases in Ca>* were observed in Miiller cells in ret-
inas under constant illumination (Fig. 2) (supplemental movie 1,
available at www.jneurosci.org as supplemental material). The
time course of the Ca®" transients varied in different cells. For
some transients, Ca*" rose rapidly from a flat baseline. In others,
the rapid rise of Ca** was preceded by a smaller, slow Ca**
increase (Fig. 2, arrows), suggesting that a small Ca*" increase
can trigger a larger Ca*" transient, perhaps through activation of
Ca**-induced Ca*" release.

The duration of the Ca*™ transients ranged from 2.5 to 6 s and
averaged 3.84 * 0.82 s (mean * SD; n = 37). The transients had
a mean rise time of 0.89 = 0.39 s (time from 10 to 90% of peak
amplitude) and a decay time of 2.01 = 0.77 s (time from 90 to
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10% of peak amplitude). The amplitude of the transients ranged
from 14 to 140% AF/F and averaged 49 = 18% AF/F.

The frequency of Ca** transient generation varied in different
preparations and depended on the age of the preparation, de-
creasing as preparations aged. Calcium transients occurred at a
rate of 1-15 transients/Miiller cell/1000 s and averaged 4.6 tran-
sients/cell/1000 s. During single trials lasting 56 s, Ca* " transients
were generated in 9.5 = 2.1% (n = 12) of Miiller cells imaged.

During a Ca?" transient, Ca?" increases were observed in
Miiller cell processes within the ganglion cell layer and inner
plexiform layer (IPL) and in cell endfeet at the vitreal surface of
the retina. Calcium increases were not seen in cell somata or in
processes in deeper retinal layers. The Ca®" transients occurred
in individual cells and did not propagate from one Miiller cell to
another. Calcium transients were not seen in astrocytes.

Light-evoked increase in Ca’* transients

The frequency of Miller cell Ca>* transients increased when the
retina was stimulated with a flickering light (Figs. 1, 3A), which is
a particularly effective stimulus for activating neurons in the in-
ner retina (Miller, 2001; Wassle, 2004). In the experiment illus-
trated in Figure 1, 33 transients occurred during the control pe-
riod before stimulation (Fig. 1A), 55 transients occurred while
the retina was stimulated with a flickering light (Fig. 1 B), and 31
transients occurred in a second control period after cessation of
the light stimulus (Fig. 1C). On average, the generation of Ca**
transients increased 28.1 = 5.4% (n = 10; p < 0.0005) when the
retina was stimulated by flickering light. Light-evoked Ca*" in-
creases were not observed in astrocytes.

The time course of the light-evoked Miiller cell Ca®™" response
was determined by averaging Ca’" responses from 84 experi-
ments. Calcium signals from all Miiller cells within the field of
view in each experiment (~260 cells) were included in the aver-
age. The mean light-evoked Ca*™ increase is illustrated in Figure
3Band shows that Ca*™ transients are most likely to be generated
in Miiller cells during the first 2 s after the onset of a flickering
light. However, the rate of Ca" transient generation remains
raised for the duration of the flickering stimulus. The rise time,
decay time, and amplitude of the Ca** transients evoked by a
light stimulus did not differ significantly from Ca®" transients
observed under constant illumination.

Pharmacology of Ca>" transient increase

Agonists

ATP has been shown previously to be an effective glial cell stim-
ulus, evoking large Ca*™ increases in Miiller cells (Newman and
Zahs, 1997; Newman, 2001b; Reifel Saltzberg et al., 2003) as well
as astrocytes (Finkbeiner, 1993; Bowser and Khakh, 2004). A low
concentration of ATP proved to be effective in increasing the rate
of Ca** transients in Miiller cells. Under steady illumination, 0.1
uM ATP increased the occurrence of Ca®" transients 17.9 =+
11.8% (n = 10) (Fig. 4A). This is nearly as large as the 28%
increase seen in response to a flickering light. Both 0.3 and 1.0 um
ATP increased the occurrence of Ca®" transients to a greater
extent, 56.5 = 19.6% (n = 16) and 384 * 58% (n = 4), respec-
tively. Application of ATP increased Ca*™ in astrocytes as well as
Miiller cells. In astrocytes, however, sustained Ca** increases,
rather than transient responses, were observed.

