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Plasma membrane
anion exchangers
constitute
a multigene
family that contributes
to the regulation
of intracellular
pH
and chloride concentration
in many cell types. We have characterized
two polypeptide
isoforms of the AE3 gene that are
expressed
in the rat retina. Using antipeptide
antibodies
specific for defined NH,-terminal
and COOH-terminal
epitopes,
we have identified a 165 kDa polypeptide
whose expression
is restricted
to the primary glial cell type of the retina, the
Miller cell, and a 125 kDa polypeptide
that is expressed
in
horizontal
neurons.
Expression
of the Miller
cell isoform
exhibits a polarized
distribution
and is highest in basal endfoot processes.
These AE3 isoforms
exhibit a distinct developmental
expression
pattern in postnatal
rat retina. The
neuronal
isoform
is undetectable
in neonatal
retina until
postnatal
day 1 O-l 5, correlating
strongly with the onset of
retinal function.
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The vertebrate retina is notable for having extremely high rates
of aerobic metabolismand oxygen consumption(Warburg, 1926;
Futterman and Kinoshita, 1959; Rodieck, 1988). For optical
reasons,the retina is sparselyvascularized (Walls, 1942), and
efficient elimination of the considerableCO, and H+ load from
photoreceptor activity is necessaryto maintain intracellular and
extracellular pH homeostasis.Several aspectsof the phototransductive cascadeare sensitive to pH. For instance, experimentally imposed acidosis decreasesphotoreceptor light-sensitive
current (Sillman et al., 1972; Gedney and Ostroy, 1978), slows
down responsekinetics (Liebman et al., 1984), and reducesthe
content of cGMP in photoreceptors (Meyertholen et al., 1986).
Additionally, ion channelsthat participate in visual signaltransduction are influenced by intracellular or extracellular protons.
In lower vertebrates, connectivity amonghorizontal cells,which
contributes to center-surround organization by providing a feedback loop to cones (Baylor et al., 1971), is mediated by gap
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junctions that are exquisitely sensitive to small changesin intracellular pH within the physiological range (DeVries and
Schwartz, 1989). Intracellular pH also regulateshigh-voltageactivated Ca2+currents (Takahashi et al., 1993) and NMDAtype glutamate receptor currents (Christensenand Hida, 1990)
in fish horizontal cells. Similarly, extracellular acidification suppressesa Ca*+ current in conesthat may contribute to neurotransmitter release(Barnesand Bui, 1991). Modulatory effects
of internal and extracellular protons are not limited to neurons.
For example, transport of a pH-changing anion accompanies
glutamate uptake by Miiller glia, suggestingthat pH might affect
the kinetics of termination of neurotransmitter action (Bouvier
et al., 1992).All thesefindingssupport the notion that regulation
of intracellular and extracellular pH is critical for proper functioning of the retina.
Neuronal activity in the retina, as in other excitable tissues,
leads to changesin intracellular and extracellular pH (for reviews, seeChesler, 1990; Kaila, 1992). Metabolic production
of H+ equivalents by photoreceptorscreatesa standinggradient
of extracellular pH acrossthe cat (Yamamoto et al., 1992) and
toad (Oakley and Wen, 1989)retina that is highestin the outer
nuclear layer immediately surrounding the photoreceptor perikarya. Stimulation by light evokes a transient alkalinization of
sufficient magnitude to modulate the activity of pH-sensitive
ion channels(Oakley and Wen, 1989; Yamamoto et al., 1992).
Glutamate stimulation of horizontal cells induces a transient
intracellular acidification (Dixon et al., 1993)that suppresses
a
high-voltage-activated Ca*+ current, and could modulate the
gating of gapjunctions. Permeation of HCO,- through GABAgated anion channelsleadsto transient fall in intracellular pH
(Kaila and Voipio, 1987) and a rise in extracellular pH (Chen
and Chesler,1990),suggestinga link betweensynaptic inhibition
and pH regulation. Synaptic activity, therefore, evokestransient
changesin both intracellular and extracellular pH of magnitudes
sufficient to influence the responseproperties of neuronal circuits.
The magnitude and duration of such pH transients depend
on the intracellular and extracellular buffering capacity and the
activity of plasmamembraneacid and basetransportersin neurons and glia (for reviews, seeChesler, 1990; Cheslerand Kaila,
1992). Extracellular pH in intact retina is sensitiveto amiloride
(Oakley and Wen, 1989),an inhibitor of Na+/H+ exchange,and
to the disulfonic stilbenes DIDS and SITS (Cabantchik and
Rothstein, 1972),which block plasmamembraneHCO,m transportersincludingNa+/HCO,- cotransporter(Jentschet al., 1984),
and Na+-dependent and Na+-independent Clm/HCO,- exchangers(Cabantchik and Greger, 1992). Treatment with in-
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hibitors of carbonic anhydrase or experimental superfusion of
retinas with bicarbonate-free buffers alters extracellular pH, attenuates the b-wave of the electroretinogram, and reduces rod
saturating response amplitude and rod cGMP content (Donner
et al., 1990). Application of DIDS to intact frog retina reversibly
abolishes photoresponses in a pH-dependent manner (Donner
et al., 1990). These types of experiments support the hypothesis
that bicarbonate transporters contribute to retinal function by
maintaining intracellular and extracellular pH. Because of the
poor specificities of transport inhibitors and the difficulty of
measuring pH transients in physically inaccessible compartments that are not in rapid equilibrium with bulk extracellular
water, the molecular details of retinal pH regulation, and the
contributions thereto of individual cell types, remain largely
uninvestigated.
To begin to construct a map of proton trafficking in the CNS
it is necessary to complement physiological studies with a precise definition of the types of pH regulatory transporters present,
their biophysical properties, and their cellular and subcellular
localization. As a first step toward this goal, our laboratory has
been studying a family of structurally related anion exchangers
that catalyze the tightly coupled, electroneutral exchange of the
two principal cellular anions, Cl- and HCO,m (reviewed in Kopito et al., 1990). Despite their structural homologies, which are
reflected in similar catalytic properties, the physiological roles
and regulation of anion exchangers differ widely among cell
types. For example, in erythrocytes, the AEl anion exchanger
facilitates the transport of plasma CO? by allowing the rapid
equilibration of HCO,m between the intracellular and extracellular compartments (reviewed in Knauf, 1986). Coupled Cl-/
HCO,- and Na+/H+ exchange leads to net NaCl transport, and
is the basis of the regulatory volume response of many cells to
osmotic shrinkage (Grinstein et al., 1984; Hebert, 1986). Anion
exchangers also operate as alkali extruders, which regulate pH,
in many cell types including epithelia (Machen and Paradiso,
1987), cultured cell lines (Chaillet et al., 1986; Kurtz and Golchini, 1987), lymphocytes (Mason et al.. 1989), and smooth
muscle (Aickin and Brading, 1982). Finally, cardiac Purkinje
fibers use an unidentified anion exchanger to maintain intracellular Cl- above electrochemical equilibrium (Vaughan-Jones,
1978). In a previous report, we used molecular cloning to identify a novel plasma membrane anion exchanger gene, AE3, that
is expressed chiefly in brain and heart (Kopito et al., 1989).
However, there has been to date no description of the location
of AE3 polypeptides in any tissue. We report here that both the
cardiac and brain isoforms of AE3 are expressed-in
a developmentally regulated manner-in specific neuronal and glial cell
types in the neural retina of the rat.
Materials

