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Abstract
Changes in intracellular calcium concentration, [Ca2+]i, modulate the flow of visual signals across
all stages of processing in the retina, yet the identities of Ca2+ transporters responsible for these
changes are still largely unknown. In the current study, the distribution of plasma membrane and
intracellular Ca2+ transporters in the retina of tiger salamander, a model system for physiological
studies of retinal function, was determined. Plasma membrane calcium ATPases (PMCAs),
responsible for high-affinity Ca2+ extrusion, were highly expressed in the salamander retina. PMCA
isoforms 1, 2, and 4 were localized to photoreceptors, whereas the inner retina expressed all four
isoforms. PMCA3 was expressed in a sparse population of amacrine and ganglion neurons, whereas
PMCA2 was expressed in most amacrine and ganglion cells. Na+/Ca2+ exchangers, a high-capacity
Ca2+ extrusion system, were expressed in the outer plexiform layer and in a subset of inner nuclear
and ganglion layer cells. Intracellular Ca2+ store transporters were also represented prominently.
SERCA2a, a splice variant of the sarcoplasmic-endoplasmic Ca2+ ATPase, was found mostly in
photoreceptors, whereas SERCA2b was found in the majority of retinal neurons and in glial cells.
The predominant endoplasmic reticulum (ER) Ca2+ channels in the salamander retina are represented
by the isoform 2 of the IP3 receptor family and the isoform 2 of the ryanodine receptor family. These
results indicate that Ca2+ transporters in the salamander retina are expressed in a cell type-specific
manner.
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Calcium ion is a universal intracellular messenger that regulates an elaborate network of
intracellular signaling pathways. Because Ca2+-regulated pathways can distinguish between
calcium signals of differing properties, Ca2+ can control a variety of different functions in
different parts of the cell (Delmas and Brown, 2003). The amplitude of the Ca2+ signal, the
temporal and spatial pattern of Ca2+ entry, buffering, and extrusion are all parameters critical
for specificity of cell responses (Berridge et al., 2003). To understand Ca2+ signaling, it is
therefore important to map the distribution of Ca2+ effector proteins, such as Ca2+ channels,
Ca2+ pumps, cytoplasmic buffers, and intracellular Ca2+ stores.
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In retina, dynamic changes in intracellular calcium concentration, [Ca2+]i, control both
transduction and transmission of the visual signal across retinal pathways (reviewed in Fain et
al., 2001; Akopian and Witkovsky, 2002). Cellular functions under control of Ca2+ include
regulation of gene expression, membrane excitability, synaptic transmission, and light
adaptation (Fain et al., 2001; Križaj and Copenhagen, 2002). Stimulus-evoked [Ca2+]i changes
in retinal neurons can be transient, sustained, or oscillatory, depending on concerted action of
plasma membrane voltage-gated Ca2+ channels and Ca2+ pumps as well as intracellular
Ca2+ release and sequestration mechanisms (Euler et al., 2002; Hurtado et al., 2002; Lohmann
et al., 2002; Križaj et al., 2003). Accumulated evidence increasingly points to Ca2+ release
from the endoplasmic reticulum (ER) as having a key role in many aspects of retinal Ca2+

homeostasis. Ca2+ release from internal stores regulates [Ca2+]i in photoreceptors (Križaj et
al., 2003), horizontal cells (Micci and Christensen, 1998; Solessio and Lasater, 2002), amacrine
cells (Hurtado et al., 2002; Sosa et al., 2003), ganglion cells (Akopian and Witkovsky, 2001,
2002), as well as in Müller glia (Keirstead and Miller, 1995; Newman 2001), and plays a role
in development of the retina (Sugioka et al., 1998; Lohmann et al., 2002) and synaptic signaling
(Križaj et al., 1999). At present, little is known about the localization of ER Ca2+ transport
systems within the retina, nor have the specific isoforms of ryanodine receptors, IP3 receptors,
NCXs, and SERCA pumps been identified for any vertebrate retina.

The amphibian retina in general, and that of the tiger salamander (Ambystoma tigrinum) in
particular, have become a model system for physiological investigations of retinal function,
mainly due to the large size of salamander retinal cells and excellent survival of retinal slices
and dissociated cells. Following the pioneering studies in the mudpuppy (Necturus
maculosus) by Werblin and Dowling (1969), tiger salamander retinal neurons have been
studied using intracellular ion indicator imaging (Wellis and Werblin, 1995; Križaj and
Copenhagen, 1998), electrophysiological (Capovilla et al., 1987; Lukasiewicz and Werblin,
1990; Wu, 1991; Lamb and Pugh, 1992), electron microscopical (Lasansky, 1973; Townes-
Anderson et al., 1985), immunohistochemical (Deng et al., 2001; Sherry et al., 2001), and
multielectrode array (Meister et al., 1995) techniques. Many investigations into the role of
Ca2+-dependent processes in visual signaling have provided fundamental insights into retinal
function. The majority of these studies focused on the mechanisms of Ca2+ influx into
salamander retinal cells. The aim of this study was to characterize the mechanisms that control
cytoplasmic free [Ca2+] in neurons from the salamander retina by extruding it from the
cytoplasm into extracellular space and by sequestering and releasing Ca2+ from intracellular
stores. We mapped the distribution and cellular localization of transporters responsible for
Ca2+ extrusion across the plasma membrane (such as the various isoforms and splice variants
of the plasma membrane Ca2+ ATPase (PMCA) family and the sodium-calcium exchanger
(NCX)), sarcoplasmic-endoplasmic Ca2+ ATPase (SERCA) pumps responsible for Ca2+

sequestration into intracellular Ca2+ stores, ryanodine (RyR), and IP3 receptors (IP3R). This
is, to the best of our knowledge, the first comprehensive effort to identify Ca2+ transporters in
a vertebrate retina.

MATERIALS AND METHODS
Animals and tissue preparation

Retinas of neotenic tiger salamanders (Ambystoma tigrinum) were investigated (Sullivan,
Nashville, TN). The animals were killed by decapitation and pithing. The eyes were enucleated,
corneas were cut with a razor blade, and the eyecups with the retinas were immersion-fixed
for one-half to one hour in 4% (w/v) paraformaldehyde in phosphate buffer (PB; 0.1M; pH
7.4). The retinas were rinsed two times in PBS and cryoprotected in 30% sucrose overnight at
4°C. Pieces of retinas were mounted in OCT, sectioned vertically at 14 μm thickness on a
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cryostat, collected on Super-Frost Plus slides (Fisher, Pittsburgh, PA), and stored at -20°C until
use.

