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Abstract

Detailed analysis of the synaptic inputs to the primate DB1 bipolar cell has been precluded by the
absence of a suitable immunohistochemical marker. Here we demonstrate that antibodies for the
EF-hand calcium-binding protein, secretagogin, strongly label the DB1 bipolar cell as well as a
mixed population of GABAergic amacrine cells in the macaque retina. Using secretagogin as a
marker, we show that the DB1 bipolar makes synaptic contact with both L/M as well as S-cone
photoreceptors and only minimal contact with rod photoreceptors. Electron microscopy showed
that the DB1 bipolar makes flat contacts at both triad-associated and nontriad-associated positions
on the cone pedicle. Double labeling with various glutamate receptor subunit antibodies failed to
conclusively determine the subunit composition of the glutamate receptors on DB1 bipolar cells.
In the IPL, DB1 bipolar cell axon terminals expressed the glycine receptor, GlyRa1, at sites of
contact with All amacrine cells, suggesting that these cells receive input from the rod pathway.
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One of the major hurdles to advancing our understanding of nervous system function is
obtaining a complete description of the various neural pathways, including elaborating the
specific synaptic connections between identified neurons, and establishing the transmitter
systems that mediate those connections. The retina has proved particularly amenable to such
efforts, due in large part to the discovery of numerous cell-type-specific
immunohistochemical markers, in combination with antibodies against neurotransmitter
receptors. A great deal of comparative data shows that neural pathways are often well
conserved across mammalian and other vertebrate species.

At the first synapse in the retina, glutamate released from cone photoreceptors activates
receptors in the dendrites of bipolar cells, the feedforward excitatory neurons, and the
horizontal cells, which provide lateral inhibitory connections. Two types of bipolar cell, ON
and OFF, encode increments and decrements in light intensity, respectively. All OFF bipolar
cells are depolarized by glutamate because they express ionotropic glutamate receptors that
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are preferentially gated by either a-amino-3-hydroxy-S-methylisoxazole-4-propionic acid
(AMPA, GluA1-4, formerly GluR1-4), or kainate (KA, GluK1-5, formerly GIuR5-7,
KAZ1-2). Previous studies in the ground squirrel retina suggest that the temporal response
properties of OFF bipolar cells may be influenced by the type of glutamate receptor
expressed in their dendrites (DeVries, 2000). In the macaque retina, the OFF bipolar cells
comprise four distinct types that can be identified based on the stratification pattern of their
axon terminals in the outer part of the inner plexiform layer (IPL; Boycott and Wassle,
1991). Of these, three types of diffuse bipolar (DB) cells, DB1, DB2, and DB3, make
multiple connections to cone photoreceptors, while a fourth type, the flat midget bipolar
(FMB) cell, makes one-to-one connections with cone photoreceptors in the central retina.

Early Golgi studies combined with electron microscopy provided initial clues about the
connectivity of individual bipolar cell types in the primate retina (Dowling and Boycott,
1966; Kolb, 1970; Boycott and Hopkins, 1993). However, the discovery of
immunohistochemical markers to stain specific bipolar cell types significantly accelerated
progress. In the macaque retina, DB2 cells are labeled with antibodies against GLT-1, DB3
cells are labeled with calbindin antibodies, and FMB cells are labeled with recoverin
antibodies (Grunert et al., 1994; Wassle et al., 1994; Jacoby et al., 2000). Until now, a
marker of the DB1 cell has remained elusive. Previously, we demonstrated that the calcium-
binding protein, secretagogin (SCGN), labels numerous subtypes of cone bipolar cell in the
mouse, rat, and rabbit retina (Puthussery et al., 2010). Secretagogin is a recently identified
member of the EF-hand family of calcium-binding proteins that is expressed in various brain
regions and peripheral tissues (Wagner et al., 2000). Here we demonstrate that secretagogin
is a marker of the DB1 bipolar cell in the macaque retina. We have utilized this marker to
investigate the cone connectivity, glutamate receptor expression, and synaptic inputs to the
DB1 bipolar cell.