and Methods

tnR:\!4 isolation. Tissues used for RNA isolation were isolated from
female Sprague-Dawley rats and rapidly frozen in liquid nitrogen. Tissues (60 retinas, two hearts, and two brains) were homogenized by
grinding in a mortar and pestle under liquid nitrogen. PolyA RNA was
directly isolated using oligo-dT-cellulose
(Boehringer Mannheim), according to Badley et al. (1988).
9orhern blots. PolyA RNA (5 pg retina, 4 fig brain, and 2.5 pg heart)
was denatured with formaldehyde and formamide and resolved on 0.9%
agarose gels, as described by Sambrook et al. (1989), except that the
concentration of formaldehyde was reduced to 0.22 M in the gel and
buffer. RNA standards (0.24-9.5 kb ladder, GIBCO-Bethesda Research
Labs) were included in neighboring lanes. RNA was transferred to nylon
membrane (Hybond-N, Amersham) and cross-linked to the membrane
with ultraviolet light at 120 mJ/cm’(Stratalinker, Stratagene, Inc.). Blots
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were prehybridized for 4 hr at 42°C in 50% formamide, 5 x SSC, 1 x
Denhardt’s, 1% sodium dodecyl sulfate, 50 &ml sheared salmon sperm
DNA, and 20 mM sodium phosphate, pH 6.6. Blots were hybridized
for 16 hr at 42°C in 10 ml of 50% formamide, 5 x SSC, I x Denhardt’s,
1% sodium dodecyl sulfate, 50 &ml sheared salmon sperm DNA, 10%
dextran sulfate, and 20 mM sodium phosphate, pH 6.6, containing 2 x
1O6 cpm/ml of probe. Blots were washed 2 x 15 min at room temperature in 2 x SSC, 0.2% SDS, followed by 30 min at 65°C in 0.2 x SSC,
and then 0.2% SDS. Autoradiography was performed using preflashed
Kodak XAR film and an enhancing screen.
Hybridization probes. A probe for the unique exon found in cardiac
AE3 was isolated by PCR. Cardiac AE3 plasmid (gift from Dr. Gary
Shull). linearized with Bst XI. was used as a PCR temolate. A 159 base
pair portion of the exon was’amplilied for 30 cycles ising the primers
5’ GCTCCCACAGGCCATAGT
3’ and 5’ ACAAGGTCATGGAGCCCA 3’. Annealing temperature was 55°C and elongation was performed
at 72°C for 15 sec. usine. Vent DNA oolvmerase (New Eneland Biolabsl.
Plasmid pBSLlO& coding for mouse AE3 (Kdpito et al., 1989), wis
digested with Apa I. The fragment corresponding to nucleotides 18642459 was isolated from a low-melting-point
agarose gel and purified
using /3-agarase (New England Biolabs). following the manufacturer’s
instructions. The 159 bp PCR product was also isolated by gel purification and P-agarase treatment. Radioactive probes were prepared by
random hexamer labeling (Pharmacia) (Feinberg and Vogelstein, 1983)
using &‘P dCTP (New England Nuclear) to a specific activity of 2 x
I O9cpm/pg.
Etqvnatic deglycosylation. Freshly isolated rat tissues were homogenized either in a polytron (one heart) or by 12 strokes of a Dounce
homogenizer (eight retinas) in 5 ml of ice-cold 0.32 M sucrose, 1 mM
EGTA, 0.1 mM EDTA, 10 mM HEPES, pH 7.5, containing 200 PM
PMSF, 100 FM TLCK, 200 PM TPCK, I PM leupeptin, and 100 PM
benzamidine. Homogenates were centrifuged at 25 10 rpm for 5 min at
4°C in a Sorvall SS34 rotor. The supematant was removed and centrifuged at 30,000 rpm for 30 min at 4°C in a Beckman Ti70 rotor. The
resulting membrane fraction was resuspended in phosphate-buffered
saline and either used for deglycosylation experiments directly or stored
frozen at -70°C. To heart membranes (97 pg protein) and retina membranes (40 pegprotein) in 13.8 ~1 of PBS, containing the protease inhibitors used to isolate the membranes. was added 1.3 ~1 of 5% SDS and
10% 2-mercaptoethanol. Proteins were denatured by incubation for 10
min at 60°C. Samples were diluted by addition of 9 ~1 of 5% NP-40 in
0.25 M sodium citrate, pH 7.5. To each sample was added either 20 ~1
of N-glycosidase-F (1000 U/pi; New England Biolabs) or 20 ~1 of water.
Samples were incubated for 2.5 hr at 37°C.
hztibodies. Polyclonal antibodies AP-3 and AP-6 were generated
against synthetic tridecapeptides corresponding to amino acids 12 15
and 195, respectively, of mouse AE3 (Kopito et al., 1989). Peptides
were conjugated via glutaraldehyde to PPD (Statens Seruminstitut, Copenhagen) (Doolittle. 1987), and then emulsified in Freund’s adjuvant.
This emulsion, containing 500 fig of conjugate, was used to immunize
New Zealand White rabbits. Rabbits were boosted with 250 pg of con-