Immunohistochemistry
Antibodies used in our experiments are listed in Table 1. The isoform-specific anti-PMCA
antibodies were a generous gift from Drs. John T. Penniston and Emanuel E. Strehler (Mayo
Clinic, Rochester, MN) or obtained commercially from Swiss Antibodies (Swant, Bellinzona,
Switzerland) and Affinity Bioreagents (ABR, Golden, CO). Rabbit polyclonal antibodies NR1,
NR2, and NR3 against PMCA 1, 2, and 3, respectively, were generated against 13–18 residue
peptide sequences at the amino terminus of the corresponding rat PMCA (Filoteo et al.,
1997), whereas mouse monoclonal antibody JA9 was raised against human erythrocyte PMCA
and recognizes a sequence close to the N-terminus of PMCA4. The specificity of all PMCA
antibodies has been fully characterized by Western blots of COS cell microsomes containing
overexpressed PMCAs of known identity (Filoteo et al., 1997). The Swant antibodies were
generated in rabbit against an N-terminal sequence of the human PMCA1-4 (Stauffer et al.,
1995). SERCA1, RyR1, and SV2 antibodies (developed by Judith Airey, John Sutko, and
Kathleen Buckley, respectively) were obtained from the Developmental Studies Hybridoma
Bank; SERCA 2a and 2b antibodies were a generous gift from Prof. Frank Wuytack from
Katholieke Universiteit in Leiden; the SERCA3 antibody was purchased from Sigma (St.
Louis, MO) or ABR; tyrosine hydroxylase antibody from Chemicon (Temecula, CA), and the
IP3R3 antibody from Transduction Labs (San Diego, CA). All immunostaining was done with
controls incubated in secondary antibodies alone. In addition, because of weak
immunofluorescence (SERCA3) or lack of reactivity with the Western blotting procedure
(IP3R2), we performed competitive binding studies in which equal amounts of primary
antibody and its specific neutralizing peptide were co-incubated during the first step of the
procedure (see below). The IP3R2 neutralizing peptide (PA1-904; ABR) was derived from the
cytoplasmic, NH3terminal domain of rat IP3R2; the SERCA3 neutralizing peptide was a
synthetic peptide of 11 amino acid from a conserved sequence of the NH3-terminal domain of
the SERCA3 protein (PA-910, ABR).

The retinal sections were washed in PBS for 15 minutes, then permeabilized and blocked in a
solution containing 0.5% Triton X-100 and 10% goat serum. The sections were incubated with
primary antibodies overnight at 4°C. For double-labeling experiments, a mixture of primary
antibodies was applied followed by a mixture of secondary antibodies. After three 5-minute
washes in PBS, secondary antibodies were applied for 2 hours. The following secondary
antibodies were utilized: Alexa 488 and Alexa 594 nm goat antimouse, goat antirat, or goat
antirabbit IgG (H+L) conjugates (Molecular Probes, Eugene, OR), diluted 1:1,000. After
incubation, sections were washed in PB for 30 minutes and mounted with Vectashield (Vector,
Burlingame, CA). Negative controls were performed for every set of experiments by omitting
the primary antibody.

Western blots
Although all antibodies used in our experiments were characterized and utilized in
immunohistochemistry on mammalian preparations, only a few have been characterized in
amphibian preparations (RyR2, Lai et al., 1992; NR1-PMCA1, NR2-PMCA2, NR3-PMCA3,
and JA9-PMCA4, Dumont et al., 2001; 5F10, Yamoah et al., 1998). To determine whether
antibodies used in our experiments recognized epitopes from amphibian preparations, we
performed Western blots with salamander retinal tissues (Fig. 1). Since most of the antibodies
were raised against mammalian epitopes, Western blots with mouse retinae were
simultaneously performed.
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Cytoplasmic and nuclear proteins were prepared using the NE-PER extraction reagents (Pierce
Biotechnology, Rockford, IL). The protein concentrations were determined by BCA protein
Assay Kit (Pierce Biotechnology). Equal amounts of protein lysate were loaded from total
salamander and mouse retinas. 15–25 μg of extract were resolved on NOVEX-NuPAGE 4 –
12% BT gels (Invitrogen, La Jolla, CA), and transferred to PVDF membranes (Invitrogen).
After blocking with 5% nonfat milk in washing buffer (1× PBS+ 0.1% Tween-20), the
membranes were incubated with primary isoform-specific antibodies at 4°C overnight. After
washing, the blots were then incubated with appropriate antiperoxidase-conjugated secondary
antibodies (1:4,000, Amersham Life Sciences, Arlington Heights, IL) at room temperature for
2–3 hours. Finally, the proteins on the membranes were detected using the ECL+plus
chemiluminescence system (Amersham Pharmacia Biotech).

Image acquisition and processing
Immunofluorescent and bright-field Nomarski fields of view were obtained using a confocal
microscope (Zeiss LSM 5 Pascal) at 2% power for the 488 nm argon line and 100% power for
the helium-neon line. During acquisition of signals from double-labeled sections, the scans
were collected sequentially to prevent spectral bleed-through. Acquired images were processed
with Adobe Photoshop (v. 7.0; San Jose, CA) software.

RESULTS
We first determined the location of several transport systems in the ER, including SERCA
pumps, RyRs, and IP3Rs. We then turned to analyze the distribution of Ca2+ ATPases and the
Na+/Ca2+ exchangers in the plasma membrane of retinal cells.

Western blots revealed that SERCA 2 and 3 isoforms and the Na+/Ca2+ exchanger (NCX) are
expressed in both salamander and mouse retina (Fig. 1; the distribution of SERCA isoforms
in the mouse retina will be analyzed in detail in another publication: D.K., in prep.). In both
species bands were detected at kDa ranges close to the expected molecular weights (MW). The
SERCA2 band positions in mouse and salamander were close to the expected 110 kDa MW
band, whereas the SERCA3 signal was at the expected 97 kDa band (Wuytack et al., 1989,
2002). The SERCA2b doublet in mouse may show a contribution from another SERCA2 splice
variant (e.g., Martin et al., 2002). The NCX band in salamander was close to the 120 kDa
position corresponding to a full length exchanger. The dominant NCX signal was slightly lower
than in mouse, possibly because salamander expresses a different splice variant (Wei et al.,
2003). Although PMCA antibodies used in our studies were characterized extensively in
another amphibian preparation (Dumont et al., 2001), we performed Western blots for several
of these antibodies and found that they are expressed in both salamander and mouse retinas
(D.K., X.L., and E. Strehler, data not shown). From these results we can infer that antibodies
used in these experiments are reacting with Ca2+ transporters.

SERCA2 is the dominant ER Ca2+ sequestration mechanism in the salamander retina
The SERCA family consists of three isoforms (SERCA1–3), of which SERCA2 seems to
predominate in most brain regions (Wu et al., 1995; Baba-Aissa et al., 1996). Alternative
splicing of the SERCA2 gene produces two different splice variants (a and b), which differ in
their turnover rates and their affinity for Ca2+ (Verboomen et al., 1992; Wuytack et al.,
2002). Sharply demarcated SERCA2a signals were detected at the level of inner segments
(arrowheads in Fig. 2C). In addition, cell processes within the inner plexiform layer (IPL) were
also immunopositive for SERCA2a. Moderate signal was seen in the outer plexiform layer
(OPL), where dendritic processes from horizontal and bipolar cells receive input from
photoreceptor terminals. Double-labeling of SERCA2a with SV2, a synaptic vesicle marker,
showed substantial colocalization in the IPL (data not shown), suggesting that SERCA2a may
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be expressed in synaptic processes of retinal neurons. Compared to the strong expression in
the IPL, SERCA2a signal in the OPL was much weaker (Fig. 2C,D). In retinal sections we
observed a modest degree of colocalization of SERCA2a with the presynaptic marker SV2 (not
shown) and the cone photoreceptor marker calbindin (Fig. 2E; the synaptic terminals of cones
in Fig. 2D,E are marked with arrowheads). An analysis of SERCA2a immunolabeling in
isolated cone photoreceptors revealed that the signal is localized to the subellipsoid space and
to the cell body (Fig. 2F), consistent with the known distribution of the ER cisternae in
amphibian photoreceptors (Holtzman and Mercurio, 1980; Mercurio and Holtzman, 1982;
Townes-Anderson et al., 1985).

