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Li, Yang, Lynne A. Holtzclaw, and James T. RussellMdller cell et al. 1999; Mennerick and Zorumski 1994; Nedergaard 1994;
Ca&* waves evoked by purinergic receptor agonists in slices of rRewman and Zahs 1997; Pasti et al. 1997; Porter and Mc-
retina.J Neurophysio85: 986-994, 2001. We have measured agoniéarthy 1996; Wu and Barish 1994). Propagation offCa
evoked C3" waves in Miller cells in situ within freshly isolated th 'h twork of int : icati t .
Wygves through a network of intercommunicating as rocytic

retinal slices. Using an eye cup dye loading procedure we were a . .
to preferentially fill Miller glial cells in retinal slices with calcium Processes in the CNS could serve as a conduit for extraneuro-

green. Fluorescence microscopy revealed that bath perfusion of sliféé long-distance intercellular communication. The cellular
with purinergic agonists elicits G4 waves in Miler cells, which mechanisms that support the temporal and spatial characteris-
propagate along their processes. Thes&"Gagnals were insensitive tics of such glial C&" waves in situ, however, are not fully

to tetrodotoxin (TTX, 1.QuM) pretreatment. Cells were readily iden-understood. We have recently shown that in glial cells in
tified as Mler cells by their unique morphology and by subsequeriyiture, C&" wave propagation in processes occurs by regen
immunocytochemical labeling with glial fibrillary acidic protein an-grative C3* release at specialized release sites or “wave
tibodies. While cells never exhibited spontaneous’Cascillations, mplification sites” (Simpson and Russell 1998; Simpson et al.

purinoreceptor agonists, ATP, 2 MeSATP, ADP, 2 MeSADP, an . . .
adenosine readily elicited €5 waves. These waves persisted in th 997; quodln etal. 1994). It remains tc_) be seen Whet_her_these
bservations in cultured cells reflect glial responses in situ.

absence of [CH], but were abolished by thapsigargin pretreatmen?, # Lo ) ; . .
suggesting that the purinergic agonists tested act by releasftig Ca Muller cells, the principal glial cells in the retina, provide an
from intracellular C3* stores. The rank order of potency of differenideal experimental model to study the cell biology of wave
purines and pyrimidines for inducing €asignals was 2 MeSATR-  propagation. These cells span almost the entire depth of the
2MeSADP > ADP > ATP > aBmeATP = uridine triphosphate retina from the outer photoreceptor layer to the inner border of
(UTP) > uridine diphosphate (UDP). The €asignals evoked by the retina, where they terminate in expanded end-feet adjacent
ATP, ADP, and 2 MeSATP were inhibited by reactive blue (1) to the vitreous humor (see review by Newman and Reichen-
and suramin (200uM), and the adenosine induced signals wergach 1996). Mlker cells have long, relatively linear processes,

abolished only by 3,7-dimethyl-1-propargylxanthine (20®1) and ; ; ; ;
not by 1,3-dipropyl-B-(2-amino-4-chiorophenyl)-xanthine) or 8-cyWh'Ch allows for precise analysis of €awave propagation.

clopentyl-1,3-dipropylxanthine at the same concentration. Based -BR u_tlllze their unique morpholqu, we c!gveloped a novel dye
these pharmacological characteristics and the dose-response relalf§@ding method in the eyecup, in which"Ner cells are pref-
ships for ATP, 2 MeSATP, 2 MeSADP, ADP, and adenosine, werentially filled with calcium green. Wave propagation in iden-
concluded that Miler cells express the P1A2 and P2¥ubtypes of tified single Miler cells was recorded using a conventional
purinoceptors. Analysis of Ga responses showed that, similar towide-angle fluorescence microscope.
glial cells in culture, wave propagation occurred by regenerative The goals of this study were as follows) to investigate
amplification at specialized €& release sites (wave amplificationwhether the cellular mechanism of €awave propagation in
sites), where the rate of €a release was significantly enhancedsity mirrors that described in cultured glial cel®y to describe
These data suggest that Nar cells in the retina may participate in o temporal and spatial characteristics ofCavave propa
signaling, and this may serve as an extra-neuronal signaling pathw&%tion within Mler cells in intact retinal slices, and) to
characterize receptor systems that evok&'Geaves in Miier
cells. Although C&" waves between Mier cell end-feet have
been recorded across the vitreal surface of flat-mounted whole
Glial cells, like neurons, participate in signaling in the manretina (Newman and Zahs 1997), these waves were visualized
malian nervous system. Glial cells monitor and respond by confocal microscopy in different optical sections through
neuronal activity and transmit such activity over long distancéise thickness of the retina. In contrast, we studied wave prop-
by way of propagating Ca waves (Smith 1992). Moreover, agation along single Mler cell processes to investigate the
bi-directional glial-neuronal communication has received inunderlying cellular mechanisms that support intracellularCa
creasing attention as a potential mode of cell-cell signaling wmaves. We prepared slices of retina where thélldiucells
the CNS (Dani et al. 1992; Duffy and MacVicar 1995; Groscheere discretely loaded with the €aindicator dye, calcium

