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Abstract
Secretagogin, a recently cloned member of the EF-hand family of calcium binding proteins, was
localized in the mouse, rat, and rabbit retina using immunofluorescence immunohistochemistry.
Secretagogin is expressed in sub-populations of ON and OFF cone bipolar cells; however, no
immunoreactivity was observed in rod bipolar cells in any of these species. Using subtype-specific
markers and mice expressing green fluorescent protein (GFP) within specific cell classes, we
found that secretagogin is expressed in Types 2, 3, 4, 5, 6 and possibly Type 8 cone bipolar cells
in the mouse retina. The expression pattern in the rat retina differs slightly with expression in cone
bipolar cell Types 2, 5, 6, 7, and 8. Evaluation of secretagogin in the developing mouse retina
revealed expression as early as postnatal day 6, with OFF cone bipolar cells showing secretagogin
expression prior to the ON cone bipolar cells. Secretagogin is a useful marker of cone bipolar cells
for studying alterations in bipolar cell morphology during development and degeneration. Further
work will be necessary to elucidate the functional role of this protein in bipolar cells.
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Bipolar cells are the second-order neurons in the visual system and convey glutamatergic
excitatory signals to the retinal ganglion cells. The total anatomical diversity of bipolar cell
subclasses has been enumerated, at least for the mouse retina (Wässle et al., 2009). The 10
or so morphological classes can be split roughly equally into two broad classes, the ON-
bipolar cells, which are depolarized by light, and the OFF-bipolar cells, which are
hyperpolarized by light. The axon terminals of these two groups terminate in the inner and
outer half of the inner plexiform layer, respectively (Famiglietti and Kolb, 1976). While it is
clear that the two groups represent the anatomical substrate for the parallel ON and OFF
visual pathways, the functional significance of the diversity within these two pathways is
still unknown.

One hypothesis is that the different subchannels might mediate signals at different temporal
bandwidths (DeVries, 2000), and previous work has indicated that some bipolar cells
respond more transiently than others (Euler et al., 1996; Berntson and Taylor, 2000;
DeVries, 2000; Puthussery et al., 2009). Moreover, it is evident that increased intracellular
calcium produces more transient responses in the ON-type rod-bipolar cells (Berntson et al.,
2004) and, therefore, intracellular calcium dynamics may be an important contributor to
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temporal tuning in the different cell types. A goal of the work described here is to elucidate
the molecular basis for such differing calcium sensitivity, and to this end we have identified
the localization pattern of a recently cloned calcium binding protein, secretagogin, within
subpopulations of bipolar cells in the mammalian retina.

Secretagogin is a member of the EF-hand (E-helix-loop-F-helix-hand) superfamily of
calcium-binding proteins, which was cloned from pancreatic islets of Langerhans and
neuroendocrine cells (Wagner et al., 2000). The EF-hand superfamily represents a
functionally diverse group of proteins that are ubiquitously expressed in mammalian tissue
and are involved in intracellular calcium signaling and homeostasis. Antibodies raised
against other such calcium-binding proteins, including calretinin, calbindin, and
parvalbumin, have been used to localize these proteins to discrete subpopulations of neurons
in the mammalian retina. Secretagogin, a hexa EF-hand calcium-binding protein, shows high
sequence homology with two of these proteins, calretinin and calbindin (Wagner et al.,
2000). Although initially thought to be restricted to neuroendocrine cells (Wagner et al.,
2000), it is now evident that secretagogin is expressed in numerous brain regions, with
particularly abundant expression in neurons of the pituitary gland and cerebellum (Gartner et
al., 2001).

Although the gene expression of secretagogin has been reported in cone bipolar cells of the
mouse retina (Kim et al., 2008), no evidence for protein expression has been demonstrated
to date. We describe here, for the first time, the expression pattern of the secretagogin
protein in the mammalian retina, with particular emphasis on the rodent retina.

MATERIALS AND METHODS
Animals and tissue preparation

Retinas were isolated from adult and postnatal aged (P2–P16) C57BL/6 mice, adult
Sprague–Dawley rats and adult pigmented rabbits. To identify the Type 7 bipolar cell, we
used animals that express green fluorescent protein (GFP; for abbreviations used in figures,
see Table 1) under the gustducin promoter (Wong et al., 1999; Huang et al., 2003). These
retinas were kindly provided by S. Haverkamp (Frankfurt, Germany). Animals had access to
standard chow ad libitum and were maintained on a 12-hour light/dark cycle. All animal
procedures were in accordance with the National Institutes of Health guidelines and were
approved by the Oregon Health and Science University Animal Care and Use Committee.
Mice (>P14) were anesthetized by intraperitoneal injection of sodium pentobarbital (0.1 mL,
100 mg/mL) and then euthanized by cervical dislocation. Younger mouse pups were
euthanized by decapitation. Rats and rabbits were anesthetized by intramuscular injection of
ketamine/xylazine (rabbit: 60:10 mg/kg; rat: 100:5 mg/kg) and euthanized by intravenous
(rabbit) or intraperitoneal (rat) overdose of sodium pentobarbital. For
immunohistochemistry, eyes were enucleated, the anterior segment and vitreous removed,
and posterior eyecups were placed in fixative. For Western blotting, mouse cerebellar tissue
was isolated in addition to the retinas for subsequent processing.