SERCA2b is distributed across all classes of retinal neuron. As illustrated in Figure 3C, SERCA
2b is expressed in all retinal layers except in OSs. In addition to neurons, the SERCA2b
antibody also labeled Müller cell processes in the proximal retina, as seen by colocalization
with the Müller cell marker glutamine synthetase (GS; Fig. 3F—H). The intensity of SERCA2b
signal in synaptic terminals of photoreceptors was weak, as seen in colocalization experiments
with the synaptic vesicle marker SV2 (Fig. 3D,E). Instead, SERCA2b-immunopositive signals
were confined to cell processes that surrounded photoreceptor terminals (arrowheads; Fig. 3E),
possibly belonging to Müller cells and/or bipolar/horizontal cell processes. The most
pronounced labeling was seen in the inner retina, indicating the highest concentration of
SERCA2b in ganglion and amacrine cell processes. The antibody stained a GS-
immunonegative compartment in the GCL, consistent with SERCA2b immunolocalization to
GCL neurons (Fig. 3H). The SERCA2b antibody also stained cell bodies of presumed amacrine
and bipolar cells. In addition, Müller cell processes and endfeet at the proximal edge of the
GCL were labeled (arrowheads in Fig. 3F). The widespread localization of SERCA2b in the
salamander retina is consistent with its ubiquitous localization in brain tissues (Baba-Aissa et
al., 1996).

In contrast to the SERCA2 gene products, the SERCA3 transporters have a more limited
distribution. SERCA3 is generally absent from neurons, with the exception of cerebellar
Purkinje cells (Baba-Aissa et al., 1996). Immunostaining of the retina with the SERCA3
antibody showed moderate labeling across retinal layers. The cell bodies of photoreceptors,
bipolar, and amacrine cells appeared to be labeled by the SERCA3 antibody (Fig. 3K).
Especially prominent signal was seen in retinal Müller cells (arrowheads, Fig. 3K). To
additionally test the specificity of the SERCA3 antibody, we co-applied it with PEP-015, a
synthetic neutralizing peptide composed of the 11 amino acids from the amino terminal domain
of the SERCA3 protein. Little SERCA3-immunopositive signal was detected in the presence
of PEP-015. There was a faint signal in the OSs and ellipsoid regions of photoreceptors (Fig.
3L). This signal was similar to the staining observed in the absence of the primary antibody
(Fig. 3J), suggesting that at these gain settings it originated from nonspecific staining of
photoreceptor OSs and ellipsoids. Immunolabeling with a SERCA1 antibody produced no
staining in the salamander retina (data not shown), consistent with previous results in studies
of SERCA expression in the brain (Baba-Aissa et al., 1996). These results suggest that SERCA2
splice variants together with a minor contribution from SERCA3 account for most of Ca2+

sequestration into retinal ER stores of tiger salamander.

Ryanodine receptors are of the RyR2 isoform
Three RyR isoforms (RyR1–3), each a product of a different gene with the sequence homology
of 66–70%, have been identified so far (Rossi and Sorrentino, 2002). An analysis of frog RyRs
indicated the presence of two isoforms that correspond to the mammalian striated muscle and
cardiac isoforms (RyR1 and RyR2; Lai et al., 1992). Thus, antibodies selective for RyR1 and
RyR2 were used for immunostaining in salamander retina.
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No immunostaining was seen with antibodies raised against RyR1 epitopes (data not shown).
Three RyR2 antibodies, developed and characterized by F. Anthony Lai (Lai et al., 1992;
Mackrill et al., 1997), were used, with identical results. Figure 4 shows a section of a salamander
retina labeled with an antibody against the isoform 2 of the RyR family. The RyR2
immunostaining (Fig. 4B) resembled that obtained with the pan-RyR antibody (Križaj et al.,
2003), suggesting that isoform 2 represents a major component of the RyR family expressed
in the retina. Both pre- and postsynaptic domains of the OPL were stained with anti-RyR2, as
seen by double-labeling with the synaptic marker SV2 (not shown), consistent with the idea
that RyR2 are expressed in synaptic terminals as well as postsynaptically. A moderate RyR2
signal was observed in photoreceptor cell bodies, particularly in the subellipsoid space
(arrows). Occasional amacrine and ganglion cell bodies were highly RyR2-immunopositive.
The RyR2 antibody labeled AC and/or GC processes in the IPL as well as Müller cell endfeet
and radial processes that span the INL (Fig. 4).

IP3 receptor localization in salamander
Cholinergic agonists, serotonin, norepinephrine, substance P, agonists of group I metabotropic
glutamate receptors, as well as depolarization were all shown to stimulate IP3 production in
the retina (Gan and Iuvone, 1997; Osborne and Ghazi, 1990). Moreover, physiological
experiments have suggested important roles for IP3Rs in the function of retinal amacrine cells
and ganglion cells (Akopian et al., 1998; Sosa et al., 2002). Three IP3R isoforms have been
identified so far with the type 1 receptor (IP3R1) being the predominant neuronal isoform
(Furuichi et al., 1993). However, in the salamander retina we detected no staining with
antibodies raised against IP3R1 epitopes (data not shown). In control experiments, the antibody
raised against IP3R1-labeled photoreceptor outer segments in the rat retina, consistent with the
previous report by Wang et al. (1999; data not shown).

IP3R2 is expressed in the salamander retina as well as in retinae of other vertebrates (rat, mouse,
monkey; data not shown). As illustrated in Figure 5, antibody against IP3R2-labeled cell bodies
in the ONL, INL, and in the GCL. The subellipsoid space in photoreceptor inner segment was
strongly immunoreactive for IP3R2 (Fig. 5B), consistent with a high density of ER in this region
(Mercurio and Holtzman, 1982;Townes-Anderson et al., 1985). IP3R2 staining was also
detected in the OPL (Fig. 5B,J– K). Little colocalization of IP3R2 signal with the synaptic
vesicle marker SV2 was observed (Fig. 5K), indicating that IP3R2s were expressed in cells
postsynaptic to photoreceptors. An extraordinarily intense IP3R2 signal was often observed in
salamander cones. Figure 5H illustrates a retinal section immunostained with anti-IP3R2
antibody in which the signal from two photoreceptors is saturated. When the gain of the
confocal system was decreased (Fig. 5I) the staining was revealed in a subpopulation of cone
photoreceptors.

A subpopulation of amacrine cell bodies in the proximal INL was strongly IP3R2-
immunopositive (Fig. 5B,H). Likewise, the IP3R2 antibody labeled several, but not all, cells
in the GCL. Figure 5B shows a highly labeled cell next to a neighbor which did not exhibit an
IPR3 signal (arrowheads in Fig. 5A,B; see also Fig. 5H). We interpret these data as indicating
that IP3R2s regulate Ca2+ signaling in a subset of amacrine cells and RGCs. IP3R2
immunostaining was particularly prominent in the IPL, suggestive of IP3 localization in
processes of amacrine and/or ganglion cells. It remains to be determined whether the IP3
receptors in the IPL are localized to terminals of bipolar cells (as suggested by Peng et al.,
1991) and/or boutons of amacrine and ganglion cells (e.g., Lohmann et al., 2002). As a
preliminary step toward identifying the subclasses of amacrine cells expressing IP3R2, we
double-immunostained the retinas with the antibody against tyrosine hydroxylase (TOH), a
marker for dopaminergic amacrine cells (Witkovsky and Schütte, 1991). As seen in Figure 5E
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—G, IP3R2 colocalizes with TOH staining, suggesting that dopaminergic amacrine cells utilize
IP3R2-based Ca2+ release from intracellular stores.