jugateafter 3 weeksandevery 3 weeksthereafter.Seraweretestedon
immunoblots of AE3-transfected HEK cells (Kopito et al., 1989). Highest titer bleeds were affinity purified on peptide Sepharose columns
[using activated CH-sepharose 4B (Pharmacia) according to the manufacturer’s instructions], eluted with glycine-HCI, pH 2.5, neutralized,
dialyzed. concentrated on Centricon(Amicon) filters, and stored at
4°C with sodium azide (0.02%). Antibody AP-3 was used at a concentration of 0.0067 pg/ml in immunoblots and 0.005 &ml for immunocytochemistry. Antibody AP-6 was used at a concentration of 0.00 1
&ml in immunoblots and 0.04 &ml for immunocytochemistry.
Monoclonal antibodies to calbindin 28k (generous gift of Dr. Claus
Heizmann, Ziirich) and 8A1.75 ascites (gift of Dr. Cohn Bamstable,
Yale University) were used at dilutions of 1:2000 and 1:20,000, respectively. Monoclonal antibodies to vimentin (catalog #V 6630) and
GFAP [clone G-A-5 (Debus et al.. 1983). cataloe #38931 were obtained
from Si’gma (St. Louis, MO) and used at &tioncof
1:SO:OOOand 1:400,
respectively.
Inmunoblots. HEK cells were transfected with AE3 as previously
described (Lee et al., 199 1). Membranes were isolated as described
above, suspended in Laemmli sample buffer, heated for 5 min at 6o”C,
and resolved on a 7% SDS gel (Laemmli, 1970). Proteins were transferred to nitrocellulose (Schleicher and Schuell, Keene, NH) by electrophoresis in buffer composed of 10% (v/v) methanol. 12.4 mM Tris, and
96 mM glycine for 2 hr at 24 V using a Genie Blotter (Idea Scientific,
Minneapolis, MN). Nitrocellulose strips were blocked by incubation for
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Figure 1. Organization of AE3 transcripts and their corresponding polypeptides. A, The numbered boxes correspond to individual exons in the
rat AE3 gene (Linn et al., 1992). The black box labeled Cl refers to the exon previously shown to be present in cardiac AE3 but absent from the
brain isoform (Linn et al., 1992). Location of the two cDNA probes used for Northern analysis in Figure 2 is indicated. B, The corresponding
polypeptides encoded by the “brain” and “cardiac” cDNAs are designated by the long horizontal boxes. Shaded area corresponds to the membraneassociated domain. Vertical boxes indicate the location of the peptides against which the AP-6 and AP-3 antibodies were generated.
30 min in 20 mM Tris, 137 mM NaCl, and 5% (w/v) nonfat dry milk,
pH 7.6, incubated in primary antibody at 25°C for 2 hr or 4°C overnight,
and followed by horseradish peroxidase-conjugated donkey anti-rabbit
IgG for 75 min at 25°C. Blots were developed with ECL reagent (Amersham) and exposed to XAR film (Kodak).
Histology. Adult Sprague-Dawley rats were anesthetized with ether
and fixed by transcardiac perfusion with phosphate-buffered saline (PBS;
140 mM NaCl, 8 mM phosphate buffer, pH 7.40) followed by 4% paraformaldehyde in PBS. Eyes were hemisected, and the retinas removed
and postfixed for 4 hr at 4”C, and then infiltrated with 20% sucrose prior
to freezing and sectioning. Frozen sections (15 pm) were processed either
transversely (vertical sections) or tangentially (horizontal sections) on
a cryostat and collected onto gelatin-coated slides. Sections were either
used immediately or stored under desiccant at -70°C. For immunostaining, sections were rehydrated in PBS, blocked and permeabilized
in 5% bovine serum albumin and 0.3% Triton X-100 for 30 min at
25°C and incubated with primary antibody overnight at 4°C. Sections
were subsequently washed in PBS, incubated with fluorescein-conjugated goat anti-rabbit (Zymed) or rhodamine-conjugated goat anti-mouse
(Molecular Probes) for 1 hr at 25”C, and, after extensive washing, stained
with bisbenzamide (2 &ml) for 1 min and mounted in 90% glycerol/
10% PBS supplemented
with 2.5% DABCO
[1,4-diazabicyclo(2,2,2)octane]. Stained sections were photographed on an Axiophot
(Zeiss) microscope with a 40x Neofluor objective (1.3 NA) (see Figs.
4, 6, 9, 10) on Ektachrome P800 film, or with a Bio-Rad confocal
microscope (see Figs. 5,7,8). Confocal micrographs were acquired using
a 63 x Neofluor (1.4 NA). Image files were cropped and laid out with
PHOTOSHOP
(version 2.5, Adobe Systems) and PAGEMAKER
(Aldus). All
confocal images were acquired as linear averages of 8-12 consecutive
scans. No other image enhancement was used.
Retinal dissociation and densitometry. Retinas from adult SpragueDawley rats were enzymatically dissociated by the method of Sarthy
and Lam (1979) as modified by McGrail and Sweadner (1986). Dis-

sociated cells were fixed for 30 min at room temperature by resuspension
in 2% paraformaldehyde in 100 mM sodium phosphate buffer, pH 7.4.
Fixed cells were washed with 1 ml phosphate buffer (100 mM, pH 7.4)
and spread on gelatin-coated slides prior to air drying. Immunostaining
was performed as described above, except that the primary antibodies
were applied for 1 hr at room temperature. Densitometry of the immunoblot shown in Figure 10 was obtained by image analysis using the
NIH IMAGE software (version 1.44). An 8-bit gray scale image was
scanned at 300 dots per inch using a ScanJet Plus scanner (HewlettPackard) into a TIFF file. The scanner response was calibrated using a
Kodak gray scale wedge. All images used for quantifying Figure 10 were
within the linear response of the film and scanning densitometry.