MATERIALS AND METHODS

Animals and tissue preparation

Four retinas were collected from three adult cynomolgus macaque monkeys (Macaca
fascicularis) that were euthanized after electrophysiological experiments unrelated to those
described here. All procedures were approved by the local Animal Care Committee and
were in accordance with the law for animal experiments issued by the German government
(Tierschutzgesetz). In addition, three retinas from three adult rhesus macaques (Macaca
mulatta) were collected postmortem as part of the Tissue Distribution Program at the Oregon
National Primate Research Center. No differences in staining were observed between the
two species. The anterior segment and vitreous were removed from the eye and the posterior
eyecup was immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH
7.4) for 5-60 minutes at 25 °C. Although the secretagogin antibody worked well across this
range of fixation times, lighter fixation was necessary to obtain good staining with the
glutamate and glycine receptor antibodies. Following fixation, retinas were dissected from
the eyecups, cryoprotected in graded sucrose solutions (10%, 20%, 30%), and stored at —20
°C for later use. For light microscopy, samples of retina were used as a wholemount or
sectioned vertically (12-16 pwm) or horizontally (20-30 wm) with a cryostat. Retinal
eccentricities were defined as follows: up to 2 mm from fovea (first 10° of visual angle) was
denoted “central,” from 2-6 mm was denoted “mid-peripheral,” and >6 mm from the fovea
was denoted “peripheral.”

The tissue used for electron microscopy was immersion-fixed in 4% paraformaldehyde for
60 minutes. After cryoprotection the tissue was frozen and thawed and vertical vibratome
sections (60 m) were cut for preembedding immunoelectron microscopy.
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Antibody characterization

A list of the primary antibodies used in this study is shown in Table 1. The noncommercial
secretagogin antibody (gift from Ludwig Wagner) recognizes a single band of the predicted
size (32 kDa) on western blots of mouse retinal lysates (Puthussery et al., 2010). The
pattern of staining obtained with both of the commercial antibodies was identical to that
obtained with the noncommercial antibody.

We used an antibody against B-dystroglycan to label the terminals of rods and cones in
primate retina. It recognizes a band of 43 kDa in western blots of human retina (Drenckhahn
etal., 1996).

The mouse anti-calbindin D-28K antibody recognizes a 28 kDa band in western blots of
mouse renal proteins. The pattern obtained here was similar to previous studies in macaque
retina (Griunert et al., 1994).

The goat anti-calretinin antibody detects an ~30 kDa band on western blots of rat brain
extracts (Winsky et al., 1996). The pattern of staining was consistent with previous reports
(Waéssle et al., 1995; Kolb et al., 2002).

Staining with the guinea pig anti-gamma-aminobutyric acid (GABA) antibody is blocked by
preadsorption with 100 wm GABA coupled to glutaraldehyde. Staining is not blocked by
preadsorption with 500 wm of glutamate or taurine (manufacturer’s data sheet).

Antibodies against the glutamate receptor subunits GIuAl, GluA4, and GluK2/3 have been
tested in western blots of rat retina: the GIuA1 and GluA4 antisera each detect a single band
of 100 kDa (Hack et al., 1999) and the GluK2/3 antiserum detects a single band of ~110
kDa (Brandstatter et al., 1997). The GIuA2 antiserum has been tested by western blot of
partially purified rat hippocampal brain lysates showing a single band of ~106 kDa
(manufacturer’s datasheet and technical information). The specificity of the GluK1
antiserum has been tested in western blot of mouse brain lysates, revealing a single band at
the predicted size of ~104 kDa (Park et al., 2010). The staining pattern of these three
antibodies has been well described in primate retina (Haverkamp et al., 2000, 2001a,b;
Puller et al., 2007), while the pattern of staining obtained with the GluA2 antibody was
consistent with that previously reported in primate retina (Haverkamp et al., 2001a).

The rabbit anti-GLT-1 antibody recognizes a band of ~65 kDa in western blots of rat brain
homogenates. It recognizes rat EAAT and crossreacts with human and mouse homologs.
GLT-1 labels OFF bipolar cells in primate retina (Lee and Griinert, 2007).