IP3R3 is known to be expressed in pancreatic islets, kidney, and the gastrointestinal tract, but
is found only in trace amounts in neurons (Sorrentino and Rizzuto, 2001). Consistent with a
lack of IP3R3 expression in neurons, no IP3R3 signal was observed using this antibody (data
not shown).

In conclusion, IP3R isoform 2, but not isoforms 1 or 3, is expressed in the retina of tiger
salamander.

PMCA1 is expressed in photoreceptors
The particular set of PMCA isoforms expressed in a given cell type may define the
spatiotemporal pattern of [Ca2+]i response (e.g., Caride et al., 2001) and the ability of cells to
respond to physiological stimuli (DeMarco et al., 2002). The PMCA family consists of four
principal isoforms which differ in their affinities for Ca2+ and calmodulin, ATP, and their
susceptibility to phosphorylation by protein kinases A and C (Guerini, 1998; Strehler and
Zacharias, 2001). When the salamander retina was immunostained with the 5F10 antibody that
recognizes all isoforms of the PMCA family, all cell types within the retina were labeled (Fig.
6), suggesting that PMCAs are universally expressed in all classes of retinal neuron. The pan-
PMCA antibody labeled cell bodies and ellipsoids of photoreceptors, the processes and cell
bodies of Müller cells, as well as cell bodies and processes of bipolar, amacrine, and ganglion
neurons. The most intense staining was observed in synaptic terminals of photoreceptors
(arrowheads in Fig. 6) and in the IPL. These results are consistent with a ubiquitous expression
of PMCAs in retinal cells.

To characterize the pattern of PMCA isoforms expressed in salamander retina we
immunostained retinal sections with affinity-purified antibodies raised against rat and human
epitopes (Filoteo et al., 1997; Swant Antibodies). Both classes of antibody yielded similar
results. Figure 7B illustrates a confocal view of a section from salamander retina that was
double-stained with the rabbit polyclonal antibody against PMCA1 (FITC signal) and the
synaptic marker SV2 (Tx Red signal).

As seen in Figure 7B,D, the PMCA1 antibody immunostained the OPL of the retina (which
consists of synaptic terminals of rod and cone photoreceptor and of dendrites of horizontal and
bipolar cells). The PMCA1 signal enveloped the structures which were immunopositive for
the synaptic marker SV2 (Fig. 7B), suggesting that they were selectively expressed in synaptic
terminals of photoreceptors. At higher gain settings, PMCA1 staining was also detected in
photoreceptor cell bodies. PMCA1 signal was much stronger in cone cell bodies than in rods.
In tiger salamander, cone perikarya are found adjacent to the synaptic region, while rod
perikarya are placed more distally (Lasansky, 1973). As seen in Figure 7D, a high intensity
PMCA1 signal was detected in cones (arrows), whereas PMCA1 was more weakly expressed
in the perikarya of rods (arrowheads; Fig. 7D). These results are consistent with physiological
data obtained from Ca2+ imaging studies on isolated salamander photoreceptors in which
Ca2+ extrusion from cone inner segments was shown to be much faster and more efficient
compared to rod inner segments (Križaj and Copenhagen, 1998; Križaj et al., 2003).

Little PMCA1 signal was observed in the inner retina at confocal gain settings that were
optimized for the signal expressed in the OPL (Fig. 7B). If, however, the confocal gain was
increased, we could observe a signal within the IPL that exhibited a punctate pattern suggestive
of localization to OFF bipolar cell terminals (Fig. 7D). Our results suggest, therefore, that
Ca2+ extrusion from tiger salamander photoreceptors and possibly from bipolar cells can be
mediated by PMCA1.
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PMCA2 is highly expressed in the salamander retina
PMCA2, the PMCA isoform with the highest affinity for Ca2+ (Guerini, 1998), is typically
confined to neuronal tissues (Hammes et al., 1994; Stauffer et al., 1995; Zacharias et al.,
1995). As illustrated in Figure 8, PMCA2 is also expressed in retinal neurons. The PMCA2
antibody labeled the cell bodies in the ONL and INL. A PMCA2-immunopositive signal was
occasionally observed in outer segments of cones and in synaptic terminals of rods and cones,
suggesting that PMCA2 can be expressed in a subset of photoreceptors. Plasma membranes of
most, if not all, cells at the proximal edge of the INL were immunopositive for PMCA2,
suggesting this high-affinity Ca2+ transport system plays a key role in Ca2+ extrusion from
presumed amacrine cells. A prominent PMCA2 signal was also observed in cell processes in
the IPL (Fig. 8B). Moreover, cell bodies in the GCL layer were often PMCA2-immunopositive
(arrowheads in Fig. 8B).

PMCA4 is localized to both synaptic layers, whereas PMCA3 is sparsely expressed in the IPL
Both PMCA3 and PMCA4 are also expressed in the retina of the tiger salamander. The PMCA3
isoform is strongly expressed in the IPL from the mouse retina (Križaj et al., 2002). In contrast,
PMCA3 in the salamander retina is expressed in a sparse population of amacrine cells, the
dendrites of which tended to ramify in the distal sublaminae of the IPL (Figs. 9B, 11G,H).
Occasionally, a PMCA3-immunopositive ganglion cell was also observed. Figure 9E,F
illustrates a GCL cell with a dendritic tree which ramified in the proximal IPL sublamina. Many
of PMCA3-immunopositive GCL neurons exhibited regional variations of staining intensity;
often, the primary dendrite was labeled more intensely compared to the rest of the cell (Fig.
9D).

Immunostaining with a monoclonal antibody raised against PMCA4 revealed that this Ca2+

transporter is localized in both the inner and the outer synaptic layers (Fig. 10). PMCA4 was
also expressed selectively in amacrine and ganglion cells. The localization of PMCA4 to inner
retinal neurons is seen more clearly in Figure 11E—L for amacrine cells (Fig. 11E—H) and
cells in GCL (Fig. I—L). To determine whether PMCA4 expression in photoreceptor terminals
coincides with that of the PMCA1 (e.g., Fig. 7), we double-labeled the retina with PMCA1
and PMCA4 antibodies. PMCA4 strongly labeled synaptic terminals of photoreceptors and a
substantial degree of colocalization with PMCA1 was observed (Fig. 11D). However, the
distribution of PMCA4 did not colocalize point-to-point with that of PMCA1 (arrowheads in
Fig. 11D), suggesting that both pump isoforms could contribute in an additive manner to
Ca2+ extrusion from photoreceptor terminals.

These results indicate that all PMCA isoforms are expressed in salamander inner retina. Based
on the intensity of staining with the antibodies, we suggest that PMCA2 and PMCA4 are the
predominant PMCA isoforms in the salamander retina, followed by PMCA1 and PMCA3.

Na+/Ca2+ exchanger is localized to both plexiform layers
The second major plasma membrane Ca2+ extrusion system is the Na+/Ca2+ exchanger (NCX).
NCX often functions in parallel to PMCA-mediated Ca2+ extrusion (Pozzan et al., 1994) and
may be localized at the same or different sites in neuronal plasma membrane (Juhaszova et al.,
2000). In contrast to PMCAs, the Na+/Ca2+ exchanger has a high capacity for Ca2+ extrusion
and is especially well suited for mass Ca2+ extrusion following heavy Ca2+ loads (Pozzan et
al., 1994).