The mean amplitude of Miiller cell Ca*™ transients evoked by
ATP (1 um) was 65 = 32 AF/F, somewhat larger than the ampli-
tude of transients measured in the absence of ATP ( p < 0.005).
However, the rise and the decay times of ATP-evoked transients
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Light-evoked Ca*" increases in Miiller cells. A, Calcium fluorescence measured

Figure 3.
simultaneously in eight Miiller cells. Calcium transients are more likely to be generated during
the flickering light stimulus. B, Mean Ca>" fluorescence increase evoked by a flickering light.
The response represents transient Ca2™ increases averaged over 84 trials. The Ca®™ fluores-
cence from ~260 Miiller cells was monitored in each trial. A linear downward slope of the trace,
caused by dye bleaching, has been subtracted. The light stimulus is shown at the bottom in both
AandB.

did not differ significantly from those measured in control
preparations.

Antagonists

The effectiveness of ATP in increasing the occurrence of Miiller
cell Ca** transients suggests that ATP, or a related agonist, might
be responsible for neuron-to-glia signaling and for eliciting light-
evoked increases in Miiller cell Ca®" transients. This was tested
by blocking ATP signaling with the purinergic antagonist
suramin. Suramin proved effective in reducing the light-evoked
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Figure 4. Effect of agonists and antagonists on Ca* transients in Miiller cells. 4, Both a
flickering light stimulus and addition of ATP to the superfusate evoke increases in the genera-
tion of Ca*™ transients. B, A flickering light evokes an increase in the generation of (a®™
transients (light stimulation; control). The response is blocked by 100 rum suramin and 200 nm
TTX. Antidromic activation of ganglion cell axons evokes an increase in the occurrence of Ca® ™
transients (antidromic stimulation; control). This response is also blocked by 30 m suraminand
200 nm TTX. Asterisks indicate a significant difference from controls (*p << 0.05). The flickering
light protocol used in A and Bis illustrated in Figure 1.

Miiller cell response. Suramin (100 uMm) diminished the light-
evoked increase in Ca®™ transients to 2.0 = 10.7% (n = 11) of
control (Fig. 4B). Additional pharmacological tests, described
below, support the conclusion that neuron-to-glia signaling is
mediated by ATP.

The effect of suramin was not caused by a reduction of light-
evoked neuronal activity. In seven of nine ganglion cells moni-
tored, light-evoked spiking was either unchanged or increased
with the addition of 100 uM suramin, whereas in the remaining
two cells, suramin reduced spiking only slightly. Suramin also
increased the rate of spontaneous spiking in three of the nine
ganglion cells.

The Na™ channel blocker tetrodotoxin (TTX) was also effec-
tive in blocking the light-evoked Miiller cell response. TTX (200
nMm) reduced the light-evoked increase in the generation of Ca®™"
transients to 2.4 * 5.9% (n = 12) of control (Fig. 4B).

Calcium increases evoked by antidromic activation of
ganglion cells

TTX block of the light-evoked increase in Miiller cell Ca** tran-
sients suggests that amacrine cells and/or ganglion cells, the only
neurons in the retina that generate action potentials, are respon-
sible for neuron-to-glia signaling. The involvement of ganglion
cells in generating the Miiller cell response was tested by anti-
dromically stimulating these cells. Bundles of ganglion cell axons
were stimulated for 16 s at 50 Hz. Ganglion cell activation pro-
duced a49.6 * 11.7% (n = 7) increase in the generation of Ca®*
transients in Miiller cells, greater than the increase evoked by a
flickering light (Fig. 4 B). The increased Ca*" signaling produced
by antidromic activation of ganglion cells was reduced to 5.7 =
11.4% (n = 15) by 30 uM suramin, suggesting again that neuron
to glia signaling is mediated by ATP release. The increased re-
sponse produced by antidromic activation was reduced to 2.3 *
9.9% (n = 7) by TTX, demonstrating that the increased Miiller
cell Ca®™" signaling was not attributable to direct stimulation of
the glial cells. Antidromic stimulation did not evoke Ca*™ in-
creases in astrocytes.