INTRODUCTION
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green, and recorded €awaves through the entire length ofmirror, and a long pass filter (515 nm) were mounted in the light path
processes in the plane of the microscopic field using fluoressich that fluorescence could be imaged through a microchannel plate
cence microscopy. We show that Cawaves in Muler cells intensifier (Model KS-1380, Videoscope International, Washington,
are elicited by purinergic activation. In addition, like in culPC) using a charge-coupled device (CCD) camera (Pulnix). Images
tured glial cells, Miller cell waves propagate by regenerativé/ere digitized and integrated (2 frames per image) on a Macintosh

Ca&" release at a series of wave amplification sites along tRRMPULer running Synapse, an image acquisition and analysis pro-
length of processes. gram (Synergy Research, Silver Spring, MD). The time interval

between images varied depending on the required temporal resolution
and ranged from 2 to 30 images/s. After all the images were acquired,

METHODS Miiller cells were outlined with a region of interest (ROI) tool, and
. . fluorescence intensity within the whole cell or sub-regions of cells
Indicator loading was extracted and analyzed. Wave propagation and loéal @éease

Muller cells in the adult rat retina were selectively loaded with thigtes were a_nalyzed In consecgtwe cel_lular sections as described
Cé&" indicator dye, calcium green, using an eyecup Ioading-tecﬂr?v'OUSIy (Simpson et al. 1.997' Yagodin et_ a_l. 1994). Images of
nique. Retinae were isolated from male Sprague Dawley rats maijd!ler cell processes were divided for analysis into 0.8- to 200-
tained under a 12-h light-dark cycle using procedures authorized Wifi€ regions sequentially along the longitudinal axis, and fluores-
the Animal Use and Care Committee, National Institute of Chil@énce intensity values in the nonzero pixels within each slice were
Health and Human Development, National Institutes of Health (préveragedi) and plotted as normalized fluorescence intensitdd (
tocol number 98-017). Following decapitation, the eye lid and oth&p) against time.
connective tissue covering the eye were peeled away, and the eye was
gently rolled out of the socket and transferred to a dish with fresh . .
artificial cerebral spinal fluid (ACSF; in mM: 117.4 NacCl, 2.0 KCI,/mmunohistochemistry
1.4 MgSQ, 2.5 CaC}, 1.0 KH,PO,, 26.2 NaHCQ, and 11.0 glu _ o _
cose), which was continuously aerated with 95%dntaining 5% !N some experiments, cells were verified asliucells by immu-
CO,. The anterior chamber of the eye was opened, and the iris, leR@Cytochemistry using antibodies against glial fibrillary acidic protein
and vitreous humor were removed. To make a useful eyecup {&FAP). Immediately following a recording, retinal slices were fixed
subsequent dye loading, it was essential to cut and trim the tissogt% paraformaldehyde for 30 min, and then rinsed in PBS (pH 7.3).
above the ora serrata, since the retina was firmly attached to ffee fixed sections were then permeabilized and blocked in PBS
pigment epithelium in only two areas, the optic disk and the ontaining 0.3% Triton X-100, 1% BSA, and 20% normal goat serum
serrata. The isolated eyecup was placed in ACSF containing collageH 7.4) fa 1 h atroom temperature. The sections were then incu-
nase (2 mg/ml) and DNase (0.1 mg/ml) and incubated at 30°C for pated in anti-GFAP antibody (Boehringer Mannheim) for 18 h at 4°C
min to ensure complete removal of the remaining vitreous humaf the same solution as above, but containing 1% normal goat serum.
This treatment improved dye access to thellstucell endfeet Sections were washed extensively in PBS and incubated with a
(Coleman and Miller 1989; Gottesman and Miller 1992; Newman anorescence-conjugated goat anti-mouse antibody for 90 min and
Zahs 1997). The eyecup was then incubated Zoh at 30°C in  then washed again. After a brief PBS rinse, the sections were dried
oxygenated ACSF containing calcium green AM (Zg/ml; Molec-  gnq mounted with Mowiol onto gelatin-coated glass slides. Cells were

ular Probes) dissolved in DMSO containing pluronic acid (4.7 m ; . . -
: . . . X aged using a fluorescence microscope with a digital cooled CCD
ml). At this stage the retina was intact ensuring that onfjli&ficell camera (Photometrics, Tucson, AZ).