Immunohistochemistry
Posterior eyecups were fixed for 30 minutes in 4% paraformaldehyde (PF) in 0.1 M
phosphate buffer (PB; pH, 7.4). The tissue was cryoprotected in graded sucrose solutions
(10%, 20%, 30%), embedded in TissueTek O.C.T. cryosectioning medium (Sakura Finetek,
Torrance, CA), and vertically sectioned at 14 μm. Nonspecific binding sites were blocked
with an incubation buffer (IB) containing 3% normal horse serum, 0.3% Triton X-100, and
0.025% NaN3 in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 10 minutes. Primary
antibodies were diluted in IB and applied to tissues overnight at 4°C. Secondary antibodies
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were conjugated to Alexa Fluor 488, 594 or 647 (Molecular Probes, Eugene, OR) and were
raised in donkey with the exception of the anti-guinea pig secondary antibodies, which were
raised in goat. These antibodies were applied to sections for 1 hour at 25°C (1:800 in IB).
For double or triple labeling experiments, primary antibodies were mixed together for
incubation. When using primary antibodies raised in goat (calretinin, GFP) with primary
antibodies raised in guinea pig (VGLUT1), secondary antibodies were applied in a
sequential process to prevent binding of the donkey antigoat secondary antibodies to the
goat-anti-guinea pig secondary antibody. For all other double and triple labeling
experiments, sections were incubated in a mixture of secondary antibodies. An anti-GFP
antibody was used to enhance the fluorescent signal in the gustducin-GFP mouse. A list of
the primary antibodies used in this study is shown in Table 2.

Antibody characterization
The goat-anti-calretinin antibody recognizes an ≈30 kDa band on Western blots of rat brain
extracts (Winsky et al., 1996). This antibody stains subtypes of amacrine cells, including
cholinergic amacrine cells in mouse (Haverkamp and Wässle, 2000) and rat retina (Gabriel
and Witkovsky, 1998) and the staining pattern observed here was consistent with these
reports. The goat-anti-GFP recognizes a 33 kDa band on Western blots corresponding to the
weight of the recombinant GFP protein (manufacturer’s data sheet). No staining was
observed when this antibody was used on sections from wildtype mouse retina (data not
shown). The mouse-anti-protein kinase C-α(PKC-α) antibody recognizes an 80 kDa
polypeptide of PKC in bovine brain lysates (manufacturer’s data sheet). PKC is a well-
established marker of rod bipolar cells in the rat (Greferath et al., 1990) and mouse retina
(Haverkamp et al., 2003), and the same pattern of staining was observed herein. The rat-
anti-Rec1 antibody recognizes a 23 kDa band on Western blots of purified bovine recoverin
(Adamus and Amundson, 1996). Recoverin is a marker of Type 2 and Type 8 bipolar cells
in the rat retina (Euler and Wässle, 1995; Chun et al., 1999) and a marker of Type 2 cells in
the mouse retina (Haverkamp et al., 2003). The staining pattern observed herein was in
accordance with these previous reports. The rabbit-anti-secretagogin antibody recognizes a
32 kDa band in retina and cerebellar lysates which corresponds to the weight of the
recombinant secretagogin protein (Wagner et al., 2000). The mouse-anti-synaptotagmin 2
antibody (also known as ZNP-1) recognizes a 60 kDa protein on Western blots of mouse
cerebellum and synaptosomes (Fox and Sanes, 2007). It has been previously shown to stain
both Type 2 (Fox and Sanes, 2007, Wässle et al., 2009) and Type 6 (Wässle et al., 2009)
bipolar cells in the mouse retina and the staining pattern seen here was consistent with these
reports. The guinea pig-anti-VGLUT1 recognizes a 62 kDa band on Western blots of rat
brain lysates (manufacturers data sheet). This antibody stains photoreceptor and bipolar cell
terminals in the rat (Johnson et al., 2003) and mouse (Johnson et al., 2003; Sherry et al.,
2003) retina and the pattern of staining obtained here was consistent with these reports.