Results and Discussion
Two AE3 isoformsare expressedin rat retina
The two major AE3 species transcribed from the single rat AE3
gene are depicted in Figure 1. Alternative
promoter utilization
gives rise to 4.3 kb and 3.8 kb transcripts in brain and heart,
respectively (Linn et al., 1992). Both transcripts encode polypeptides predicted to possess the entire membrane-associated
anion transport domain, differing only at the extreme NH,terminal 270 amino acids. Northern blots were performed to
determine the number and size of AE3 transcripts expressed in
rat heart, brain, and retina (Fig. 2, lanes l-3). A band of approximately 4.3 kb was detected in all three tissues using a probe
containing exons 12-l 5 of mouse AE3. Its mobility corresponds
well with the predicted size of the major brain AE3 transcript
(Fig. 1). In this region the nucleotide
sequences of mouse and
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Figure 2. Northern blot analysis of AE3 transcripts. Blots of polyA+
RNA from heart (lanes 1, 4) brain (lanes 2, 5), and retina (lanes 3, 6)
of adult rat were hybridized with a probe from AE3 exons 12-l 5 (lanes
I-3) or from exon Cl (lanes 4-6). The small blob in lane 5 corresponds
to a crease in the membrane filter, not to probe hybridization.

rat AE3 are 93.5% identical. An additional transcript of -3.8
kb wasobserved in heart and retina, but not brain mRNA. This
latter band hybridizes uniquely to a probe derived from exon
“C 1,” which wasshown by Linn et al. (1992) to contain the cap
site and initiation AUG for the 3.8 kb major cardiac AE3 isoform (Fig. 2, lanes 4-6). We conclude that rat retina mRNA
contains both of the major AE3 transcripts that are depicted
schematically in Figure 1.
In order to identify polypeptides correspondingto both AE3
mRNAs, polyclonal antibodieswere generatedagainstsynthetic
peptides corresponding to COOH- and NH,-terminal AE3
regions asdepicted in Figure 1B. Both antibodies recognized a
150/l 65 kDa doublet in immunoblots of extracts of HEK cells
transfected with mousebrain AE3 cDNA (Kopito et al., 1989)
(Fig. 3A, lanes 1,4). The larger of thesetwo bandscorresponds
to the size of the mature polypeptide in retina. The smallerband
correspondsto a glycosylation intermediate. Thesedata indicate
that both affinity-purified antibodies recognize the authentic
AE3 polypeptide.
Immunoblots of SDS-solubleretinal proteins probed with the
COOH-terminal antibody AP-3 revealed two major polypeptides at 165 and 125 kDa and a minor band at - 190 kDa (Fig.
3A, lane 2). The 165 kDa and 190 kDa bands were also recognized by the NH,-terminal AP-6 antibody (Fig. 3A, lane 5).
Basedon its mobility and its reactivity with both antibodies,
we conclude that the 165 kDa band is the polypeptide encoded
by the larger of the two retinal transcripts, and correspondsto
the major “brain” AE3 isoform (seeFig. 1). The 190 kDa may
be a minor AE3 isoform hitherto undetectedby mRNA analysis
becauseit reactswith both AE3 antibodies. The 110 kDa band
that is recognized by AP-6 in retina (Fig. 3A, lane 5) is either a
cross-reactive, unrelated protein or an AE3 isoform that lacks
the COOH-terminal epitope. The 125 kDa band is not recognized by the AP-6 antibody, consistentwith its being encoded
by the “cardiac” isoform that lacksthe exon containing the AP-6
epitope (Fig. 3A, lane 5). However, the 125 kDa band in retina
migratesmore slowly on SDS-PAGE than doesthe major cardiac AE3 band (Fig. 3A, lane 3), which is also not recognized
by the AP-6 antibody (Fig. 3A, lane 6).
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5
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c A’
c B’

Figure 3. Expression and deglycosylation of AB3 polypeptides. A, SDSsoluble proteins from HEK cells transfected with the brain form of AE3
(lanes I, 4), or retina (lanes 2, 5), or heart (lanes 3, 6) from adult rat
were probed with antibody AP-3 (lanes1-3) or antibody AP-6 (lanes
4-6). In B, proteins from retina or brain were either subjected to enzymatic deglycosylation (lanes3, 4) or control conditions (lanesI, 2).

Since the 3.8 kb transcripts in heart and retina contain the
same“cardiac” exon, we examined whether the difference in
electrophoretic mobilities of the two AE3 proteins may arise
from tissue-specificdifferencesin posttranslationalmodification
of the same polypeptide. Crude membranes from heart and
retina were solubilized in detergent and treated with
N-glycosidase-Fto remove all N-linked oligosaccharidechains.
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Figure 4. Localizationof AE3 in retinasfrom adult rat. Frozenvertical sections
of retinawerelabeledwith antibodiesAP-3 (A) or AP-6 (B) and

visualizedby fluorescence
microscopy.Sectionswerealsostainedwith bisbenzamide
to identify the threenuclearlayers.Scalebar, 50pm.