The mouse anti-glycine receptor antibody clone mAb2b recognizes a band of ~48 kDa in
western blots of purified rat spinal cord GlyR preparations (Pfeiffer et al., 1984) and has
been shown to be specific for the N-terminal 10 residues of the GlyRa.1 subunit (Schroder et
al., 1991). This antibody labels glycinergic synapses in the IPL of the macaque retina (Jusuf
etal., 2005).

The specificity of the rabbit anti-GlyT1 antibody has been previously demonstrated by
western blots in rat retinal and spinal cord homogenates. It recognizes a single band of 68
kDa (Pow and Hendrickson, 1999).

The mouse anti-Ga.q antibody recognizes human, bovine, guinea pig, rat, and mouse Ga,
and does not crossreact with transducin, Gaj, or Gag subunits. Specificity and
crossreactivity analysis was determined by western blot using purified proteins. The
antibody detects a single band of #39-42 kDa in bovine and rat membranes (manufacturers
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datasheet and correspondence). The pattern of staining here was identical to that obtained
previously in macaque retina (\Vardi, 1998).

ON bipolar cells were labeled with a polyclonal antibody directed against anti-Gy13 that
was raised in rabbit against a peptide (amino acid 47-59) of mouse G-y13 and whose
specificity was established by correlating in situ hybridization and immunostaining in
murine lingual tissue (Huang et al., 1999, 2003). The staining pattern in macaque is
consistent with the staining pattern in mouse retina (Dhingra et al., 2008).

The rat-anti-Rec1 antibody detects a 23 kDa band on western blots of purified bovine
recoverin (Adamus and Amundson, 1996). The staining pattern was consistent with previous
studies in macaque retina (Milam et al., 1993; Waéssle et al., 1994).

The rabbit anti-S-opsin antibody JH455 has been characterized by Wang et al. (1992) by
staining of transfected tissue culture cells and western blots. The antibody stained cells
expressing recombinant human S-cone pigment and not those expressing recombinant
human M/L cone pigment. For the western blots, the S-cone opsin antibody bound
specifically to recombinant human blue pigment, but not to recombinant human red/green
pigments. JH455 labels the whole S-cone population including their cone pedicles in primate
retina (Martin and Grlnert, 1999).

The mouse monoclonal anti-tyrosine hydroxylase antibody recognizes a 59-61 kDa band by
western blot of mouse brain lysates (manufacturers data sheet). Staining obtained here was
similar to previous reports in macaque retina (Hokoc and Mariani, 1987; Mariani and
Hokoc, 1988).

The guinea pig anti-vGIuT1 detects a 62 kDa band on western blots of rat brain lysates
(manufacturers data sheet). vGIluT1 labels synaptic terminals of photoreceptors and bipolar
cells and the localization pattern is highly conserved across mammalian species (Johnson et
al., 2003; Gong et al., 2006). The pattern of staining obtained here was consistent with
previous reports.

Indirect immunofluorescence immunohistochemistry

For immunohistochemistry on vertical sections, nonspecific binding sites were blocked with
an incubation buffer (1B) containing 3% normal horse serum (NHS), 0.3% Triton X-100,
and 0.025% NaNj3 in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 10 minutes.
Primary antibodies were diluted in 1B and applied to tissues for 2 hours (or overnight) at
25°C. Secondary antibodies were conjugated to Alexa Fluor 488, 594, 647 (Molecular
Probes, Eugene, OR) or Cy3 (Dianova, Hamburg, Germany) and were raised in donkey,
with the exception of the anti-guinea pig secondary antibodies, which were raised in goat.
Secondary antibodies were applied to sections for 1 hour at 25°C (1:500-1:800 in IB). For
double or triple labeling experiments, sections were incubated in a mixture of primary
antibodies followed by a mixture of secondary antibodies. For retinal wholemount staining,
the concentration of Triton X-100 in the IB was increased to 1% and antibodies were applied
for 7-10 days at 25°C. Wholemounts were washed for 3-5 hours and secondary antibodies
were applied overnight at 25°C.