Microscopy and imaging
Confocal images were acquired on a Zeiss LSM 510 confocal microscope with a 63×/1.40
oil-immersion objective. Images shown herein are from a single image plane (optical section
thickness 0.41 μm) unless otherwise indicated.

Further image processing was confined to adjustment in the brightness, contrast, and
sharpness of images with Adobe Photoshop CS (San Jose, CA). In all cases, such procedures
were applied equally across the whole image.

Western blotting
The specificity of the polyclonal secretagogin antibody was assessed by Western blotting of
mouse retina and cerebellum. Tissues were briefly sonicated in a 4-mM HEPES buffer
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containing 320 mM sucrose (pH 8.5) and a protease inhibitor cocktail (EMD Chemicals,
Gibbstown, NJ, #539131). Homogenates were centrifuged at 13,000g for 1 minute. The
resultant supernatant was then centrifuged at 13,000g for 15 minutes and the resultant pellet
was resuspended yielding a crude membrane fraction. Samples were denatured in a buffer
containing sodium dodecyl sulfate (SDS) and 2-mercaptoethanol, separated on a 12.5% SDS
polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was
blocked in 5% w/v skim milk powder and 0.05% (v/v) Tween-20 in 0.1 M Tris-buffered
saline (TBS, pH 7.4) for 2 hours at 25°C. The secretagogin primary antibody was diluted at
1:5,000 in the same buffer and applied overnight at 4°C. After washing, the membrane was
incubated in a horseradish peroxidase (HRP)-conjugated donkey antirabbit secondary
antibody (1:15,000, Amersham/GE Healthcare, Piscat-away, NJ) for 2 hours at 25°C. An
enhanced chemiluminescence kit (Pierce, Rockford, IL) was used for detection.

RESULTS
Characterization of the secretagogin antibody

We performed Western blotting on tissue homogenates from mouse retina and cerebellum to
confirm the specificity of the polyclonal rabbit anti-secretagogin antibody. We detected a
prominent band at 32 kDa in both tissues (Fig. 1), which corresponds to the predicted
molecular weight of the secretagogin protein (Wagner et al., 2000; Gartner et al., 2001).
These data, when taken together with previous evidence for gene expression of secretagogin
in mouse cone bipolar cells (CBCs) (Kim et al., 2008), provide strong evidence that the
secretagogin antibody recognizes the correct protein in the retina.

Localization of secretagogin in the mammalian retina
We evaluated the immunohistochemical localization of secretagogin in vertical sections of
retina from the mouse, rat, and rabbit (Fig. 2). The IPL can be subdivided into five equal
strata. The OFF sublamina of the IPL is comprised of the outer 2 strata, S1 and S2, while the
ON sublamina is comprised of the inner three strata, S3–S5 (Hartveit, 1997; McGillem and
Dacheux, 2001; Ghosh et al., 2004). In all species, secretagogin immunoreactivity was seen
in the dendrites, cytoplasm, axon, and axon terminals of bipolar cells with axon terminals
stratifying in both sublaminae of the IPL. Thus, secretagogin is expressed by both ON- and
OFF-type bipolar cells. Double labeling for secretagogin and the rod bipolar cell (RBC)
marker, PKC-α, revealed that secretagogin was not expressed in RBCs in any of the species
tested, as evidenced by the complete absence of any overlap between the green and magenta
in Figure 2C,F,I. The pattern of secretagogin immunoreactivity appeared to be largely
conserved among species, in contrast to the expression of other closely related calcium-
binding proteins that show variable cellular localization patterns in different mammalian
species. For example, calbindin is expressed in horizontal and amacrine cells in the mouse
retina (Pochet et al., 1991), while in the primate retina it is expressed in some cone
photoreceptors (Haley et al., 1995), H2 horizontal cells (Wässle et al., 2000), and DB3
bipolar cells (Grünert et al., 1994).

Secretagogin is expressed in a subset of cone bipolar cells of the mouse retina
In order to evaluate whether secretagogin expression was present in all or a subset of CBCs
(Fig. 3), we used a vesicular glutamate transporter 1 (VGLUT1) antibody, which labels all
glutamatergic bipolar cell terminals (Johnson et al., 2003; Sherry et al., 2003). We triple-
labeled for VGLUT1, calretinin, and secretagogin to assess whether any of the CBC axon
terminals were spared of secretagogin staining (Fig. 3A–D). Calretinin (CalR) was included
as a marker to delineate the sublaminae of the IPL (Fig. 3C); the central band of calretinin
staining divides sublamina a from sublamina b, while the more distal and proximal bands
correspond to the plexus of dendrites from the OFF and ON starburst amacrine cells,
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respectively. As far as we could tell, all the VGLUT1-positive axon terminals in S2 and S3
of the IPL (Fig. 3B) also showed labeling for secretagogin (Fig. 3A); however, there was a
subset of axon terminals in S1 that did not, as is evident by the pure green profiles in Figure
3D. Additional pure green secretagogin-negative terminals can be localized to S4/5, since
they lie below the innermost band of CalR labeling (Fig. 3C), which delineates S3 from S4.
We sought to determine the identity of the unlabeled bipolar cell terminals in S1, S4, and S5
using subtype-specific bipolar cell markers.