Adenosine potentiation of light-evoked Ca”* increases
Adenosine has been reported previously to potentiate ATP-
evoked Ca*™ increases in cultured astrocytes by acting synergis-
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Figure5.  Adenosine potentiates the light-evoked Miiller cell Ca® ™ increase (100 um aden-
osine in superfusate). 4, B, Ca** fluorescence images within the ganglion cell layer. During the
first 0.8 s after light ON (4), Ca** remains low within Miiller cells. At 3.1 s after light ON (B),
Miller cell Ca2™ has risen substantially. Miiller cell processes surrounding ganglion cell somata
(dark circles) are visible. Scale bar, 20 wm. €, Time course of Ca ™ rise in Miiller cells for the
experiment illustrated in A and B. The light stimulus is shown at the bottom. The dashed line
represents 0 intensity. This trial is shown in supplemental movie 2 (available at www.jneuro-
sci.org as supplemental material).

tically with ATP in the glial cells (Alloisio et al., 2004; Nishizaki,
2004). Adenosine agonists proved effective in potentiating light-
evoked Ca’” increases in Miiller cells as well. In the presence of
100 um adenosine or 2 um NECA (a nonselective adenosine ag-
onist), alight stimulus evoked large Ca** increases in Miiller cells
(Fig. 5) (supplemental movie 2, available at www.jneurosci.org as
supplemental material). Light ON, rather than a flickering light,
was sufficient to produce the response. Miiller cell Ca** levels
remained low for 1-2 s after light ON (Fig. 5A). During the next
several seconds, however, Ca®" levels increased dramatically
(Fig. 5B), peaking at ~3 s after light ON (Fig. 5C). Light-evoked
Ca*" increases were not observed in astrocytes in the presence of
adenosine agonists.

Adenosine potentiation of light-evoked Miiller cell Ca®™ re-
sponses was not a result of an adenosine-mediated increase in
neuronal activity. In the presence of 100 um adenosine, light-
evoked ganglion cell spike activity was reduced. Of the six cells
monitored, all six showed a decrease in light-evoked spiking in
the presence of adenosine, and five showed a reduction in spon-
taneous activity. Similar results have been reported previously
(Blazynski and Perez, 1991). This finding indicates that adeno-
sine is acting synergistically with ATP at retinal glial cells, rather
than acting by potentiating neuronal activity.

Adenosine agonists most likely potentiate Ca*" responses by
stimulating Miiller cell adenosine receptors. The effect of adeno-
sine receptor antagonists on the adenosine-potentiated Ca>* re-
sponse was assessed to determine the receptor type mediating the
potentiation. In the presence of 2 um NECA, the A, receptor
antagonist MRS 1706 (1 uM) reduced the light-evoked Miiller cell
response to 3.6 = 1.2% (n = 6) of control. The A, and A,,

Figure6. Light-evoked, propagated Ca®" wavein Miiller cells (100 um adenosine in super-
fusate). Calcium florescence images in the ganglion cell layer are shown. Within the first sec-
onds after light ON, there is a large Ca 2 increase in all Milller cells (data not shown). By 12.5s
afterlight ON, this Ca 2+ increase has decayed (12.55). At 14.25,asecondaryrisein Ca 2+ ocurs
in two Miiller cells (short arrows). This Ca™ increase propagates into adjacent Miiller cells at
15.9and 18.4s (long arrows). Numbers indicate elapsed time after light ON. Scale bar, 10 wm.
This trial is shown in supplemental movie 3 (available at www.jneurosci.org as supplemental
material).

antagonists DPCPX and ZM 241385 were less effective in reduc-
ing the response. DPCPX (10 nm) reduced the response to 18.3 =
2.6% (n = 5), whereas ZM 241385 (1 um) reduced the response
to 21.5 * 3.8% (n = 5). The results are somewhat difficult to
interpret, because the antagonists are not completely selective for
specific receptor subtypes. However, the results suggest that
adenosine potentiation of Miiller cell Ca** responses is mediated
primarily by A, receptors, in agreement with previous findings
(Alloisio et al., 2004).

The light-evoked, adenosine-potentiated Miiller cell response
was eliminated by the addition of a combination of 100 um
L-AP-4 and 10 uM NBQX, which block synaptic transmission
from photoreceptors to ON and OFF bipolar cells, respectively.
The addition of L.-AP-4/NBQX reduced the Miiller cell response
t0 0.9 = 0.2% (n = 2) of control. This result demonstrates that
the Miiller cell response is driven by light-evoked neuronal activ-
ity and is not attributable to an inherent light sensitivity of the
glial cells.