An immunoblot of the treated samples,probed with antibody
AP-3, is shown in Figure 3B. Deglycosylation of heart membranesresulted in the disappearanceof the major cardiac AE3
band (Fig. 3B, lane 2, band C) and concomitant appearanceof
a faster-migrating species(Fig. 3B, lane 4, band B’), indicating
complete deglycosylation of the cardiac polypeptide.
N-glycosidase-Ftreatment of retinal membranesresultedin the
appearanceof two species(Fig. 3B, lane 3, A’ and B’), suggesting
that nearly all of the band A material and someof the band B
material had been deglycosylated. Since the mobilities of the
deglycosylatedAE3 from retina and heart are similar, we conclude that tissue-specificdifferential glycosylation of the same
primary AE3 polypeptide accounts for the difference in AE3
mobility between heart and retina. It is not clear whether this
modification has any functional consequences.Deglycosylation
of the closely related erythrocyte band 3 (AE 1) anion exchanger
has no detectable effect on its functional properties or its oligomeric state (Caseyet al., 1992). Together, thesedata allow us
to concludethat polypeptides correspondingto both the “brain”
and “cardiac” isoforms of the AE3 geneare expressedin retina
from adult rat.

The two AE3 isoforms are expressed in distinct retinal layers
Frozen sections of rat retina were examined by fluorescence
immunocytochemistry usingaffinity-purified antibodies(Fig. 4).
Staining with antibody AP-3 (Fig. 4A) revealed strong immunoreactivity in the outer plexiform layer (OPL) and along the
inner margin of the retina in the nerve fiber layer (NFL). Similar
distribution of AP-3 staining was observed in sections from
either central or peripheral (not shown) retina. By contrast, no
staining of the OPL wasdetected with the AP-6 antibody. Reactivity with this antibody in the nerve fiber layer, however, appearedidentical to that obtained with antibody AP-3. The simplestinterpretation of thesedata is that the “brain” AE3 isoform,
which was detected as a 165 kDa polypeptide on immunoblots
and contains epitopes for both antibodies (Fig. 3), is expressed
in the NFL, and the “cardiac” isoform, which is manifested on

immunoblots as a 125 kDa polypeptide and lacks the AP-6
epitope (Fig. 3), is expressedin the OPL.

The 16.5 kDa ‘brain” AE3 isoform is expressed in retinal
A&tiller cells
To determine the identity of the AE3-expressingcell type in the
nerve fiber layer, retinas were stainedwith AE3 antibody (AP3) together with antibodies against protein markers for intermediate filament proteins characteristic of well defined retinal
cell types. In rat, GFAP antibodies label both major classesof
retinal macroglia: astrocytes and Miiller cells’ (BjSrklund et al.,
1985; McGrail and Sweadner, 1986; Stone and Dreher, 1987).
In confocal sectionsof adult rat retina, staining with a monoclonal GFAP antibody was observedin thick parallel processes
running alongthe length of the NFL, typical of astrocyte staining
(BjGrklund et al., 1985; Stone and Dreher, 1987),and in thinner
processesemanatingacrossthe radial axis of the retina throughout the inner nuclear layer (Fig. 5B, arrows). Theseradial processesare characteristic of Miiller cell staining (Drgger et al.,
1984; Bjijrklund et al., 1985;Robinson and Dreher, 1990). AE3
(AP-3 antibody) staining in the samesection, observed sequentially (to avoid any fluorescent“spillover” between rhodamine
and fluoresceinchannels)in the confocal microscope,waspresent in the OPL and in only the radially projecting subsetof
GFAP-positive fibers.Vimentin isan intermediate filament protein that in rodent retina is present in Miiller cells and, to a
lesserextent, horizontal cells (Shaw and Weber, 1983, 1984;
‘Although GFAP is frequently considered to be absent from Miiller cells of
normal retina in most species (Dixon and Eng, 1981; Shaw and Weber, 1983),
some GFAP antibodies, including the one used in this study (Debus et al., 1983),
do appear to label Miiller cells in normal adult rat (Bjiirkland et al., 1985; Stone
and Dreher, 1987) and mouse (Huxlin et al., 1992) retina. These discrepancies
most likely reflect gross differences in the levels of GFAP expression between
astrocytes and Miiller cells. Alternatively,
they could arise from the presence of
multiple isofonns of GFAP generated by alternative
mRNA splicing or from
transcription
of a family of GFAP-related
intermediate
filament genes. In either
case, our data in retinal sections and dissociated cells demonstrate that GFAP, or
at least the epitope recognized by the GA-5 mAb, is present in Miiller cells from
adult rat.
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Figure 5. Colocalization of AE3 immunofluorescence with intermediate filaments in inner retina. Confocal microscopy was used to visualize AE3
(A, c) and GFAP (B) or vimentin (D). OPL. outer plexiform layer. Scale bar, 25 pm.
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Robinson and Dreher, 1990). Monoclonal antibody to vimentin
reacted with the radial but not the parallel processes, consistent
with data from other investigators showing that vimentin is
expressed in Mtlller cells. Weak vimentin staining was also present in cells in the outer plexiform layer (Fig. SD), consistent
with expression of this intermediate filament protein in horizontal cells. All of the vimentin-positive
radial processes were
double labeled with antibodies to AE3 (Fig. SC, arrowheads).
The coincidence of the AE3 with GFAP- and vimentin-immunoreactive radial fibers suggests that AE3 is expressed in
Miiller cells.
To confirm this hypothesis, retinas from adult rats were enzymatically dissociated, and examined by phase-contrast and
immunofluorescent microscopy for the presence of morphologically and immunologically identifiable cell types. Mtiller cells
were abundant in these preparations and readily identifiable by
the presence of an elongated cell body and eccentric nucleus
(Fig. 6). All morphologically identified Mtlller cells were strongly
positive for GFAP (Fig. 6B) and vimentin (Fig. 60). All Mtiller
cells thus identified were also strongly positive for both the AP-3
(Fig. 6A.C) and the AP-6 (Fig. 6&F) epitopes. Furthermore, no
other cells types in the dissociated cell preparations were AP-6
positive, despite the occasional observation of presumptive astrocytes that were positive for GFAP (but negative for AE3).
Together, these data demonstrate that AE3 is expressed in retinal Mtiller cells. The presence of both AP-3- and AP-6-immunoreactive epitopes in Mtiller cells and the lack of immunoreactivity of the AP-6 antibody in outer plexiform layer
strongly support the conclusion that the “brain” 165 kDa form
of AE3 is restricted in retina to Miiller cells. The absence of
AE3 immunoreactivity from GFAP-positive astrocyte processes
and from dissociated retinal astrocytes suggests that Mtiller cells
are the only AE3-expressing macroglial cell type in retina.
The 125 kDa “cardiac” AE3 isoform is expressed in retinal
horizontal cells
A similar strategy was used to identify the AE3-positive cell
type in the outer plexiform layer. Vertical and horizontal frozen
sections of retina were stained with AE3 antibody together with
a monoclonal antibody against a 28 kDa Ca*+-binding protein
(CalBP-28K) (Riihrenbeck et al., 1987). The CalBP-28K monoclonal labels both classes of horizontal cell and some amacrine
cells in the adult retina (Celio and Heizmann, 198 1; Rohrenbeck
et al., 1987). Confocal images ofadult retina stained with CalBP28K antibody (Fig. 7&D) confirmed that this antibody labels
the processes and the somata of horizontal cells in the OPL. In
vertical sections of retina, AE3 labeling (Fig. 7A) corresponded
well to the pattern obtained with CalBP-28K (Fig. 7B). Figure
7, C and D, shows serial reconstructions (representing the linear
sum of eight 1 Km optical sections) of a horizontal section of
retina through the OPL. CalBP-28K can be observed to label
the somata and processes of horizontal cells. AE3 distribution
in the same reconstruction was more extensive and was highly
punctate. One cell body (Fig. 7C,D, arrowheads) was stained
with both antibodies. However, the AE3 staining appeared to
surround but not cover the nuclear region, suggesting that, unlike
cytosolic CalBP-28K, AE3 is restricted to the plasma membrane. These data suggest that the 125 kDa “cardiac” isoform
of AE3 is expressed in horizontal cells. Staining of retinal sections with AP-3 together with monoclonal antibody 8A1.75
against the 68 kDa neurofilament subunit and a marker for
horizontal cell processes in the OPL (Drager et al., 1984) also