Previous studies indicate that only two types of bipolar cells have axon terminals that are
predominately restricted to S1 of the IPL: the Type 1 and Type 2 OFF cone bipolar cells
(Ghosh et al., 2004). The Type 2 bipolar cell axon terminals can be specifically labeled
using an antibody directed against synaptotagmin 2 (Syt2; Fox and Sanes, 2007; Wässle et
al., 2009). Therefore, to determine whether the secretagogin-negative terminals were Type 2
bipolar cells, we triple-labeled for Syt2, VGLUT1, and secretagogin (Fig. 3E–H). The
staining clearly shows that the Syt2 containing Type 2 bipolar cells also label for
secretagogin (white arrowheads, Fig. 3E–H) and, therefore, we conclude that the Type 1
bipolar cells, the only alternative, must account for the OFF CBC terminals in S1 that are
devoid of secretagogin labeling.

This leaves the secretagogin-negative axon terminals of ON CBCs within S4/5 unaccounted
for. There are four candidate bipolar cell types: Types 6–9. We can examine Type 6 ON
CBC bipolar cells using the Syt2 antibody, since, in addition to labeling the Type 2 bipolar
cell, Syt2 also weakly stains the axon terminals of the Type 6 (Wässle et al., 2009).
According to the classification proposed by Ghosh et al. (2004), the axon terminals of these
cells are somewhat diffusely stratified in S3–S5. Although the terminals are sparse (Fig.
3G), it is clear that the Syt2 staining in Type 6 cells are also labeled with secretagogin
(white circles, Fig. 3E–H); therefore, Type 6 cells cannot account for the secretagogin-
negative terminals in the ON-sublamina.

The next possibility is the Type 7 ON CBC, which is stratified in S4 of the IPL. These cells
are selectively labeled in the Gus-GFP transgenic mouse, which express GFP under the
gustducin promoter (Wong et al., 1999; Huang et al., 2003). We found the GFP expression
in the peripheral regions of the retina to be somewhat variable, and therefore we restricted
our analysis to central regions where a continuous band of GFP staining could be seen in S4
(Fig. 4B). Comparable material from peripheral retina often contained gaps within the S4
labeling, presumably where Type 7 cells were devoid of GFP expression (not shown). It
should also be noted that RBCs are weakly and variably labeled in the Gus-GFP mouse, and
again, we restricted our analysis to regions lacking such staining, or alternatively we
adjusted the imaging gain to preferentially highlight the Type 7 cells. Figure 4A–D shows a
projected image of a confocal stack (total thickness 2.05 μm) through a vertical section of
the Gus-GFP retina that has been immunostained for GFP, PKC, and secretagogin. The pure
green profiles in the composite image (Fig. 4D) clearly demonstrate that the Type 7 ON
CBC terminals are devoid of secretagogin and therefore the Type 7 cells could comprise the
secretagogin-negative bipolar cells in S4 of the IPL (Fig. 3D).

If the Type 7 cells do account for all of the secretagogin-negative cells in S4/5, then the
terminals in this region stained with the pan bipolar cell terminal marker, VGLUT1, should
also be labeled for either secretagogin or GFP. To test for this, we labeled for secretagogin
(red), GFP (blue), and VGLUT1 (green, Fig. 4E–H). To establish whether we had accounted
for all of the bipolar cell terminals in the ON sublamina, we concurrently labeled the rod-
bipolar cells with PKC-α (also blue). This also distinguished them from any non-Type 7
CBC terminals that might be present. The results indicate that labeling the Type 7 bipolar
cells did account for the vast majority of the secretagogin-negative terminals in the ON
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sublamina; however, occasionally we observed a sparse number of VGLUT1-positive axon
terminals in the region between the rod bipolar cell and Type 7 bipolar cell axon terminals
that did not show secretagogin immunoreactivity (arrowheads, Fig. 4H). It is possible that
these axon terminals are from Type 9 bipolar cells (blue cone selective bipolar), since their
axon terminals are distributed in S5 and they are a sparsely distributed subtype, constituting
≈1% of the total bipolar cell population in the mouse (Haverkamp et al., 2005). Since a
marker of the mouse Type 8 cell is currently lacking, it is impossible to conclude with
certainty that the Type 8 cell expresses SCGN. However, dye-injection of a single cell that
showed morphological features consistent with the Type 8 cell and subsequent staining with
the SCGN antibody showed that this cell also expressed secretagogin (data not shown).
Moreover, one might expect based on the density of Type 8 cells in the rat retina (see Fig.
6), that more SCGN-negative bipolar cell terminals would have been apparent in the ON
sublamina if the Type 8 cell were devoid of SCGN labeling.