To determine distribution of NCXs in salamander retina we used a polyclonal antibody that
has been shown to cross-react with amphibian and mammalian epitopes. Strong
immunostaining of cell processes in the IPL and OPL was observed with this antibody (Fig.
12B). Double-labeling with calbindin, a marker for cone photoreceptors in the salamander
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retina, confirmed postsynaptic localization of the NCX signal in the OPL (data not shown).
Rarely (in one or two cells per section), cell bodies of amacrine cells with processes, which
ramified within the distal IPL, were also labeled (Fig. 12C). To determine whether NCXs
colocalize with PMCAs in dendritic compartments in the IPL, we double-immunostained the
retina with the pan-PMCA antibody 5F10. Figure 12G depicts a high magnification view of
salamander IPL double-stained with antibodies against NCX and pan-PMCA. Within the IPL,
a significant amount of colocalized expression of PMCA and NCXs was observed. However,
NCXs and PMCAs also exist in relatively distinct puncta isolated from each other (NCXs:
arrowheads in Fig. 12E; PMCAs: arrows in Fig. 12F). Our results are consistent with a
prominent role for Na+/Ca2+ exchange in the inner retina (Gleason et al., 1995;Hurtado et al.,
2002). They also suggest that PMCAs may act synergistically with NCXs to clear Ca2+ loads
during and following dendritic Ca2+ signaling.

The NCX antibody also labeled a longitudinal structure within rod outer segments
corresponding to the axonemal region (arrowheads in Fig. 12B; Fig. 12D; Whitehead et al.,
1999). This signal was absent from control experiments in which the retina was labeled with
secondary antibodies alone (not shown).

DISCUSSION
We attempted to obtain a reasonably comprehensive overview of the cell-specific localization
of Ca2+ transporters in the salamander retina. The findings suggest that each class of retinal
cell is endowed with a specific repertoire of Ca2+ transporters. The diversity of Ca2+ receptors
and transporters observed provides a mechanistic basis for the remarkable divergence in
Ca2+ regulation and light response dynamics of retinal cells.

Photoreceptors
Photoreceptors are formed by two structurally and functionally distinct compartments, the OS
and the IS. Ca2+ regulation in the OS is relatively well understood and molecular identities of
major players in OS [Ca2+]i homeostasis are known (reviewed in Fain et al., 2001). Compared
to OSs, Ca2+ transporters in photoreceptor ISs are not understood as well, even though Ca2+

plays a prominent role in photoreceptor IS ion homeostasis (Križaj and Copenhagen, 2002).
For example, Ca2+ extrusion, in combination with Ca2+ sequestration and influx is likely to
set the steady-state [Ca2+]i that controls many of key Ca2+ dependent cellular enzymes
(including Ca2+-dependent protein kinases, phosphatases, lipases and the nitric oxide synthase;
Križaj and Copenhagen, 2002). Moreover, small, light-evoked hyperpolarizations of rods and
cones are associated with minute decreases in [Ca2+]i (Rieke and Schwartz, 1996) and
glutamate release (Witkovsky et al., 1997), possibly driven by high affinity Ca2+ clearance
mechanisms such as the PMCAs and SERCA pumps (Strehler and Zacharias, 2001). Here we
report that PMCAs, SERCAs, IP3Rs, and RyRs are prominently expressed within the
photoreceptor IS.

PMCAs are the dominant Ca2+ extrusion system in cells characterized by graded, sustained
responses (i.e., photoreceptors, bipolar cells, and hair cells; Križaj and Copenhagen, 1998;
Zenisek and Matthews, 2000; Yamoah et al., 1998). We showed recently that PMCAs play a
crucial role in determining the time course of Ca2+ clearance in rod and cone ISs (Križaj and
Copenhagen, 1998; Križaj et al., 2003). Here we present evidence that PMCA1, PMCA2, and
PMCA4 could all contribute to Ca2+ extrusion from photoreceptor terminals and cell bodies.
The immunostaining pattern in salamander photoreceptors was similar to that observed in the
mammalian retina (Morgans et al., 1998; Križaj et al., 2002; Rentería et al., submitted). In the
tree shrew, PMCAs are confined to the lateral walls of the synaptic terminal (Morgans et al.,
1998), whereas in mouse (Križaj et al., 2002), rat (Renteria et al., submitted) and monkey
(Križaj et al., 2002) PMCAs appear to be localized uniformly across the synaptic terminal.
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This seems to mostly be the case in salamander as well (e.g., Figs. 6, 7). Regional variations
in the intensity of PMCA staining in photoreceptor terminals and lateralized expression of
PMCAs within photoreceptor terminals were occasionally observed. PMCA1 and PMCA4
were both expressed separately and/or colocalized within a given terminal and staining
intensity for PMCA1, PMCA2, and PMCA4 varied between different terminals. The
compartmentalization of PMCA1, PMCA2, and PMCA4 within synaptic subregions of rods
and cones needs to be studied further in order to understand how Ca2+ extrusion via different
PMCAs can shape Ca2+ homeostasis within a given rod and cone terminal.

Although both IP3Rs and RyRs are known to play an important role in invertebrate
photoreceptors (Walz et al., 1995; Arnon et al., 1997), their role in vertebrate photoreceptor
function is not well understood (Križaj and Copenhagen, 2002). The photoreceptor cytoplasm
is packed with ER cisternae (Mercurio and Holtzman, 1982) and our results are consistent with
the idea that these structures contain abundant RyRs, IP3Rs, and SERCA pumps. Previous
physiological experiments suggested that RyR play a role in CICR and in modulation of
synaptic transmission at the photoreceptor synapse, possibly via Ca2+ release-mediated
inactivation of presynaptic Ca2+ channels (Križaj et al., 1999, 2003). As amphibian homologs
of the mammalian RyR family are thought to possess very similar sensitivity to calcium,
caffeine, and ryanodine (Lai et al., 1992; Fenelon and Pape, 2002), these studies predicted that
the cardiac RyR isoform (homologous to the mammalian RyR2; Lai et al., 1992) would be
found in photoreceptor ISs. Indeed, the staining results are consistent with RyR2 expression
in these cells, suggesting this isoform could be responsible for CICR.