Propagated Ca®" waves

In the presence of an adenosine agonist, light stimulation some-
times evoked a delayed Ca*" response in Miiller cells after the
large, short-latency response (Fig. 6) (supplemental movie 3,
available at www.jneurosci.org as supplemental material). This
delayed response had a latency of 7.5-14 s (mean, 11.4 s) and was
observed infrequently (6 of 63 experiments). The remarkable fea-
ture of this response was that it originated in only one or two
Miiller cells and then, during the next several seconds, propa-
gated into neighboring Miiller cells. Propagated waves were never
observed in the absence of a light stimulus or without adenosine
potentiation.
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Figure8. Intensity—response relationship of the light-evoked Ca™ increase in Miiller cells.
The peak Ca”* fluorescence amplitude is plotted as a function of the intensity of the light
stimulus (2 um NECA in superfusate). Mean amplitude = SEM is shown; n = 7.

Retinal location of Ca’* increases

Light-evoked, adenosine-potentiated Miiller cell Ca*™ responses
were monitored in different retinal layers. The response origi-
nated in Miiller cell processes within the inner and middle re-
gions of the IPL. It then spread distally into processes within the
outer IPL and proximally into processes in the GCL and into cell

Light-evoked Miiller cell Ca** increases within different retinal layers (5 wum NECA in superfusate). The images are
from an oblique optical section through an everted eyecup and show retinal layers within the inner half of the retina. The vertical
linesindicate boundaries between retinal layers. INL, Inner nuclear layer. The drawing above A shows the location of a Miller cell
(M), a ganglion cell soma (G), and neuronal somata within the INL (unlabeled). 4, Ca* fluorescence image in the unstimulated
retina. Miller cells are selectively labeled. Miller cell processes surrounding ganglion cell somata in the GCL, Miiller cell stalk
processes in the IPL, and Miiller cell processes surrounding neuronal somata in the INL are shown. BD, Ca®* fluorescence ratio
images showing the changein Ca>™" after light ON. At 1.6 s after light ON (B), no increasein Ca2" is seen. At 2.4 (C), Ca2 " rises
in Miiller cell processes within the inner and middle IPL and, to a lesser extent, in the GCL. At 3.2's (D), Miiller cell Ca* increases
have spread throughout the GCL and into Miiller cell endfeet at the inner retinal surface (far left). Miiller cell Ca™ increases also

J. Neurosci., June 8, 2005 + 25(23):5502-5510 « 5507

endfeet at the inner surface of the retina.
Light-evoked Ca®" increases were never
observed in Miiller cell somata in the inner
nuclear layer.

This pattern of Miiller cell Ca®" re-
sponses was monitored in individual trials
by imaging a region of the everted eyecup,
where many retinal layers could be visual-
ized in a single image (Fig. 7A). Oblique
confocal sections were made by focusing
on a sloping portion of the eyecup. In the
first 1-2 s after light ON, no Ca®" in-
creases were seen (Fig. 7B). At 2.4 s, how-
ever, Ca’" increases were observed in the
inner and middle regions of the IPL and in
the GCL (Fig. 7C). At 3.2's, Ca*" increases
had spread proximally into Miiller cell
endfeet at the surface of the retina and dis-
tally into the INL (Fig. 7D). It is not clear
whether the spread of the Ca®" response
within Miiller cells represents an intracel-
lular propagated wave or simply a sequen-
tial activation of different Miiller cell re-
gions by external stimuli (Keirstead and
Miller, 1995; Reifel Saltzberg et al., 2003).

Intensity—response relationship

The magnitude of the Miiller cell Ca** re-
sponse in the presence of adenosine ago-
nists varied as a function of the intensity of
the light stimulus. In the presence of 2 um
NECA, larger light-evoked Ca*" re-
sponses were observed as the intensity of
the stimulus increased. Over the range of
intensities tested, the log intensity versus
Ca*™ response relationship had a sigmoi-
dal form (Fig. 8), as does the log intensity
versus response relationship of retinal neurons.

Pharmacology of adenosine-potentiated Ca’* increases
Agonists

ATP was effective in evoking large Ca" increases in Miiller cells
in the presence of adenosine or NECA. The addition of 0.1, 0.3,
and 1.0 um ATP evoked Ca®" increases of 7.0 * 3.9% (n = 5),
39.8 £7.7% (n=5),and 157.3 £ 18.4% (n = 6), the magnitude
of the Ca*™ increase produced by a light stimulus (Fig. 9A4). In
contrast, metabotropic glutamate receptors, which mediate
neuron-to-glia signaling in brain slices (Schipke and Ketten-
mann, 2004), play little role in neuron—glia signaling in the ret-
ina. The group I/II metabotropic glutamate agonist trans-ACPD
was ineffective in evoking a Miiller cell Ca*>* response. The addi-
tion of 200 and 600 uM trans-ACPD evoked Ca*™ increases only
1.7 £ 1.1% (n=5) and 2.7 = 1.4% (n = 6), the magnitude of the
Ca*" increase produced by a light stimulus.