supported the conclusion that AE3 is expressed in horizontal
cells (data not shown).
To confirm the presence of AE3 in horizontal cells, acutely
dissociated retinal cells were examined for expression of the AP3-reactive epitope and horizontal cell markers. As shown in
Figure 8, dissociated 8A1.75positive (Fig. 8B) and CalBP-28Kpositive (Fig. 80) cells were also strongly immunoreactive with
the AP-3 antibody. AE3 staining in dissociated cells was punctate and associated with cell processes, similar to what was
observed in the confocal images of horizontal retinal sections
(Fig. 7). To confirm the identity of the AE3 isoforms in retinal
cells, two different fields of dissociated cells were stained with
antibodies to CalBP-28K (Fig 9&D) and with the two AE3
antibodies (Fig. 9A,C). As expected, AP-3 (Fig. 9A) stained both
horizontal cells and Mi.iller cells, while AP-6 (Fig. 9C) stained
only the Mtiller cell, confirming the absence of AP-6 epitopes
from horizontal cells. Taken together, the above data establish
that the “cardiac” 125 kDa isoform of AE3 is expressed in
retinal horizontal cells.
Expression of two AE3 isoforms in retina during postnatal
development
Retinal cell differentiation and synaptogenesis in the rat continue until eye opening, which occurs during the second postnatal week (Sidman, 1961; Weidman and Kuwabara, 1969;
Blanks and Bok, 1977; Carter-Dawson and LaVail, 1979; Young,
1985). We used immunoblotting to investigate whether AE3
expression is developmentally regulated, and whether it is correlated with any of the physiological and morphological changes
that accompany the late acquisition of photoresponsiveness.
Retinas, collected at various days postnatally, were dissolved
in SDS-PAGE sample buffer. Each lane ofthe immunoblot shown
in Figure 1OA was loaded with an equal amount of total retinal
protein. The blot was probed with antibody AP-3 in order to
label both isoforms. Figure 10B shows in graphical form the
relative intensities of the 125 kDa and 165 kDa bands obtained
by scanning densitometry and digitization of the immunoblot.
The Miiller cell AE3 isoform (165 kDa) is present at extremely
low levels at PN3 but rises steadily to reach nearly adult levels
by PNl5. By contrast, there was no evidence for expression of
the horizontal cell form (125 kDa) until PN15, even after overexposure of the immunoblot. Between PN15 and PN20, corresponding to the time at which the rat’s eyes began to open,
the 125 kDa AE3 isoform accumulated to 70% of adult level.
These data show that the cardiac AE3 isoform is a very late
marker for horizontal cell differentiation. Together with our
immunohistochemical
analysis of adult (Figs. 4-9) and developing (not shown) rat retina, our data establish that both AE3
isoforms are under separate cell-type-specific and developmental regulation.
Two isoforms of AE3 are expressed in distinct cell types in rat
retina
The data presented here establish that rat retina contains two
isoforms of AE3 that are present in distinct populations of neuronal and glial cells. Using mRNA analysis and antipeptide
antibodies specific for defined NH,-terminal
and COOH-terminal peptides, we have identified a 165 kDa polypeptide whose
expression is restricted to the primary glial cell type of the retina,
the Miiller cell, and a 125 kDa polypeptide that is expressed in
horizontal neurons. These two isoforms correspond to those
previously designated as “brain” and “cardiac,” and are derived
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?gure 6. A E3 is expressed in dissociated Miiller cells. Miiller cells were isolated from adult rat retina and stained with antibody AP. -3 (A, Cl and
dies to either GFAP (II) or vimentin (D). Miiller cells in E and F were stained only with antibody AP-6. Scale bar, 10 pm.
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Figure 7.