A key function for the IP3R signaling cascade in vertebrate photoreceptors was suggested by
the study of Jiang et al. (1996), who showed that retinae from PLC β4 knockout mice exhibit
a 4-fold reduction in the amplitude of scotopic a and b wave components; paradoxically,
recording from isolated rods showed little difference in light responses between null animals
and littermate controls (Jiang et al., 1996). These findings suggested a post-phototransduction
stage in which IP3 release controls photoreceptor output. In addition, a role for IP3 in the light
adaptation of the photoreceptor OS phototransduction machinery has been proposed (Ghalayini
and Anderson, 1984). However, the staining for IP3Rs in photoreceptors has proved
contradictory. Peng et al. (1991), using a pan-IP3R antibody, found that IP3 receptors are
localized exclusively to synaptic terminals of salamander retinal neurons (including
photoreceptors and bipolar cells). This finding was surprising, because most of the ER in
photoreceptors is found in other subregions, particularly in the subellipsoid space, which is
characterized by a dense accumulation of ER cisternae (Mercurio and Holtzman, 1982;
Sjöstrand and Nilsson, 1965; Townes-Anderson et al., 1985). The IP3R localization reported
by Peng et al. (1991) suggested that the Ca2+ stores within synaptic terminals of retinal neurons
are specialized to participate in transmitter release (Peng et al., 1991). In contrast, a recent
report (Wang et al., 1999) found the isoform 1 from the IP3R family to be localized specifically
to outer segments of rat and monkey cones. This finding also suggested that IP3R1s are not
expressed within the cone ER in a manner consistent with IP3R1 distribution in the majority
of other cell types (Pozzan et al., 1994; Berridge et al., 2003). Rather, Wang et al. (1999)
suggested that IP3Rs are localized to the plasma membrane of mammalian cones and thus play
a nonconventional role in OS Ca2+ homeostasis perhaps associated with the process of light
adaptation (Wang et al., 1999). Here we report that salamander photoreceptors do express
IP3 receptors in a manner consistent with the widespread ramification of the cisternae of smooth
ER in the subellipsoid space and the cell body (Mercurio and Holtzman, 1982; Sjöstrand and
Nilsson, 1965). Relatively little IP3R2 signal was observed in the synaptic terminal. IP3R2s
appeared to be particularly abundant in a subclass of cones. The specific IP3R isoform or splice
variant identified in salamander photoreceptors by Peng et al. (1991) therefore remains to be
characterized. In preliminary experiments we confirmed the earlier report by Wang et al.
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(1999) of the IP3R1 immunostaining of rat cones but found no such signal in the salamander
(data not shown).

SERCA transporters can play a crucial physiological role in photoreceptor Ca2+ homeostasis,
by collaborating with PMCAs to reduce the amplitude of depolarization-evoked [Ca2+]i
transients within the cytoplasm (Križaj et al., 2003). Photoreceptors were found to express
SERCA2 transporters of both “a” and “b” splice variants. SERCA2a signal detected at the level
of ellipsoids was especially intriguing (Fig. 2). However, we were unable to unequivocally
determine the compartment labeled by our SERCA2a antibody. Electron microscopy may be
required to determine the precise localization of SERCA2a in the ONL.

Bipolar cells
The synaptic connectivity and neurotransmitter profiles of salamander bipolar cells are
different from those in mammalian retina (Wu et al., 2000; Yang et al., 2003). Nevertheless,
our results suggest that salamander BCs, similarly to mammalian BCs (Križaj et al., 2002),
express PMCA1 as well as PMCA2. Unlike the mouse retina (in which PMCA1 was strongly
expressed in cell bodies and terminals of cone bipolar cells; Križaj et al., 2002), PMCA1 was
not detected in salamander INL. Moreover, the PMCA1 signal in the salamander IPL was
moderate compared to that observed in the mammalian retinae. Most, if not all, bipolar cell
bodies in salamander expressed PMCA2; moreover, many salamander BCs also seemed to
express moderate amounts of PMCA4. SERCA immunostaining suggests that salamander
bipolar cells express SERCA2b and possibly SERCA3 isoforms.

Amacrine cells and ganglion cells
Recent reports suggested that intracellular calcium plays a key role in amacrine cell function
(Akopian and Witkovsky, 2002; Hurtado et al., 2002); however, the isoform identity of Ca2+

transporters that underlie Ca2+ signaling has not been addressed. We report here that amacrine
cells in this amphibian express a wide variety of Ca2+ transporters and that some Ca2+

transporters are localized to cell bodies of specific amacrine and ganglion neurons. Plasma
membrane transporters PMCA2-4, NCX1, and possibly PMCA1 are expressed in salamander
ACs. In addition, Ca2+ store transporters SERCA2a, 2b, and 3, IP3R2 and RyR2 are also found
in these cells. Although we did not perform colocalization studies for the immunoreactivity of
various isoform combinations, the sparsity of staining and differences in cell morphologies
leads us to the idea that different classes of amacrine and ganglion cells might express different
sets of Ca2+ transporters. Whereas PMCA3, PMCA4, RyRs, NCXs, and IP3Rs were strongly
expressed within small subsets of AC and GC bodies, SERCA2b and PMCA2 were expressed
in the majority of these cells. These data are consistent with large morphological and functional
differences between populations of amacrine cells (Masland, 1996; Gabriel et al., 2000). For
example, in rat, different ganglion cells were shown to possess different types of metabotropic
glutamate receptors including those (e.g., mGluR1 and mGluR5) whose activation is coupled
to turnover of phosphoinositides and generation of IP3 (Hartveit et al., 1995; Koulen et al.,
1997).

We detected intense IP3R2 labeling in the plasma membrane of a subset of amacrine and
ganglion cell bodies (which include those of tyrosine hydroxylase immunopositive neurons),
suggesting that IP3 isoform 2 receptors are localized to subsurface cisternae in amacrine and
ganglion neurons. Subsurface cisternae are ER structures localized within nm of the plasma
membrane and thus well positioned to modulate Ca2+-dependent signaling at the plasma
membrane. The diffuse labeling of the IPL with the IP3R2 antibody is consistent with the
distribution of group I metabotropic receptors in rat (Koulen et al., 1997) and chick retina
(Sosa et al., 2002) as well as with the expression of cholinergic and peptidergic receptors in
retinal amacrine cells (Osborne and Ghazi, 1990). These receptors are often linked to activation
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of phospholipase C and subsequent generation of IP3. In turn, Ca2+ released from IP3-sensitive
stores was shown to have a variety of physiological effects in inner retinal neurons, including
a reduction in affinity of metabotropic GABAB receptors in salamander ganglion cells (Shen
and Slaughter, 1999), suppression of current flow through GABAA receptors in turtle ganglion
cells (Akopian et al., 1998) and a decrease in NMDA receptor-gated channel activity in
salamander ganglion cells (Akopian and Witkovsky, 2001). These physiological studies
suggested that IP-mediated Ca2+ release occurs in many, if not all, retinal ganglion cells. Our
data is consistent with the interpretation that IP3R2 represent the predominant IP3R isoform in
the salamander retina. The results indicate that levels of IP3R2 expression are significantly
higher in a subset of ganglion cells; however, weak IP3R2 signal was detected at high gain in
the majority of ganglion cells (data not shown). Our results predict that PLC-coupled Ca2+

release will be more pronounced in a subset of retinal ganglion cells. Consistent with results
from Wang et al. (1999), little specific signal was detected in the inner retina using IP3R1 and
IP3R3 antibodies. Since electrophysiological studies indicate that most, if not all, spiking
neurons express IP3Rs (Akopian and Witkovsky, 2001) it is possible that, using our antibodies,
we missed IP3R1s and IP3R3s that may be expressed in these cells. Alternatively, relatively
low levels of IP3R2 could be responsible for mediating cell responses observed in physiological
studies (Shen and Slaughter, 1999; Akopian and Witkovsky, 2001).