Confocal images were taken using a Zeiss LSM 5 Pascal or an Olympus Fluoview 1000
confocal microscope equipped with an argon and an HeNe laser. Scanning of confocal
image stacks was performed with a Plan-Apochromat 63 %/1.40 oil (Zeiss), an Olympus
Plan Apo 60 x/1.42 oil or an Olympus UPlan FLN 40x/1.3 oil objective at 1024 x 1024 or
1024 x 768 pixels. When projections of image stacks are shown, serial optical sections were
collapsed into a single image plane. The number of images and the z spacing interval is
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noted in the legend for each figure. Brightness and contrast of the final images were adjusted
using Adobe Photoshop CS or CS3 (San Jose, CA).

Preembedding immunoelectron microscopy

Vibratome sections were blocked for 1 hour in PBS containing 10% NHS and 1% bovine
serum albumin (BSA). Tissue sections were incubated in Biovendor rabbit antisecretagogin
diluted 1:5,000 with 3% NHS, 1% BSA, and 0.02% NaN3 in PBS for 4 days at 4°C.
Biotinylated goat anti-rabbit 1gG was applied as secondary antibody (1:100; Vector,
Burlingame, CA), and a peroxidase-based enzymatic detection system (Vectastain Elite
ABC kit; Vector) was used to visualize antibody binding. The sections were then postfixed
with 2.5% (v/v) glutaraldehyde in cacodylate buffer for 1 hour. The product of the enzyme
reaction was silver intensified. The sections were then incubated in 0.5% (w/v) osmium
tetroxide for 30 minutes at 4 °C. Dehydration was carried out by an ethanol series and
propylene oxide. Specimens were embedded in Epon and a series of ultrathin sections (60
nm) were collected on copper grids and stained with uranyl acetate and lead citrate.
Ultrathin sections were examined with a Zeiss EM10 electron microscope and photographed
with a Bio-Scan digital camera (Gatan, Munich, Germany) in combination with the software
program Digital Micrograph 3.1 (Gatan, Pleasanton, CA). Images were adjusted as
described above.

Nearest-neighbor analysis and axonal arbor measurements

Nearest-neighbor analysis was performed as described previously (Wassle and Riemann,
1978). Confocal image stacks were collected with the focal plane extending from the outer
plexiform layer (OPL) to the inner nuclear layer (INL). We analyzed five fields, each
measuring 240 x 180 um?, from mid-peripheral retina. Bipolar cells were distinguished
from amacrine cells by tracing each cell soma to its dendrites in the OPL. All of the
analyzed cells had a similar staining intensity. The distance between the center of each
SCGN-positive bipolar soma and its nearest neighbor was measured with ImageJ software
and statistics were performed with Graphpad Prism v. 4.0 for Mac (Graphpad Software, La
Jolla, CA). To determine the width of bipolar cell axonal arbors, we acquired confocal z-
stacks from peripheral wholemount retinas stained for SCGN and recoverin. Images were
collected from the level of the axons to the axon terminal. Only cells for which individual
arbors could be discriminated were analyzed. We measured the width of the axonal arbor
across the longest axis using ImageJ software.

Localization of GlyRal puncta at contacts between DB1 and All amacrine cells

We used calretinin as a marker of All amacrine cells. It should be noted that although 70%
of calretinin-positive amacrine cells in macaque are All amacrine cells, an additional
population of glycinergic amacrine cells also stain with this antibody (Kolb et al., 2002). In
vertical sections from the central retina, we observed numerous calretininimmunoreactive
cells with small somata, which probably represented the non-All glycinergic amacrine cell
type reported by Kolb et al. (2002). In contrast, in more peripheral retinal regions most of
the calretinin-positive amacrine cells had larger somas and morphology consistent with the
All amacrine cell. Thus, we performed our triple labeling studies on sections from more
peripheral retinal regions to reduce the chances of encountering calretinin-immunore-active
non-All cells. Confocal stacks were acquired to encompass the DB1 soma, axon, and axon
terminals. Once such cells were identified, we evaluated single optical sections within the
image stack to identify sites of colocalization between SCGN, GlyRal, and calretinin.