Developmental expression of secretagogin in the mouse retina
The developmental time-course of secretagogin expression is an important parameter that
could be used in conjunction with functional changes to help elucidate its physiological role.
No secretagogin immunoreactivity was observed in retinal sections from P2 or P4 (data not
shown). Because of the known gradient in developmental maturation from central to
peripheral retina, we acquired our images from central regions at each timepoint. The central
band of calretinin staining, which divides the ON from OFF sublamina, is present at P6–
P10, allowing us to determine whether the secretagogin-stained cells were ON or OFF cells.
At P6, secretagogin staining was present in a subset of bipolar cells with axon terminals
mostly restricted to the distal aspect of the IPL, suggesting that they were most likely OFF
cells (Fig. 5A,B). Progressively more axon terminals were observed in the OFF sublamina,
reaching an adult-like density by around P12 (Fig. 5G,H). An increase in the density of axon
terminals was also seen in the S4 region of the ON sublamina between P8–12; however, few
axon terminals were observed in the S3 region at this time. The first evidence of
secretagogin immunoreactivity in the S3 region of the IPL was seen at P14–P16 (Fig. 5I–L);
however, the intensity of staining was relatively weak compared to the other labeled axon
terminals.

Expression of secretagogin in the rat retina
While the staining pattern appears to be well preserved across species (mouse, rat, and
rabbit; Fig. 2), we wanted to determine whether the subtype-specific labeling observed in
mouse is conserved in a closely related species, the rat (Fig. 6). The diversity of rat bipolar
cells has been previously described (see fig. 1D of Euler et al., 1996) and we used this
classification and nomenclature for this study. We focused first on the OFF sublamina of the
IPL. Triple labeling of secretagogin with CalR and VGLUT1 revealed that a subset of
VGLUT1-positive axon terminals in S1, as well as all of the VGLUT1-positive axon
terminals in S2, did not show secretagogin immunoreactivity (Fig. 6A–D). Immunostaining
for recoverin, a marker of the Type 2 OFF CBCs in the rat retina (Euler et al., 1995; Chun et
al., 1999), revealed that all of the secretagogin-positive axon terminals in the OFF sublamina
also contained recoverin (Fig. 6E–H, downward arrowheads). These data indicate that some
species variability exists in the type of OFF-bipolar cells stained by secretagogin. We also
analyzed secretagogin expression in the ON-sublamina of the rat retina. In addition to
labeling the Type 2 OFF CBC, recoverin labels the Type 8 ON CBC in the rat (Euler et al.,
1995; Chun et al., 1999). All of the Type 8 cell axon terminals were also labeled with
secretagogin (Fig. 6E–F, upward arrowheads). Finally, we triple-labeled for VGLUT1,
secretagogin, and PKC to establish whether all of the ON CBCs in the rat retina were
secretagogin-positive. Figure 6I–L shows that almost all ON CBC axon terminals were
secretagogin-positive. However, we observed a sparse number of axon terminals, located at
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the S4/S5 margin, that lacked secretagogin labeling. Given that only Type 8 and Type 9 cells
stratify in this region of the IPL, and that we have shown secretagogin staining in the Type 8
cell, it seems likely that, as in the mouse retina, these spared axon terminals are Type 9 (blue
cone selective bipolar) cells.

DISCUSSION
This study demonstrates, for the first time, the protein expression of secretagogin in a subset
of cone bipolar cells in the mammalian retina. We have provided a detailed analysis of the
specific subtypes of bipolar cells that express secretagogin in the mouse and rat retina and
have detailed the developmental time-course of secretagogin expression in the mouse. In the
following section we discuss the implications of these findings with regard to the potential
physiological roles of this protein.