end feet were exposed to indicator containing solution. This precau-

tion prevented cells other than Ner cells such as astrocytes from

taking up the dye. Retinae were then isolated from the eyecup, I@g% SULTS
photoreceptor layer down, and chopped into 100-slices using a
Mcllwain tissue chopper. Slices were submerged immediately
oxygenated ACSF and maintained in the dark at room temperat
Slices were used within 4-5 h after loading.

u%;oecific labeling of Miler cells in retinal slices

Fluorescent indicator dyes were preferentially taken up by
Muiller cells by the use of the eyecup loading techniquélldfu
Solution perfusion and drugs cells were easily distinguished within the tissue by their intense

Dye-loaded retinal slices were transferred to a Leiden cover sﬁluorescence S|gr1al and elongated blp0.|al’ mqrpholpgy, which
chamber and secured with specimen grips and a metal weight. Sliéﬁénned the entire thickness of ,the retinal slice (Fig. 1). The
were submerged in ACSF and continuously aerated with 95%n0 €nd-feet and the soma appeared intensely fluorescent compared
5% CO,. The volume of the recording chamber was approximatelyith the processes (FigB). To examine cellular morphology
0.3 ml. Slices were perfused at the rate of 2.5 ml/min. The drugs udeddetail, Muler cells were loaded with calcein using the same
were disodium ATP, tetrodotoxin, 2 MeSATP, 2 MeSADP (RBl)eyecup loading procedure. Calcein-loaded|iBtucell pro-
uridine triphosphate (UTP), phenylephrine, and glutamate and reggsses appeared regular with very fine hairlike branches (Fig.
tive blue (Slgma Chemical), suramin, (Calbiochem), and thap&garqllg). In some experiments, calcium green—loadedlaticells
(LC Service). were identified by subsequent immunohistochemistry using

ot ) anti-GFAP antibodies. FigureClshows one example where
[Ca”"]; measurements and data analysis Miiller cells in a retinal slice were labeled immunocytochem-

, . + . o
Calcium green fluorescence was imaged with an inverted micﬂé-a”y foIIovw_ng [C.a2 ! measurernen_ts and were identified as
scope on a vertical optical bench using a NikeA0/1.3 NA CF Fluor GFAP-positive glial cells. Examination under confocal optics
DL objective lens. The slice preparation was illuminated with EEvealed that only Miler glial cells were loaded with calcium
mercury arc lamp (Oriel Optics), with quartz collector lenses. green as no fluorescence was detected in astrocytes or ganglion
shutter (Uniblitz), an excitation filter (495 nm), appropriate dichroicells (data not shown). Thus all the fluorescence measured in
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FiG. 2. Purinergic agonists evoke [€3; increase in Miler cells in situ.
Retinal slices were placed on the microscope stage in a Leiden coverslip
chamber and were continuously perfused with artificial cerebrospinal fluid
(ACSF). Calcium green fluorescence was imaged in a wide-angle fluorescence
microscope. Slices were perfused with different purinergic agonists as indi-
cated by black bars underneath each trace. Traces show normalizée})(
fluorescence intensities within the entire cell image plotted against #me.
ATP, 100uM. B: 2 MeSATP, 10uM. C: ADP, 10uM. D: adenosine, 1@M.

E: repeatable responses to brief (15 s) perfusions with 2 MeSATP.

purinergic agonists, however, increased{Qain all the M-
ler cells examined as indicated by the increase in calcium green
fluorescence (Fig. 2). The P2 purinoreceptor agonists, ATP
(100 uM, Fig. 2A), 2-methylthio-ATP (2 MeSATP, 1QuM,
Fig. 2B), ADP (10 uM, Fig. 2C), and the P1 receptor agonist
adenosine (1QuM, Fig. 2D) all elicited [C&*]; rises. The
pattern of these responses consisted of an initial rapid rise to
peak within 5 to 10 s of agonist application, followed by a slow
decline to a plateau level higher than the prestimulus level of
[Ca®*]; (Fig. 2, A-D). Rarely did the fluorescence signal-de
cline to prestimulus levels in the presence of agonist, but on
removal of agonist it promptly returned to resting levels. In
many instances (25 of 44 cells), oscillatory changes irf[Ga

FiG. 1. Identification of dye-loaded cells as"Mar cells. A: image of a were observed when _S“C?S were perfused Wlth adenosme (Fig.
retinal slice loaded with calcein. Dye loading was carried out in the eyecup d9). Brief (15 s) applications of 2 MeSATP elicited repeated
described inveTHops. Note only Miller cells are loadedB: typical image of [Ca®*]; transients of reduced amplitude, which remained-con
a calcium green—loaded retinal slice showing brightly fluoresceiliekeells.  stant over a number of trials (FigE®R Similar results were