J Comp Neurol. Author manuscript; available in PMC 2012 December 15.
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RESULTS

Localization of SCGN in the primate retina

We evaluated the localization of SCGN in vertical sections and wholemounts from a
peripheral region of the macaque retina. The overall pattern of SCGN expression was quite
different from that reported previously in the mouse, rat, and rabbit retina, where SCGN
labeled most cone bipolar cell types (Puthussery et al., 2010). Vertical sections showed
strong immunoreactivity in a subpopulation of cone bipolar cells, with staining present in
the soma, dendrites, axon, and axon terminals (Fig. 1A) (see Table 2 for figure
abbreviations). In addition, we observed SCGN in a sparse population of amacrine cells and
in some cells with somata located in the ganglion cell layer (Fig. 1A, arrows). In the IPL a
single confocal section shows SCGN-immunoreactive processes predominantly localized to
strata (S) 1 and S5 of the IPL with a weaker band of processes evident in S3 (Fig. 1B).
Double labeling for SCGN and vGIuT1, a marker of glutamatergic bipolar cell axon
terminals, was performed to determine where the SCGN-positive bipolar cells terminated in
the IPL (Fig. 1C). Superimposition of SCGN and vGIuT1 staining was observed only in S1.
Other bands of SCGN-immunoreactive processes were observed in S1, S2, S3, and S5, but
these processes lacked vGIluT1 immunoreactivity and were therefore unlikely to originate
from bipolar cells. We observed the same pattern of staining with all three of the polyclonal
SCGN antibodies that we tested. The diffuse arborization of the bipolar cell dendrites in the
OPL was very obvious in wholemounts (Fig. 1D). In sublamina a of the IPL, we observed
SCGN-immunoreactive terminals that also showed vGluT1-immunoreactivity (Fig. 1F,
white, arrows). These terminals were rather fine and were interspersed with swellings
arranged like “pearls on a string.” In contrast, the other vGIuT1-positive axon terminals seen
at the same focal plane were relatively larger and more bulbous, and were most likely axon
terminals of flat midget and DB2 bipolar cells (see Golgi-stained bipolar cells in Boycott
and Waéssle, 1991). Figure 1G,H show examples of SCGN-positive putative amacrine cells
with nuclei in the INL and GCL, respectively. These cells were morphologically diverse,
suggesting that multiple populations were stained. Some of these cells had dendrites
spanning over 500 pm.

SCGN is expressed in dopaminergic amacrine cells and other wide-field GABAergic
amacrine cells

We sought to identify the types of amacrine cells stained with SCGN in the INL and to
determine whether SCGN-positive cells in the GCL were amacrine or ganglion cells (Fig.
2). Double labeling for the glycine transporter-1 (GlyT1) and SCGN showed no
colocalization (Fig. 2A—C), suggesting that none of the SCGN-positive amacrine cells were
glycinergic. In contrast, all of the SCGN-stained somata in the proximal INL and in the GCL
were also immunoreactive for GABA (Fig. 2D-F). These data indicate that SCGN is
expressed by both conventionally placed and displaced amacrine cells. It is unlikely that
SCGN is expressed in ganglion cells, since these neurons typically show low levels of
GABA immunoreactivity (Kalloniatis et al., 1996). We then double-labeled for SCGN and
tyrosine hydroxylase, a marker of dopaminergic amacrine cells (Hokoc and Mariani, 1987),
since these amacrine cells are also known to show GABA immunoreactivity (Wassle and
Chun, 1985). Figure 2G-J shows that both conventionally placed and displaced
dopaminergic amacrine cells are also SCGN-immunoreactive. However, numerous other
SCGN-positive amacrine cells were observed that were not immunoreactive for TH. Thus,
SCGN is likely to be expressed by multiple types of GABAergic amacrine cell in the
macague retina.

J Comp Neurol. Author manuscript; available in PMC 2012 December 15.
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SCGN is expressed by DB1 bipolar cells

To gain an insight into the type of bipolar cells that were labeled with SCGN, we first
double-labeled for the G-protein subunit, Gaq, which is expressed in ON-type, but not OFF-
type, bipolar cells (Vardi, 1998). All of the intensely labeled SCGN-positive bipolar cells
lacked immunoreactivity for Ga, indicating that they were OFF bipolar cells (Fig. 3A-C,
but see Fig. 7F,G).