Comparison of secretagogin expression with other calcium-binding proteins
The data presented here accord with a previous study describing the gene expression of
secretagogin in the mouse retina (Kim et al., 2008). The Scgn gene was identified as a novel
marker of ON and OFF bipolar cells using serial analysis of gene expression and in situ
hybridization, although the specific subtypes of bipolar cell were not identified. Our findings
extend these genetic studies at the protein level, and demonstrate broad expression of the
secretagogin protein within ON and OFF cone bipolar cells. It is noteworthy that there is at
least one subtype of ON-cone bipolar cell, and one subtype of OFF-cone bipolar in both rat
and mouse, that does not express secretagogin, and it is tempting to speculate that the
omission of the protein may convey specialized functional properties that are essential to
each pathway.

The cellular expression of secretagogin displayed some variability in the rodent retina
(Table 3). We did not attempt to identify the cell types expressing secretagogin in the rabbit
retina due to the lack of sufficient subtype-specific bipolar cell markers. In the mouse retina,
secretagogin appeared to be expressed by all OFF bipolar cells except the Type 1 bipolar
cell. In contrast, in the rat retina the Type 2 bipolar was the only type of OFF CBC to
express secretagogin. Another notable difference was the absence of secretagogin in the
Type 7 ON CBC of the mouse retina, while the rat homolog of this cell appeared to express
secretagogin. In both the rat and mouse retina, a sparse subset of axon terminals stratifying
in S5 of the IPL lacked secretagogin expression. It is likely that these unlabeled terminals
represent Type 9 (blue cone bipolar cells) since these cells are sparse and known to stratify
in this region of the IPL (Haverkamp et al., 2005).

A number of calcium-binding proteins have been previously identified in specific subtypes
of bipolar cells. CaBP1 and CaBP5 proteins are close relatives of calmodulin and have been
localized to different populations of bipolar cells. CaBP1 is expressed in Type 1 and 2 OFF
CBCs (Haeseleer et al., 2000; Haverkamp et al., 2003), while CaBP5 is expressed in Type 3
OFF CBCs, Type 5 ON CBCs, and RBCs (Haeseleer et al., 2000; Haverkamp et al., 2003).
Recoverin is expressed only in Type 2 OFF CBCs of the retina (Haverkamp et al., 2003),
while the closely related protein calsenilin was recently shown to label Type 4 OFF CBCs
(Haverkamp et al., 2008). Of these calcium-binding proteins, CaBP5 is the only one to have
a functional role ascribed to it. In the CaBP5 knockout mouse, rod-mediated responses of
retinal ganglion cells showed reduced light sensitivity compared with wildtype ganglion
cells (Rieke et al., 2008) and the authors suggest that this may be due to a direct interaction
of CaBP5 with the voltage-gated calcium channel Cav1.2 in rod bipolar cells. Despite this
putative functional role, the intracellular distribution of CaBP5 is diffuse within the bipolar
cells, and therefore diffuse intracellular distribution, as is seen with secretagogin and all of
the aforementioned calcium-binding proteins, does not preclude a localized functional role.
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Indeed, the overlap of multiple calcium-binding proteins within subclasses of bipolar cells is
consistent with diverse functional roles.

Developmental expression of secretagogin
During development, the first evidence for secretagogin immunostaining was observed at
P6, a finding consistent with gene expression studies that showed a sharp rise in Scgn
expression between P4 and P6 (Kim et al., 2008). The complete staining of the bipolar cells
from their dendrites to axon terminals makes secretagogin a useful marker to track changes
in bipolar cell stratification patterns during development, and to compare the development of
rod and cone bipolar cells. At P6, secretagogin staining was mainly confined to cells
projecting axon terminals to the OFF sub-lamina of the IPL, but from P8 onwards
secretagogin-positive cells were visible in the ON sublamina. This suggests that OFF bipolar
cells develop and mature earlier than the ON bipolar cells. This temporal pattern has been
suggested from the development of VGLUT1 expression, which arises in OFF BC terminals
prior to ON BC terminals (Sherry et al., 2003); however, robust expression of VGLUT1
does not occur until P8, 2 days after the first signs of secretagogin expression. The S3 region
of the ON sub-lamina was the last to develop secretagogin immunoreactivity, and given that
the Type 5 bipolar cells stratify exclusively at this level (Haverkamp et al., 2009), this
finding may indicate that Type 5 cells develop relatively later than other cone bipolar cell
types.