Miiller cells were identified by their bipolar morphology, with processe ; ; ;
extending from the end-feet at the internal limiting membrane to the externaalPtamed in 35 separate slices (140 cells), and the results are

limiting membrane. The brightness and contrast settings in the image W@r%n;p”ed_ in Table 1. These purinergic receptor-mediated
chosen to highlight the Mler cell processes, which saturated the end-feet ardCa® " |; signals were most likely due to direct stimulation of
cell body regions. No fluorescence was observed in astrocytes or ganglion

cells.C: glial fibrillary acidic protein (GFAP)-containing Mier cells visual- tagLE 1. Pharmacological characterization of purinergic receptor
|zeq by' fluore§cenc_e-bas_ed |mmu_nocytochem|_stry u_smg_specmc fant"GFﬁ'Fretinal Miler cells in situ

antibodies. This retinal slice was incubated with antibodies following mea-
surement of [C&']; signals. Cells loaded with calcium green were also

positive for GFAP. Note that GFAP immunoreactivity does not extend into the Responding .

expanded end-feeC]. Cells, % Peak AmplitudeNF/F) n

our experiments originated from within Mer cells. Damaged ATP 100 14.60+ 1.10 51

preparations, where fluorescence was observed within as%kgeSATP 1%% 11%-31% 2-83 31411

0 : : : enosine . .

cytes and neurons{15% of retinae) were routinely discarded.,, ;5 97 1621+ 113 33
, ) ) , aBMeATP 41 4,12+ 0.38 25

Purlnerglc receptor—mediated [G4], transients uTP 36 4.91+ 0.94 11

in Muller cells uDP 8 4.42+ 0.58 3

_In the absence of stimulation, ‘Mer cells in retinal slices  values in Peak Amplitude are mearts SE; n is number of cells. UTP,
did not show spontaneous [€3; changes. Bath application of uridine triphosphate; UDP, uridine diphosphate.
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B sponses to ATP and 2 MeSATP are due td Ceelease from
intracellular stores rather than from an influx of extracellular
Ca&". Newman and Zahs (1997) obtained similar results in
their experiments on retinal whole-mount preparations.

Pharmacology of purinergic receptor-mediated fC&

Thapsigargin — gignals in Miller cells

10s &

2MeSATP (10uM) ZMeSATP (10uM) Purinergic receptors have been classified into two major types.

Fic. 3. Dependence of purinoceptor responses on extracellular vs. intrad@lt. adenosine receptors (subtypes Al and A2) are G-protein—
'éﬂagg fcrfe +A%(g§5£;]t:rf]ii23' IESgCT‘?AS ("i’gfeMF))igf?sgic\;Vttz ”ng's /;?tsir';e%oupled receptors and act via phospholipase-C (Burnstock et al.
prior to stimulation with g MeSATP.‘p'LI'races show ft*:}z? responses in 1983; Cusack ‘."‘”d Hoqranl 1982). P2 purinergic recemors have
representative cells in normal ACSF and following 10-, 20-, and 40-mf{VO Subtypes, ionotropic P2X receptors and metabotropic P2Y
perfusion with C&"-free ACSF.B: slices were treated with thapsigargin (5receptors, which like P1 receptors act via phospholipase-C. Seven
uM) for 15 min and then stimulated with 2 MeSATP. Traces show respongfifferent subtypes of P2Y receptors have been described based on
to 2 MeSATP before (control) and after thapsigargin treatment. the rank order of potency of different nucleotide agonists (see
Miiller cells as the responses were unaffected by blockiffyMStock 1997). Since the Mer cell [C '], responses to ATP,
neuronal stimulation and action potential propagation by pré-I€SATP, and adenosine were not abolished in the absence of
treatment of slices with TTX (1M, 4 slices). Ca*],, but were abolished by treatment with thapsigargin, we

While all the cells responded to ATP or 2 MeSATP, Ver§0nc|ude that fthese_responses are mediated by P2Y and P1 types
few of the cells responded to norepinephrine or glutamaly. Metabotropic purinoceptore-Methylene-ATP &BMeATP,
Norepinephrine (50Q:M)-induced CA&" responses were eb - *M), the known agonist for P2(>)< subtype of receptors, produced
served only in two of six retinal slices, while all cells in thémaII INCréases n [Ca]; in <10% of Muller ceIIs. examined. .
field of view in the same six slices showed Carises in Ve systematically tested a number of agonists to determine
response to ATP (1@M) and 2 MeSATP (1uM). In contrast the major purinoceptor subtype mvolveo_l in the evoked[Ga
to findings in freshly isolated Mler cells (Keirstead and '€SPOnse in Miler celis. In these experiments, ATP was ap-
Miller 1995, 1997), application of glutamate (up to 1 mM) had'ied at the beginning and the end of each experiment, and only
little effect on Mler cells in situ in retinal slices (15 cells in C€/lS with comparable responses at the beginning and end were