Localization
of AE3 and calbindin 28k immunofluorescence in the outer plexiform layer. Confocal microscopy was used to visualize
staining of vertical (A, B) or horizontal (C, D) sections of adult rat retinas with antibody AP-3 (A. C) or antibody to calbindin 28k (B, D). Scale
bar: 25 pm for A and B, 50 pm for insets,37.5pm for C and D.

from the singleAE3 geneby alternate promoter utilization (Linn
et al., 1992).Expressionofthese AE3 isoformsexhibits a distinct
pattern of expressionlate in postnatal development of the rat
retina. The restricted expressionofthese two isoformsin specific
cell types has functional implications for the retina that are
discussedbelow.
Functional significanceof AE3 expressionin Miller glia
Miiller cells (MC) are the principal macroglial elementsof the
vertebrate retina and are generallyassumedto participate in the
control of ions and solutesin the extracellular spacessurrounding neurons (Newman, 19%). Consistentwith this role, MC
elaboratefine processes
that invest neuronsin all retinal layers,
particularly in regionsof high synaptic density suchasthe plexiform layers(Robinson and Dreher, 1990). MC are the only cell
type to spanthe entire thicknessof the retina; apical processes
at the outer limiting membrane surround the photoreceptor
inner segmentsand basal “end feet” contact vitreous humor
and blood vessels(Robinson and Dreher, 1990).This arrangement is consistentwith the proposedrole for Miiller cellsin the
spatial buffering of extracellular K+. According to this model,

K+, releasedinto the extracellular spacessurrounding synapses
in the plexiform layers, is absorbedby the surrounding Mtiller
processesand “siphoned” into the blood and vitreous through
K+ channelsthat areenrichedin the endfeet (Newman, 1986a,b).
Miiller cells contain high levels of carbonic anhydrase,consistent with their proposedrole in the regulation of CO, and pH
(Bhattacharjee, 1976; Linser et al., 1984). The retina is poorly
(or, in somespecies,not at all) vascularized and diffusion alone
may not be sufficient to remove efficiently the CO, produced
by the photoreceptors. Cytoplasmic carbonic anhydrase can
“trap” CO, releasedby photoreceptors intracellularly by converting it to intracellular HCO,- and H+ . Transporters located
in the Mtiller cell end feet could facilitate the removal into the
vitreous or the blood of H+ and HCO,-. In support of this
model, Newman hasrecently describedelectrophysiologicalevidence for a stilbene-sensitiveNa+/HCO,- cotransporter functionally localized to the end feet of salamanderMtiller cells
(Newman, 1991). AE3 distribution appearsto be polarized near
the end-foot region of Mtiller cells,when examined in cryosections. This polarity is lesspronounced, however, in dissociated
cells,possibly reflecting a rapid redistribution of the protein on
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Figure 8. AE3 is expressed in dissociated horizontal cells. Horizontal cells were isolated from adult rat retina and stained with antibody AP-3
(A, C) and antibodies to either neurofilament (B) or calbindin 28k (D). Scale bar, 10 pm.

the cell surface during isolation. One possible role for AE3,
which we have previously shown to function as a Cl-/HCO,exchanger (Kopito et al., 1989), is to participate in a processof
“CO, siphoning” by providing an additional efflux mechanism
for HCO,-.
AE3 can also contribute to the maintenance of Mtiller cell
cytoplasmic pH by exchanging intracellular HCO,- for extracellular Cl-. Light-evoked PI-I, changeshave been recorded in
intact retina and are sensitive to carbonic anhydraseinhibitors
and to SITS (Oakley and Wen, 1989; Donner et al., 1990), an
AE3 antagonist (Kopito et al., 1989) consistent with a physiological role for HCO,- transport in retinal pH maintenance.
Miiller cells possessNa+-coupled transporters that contribute
to the termination of synaptic transmission by removing the
neurotransmitters GABA and glutamate from the synaptic terminal. Glutamate uptake by salamanderMtiller cellsis accompanied by a countertransported pH-changing anion (either OHor HCO,-) (Bouvier et al., 1992). AE3 could help to maintain
Miiller cell pH, by exchanging this countertransported alkali
equivalent for extracellular Cl-. Any direct contribution of anion exchangersto HCO,- efflux would result in an obligatory
rise in Cl-. Thus, AE3 might also serve to maintain the level
of intracellular Cl- above electrochemical equilibrium, potentially affecting the activity of Cl--dependent transporters such
as those for GABA and taurine (Kanner, 1993).
Our data and thoseof othersindicate that MC are functionally
polarized with respectto the distribution of AE3, suggestingthe

existence in these cells of a mechanismfor sorting and intracellular targeting of plasmamembraneproteins to specificmembrane domains. Association with ankyrin hasbeen proposedto
be involved in the establishmentof polarized distributions of
amiloride-sensitive Na+ channel (Smith et al., 1991) and Na+/
K+ ATPase in epithelia (Nelson and Veshnock, 1987) of voltage-gatedNa+ channel in specializedregionsof the axolemma
(McKeon et al., 1986), and of the Na+/Ca2+ exchanger in sarcolemma (Li et al., 1993). We have recently demonstratedthat
AE3 possesses
the capacity to bind ankyrin (Morgans and Kopito, 1993) raising the possibility that ankyrin associationcontributes to AE3 polarity in MC. At least two immunoreactive
isoforms of ankyrin can be immunologically detected in rat
retina (C. W. Morgans and R. R. Kopito, unpublished observations); it remains to be demonstrated that one of these ankyrins colocalizes with AE3, and, more importantly, that interaction with ankyrin in Miiller cellscontributesto the polarized
distribution of AE3.