Functional role of secretagogin in the retina
The members of the EF-hand family of calcium-binding proteins are generally assigned to
one of two groups: those that are actively involved in calcium sensing and signaling and
those that act as passive calcium buffers. The calcium sensors have a lower affinity for
calcium and undergo significant conformational changes in response to calcium binding,
while the buffers have high affinity but show little conformational change. Recent evidence
suggests that this dichotomy may not be so distinct, since both calretinin and calbindin D28-
K, which were previously considered to be pure calcium buffers, may also show some
calcium sensor function (reviewed in Schwaller, 2009). It has been demonstrated that
secretagogin, which shows high sequence homology to calretinin and calbindin D-28K
(Wagner et al., 2000), undergoes a significant conformational change upon calcium binding,
suggesting a role in calcium sensing/signaling (Rogstam et al., 2007). However, these
authors also suggested that since only 0.5%–14% of secretagogin has calcium bound at
resting calcium concentrations, it could provide some buffering capacity.

One possible site of action of secretagogin is in the dendrites or soma, where it could
modulate the characteristics of the postsynaptic currents. Although both RBCs and ON
CBCs respond to glutamate through activation of the metabotropic glutamate receptor,
mGluR6, these two cell types show dissimilar functional responses. ON CBCs respond to a
sustained light flash with a sustained response, while rod bipolar cells display an initial
transient peak followed by a smaller sustained component (Berntson and Taylor, 2000;
Puthussery et al., 2009). The transient-sustained conductance seen in RBCs is known to be
calcium-dependent, since inclusion of BAPTA in the recording pipette produces a sustained
response, comparable to that seen in ON CBCs (Berntson et al., 2004). The molecular basis
for this functional difference is unknown. However, recent evidence suggests that the cation
channel coupled to the mGluR6 receptor is a TRP channel, possibly TRPM1 (Bellone et al.,
2008; Morgans et al., 2009; Shen et al., 2009). Immunohistochemical evidence suggests that
this channel is localized to the dendrites and soma of ON bipolar cells (Morgans et al.,
2009). Since the conductance of TRP channels can be modulated by calcium and calcium-
binding proteins (reviewed in Gordon-Shaag et al., 2008) it is possible that secretagogin
could modulate TRP channel function in subtypes of bipolar cells. Future physiological
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recordings from identified subtypes of ON cone bipolar cells will be required to test this
hypothesis.