3 slices). included in the analysis. Agonists were tested from low to high
concentrations with a 15-min wash in between. Dose-response

relationships were constructed for ATP, 2 MeSATP, 2 Me-
SADP (Fig. 40), and ADP (Fig. 8). The threshold concen-
trations were 1.0, 0.01, and OuM for ATP, 2 MeSATP, and

To test whether the presence of extracellula?'Ci&s ree  ADP, respectively. The EG for the different nucleotides were
quired for purinergic receptor—evoked [£3% signals, we re (in uM), ATP, 7.0 = 0.67; 2 MeSATP, 0.12+ 0.06; 2
placed normal ACSF with medium containing zerc?Cand MeSADP, 0.22+ 0.05; and ADP, 0.93+ 0.03, showing that
100 uM EGTA. We found that removal of extracellular €a ADP, 2 MeSATP, and 2 MeSADP have 10-fold higher affinity
over short periods of time (up to 10 min of perfusion) did ndor the receptor than ATP. These results are in general agree-
significantly alter either the amplitude or the pattern of ghent with other reports (Burnstock et al. 1983; Cusack and
MeSATP-evoked responses (Figd)3 Prolonged incubation Hourani 1982; Dixon 2000) and support the conclusion that the
in Ca*-free medium with repeated agonist stimulations, howiiller cells in rat retina express P2Y purinoceptors and their
ever, resulted in the loss of response, probably due to complstienulation results in a robust [€5]; response. Furthermore,
depletion of the intracellular ¢4 stores (Fig. 3). in separate trials, the P2Y antagonists suramin (200 and

In another set of experiments, intracellular®Castores reactive blue (10M) both blocked the [C&]; responses in
were depleted with thapsigargin, which inhibits #a&coen- Miiller cells evoked by ATP and 2 MeSATP (Fig. A-C).
doplasmic reticulum Ca ATPase and thus depletes the-en In addition, we also testedBMeATP, UTP, and uridine
doplasmic reticulum Cd stores in cells (Thastrup 1990). Adiphosphate (UDP) and found that the P2Y agonists, 2
15-min perfusion with thapsigargin (M) abolished all MeSATP, 2 MeSADP, ADP, and ATP were by far the most
[Ca®"]; responses to ATP or 2 MeSATP (FigBB Taken potent and stimulated most Mer cells (Table 1). Only 36 and
together, these results show that théllucell [C&"], re- 8% of Miller cells responded to the P2 agonists UTP and UDP,

A B

Milller cell [Ca®*]; signals are due to Cd release from
cellular stores

16 24
= ~ Fic. 4. Dose-response relationships. Data represent means
LSBT & SE of 8 separate measurements. Peak amplitutied=§) of
S5 = 64 . .
=) g evoked fluorescence increases were averaged and plotted against
g gl 3 agonist concentration. ATR>(in A), 2 MeSATP ¢ in A), 2
= E] MeSADP { in A). B: concentration response relationship for
= A = ¥ ADP. The EG, for the 3 agonists were (iaM) ATP, 7.0+ 0.67
g g (n = 25); 2 MeSATP, 0.12- 0.06 1 = 30); 2 MeSADP, 0.22

0 0.05; and ADP, 0.93- 0.03 f = 12).
0001 oo 00O 01 10 1000

o110
Concentration (UM) Concentration (UM)
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B Muiller cell to others can also be seen in thettom halfof the
montage. Waves between cells were often observed, and the
direction of propagation of these intercellular waves did not
depend on the direction of fluid flow. We analyzed wave
propagation through the cell body and the thin processes using
+Reactive blue digital image processing techniques (see Figs. 7 and 8).
— — B Ca&* wave propagation in situ was analyzed using para
A A digms developed in our laboratory to investigate propagation in
cultured glial cells (Fig. 7) (Simpson et al. 1997; Yagodin et al.
1994). Cell images were sectioned into serial slices, and the
average fluorescence intensity over time within each of these
regions was plotted with an offset along thfeaxis (Fig. B).
The offset plot shows that in this Mar cell, the very first
105 A 105 A C&* wave initiated close to the end-foot and another one a
_ _ ) _ little later near the photoreceptor layer and both waves prop-
FIG. 5. Purlnoce_ptor antagonists block M cell [C&*]; transients. ATP- ) ated toward the cell body. To obtain quantitative estimates of
evoked CA&" transients were completely blocked by the P2 antagonls?‘sg y q .
suramin (200uM, A) and reactive blue (10@M, B). Similarly, 2 MeSATP Wave spe_ed and local @a r_elease kinetics, the C_e” was
responses were blocked by reactive blue (180 C). In D, [Ca?']; transients  Sectioned into 0.8psm-thick slices, and fluorescence intensity
evoked by adenosine (3M) is blocked by 3,7-dimethyl-1-propargylxanthine data were extracted from each slice. Peak amplitude, rate-of-
(DMP_X; ZOO_MM). Slices were perfused with antagonists for 5 min prior t‘ﬁse, as well as the time at which 50% peak was reached were
agonist application. extracted from each trace and were plotted against cell length