Functional significance of AE3 expression in horizontal cells
Horizontal cells (HC) are second-orderneurons that integrate
visual information over large areasof the retina (for reviews,
seeDowling, 1987; Wassleand Boycott, 1991). HC differ from
other neurons in several important respects.Like the photoreceptors, from which they receive primary synaptic input, HC
respond to light with graded changesin membrane potential;
they do not fire action potentials. They expressantigenssuch
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re 9. The 165 kDa AE3 isoform is expressed in Miiller cells (mc) tmt not horizontal cells (hc). Dissociated rat retinal cells were stained
body AP-3 (A) or AP-6 (C) together with antibody to calbindin 28k (B, D), which labels only HC. Scale bar, 25 pm.
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as carbonic anhydrase* and vimentin (Shaw and Weber, 1983;
Robinson and Dreher, 1990) normally considered to be glialspecific markers. HC functionally synapse onto cones (Baylor
et al., 197 1) despite the lack of any ultrastructural evidence of
synaptic vesicles (Nicolson and Painter, 1973; Ziparo et al.,
1978). Finally, HC of the same subtype are extensively coupled
by gap junctions into large networks that serve to effectively
increase the size of the visual field over which they can integrate
synaptic input (Dowling, 1987; Wassle and Boycott, 199 1). Several of these HC features suggest possible roles for an anion
exchanger.
Electrical coupling of HC in fish (Teranishi et al., 1984) and
turtle (Piccolino et al., 1984) retinas via gap junctions is subject
to complex regulation by dopamine, acting though a CAMPdependent protein kinase pathway, by cGMP, and by intracellular pH (DeVries and Schwartz, 1989). Horizontal cell gap
junctions are steeply inhibited by intracellular protons, within
the physiological range, with a 0.2-0.3 unit decrease in pH,
giving a 50% decrease in junctional conductance (DeVries and
Schwartz, 1989). Tight regulation of horizontal cell pH, is thus
likely to be a crucial factor in the control of HC coupling. The
presence of carbonic anhydrase in HC together with the magnitude of CO, production by the adjacent photoreceptors suggests that significant levels of intracellular HCO,- could be produced in horizontal cells. AE3 may contribute to pH, homeostasis
by exchanging intracellularly produced HCO,- with extracellular Cl-.
Anion exchange in HC may also, thus, have implications for
the control of intracellular Cl-. Carbon dioxide, released from
aerobic metabolism in nearby photoreceptors, could provide a
“driving force” for the AE3 anion exchanger to maintain intracellular Cl- above electrochemical equilibrium in HC. This would
provide a means for coupling intracellular Cl- in HC to photoreceptor activity and could have functional consequences for
signal processing in the OPL. For example, release of the neurotransmitter GABA from fish horizontal cells occurs via reversal (Schwartz, 1982, 1987; Yazulla and Kleinschmidt, 1983)
of a GABA/Na+/Clcotransporter (Kanner and Schuldiner,
1987; Keynan and Kanner, 1988) that in other cells functions
as an “uptake” carrier. The increased intracellular Cl- in HC
could provide an extra driving force, along with depolarization
(Schwartz, 1982, 1987) for GABA release from HC that would
be highest in the dark when photoreceptor metabolic activity is
maximal. Published studies report resting horizontal cell Clequilibrium potential (EC,) near -20 mV in bicarbonate-free
solution (Miller and Dacheux, 1983; Djamgoz and Laming,
1987); it will be important in the future to examine whether Ec,
is sensitive to changes in local pC0,.
Expression of AE3 isoforms during retinal development
Cell differentiation in the rodent retina proceeds until late into
the second postnatal week, correlating with a late onset of retinal
function and metabolic activity (Weidman and Kuwabara, 1969;
Blanks and Bok, 1977; Carter-Dawson and LaVail, 1979; Young,
1985). Our data establish that neither AE3 isoform is expressed
Considerable interspecies polymorphism exists in the retina. In mouse, CAB
is detectable in most cell types before birth, but is apparently detectable only in
MC and a subpopulation ofamacrine cells in the adult retina (Bhattachajee, 1976;
Linser et al., 1984). In chick retina, CA11 expression is detectable only in Miiller
cells (Linser and Moscona, 1981). By contrast, in fish retina, strong CA11 immunoreactivity is detectable in both MC and HC (Linser et al., 1985; Vaughn
and Lasater, 1990).
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Figure 10. Expression of retinal AE3 isoforms during postnatal development. Each lane of the immunoblot (A) was loaded with identical
amounts of total SDS-soluble protein. The blot was probed with antibody AP-3. B, Quantification of the relative intensity of the 165 kDa
band (shaded bars)or 125 kDa band (b&k bars).A shorter exposure
of the same blot as in A (which was within the linear range of the
detection and quantification) was used to quantify the image.
at detectable levels in the retina at birth, and that the 125 kDa
and 165 kDa isoforms of AE3 accumulate in HC and MC,
respectively, with distinct kinetics. By contrast to the 165 kDa
isoform, whoseabundancein retina risessteadilywith time after
birth, the HC isoform remains completely undetectable until
between postnatal days 10 and 15, when its abundance rises
sharply. Thus, we observe a striking coincidence between the
appearanceof the HC anion exchanger and the acquisition of
retinal function, including eye opening and the onset of electroretinographic responses(Weidman and Kuwabara, 1969).These
observationslend support to the proposalthat AE3 contributes
to the “frontline” defense against the tremendous CO, load
generatedfrom photoreceptor metabolism.To test this hypothesis,it will be important to observe the effectson the retina of
blocking the expressionor activity of AE3 isoforms during development.
Retroviral lineage mapping studies show that all classesof
retinal neuronsand Mtiller glia ariseasynchronouslyfrom multipotent progenitors(Turner and Cepko, 1987)that are, initially,
morphologically indistinguishable.These and other studiesindicate that commitment to cell type can occur at, or after, final
neuroepithelial cell division, suggestingthat cell fate decisions
in the retina may depend, at least in part, on “environmental
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factors.” Given that the range of environmental factors that
have been implicated in cell differentiation in the CNS includes
such diverse influences as celkell contact (Reh, 1992) diffusible factors (Watanabe and Raff, 1992), and electrical activity
(Barres and Raff, 1993) it is conceivable that extracellular or
intracellular pH changes may either directly or indirectly contribute to this process. A sudden rise in the bicarbonate permeability of the HC plasma membrane could influence the pH
in and surrounding the outer plexiform layer. The expression
of HC AE3 may itself be induced by a sudden burst of metabolic
activity and ensuing CO, generation that must accompany the
functional activation of the visual pathway. It will be interesting
in the future to identify factors that control the late transcription
of the AE3 gene in the retina.
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