Our data is also consistent with the large differences in plasma membrane Ca2+ extrusion
systems observed in amacrine cells. Unlike photoreceptors and bipolar cells in which PMCA-
mediated Ca2+ extrusion predominates (Križaj and Copenhagen, 1998; Zenisek and Matthews,
2000), Ca2+ clearance from cytoplasm of amacrine and ganglion cells is supported by both
NCXs and PMCAs; the PMCA contribution encompasses the range from 0% to ∼75% (Gleason
et al., 1995; Bindokas et al., 1994). Activation of PMCAs and NCXs defines the spatial and
temporal patterns of Ca2+ release from internal stores (Hurtado et al., 2002) as well as the
dynamics of amacrine synaptic transmission (Gleason et al., 1995). Our results suggest that
NCXs are strongly expressed in amacrine/ganglion cell processes, although, very occasionally,
an amacrine cell body was also intensely stained with the NCX antibody. In the IPL, NCXs
colocalized with PMCAs at some, but not all, puncta. The relative intensities of NCX- and
PMCA-specific signals varied widely among cells, suggesting different arrays of available
Ca2+ extrusion mechanisms in dendritic processes of inner retinal neurons. A similar
conclusion about differential expression of PMCAs and NCXs has been reached in
physiological experiments (Gleason et al., 1995; Hurtado et al., 2002). Our results suggest that
many of such interactions are likely to involve PMCA2, which is expressed in most AC and
GC bodies and processes, and appears to be a major Ca2+ extrusion system in the inner retina
of the tiger salamander and the mouse (Duncan et al., 2004). Since PMCA2 possess the highest
affinity for Ca2+ of all Ca2+ pumps (Guerini, 1998; Strehler and Zacharias, 2001), this suggests
a need for precise tuning of [Ca2+]i in the amacrine and ganglion cells. Interestingly, PMCA3,
which is found in the majority of amacrine and ganglion neurons in mouse (Križaj et al.,
2002), rat (Copenhagen et al., 2003), and monkey retinae (D. Križaj, unpublished observation),
appears to be restricted to sparse subpopulations of salamander amacrine and/or ganglion cells.
PMCA1 and PMCA3 expression in the inner retina of salamander is significantly weaker
compared to mammals.

We did not examine the distribution of NCX isoforms in this project. Our NCX antibody
recognizes best the NCX1 isoform of the NCX receptor (Philipson et al., 1988); however, it is
also thought to cross-react with the other two NCX isoforms (Yip et al., 1992). More specific
identification of NCX isoform localization in the retina awaits further studies using isoform-
specific antibodies.
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SERCAs
We found that the SERCA2 isoform, which is phylogenetically the oldest, is by far the most
widespread of all SERCA isoforms in the retina. This result is consistent with the ubiquitous
expression of SERCA2 in the brain (Wuytack et al., 1989; Baba-Aissa et al., 1996). Of the two
SERCA2 splice variants, the “b” variant is expressed in many retinal cells, consistent with its
accepted role as the “housekeeping Ca2+ ATPase” (Wuytack et al., 2002). SERCA2b staining
was especially intense in Müller cell endfeet and proximal processes, indicating a role for
Ca2+ stores in regulation of Ca2+ waves and neuronal-glial interactions (Newman, 2001).
Expression of SERCA2a in the retina is unconventional, because (with the exception of
cerebellar Purkinje cells) SERCA2a is typically not found in neurons (Baba-Aissa et al.,
1996). The localization of SERCA2a was much more restricted compared to that of SERCA2b.
In particular, a strongly demarcated SERCA2a signal was observed at the level of photoreceptor
ellipsoids. Densely packed cisternae of ER are found in this region together with a high density
of mitochondria (Holtzman and Mercurio, 1982; Townes-Anderson, 1995). SERCA2a may
thus play a role in ER-mitochondrial interactions in the inner segment (Križaj et al., 2003).

Functional implications of Ca2+ transporter localization in the retina
The low coefficient of diffusion of Ca2+ in the cytoplasm (∼10-7 cm2s-1 compared to ∼10-5

cm2s-1 for Na+; Kushmerick and Podolsky, 1969; Nakatani et al., 2002) and the high density
of immobile Ca2+-binding proteins in many retinal cells (Deng et al., 2001), including
photoreceptors (Lagnado et al., 1992; Nakatani et al., 2002) suggest that calcium regulation in
retinal cells may often depend on local distribution of Ca2+ buffers and transporters rather than
on active propagation of Ca2+ signals from the cell body into dendritic spines and vice versa
(Hurtado et al., 2002; Euler et al., 2002; Ciccolini et al., 2003). The immunostaining for
SERCAs, IP3Rs, and RyRs in the salamander retina is consistent with the dominant role for
ER in regulation of retinal cell [Ca2+]i (Hurtado et al., 2002; Križaj et al., 2003). Ca2+-
sequestering compartments and buffers can increase the apparent Ca2+ diffusion coefficient
by at least an order of magnitude (Albritton et al., 1992; Al-Baldawi and Abercrombie, 1995)
and thus significantly influence Ca2+ signaling within different cytoplasmic compartments. A
given set of Ca2+ transporters localized to the plasma membrane, ER, and mitochondria is thus
likely to endow retinal cells with specific repertoires of intrinsic activity, [Ca2+]i responses to
light and/or neuromodulatory stimulation. The ability of Ca2+ transporters to be at once
ubiquitously expressed but nevertheless provide highly specific spatiotemporal [Ca2+]i signals
has been attributed to the diversity of expression of different transporter isoforms (Sharp et al.,
1999), subcellular distributions of Ca2+ transporters (Berridge et al., 2003; Laflamme et al.,
2002; Chicka and Strehler, 2003) and complex regulation of the transporters by calmodulin,
protein kinases, and other modulatory factors (Strehler and Zacharias, 2001). Consistent with
that notion we found that different classes of retinal neurons possess different Ca2+-signaling
“toolkits” (Berridge et al., 2003), i.e., widely differing combinations of Ca2+ transporters
(NCXs, SERCAs, PMCAs, RyRs, and IP3Rs). Indeed, hot-spots of [Ca2+]i observed in
amacrine cell dendrites during stimulation (Euler et al., 2002; Hurtado et al., 2002) are
consistent with the idea that these cells possess signaling microdomains formed by strategic
placement of Ca2+ influx, extrusion, and sequestration mechanisms The results presented here
suggest a structural basis for such signaling microdomains consisting of Ca2+ pumps,
exchangers, and Ca2+ release channels in the retina. The localization data also provide
immunohistochemical foundation for physiological experiments which showed that release of
Ca2+ from intracellular stores regulates a wide variety of retinal pathways, including those that
regulate transmitter release (Križaj et al., 1999), GABAergic neurotransmission (Akopian and
Witkovsky, 1998; Shen and Slaughter, 1999; Ciccolini et al., 2003), dendritic growth
(Lohmann et al., 2002) and Ca2+ oscillations (Newman, 2001). They also support the
hypothesis that ER could represent a main site for dynamic control of cellular [Ca2+]i by acting
as an integrator and amplifier of Ca2+ influx (Nakamura et al., 1999; Majewska et al., 2000;
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Hurtado et al., 2002; Berridge et al., 2003) and that Ca2+ release from Ca2+ stores could play
a role in shaping of the visual signal (Križaj et al., 1999; Akopian and Witkovsky, 2001;
Hurtado et al., 2002).