Antagonists
An ATP-mediated neuron-to-glia signaling mechanism is sup-
ported by experiments using receptor antagonists (Fig. 9B). The
purinergic antagonist suramin (30 uM) reduced the light-evoked
response to 12.6 * 4.6% (n = 10) of control, whereas apyrase
(100 U/ml), which selectively hydrolyzes ATP, reduced the re-
sponse t0 9.6 * 5.4% (n = 4) of control. TTX reduced the light-
evoked Miiller cell response to 36.3 = 6.1% (n = 13) of control.
Neuronal release of glutamate, GABA, and acetylcholine has
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been shown to elicit glial Ca*" increases in
brain slices by activating metabotropic
glial receptors (Schipke and Kettenmann,
2004 ). However, these transmitters do not
contribute substantially to neuron-glia
signaling in the retina. Antagonists to
these transmitters were mainly ineffective
in blocking the light-evoked Miiller cell
Ca** response (Fig. 9B). In the presence of
the NMDA antagonist CPP (10 um), the
group I/II metabotropic glutamate antag-
onist E4CPG (200 uMm) and E4CPG plus
the group III metabotropic glutamate an-
tagonist CPPG (2 um), light-evoked re-
sponses were 101 = 14% (n = 4), 77 =
10% (n = 6), and 61 = 9% (n = 5) of
control, respectively. GABA and ACh an-
tagonists were similarly ineffective. In the
presence of the GABA antagonist saclofen
(200 M) and the muscarinic antagonist
scopolamine (10 um), light-evoked re-
sponses were 93 + 1% (n = 4) and 102 =
7% (n = 6) of control, respectively.

The role of ganglion cells in generating the adenosine-
potentiated Miiller cell response was tested by stimulating gan-
glion cells. Antidromic activation of ganglion cell axons resulted
in small increases in Miiller cell Ca*" in the presence of 2 um
NECA. Ganglion cell activation evoked Ca** responses that were
29.0 £ 4.3% (n = 7), the magnitude of responses produced by
light stimulation. The addition of 100 um suramin reduced these
responses to 3.9 = 3.9% (n = 3) of control. Responses were
completely blocked by 200 nm TTX (response amplitude, 0.3 =
0.3% of control; n = 4). In some preparations, antidromic stim-
ulation failed to evoke Miller cell Ca** increases.

Cyclopiazonic acid (30 um), which depletes internal Ca*"
stores, nearly abolished the light-evoked, NECA-potentiated
Miiller cell Ca*™ response (Fig. 9B) (2.7 = 0.9% of control; n =
4). Cyclopiazonic acid also abolished Miiller cell Ca** transients
in preparations not potentiated by an adenosine agonist (1.0 =
1.0% of control; n = 3). Calcium transients observed under both
constant and flickering illumination were blocked. These results
suggest that Ca*™ responses in Miiller cells are generated by Ca*™
release from internal stores.

Figure 9.

controls ( p << 0.05).