respectively (Table 1). The rank order of potency for the puriE9: 8) (see Simpson et al. 1997; Yagodin et al. 1994 for
and pyrimidine nucleotides was 2 MeSAEP2 MeSADP > methods). For reasons of clarl_ty o_nIy data_from the_end foot to
ADP > ATP = afmeATP = UTP > UDP. These results the cell body region is shown in Fig. 8. This analysis revealed
suggest that P2)Ysubtype of receptors mediate the fCh that the peak amplitude and rate of rise of thé Ceesponse

signals evoked by the purinoceptor agonists ifillstucells, Were nonuniform through the cell, with some regions of the
Adenosine was as potent as 2 MeSATP in elicitinglietucell cell showing higher C& release rates than found in surround

[C&"]; responses (Table 1, FigsDand D), suggesting that ing regions (arrows). At these sites, the local signal amplitude

Muiller cells also express P1 purinoceptors. To determine @S higher (Fig. 8), and the rate of rise of the response was
adenosine receptor subtype (Al or A2) involved, in separate£€Per (not shown). Thus the kinetic profile of these regions
experiments, we tested the selective ahtagonists 1,3-dipro @PPeared similar to the specializations (wave amplification
pyl-8-(2-amino-4-chlorophenyl)-xanthine (PAPCX) or 8_Cy_3|tes) prewoulsly obsgrved in cultured glial cells (Simpson and
clopentyl-1,3-dipropylxanthine (DPCPX) or the selective ARUSSell 1996; Yagodin et al. 19904)' . .
antagonist 3,7-dimethyl-1-propargylxanthine (DMPX). Slices A Plot of the delay times to 50% peak of the signal against
were stimulated with adenosine (1M) in the presence or cell length localizes wave initiation sites in the cell. At these

absense of antagonists. We found that while PAPCX agi€S; the wave reaches 50% of maximum amplitude sooner

DPCPX were totally ineffective in antagonizing the adenosirjgan the surrounding regions and appears as minima in this plot
evoked [C&"]; responses (5 trials, data not shown), DMPXFig- 8,0). In this cell, the wave initiates at approximately 18
(100 uM) completely abolished the responses in 10 separdtd from the end-foot%). Wave speed was calculated from the

trials (Fig. D). Taken together, these data suggest that in ti2P€ Of the line through the data points (Fig. 8). While the
retina, both intercellular communication and intracellulaf Ca @verage wave speed was approximately A&/s, waves

waves through the thickness of the retina withirilucells  Slowed and sped up during propagation through different re-

could occur by a purinergic receptor-mediated mechanismdions of the cell. Wave speed varied between 10 and s
along processes. On average, waves took about 4—10 s to travel

from end-feet to the cell body. From the initiation sites, waves
propagated in both directions (see Fig. 8). In most of our
To investigate the spatiotemporal characteristics of tié Caexperiments, waves initiated in the end-foot region ofllstu
signals in Muler cell processes, we acquired images rapidlgells and propagated toward the cell body. Of the 56 separate
(every 100 ms). Movies of image sets showing Ceesponses cells analyzed, 55% of waves initiated at the end-feet, 39% in
revealed that the signals always initiated in one region tfe process region, and only in 5% of cells, waves initiated at
Muller cells and propagated as waves through the procesdés. cell soma.
Figure 6 shows a montage of a series of images showidg Ca The peaks in C& release amplitude or the wave speed
responses in a retinal slice stimulated with 2 MeSATP (Idbserved along Mier cell processes did not correspond to the
wM). This representative image sequence shows%d @amve peaks in the fluorescence intensity profile of the process (data
originating at the end-feetdp of picture) and propagating to not shown). This observation suggests that irregular process
the cell body (bright spots at tmiddleof the image) and then shape and thus variations in dye volume along processes do not
toward the photoreceptor layer at thettomof the picture. In contribute to the differences in €arelease kinetics we mea
addition, bi-directional propagation of waves from a singlsured. Such differences in fluorescence intensity along pro-
initiation site was often observed (see Fig. 8), suggesting tltatsses were corrected by tA&/F, normalization procedure.
diffusion of agonist across the slice does not determine tRerthermore, transient dynamic changes in shape were never
direction of the wave. Propagation of €awaves from one observed during purinergic stimulation, and plotsAgf/F, in

+Suramin

2MeSATP Adenosine

+Reactive blue

Ca®* wave propagation in individual Mler cells
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FIG. 6.  Miiler cell C&" waves are evoked by 2 MeSATP. Mon
tage of fluorescence images shayvim 2 MeSATP—evoked &
wave in a retinal slice. Although ratio images were acquired every 200
ms, images representing specific time intervals were chosen to high-
light wave propagation. Acquisition times are as noted in each panel
where 0.0 s represents time of 2 MeSATP (1) addition (arrow).