In conclusion, the findings in this article suggest a refinement of the simple schema according
to which Ca2+ regulation in retinal neurons consists of Ca2+ influx through voltage-gated
Ca2+ channels and extrusion across the plasma membrane. Instead, a wide variety of Ca2+

transporters and their associated proteins is specifically assembled in order to fulfill a need for
fine-tuning of spatially restricted [Ca2+]i changes in retinal cells.
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Fig. 1.
Representative Western blots of SERCA2a, SERCA2b, SERCA3, and NCX proteins in
salamander and mouse retinae. Total protein lysates (15–25 mg protein per lane) were
processed for Western blotting by using specific antibodies. Molecular weight (MW) standards
are indicated in kilodaltons (kDa) on the side and marked by arrows.
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Fig. 2.
Localization of SERCA2a pumps in the salamander retina. A: Nomarski image of the
salamander retina with annotated layers. B: Confocal micrograph of a vertical section through
the salamander retina immunostained with secondary antibody alone. C: Confocal micrograph
of the salamander retina immunostained with the SERCA2a antibody. The antibody labels
photoreceptor inner segments in the ONL. Prominent signal in the IPL and moderate signals
in the OPL and GCL are observed. Scale bar = 20 μm. D: Magnified view of SERCA2a staining
in (C) focused on the ONL. The SERCA2a signal labeled cone photoreceptors, as shown by
colocalization with calbindin in E. Calbindin labeled cone inner segments and synaptic
terminals (arrowheads). Scale bar = 10 μm. F: Isolated cone photoreceptor. SERCA2a staining
is seen in the subellipsoid region and the cell body. Scale bar = 5 μm.

KRIŽAJ et al. Page 20

J Comp Neurol. Author manuscript; available in PMC 2008 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Immunostaining with (A—H) SERCA2b and (I—L) SERCA3 antibodies. C: SERCA2b is
expressed in most retinal cells, including Müller glia processes and endfeet. Scale bar = 20
μm. D,E: Double-labeling of OPL with SERCA2b and synaptic marker SV2. SERCA2b is
weakly expressed in photoreceptors; most of the SERCA2b signal occurs postsynaptically in
the OPL. F—H: Colocalization with (F) SERCA2b and (G) glutamine synthetase. SERCA2b
is prominently localized to endfeet and velate processes of Müller cells as well as to neuronal
processes in the IPL. Scale bar = 10 μm. I—L: Immunostaining with the SERCA3 antibody.
J: Little signal was detected in the absence of the primary antibody. Photoreceptor OSs were
labeled nonspecifically. K: A diffuse SERCA3 signal was observed across all retinal layers,
particularly in Müller cells (arrowheads). L: No SERCA3 signal was seen in the presence of
the neutralizing peptide PEP-015. Scale bar = 20 μm.
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Fig. 4.
Salamander retina immunolabeled for RyR2. A: Nomarski image of the salamander retina.
B: RyR2 immunofluorescence is found in the subellipsoid spaces (arrows) and cell bodies of
photoreceptors and in both plexiform layers. Moderate labeling is seen presumed horizontal
cell processes and in processes and endfeet of Müller glia (arrowheads). Scale bar = 20 μm.
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Fig. 5.
Salamander retina immunolabeled for IP3R2. A: Nomarski image of the salamander retina.
B: IP3R2 immunofluorescence. C: Omission control. Subellipsoid spaces in photoreceptors
are labeled (arrow) as well as horizontal and Müller cell processes in the OPL. A subpopulation
of amacrine cell bodies in the proximal INL shows a prominent IP3R2 signal, whereas Müller
cell bodies in the central INL are moderately labeled. Some, but not all, cell bodies in the GCL
exhibit a strong IP3R2 signal; the arrowhead in A and B denotes one such cell. Note that its
neighbor to the left is only weakly labeled. D: No IP3R2-specific signal is seen when the
antibody was coapplied together with the specific neutralizing peptide PEP-024. In the
presence of PEP-024, diffuse labeling was often observed over cell somas in all layers. Scale
bar = 20 μm. E—G: High-power fluorescence photomicrograph of the IPL double-labeled for
IP3R2 and TOH. Significant colocalization is seen in cell bodies of TOH-immunopositive
neurons. The dendritic processes of TOH-positive neurons were typically did not express
IP3R2. Scale bar = 5 μm.
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Fig. 6.
Salamander retina immunolabeled for PMCAs using the pan PMCA antibody 5F10. Synaptic
terminals of photoreceptors are strongly labeled by 5F10 (arrowheads), as are amacrine and
ganglion cell processes in the IPL. Cell bodies from photoreceptors, bipolar cells, amacrine
cells, ganglion cells, and Müller cells are also labeled. Scale bar = 20 μm.
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Fig. 7.
Salamander retina immunolabeled for PMCA1 and SV2. A,C: Nomarski images of the
salamander retina. B: Double labeling for PMCA1 and SV2. PMCA1 (FITC) signal is localized
to the OPL. PMCA1-imunopositive signals envelop the synaptic terminals of rod and cone
photoreceptors labeled with the synaptic marker SV2. D: High gain PMCA1
immunofluorescence uncovers additional PMCA1 signal in cone (arrows) and rod
(arrowheads) photoreceptor cell bodies and in processes in the OFF sublamina of the IPL. Scale
bar = 20 μm.
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Fig. 8.
Salamander retina immunolabeled for PMCA2. A: Nomarski image of the salamander retina.
B: PMCA2 immunofluorescence is found in all classes of retinal cells. Intense staining was
often seen in ganglion cell bodies (arrowheads). Scale bar = 20 μm.
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Fig. 9.
Salamander retina immunolabeled for PMCA3. A,B: The PMCA3 antibody labeled a sparse
population of neurons in the proximal INL. The gain of the confocal system was increased to
display the IPL processes of PMCA3-immunopositive cells. Scale bar = 20 μm. C—F: PMCA3
is expressed in a subset of ganglion layer neurons. C: Nomarski image of the GCL. D: The
PMCA3 antibody labeled the primary dendrite and cell body of a subset of ganglion cells. E:
Nomarski image of salamander GCL. F: PMCA3 antibody stained the cell body and dendritic
processes of the ganglion cell marked with an arrow in E but not its neighboring cells in the
GCL. Arrowheads mark the dendritic processes of the PMCA3-immunopositive cell. Scale bar
for C–F = 10 μm.
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Fig. 10.
Salamander retina immunolabeled for PMCA4. A: Nomarski image of the salamander retina.
B: Immunolabeling in the absence of the primary antibody. C: The PMCA4 antibody labeled
photoreceptor terminals in the OPL and processes in the IPL. Scale bar = 20 μm.
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Fig. 11.
PMCA4 is expressed in photoreceptor terminals and in a subset of INL and GCL neurons. A
—D: Colocalization of (B) PMCA4 and (C) PMCA1 in the OPL. PMCA4 and PMCA1 are
expressed in synaptic terminals photoreceptors. PMCA isoforms 1 and 4 colocalize in most,
but not all, synaptic processes. Scale bar = 10 μm. E—H: Selective expression of PMCA4 and
PMCA3 isoforms. F: PMCA4 is expressed in a subset of amacrine neurons in the proximal
INL. G: PMCA3 is expressed in different subset of amacrine cells. H: PMCA3 and PMCA4
do not colocalize in amacrine cells. Scale bar = 5 μm. I—L: PMCA4 is expressed in a subset
of GCL neurons. Scale bar = 10 μm.
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Fig. 12.
Salamander retina immunolabeled for the Na+/Ca2+ exchanger. A: Nomarski image of the
salamander retina. B: NCX immunoreactivity is found in the IPL as well as cell processes in
the proximal OPL. A compartment within the OS corresponding to the axonemal region was
also labeled by the NCX antibody (arrowheads). Scale bar = 20 μm. C: A subclass of amacrine
cell bodies with dendritic processes ramifying in the distal IPL was found to be strongly NCX-
immunoreactive. Scale bar = 20 μm. D: A higher magnification view of the ONL and OSs.
Scale bar = 10 μm. E—G: A magnified view of salamander IPL, double-labeled for NCX and
PMCA (5F10). Scale bar = 5 μm.
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