Miiller cell depolarization

Light-evoked neuronal activity elicits slow depolarizations in
Miiller cells (Karwoski and Proenza, 1977; Karwoski and
Proenza, 1980). These depolarizations are evoked by K* release
from neurons and are small in amplitude, ~0.5-2 mV. Experi-
ments were conducted to determine whether K " -mediated de-
polarization contributes to the light-evoked Ca*" response ob-
served in Miiller cells. Miiller cell depolarization was blocked by
addition of Ba>", which, at low concentration, selectively blocks
inwardly rectifying K" channels. In the presence of 100 um Ba>*,
which blocks >90% of Miiller cell K* conductance (Newman,
1989, 1993), the amplitude of NECA-potentiated, light-evoked
Miiller cell Ca®" responses was 97.0 * 3.3% (n = 6) of control,
not significantly different from responses in the absence of Ba*™.
The results demonstrate that K " -mediated depolarization does
not contribute significantly to the generation of Miiller cell Ca**
responses.
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Effect of agonists and antagonists on Miiller cell Ca* increases potentiated by NECA (adenosine agonist) (2 um
NECA in all solutions). A, Effect of agonists. The addition of ATP but not trans-ACPD (mGluR agonist) evokes Miiller cell Ca%™
increases. Control response to light is shown at the left. B, Effect of antagonists. The addition of suramin (30 wm; purinergic
antagonist) and apyrase (100 U/ml; ATP-hydrolyzing enzyme) blocks the light-evoked Ca % response. TTX (1 fum) reduces the
light response. CPP (10 wm; NMDA antagonist) and scopolamine (10 wm; muscarinic antagonist) have no effect on the light
response. E4CPG (200 wum; group I/1l mGluR antagonist), E4CPG plus CPPG (2 m; group Il mGluR antagonist), and saclofen (200
Lum; GABA, antagonist) have little effect on the light response. Cyclopiazonic acid (CPA; 30 wm), which depletes internal Ca*
stores, abolishes the light response. Control response to light ON is shown at the left. Asterisks indicate significant difference from

Discussion

Light-evoked glial Ca®" increases

The results of this study demonstrate that a natural stimulus, light
flashes, can evoke Ca*" increases in glial cells. A flickering light
evokes significant increases in the generation of Ca" transients
in Miiller cells. In the presence of adenosine, a single light flash
can evoke substantially larger increases in Miiller cell Ca**. These
results represent the first demonstration that a natural stimulus
can evoke Ca*™ increases in CNS glial cells.

Under constant illumination, Miiller cell Ca®™ transients oc-
cur at an average rate of 4.6 transients/cell/1000 s. Similar Ca**
transients have been observed in astrocytes in unstimulated brain
slices (Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002) as
well as in the unstimulated cortex in vivo (Hirase et al., 2004).
Astrocyte Ca®™ transients in vivo occur at an average rate of 0.22
transients/cell/1000 s (Hirase et al., 2004), a somewhat lower fre-
quency than that observed in Miiller cells. Calcium transients in
Miiller cells and astrocytes appear to be a naturally occurring glial
signal.

In control superfusate as well as in the presence of adenosine,
light-evoked Ca** increases were observed in Miiller cells but not
in astrocytes. This contrasts with findings in brain slices, in which
neuron-evoked Ca’" increases are observed in astrocytes
(Schipke and Kettenmann, 2004). However, the present results
are not surprising, because Miiller cells function as astrocytes in
the retina (Newman and Reichenbach, 1996). Miiller cells sur-
round neuronal somata, dendrites, and synapses in the retina. In
contrast, astrocytes primarily contact ganglion cell axons and are
notassociated with retinal synapses. They are too distant from the
synaptic layers of the retina to respond to light-evoked release of
neurotransmitters.

Calcium imaging in different retinal layers demonstrates that
neuron-to-glia signaling occurs primarily within the inner plex-
iform layer, the principal synaptic layer of the retina. In response
to light ON, Ca”" increases begin within the inner and middle
portions of the inner plexiform layer, where neurons responding
to light ON are located.

ATP and neuron-to-glia signaling
The results suggest that neuron-to-glia signaling in the retina is
mediated by ATP release from neurons and activation of glial
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purinergic receptors. The addition of ATP in both control and
adenosine-potentiated preparations evoked Miiller cell Ca" in-
creases similar to those elicited by light stimulation. In addition,
the purinergic antagonist suramin effectively blocked light-
evoked glial Ca®" increases and apyrase, an ectoenzyme that se-
lectively hydrolyzes ATP, blocked adenosine-potentiated
responses.

In contrast, glutamate does not play a significant role in neu-
ron—glial signaling in the retina. In the brain, glutamatergic sig-
naling onto glia is mediated primarily by glial mGluRs (Schipke
and Kettenmann, 2004). In the present study, mGluR agonists
did not raise glial Ca**, and mGluR antagonists had little effect
on light-evoked glial responses.

Light-evoked glial Ca** increases were substantially reduced
by TTX, suggesting that neuron-to-glia signaling is mediated by
amacrine or ganglion cells, the two types of retinal neurons that
generate action potentials. Amacrine cells are believed to release
ATP (Santos et al., 1999). The cholinergic starburst amacrine is a
likely candidate to mediate neuron—glia signaling, because it may
corelease ATP along with acetylcholine (Neal and Cunningham,
1994). [TTX may also act on retinal bipolar cells, because they
express TTX-sensitive Na * channels (Zenisek et al., 2001).]