Another possible site of secretagogin action is within the axon terminals where it could
modulate transmitter release. Rogstam et al. (2007) identified the synaptosomal associated
protein SNAP-25 as a highly specific binding protein for secretagogin. These proteins have
been shown to interact with high affinity in the presence of calcium and to a lesser extent in
the absence of calcium. SNAP-25 is a component of the SNARE complex and is involved in
exocytosis. Given the evidence for expression of SNAP-25 in bipolar cell axon terminals
(Brandstätter et al., 1996) it is tempting to speculate that secretagogin could be involved in
the exocytotic release of glutamate from bipolar cell axon terminals. Again, we would
expect to see that release of glutamate from Types 7 and 9 bipolar cells would be distinct.
The development of a secretagogin knockout mouse will be an important tool for identifying
the functional contribution of secretagogin to bipolar cell function.
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Figure 1.
Western blot of secretagogin in retina and cerebellum. Western blotting of crude membrane
fractions from homogenates of retina (Ret) and cerebellum (CB, positive control) probed
with secretagogin polyclonal antibody. A prominent band is evident at ≈32 kDa in both
samples, consistent with the expected molecular weight of the secretagogin protein. An
additional weaker band is observed at ≈30 kDa in the cerebellum.
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Figure 2.
Localization of secretagogin in cone bipolar cells of the mammalian retina. Vertical sections
of mouse (top panels), rat (middle panels), and rabbit (bottom panels) retina immunolabeled
for secretagogin (SCGN; magenta) and the rod bipolar cell marker protein kinase C-α (PKC-
α; green). The retinal layers are indicated on transmitted light photomicrographs (left
column) and the IPL is divided into five equal strata (dotted lines). A–C: Mouse retina.
Secretagogin is expressed in the dendrites, soma, and axon terminals of bipolar cells in the
mouse retina. Double labeling with PKC-α (B) shows no overlap of staining, suggesting the
absence of secretagogin in rod bipolar cells (C). D–F: Rat retina. Secretagogin (D) is
expressed in the dendrites, soma, and axon terminals of bipolar cells stratifying at all levels
of the IPL. Double labeling with PKC-α (E) shows no overlap of staining (F). G–I: Rabbit
retina. A similar pattern of secretagogin labeling is observed in the rabbit retina (G), and like
in rat and mouse, no PKC-α staining is evident in the secretagogin-positive bipolar cells.
Scale bar = 20 μm.
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Figure 3.
Secretagogin in OFF bipolar cells of the mouse retina. Vertical sections of wildtype mouse
retina labeled for secretagogin (SCGN), VGLUT1, and various cell markers. The overlaid
triple labels are shown in the right-hand column. A–D: Vertical sections of mouse retina
labeled for secretagogin (SCGN; A), VGLUT1 (B), and calretinin (CalR; C). All
secretagogin labeled processes in the IPL were also labeled for VGLUT1 (D, yellow
terminals), confirming their identity as bipolar cells. However, a subset of VGLUT1 stained
bipolar cells in S1, S4, and S5 are not labeled for secretagogin (D, green terminals).
Calretinin labeling allows accurate identification of sub strata in the IPL (dotted lines). E–
H: Another section labeled for secretagogin (E), VGLUT1 (F), and synaptotagmin 2 (Syt2,
G), a marker of Type 2 OFF cone bipolar cells and Type 6 ON cone bipolar cells. The axon
terminals of the Type 2 cells (arrowheads) and Type 6 cells (ovals) are also labeled for
secretagogin. Dotted lines indicate the five IPL strata. Scale bar = 10 μm.
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Figure 4.
Secretagogin in ON bipolar cells of the mouse retina. A–D: Vertical sections of the Gus-
GFP retina labeled for secretagogin (SCGN; A), GFP (B), and PKC-α (C). Images A–C are
from a projected confocal stack of 2.05 μm thickness. None of the Type 7 ON CBCs that are
labeled for GFP label for secretagogin (D, green). However, some secretagogin labeled
bipolar cells stratify in the region between the axon terminals of the Type 7 ON CBCs and
the RBCs; these are likely to be Type 8 cells based on the level of stratification in the IPL
(ovals). E–H: Vertical sections of the Gus-GFP retina labeled for secretagogin (E),
VGLUT1 (F), and PKC-α/GFP (labeled with same colored secondary antibody in G). The
triple overlay (H) shows that a small number of VGLUT1-positive axon terminals located at
the level of the RBCs in S5 do not show SCGN labeling (arrowheads). These cells are
neither RBCs nor Type 7 cells, which appear light blue in the triple label. Dotted lines
indicate the five IPL strata. Scale bar = 10 μm.
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Figure 5.
Developmental expression of secretagogin in the mouse retina. Vertical sections from mouse
retina aged postnatal day (P) 6–16, immunolabeled for secretagogin (magenta) and calretinin
(CalR; green). A,B: P6. The central band of calretinin immunostaining is present and
divides the ON and OFF sublaminae of the IPL. Most of the secretagogin stained bipolar
cell axon terminals are located distal to the central band of calretinin staining suggesting
their likely identity as OFF CBCs. C,D: P8. More secretagogin stained bipolar cell terminals
are seen in the distal and proximal IPL. The density of bipolar cell terminals continues to
increase at P10 (E–F) and P12 (G–H); however, the S3 region of the IPL remains relatively
spared of secretagogin labeling. At P14 (I–J) and P16 (K–L), a higher number of axon
terminals are seen in the S3 region of the IPL; however, the intensity of staining of these
terminals appears to be comparatively weaker than the axon terminals in other strata. Scale
bar = 20 μm.
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Figure 6.
Localization of secretagogin in the rat retina. A–D: Vertical sections of the rat retina
immunolabeled for secretagogin (SCGN, A), VGLUT1 (B), and CalR (C). All of the
secretagogin labeled axon terminals are also stained with VGLUT1 (D, yellow terminals);
however, other axon terminals in S1, S2, and S5 and devoid of secretagogin staining (D,
green terminals). E–H: Triple staining for secretagogin (E), VGLUT1 (F), and recoverin
(Rec; G) with overlay in H. Recoverin labels the Type 2 OFF CBC (downward arrowheads)
and the Type 8 ON CBC (upward arrowheads), both of which are also labeled for
secretagogin. The Type 2 cell appears to be the only OFF bipolar cell to show secretagogin
immunoreactivity. I–L: Triple staining for secretagogin (I), VGLUT1 (J), and PKC-α(K)
with overlay in L. The vast majority of the ON CBC axon terminals are also labeled for
secretagogin (L, yellow terminals); however a small number of axon terminals (arrowheads),
located at the same level as the rod bipolar cell axon terminals (light blue) are devoid of
secretagogin immunostaining. Dotted lines indicate the five IPL strata. Scale bar = 10 μm.
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TABLE 1

Abbreviations Used in Figures

CalR Calretinin

CB Cerebellum

GCL Ganglion cell layer

Gus-GFP Gustducin-green fluorescent protein

INL Inner nuclear layer

IPL Inner plexiform layer

OPL Outer plexiform layer

P Postnatal

PKC-α Protein kinase C-α

Ret Retina

S Stratum

SCGN Secretagogin

Syt2 Synaptotagmin 2

VGLUT1 Vesicular glutamate transporter 1
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