A Ca?*" wave initiates at the end-foot region of one of thelisteells

in the field (middle of the field at th®p), which propagates down
toward the cell body and the photoreceptor layer abtiteom.Note

also, waves propagating to other ldu cells, both at the end-feet
region and the cell bodies. Fluorescence intensity in the 8-bit scale was
rendered in pseudocolor as showrbattom right. This qualitative
view of wave propagation is better appreciated as a movie; see http:/
dir.nichd.nih.gov/Lcmn/RussellLab.

F= 0

unstimulated processes did not show any peaks. Taken BdSCUSSION
gether, these data indicate that, like in cultured glial cell$;"Ca
wave propagation in Mier cells in situ is achieved through a
series of wave amplification sites where the locat Ceelease
function is specialized.

In this study, we analyzed agonist-evoked®Cavave prop
agation within Muler cell processes in slices of adult rat
retinae. Using a novel indicator loading technique, we have
discretely filled Muler cells with calcium green and measured
Ca" transients evoked by bath-applied agonists. Immunocy

, A B tochemical identification of cells using anti-GFAP antibodies
Apicalend o clearly showed that the cells loaded with®Candicator were
e indeed Miler glial cells (Fig. 1). We found that purinergic
120 Smmsrair e agonists were very potent agents for eliciting?Caesponses
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FIG. 7. Analysis of Miler cell C&#* waves. The data in the figure are from Distance (um)

the same experiment depicted in Fig. 6 (cell in thigldleof the panels). The  Fic. 8. Identification of specialized €4 release sites. Data are from the
agonist-evoked Cd wave was analyzed by sectioning the'lMu cell into  same experiment shown in Figs. 6 and 7. For quantitative analysis the cell was
2.125um-wide (5 pixels) serial slices and measuring average fluorescersegtioned into much finer 0.85m-wide slices. Parameters of local Ca
intensities within these regions of intereat.a drawing of the analyzed cell release kinetics, peak amplitude),(and the time to 50% of pealo) were

and boxes marked within the cell outline indicate sections of the cell at 0, 4&tracted from each of the €atraces and were plotted against length of the
80, and 12Qum from the end-footB: normalized fluorescence intensity valuescell. For the sake of clarity, only data from the end-foot to a distance @ff80
(AF/F,) measured within such regions of interest were plotted with an offsetto the cell (the cell body) are included in this plot. The amplitude of local
on the Y-axis against time. Théottom traceson the figure correspond to C& " release showed discrete peaks at a number of local cellular sites (arrows).
responses from end-feet (On) andtop tracesto the apical end of the cell. In Note also that the 1st wave initiation site (the minimum on the delay at 50%
this cell, the very 1st Ca wave initiated near the end-foot and apical regionpeak trace marked with an asterisk). Extrapolation (lines drawn through the
(*) and propagated toward the cell body. Note also another wave beginningants) of the delay at 50% peak provided estimates of wave speed and
little later near the apical end (at110 wm). revealed that wave speed changes over the length of the cell.
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in Miller cells. These Cd responses initiated in specificundergo fast inactivation, and measurements of membrane
regions of the Miler cell and propagated bi-directionally atcurrents by patch-clamp methods are required to verify this
nonuniform rates through cellular processes. There appearegassibility. While retinal neurons have been shown to express
be specific cellular locations at which €arelease rate and P2X2 purinoceptors (Greenwood et al. 1997; Neal and Cun-
amplitude were significantly higher suggesting wave amplifitingham 1994), recent studies have shown thaliéfigells in

cation sites. adult rat retinae also express P2X purinergic receptors (Neal et

Newman and Zahs (1997) have recently shown that in whaié 1998).
flat mount preparations of rat retina, exogenous addition ofC&* waves evoked by purinergic receptors propagate bidi
agonists as well as electrical stimulation can evok&'Geaves rectionally from initiation sites within Niler cell processes.
that propagate between Mer cell end-feet. In addition, they Analysis of C&* waves revealed the presence of discreté'Ca
showed that these & waves modulate ganglion cell excit release sites where the magnitude of Ceelease was signif
ability (Newman and Zahs 1998). We were interested to knasantly higher than in surrounding regions of the cell. Nonuni-
whether these Ga waves impinge on signaling within theform distribution of purinergic receptors on Mer cells pro-
retina, specifically, do G4 waves travel from the end-feetcesses alone could not explain the observation of specialized
through the entire length of Mler cells to the photoreceptor release sites, but could contribute to wave initiation. Inositol
layer of the retina. Our present study shows that'Oaaves 1,4,5-trisphosphate (IngPgenerated during receptor activa
propagate along Mler cell processes and this propagatiotion diffuses extremely rapidly in cytoplasm (= 180 um?/s)
occurs by regenerative €arelease at specialized release sitg@\llbritton et al. 1992), and any gradient in Inglevels will be
along the processes. These results suggest thdeeells expected to dissipate rapidly. Wave propagation on the other
may indeed act to modulate signaling throughout the thickndsand occurs at rates of up to 40m/s. In theory, localized
of the retina. patches of purinergic receptors on"Nu cell processes to-