In addition to amacrine cells, ganglion cells may also release
ATP and signal to glia. Antidromic activation of ganglion cells
results in Miiller cell Ca?" increases, a response blocked by
suramin. Although ganglion cell axons do not synapse within the
retina, nonsynaptic release of ATP from neurons has been de-
scribed previously (Fields and Stevens, 2000; Stevens and Fields,
2000).

However, the antidromic stimulation experiments can be in-
terpreted in other ways. A small fraction of mammalian optic
nerve axons are efferent fibers that synapse within the retina
(Mikkelsen, 1992) and could activate Miiller cells. Antidromic
activation of ganglion cells could also result in Miiller cell stimu-
lation by depolarizing amacrine cells, because gap junctional
coupling between ganglion cells and amacrine cells has been re-
ported previously (Xin and Bloomfield, 1997; Wright and Vaney,
2004).

The results of this study provide strong, but not conclusive,
evidence that neuron-to-glia signaling is mediated by ATP release
from neurons. As an alternate hypothesis, retinal neurons could
release a nonpurinergic transmitter that activates glia, causing a
Ca’"-independent release of ATP from the glial cells. Released
ATP could then act in an autocrine manner, evoking a glial Ca**
increase.

Although neuron-to-glia signaling in the brain can be medi-
ated by ATP (Bowser and Khakh, 2004), GABA (Kang et al.,
1998), or acetylcholine (Araque et al., 2002), glutamate appears
to be the principal neuron to glia transmitter in the brain
(Schipke and Kettenmann, 2004). In contrast, in the retina, glu-
tamate plays little, if any, role in neuron-to-glia signaling while
ATP most likely mediates the response. It is unclear what ac-
counts for this difference in signaling between the brain and the
retina. One possible reason is that glutamate is tonically released
from retinal neurons (Miller, 2001) and thus may not be well
suited to function as the transmitter mediating neuron-—glial
communication.

Adenosine potentiation of Ca>* responses

Light stimulation in the presence of adenosine or the adenosine
agonist NECA elicits much larger Miiller cell Ca** increases than
those seen in control superfusate. This observation suggests that
neuron-to-glia signaling in the retina is augmented under patho-
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logical conditions, when adenosine levels can rise significantly
(Cunha, 2001). During cerebral ischemia, for instance, adenosine
concentration can increase up to 85-fold above basal levels (Phil-
lis et al., 1996; Latini et al., 1999; Parkinson et al., 2000). In the
retina, hypoxia produces a 300% increase in extracellular adeno-
sine levels (Ribelayga and Mangel, 2005). Even under physiolog-
ical conditions, there are circadian and light-dependent varia-
tions in retinal adenosine levels. Adenosine concentration is
highest at night and in the dark (Ribelayga and Mangel, 2005).
Experiments in the present study were conducted during the day
and in light-adapted retinas, in which adenosine levels and, thus,
neuron-to-glia signaling would be expected to be minimum.

Significance of neuron-to-glia signaling

Bidirectional communication between neurons and glial cells has
been demonstrated previously in brain slices (for review, see
Fellin and Carmignoto, 2004; Newman, 2005). These interac-
tions permit glial cells to modulate synaptic transmission and to
directly alter the excitability of brain neurons. We demonstrated
previously that Miiller cells can modulate the excitability of neu-
rons in the retina (Newman and Zahs, 1998; Newman, 2003a).
The present study provides evidence that the reciprocal interac-
tion, neuron-to-glia signaling, also occurs. The existence of two-
way signaling between neurons and glia in the retina suggests that
glia play an active role in modulating neuronal behavior in the
retina, as they do in the brain.

Many questions concerning neuron—glia interactions in the
retina remain to be addressed. This study demonstrates that
neuron-to-glia signaling occurs in the isolated retina. It must be
confirmed that signaling also occurs in vivo. In addition, several
predictions arise from this study. First, the results suggest that
amacrine cells and perhaps ganglion cell dendrites release ATP.
Second, adenosine potentiation of neuron-to-glia signaling im-
plies that signaling is augmented under pathological conditions.
Finally, the existence of bidirectional signaling suggests that ret-
inal Miiller cells influence the light-evoked activity of retinal neu-
rons in vivo. These predictions await future tests.
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