It was important to test whether the Mer cell C&* re-  gether with focal release of agonists could elicit localized wave
sponses are a direct consequence of stimulation of purinergiitiation. Whether such an arrangement exists in the retina
receptors on Miler cells or if the waves are due to indirectneeds to be investigated. The regenerative nature of wave
stimulation of Miler cells by synaptic release of transmittepropagation that we observed, however, suggests specialized
resulting from purinergic stimulation of neural networks. WE& " release sites along Mar cell processes where €a
provide evidence that the responses are due to direct stimukdease function is enhanced.
tion of Muller cells. Removal of C& from the bathing me The phenomenon of specialized Carelease sites is fe
dium that blocks vesicular transmitter release (Llinas 1982) didarkably similar to observations in cultured glial cells of the
not abolish the C& waves. Furthermore, blockade of actiorastrocytic and oligodendrocyte lineages (Simpson et al. 1997;
potentials with tetrodotoxin (TTX, 1.2M) did not inhibit the Yagodin et al. 1994). The specializedCaelease sites serve
agonist-evoked G4 signals. While it can be argued that undeas wave amplification sites, and mathematical models have
conditions of extracellular G4 removal and TTX blockade, provided evidence that they might behave as partially coupled
cellular signaling can occur through generation of graded peellular oscillators being coupled by the diffusing®Caons
tentials using surface charge effects; the more direct interp(et and Rinzel 1994; Roth et al. 1995). We and others have
tation of our results is that purinergic agonists act directly ashown that wave amplification sites are endowed with a num-
Mdiller cells. Finally, a graded dose-response relationship wlasr of structural specializations, including high-density patches
obtained with increasing agonist concentrations, which furthef IP;Rs, sarcoendoplasmic reticulumCTapumps (SERCA),
suggests that the primary €aresponse occur in Mier cells. beadlike concentration of intraluminal calreticulin, and close

The fact that complete removal of €afrom the bathing apposition with one or more mitochondria (Rizzuto et al. 1998;
medium did not abolish Ca waves, while depleting intracel Simpson and Russell 1996). Indeed, fluorescence-based immu-
lular stores of C&" did abolish waves, suggests that the ATPaocytochemistry of 1BRs in Miller cells in retinal slices
and adenosine-evoked Mer cell C&" waves were due to revealed beadlike staining along processes (data not shown).
stimulation of metabotropic purinergic receptors, which infhus itis likely that cellular specializations similar to what has
clude P2Y and P1 subtypes. Previous studies have resultethé@n shown in cultured glial cells (Simpson et al. 1997) may
classification of the P2Y purinoceptor subtypes using ramskipport the enhanced local €arelease observed in Mar
order of agonist potency (see for reviews Burnstock 199@ells in situ.

Dixon 2000; North and Barnard 1997). The rank order of We found that a majority of G4 waves started at the
potency in Miler cells in our experiments was 2 MeSAFP end-feet, or at the apical end of Mer cells and propagated
2MeSADP > ADP > ATP > aBmeATP = UTP > UDP, toward cell bodies. This observation is different from results
suggesting that Mier cells in rat retina express P2¥ubtype obtained in isolated dispersed tiger salamandéilévcells,

of purinergic receptors. Furthermore, since’Cavaves were where wave initiation sites were most often observed in the
also evoked by the P1 agonist, adenosine, and these waapisal region (Keirstead and Miller 1997). This may be due to
were blocked by DMPX and not by PAPCX or DPCPX, walifferences in the analysis paradigm, species differences, or
conclude that adenosine is acting via stimulation of P1Aossible damage to cells during the dissociation procedure
purinergic receptors in Mler cells. The fact that the P2X- (Newman 1993). We observed many sites of wave initiation in
specific purinergic agonistBmeATP) failed to elicit [CA"], any given cell, where a G4 response begins before the arrival

in Muller cells in thapsigargin-treated and untreated retinaf a wave propagated from other areas of the cell. Multiple
slices suggests that Mer cells may not express this subtypevave initiation may be explained by patchy distribution of
of purinoceptors. This result, however, should be interpretedonist receptors on the cell membrane, the amount of second
with caution, since the P2X receptor channels are known iteessenger formed locally in relation to the internal cell vol-
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