To determine which OFF bipolar cell types expressed SCGN, we double-labeled with
established markers of monkey OFF bipolar cells. Figure 3D-F shows a vertical section
stained for SCGN and the calcium-binding protein recoverin, which selectively stains FMB
cells in the macaque retina (Milam et al., 1993; Wassle et al., 1994). The SCGN-positive
bipolar cells did not show recoverin immunoreactivity, and their terminals were typically
located distal to the FMB cells. Next, we double-labeled for SCGN and the glutamate
transporter GLT-1 (EAAT?2), which has previously been shown to label DB2, FMB, and
possibly DBL1 cells in the macaque (Griinert et al., 1994) (Fig. 3G-I). The SCGN-positive
cells showed weak GLT-1 immunoreactivity; however, the DB2 axon terminals, which were
strongly labeled for GLT-1, showed no SCGN immunoreactivity. The SCGN-positive axon
terminals were located more distally to the DB2 axon terminals. Finally, we double-labeled
for SCGN and calbindin (Fig. 3J-L), another EF-hand calcium-binding protein that is a
marker for DB3 cells (Grinert et al., 1994). The DB3 cells stratify narrowly in the proximal
aspect of S2 of the IPL. The axon terminals and somata of the DB3 cells were not
immunoreactive for SCGN. Overall, the morphology and stratification, taken together with
the lack of colocalization with other known OFF bipolar cell markers, indicates that the
SCGN-positive bipolar cells are likely the DB1 cell originally described in the classification
scheme of Boycott and Wassle (1991).

We performed a nearest-neighbor analysis to determine whether the SCGN-positive bipolar
cells represent a homogeneous population that tile the retina in a regular mosaic (Fig. 4)
(Wassle and Riemann, 1978). Analysis of the soma positions showed a mean distance to
nearest neighbor of 14.16 + 4.027 um (SD). The regularity index (mean/SD) was 3.52 (Fig.
4B). The nearest-neighbor distances were well fitted by a Gaussian distribution, indicating
that these cells form a nonrandom, regular mosaic.

We also quantified the relative soma position of the DB1 cells in vertical sections taken
from various locations in mid-peripheral and peripheral retina. The distance from the cone
pedicles to the center of each DB1 soma was measured and expressed as a percentage of
total INL thickness (0%, OPL; 100%, IPL). The DB1 somata were positioned at a relative
depth of 54% + 8% (mean + SD, 1= 88 cells), and are thus positioned in approximately the
middle of the INL.

The axon terminals of individual DB1 cells were difficult to delineate from neighboring
cells, which precluded the assessment of axonal arbor size in a large sample of cells.
However, in wholemounts of peripheral retina stained for SCGN and recoverin, we could
determine the spatial extent of individual axon arbors for a small number of cells. The width
of the DB1 axonal arbor along the longest axis was ~46.7+ 2.3 um (/7= 6) compared with
15+ 0.6 pm (n7= 8) for the FMB axon terminal (data not shown). These values are in accord
with previous estimates for these cell types (see fig. 4, Boycott and Waéssle, 1991).

Rod and cone connectivity of DB1 bipolar cells

Most of the diffuse bipolar cells in the primate retina are biased against S-cone contacts (Lee
and Grinert, 2007), and, interestingly, the putative homologs of the DB1 bipolar in mouse
(type-1, Ghosh et al., 2004) and ground squirrel (cbl or former b7, Puller et al., 2011) are
most likely M-cone selective (Breuninger et al., 2011; Li and DeVries, 2006). To determine
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the amount of S-cone input for DB1 cells, we double-labeled vertical sections and
wholemounts with antibodies against SCGN and S-opsin (Fig. 5A,B). We found several
examples of S-cone pedicles innervated by SCGN-labeled dendrites and saw no obvious
bias of DB1 dendritic endings toward M/L-versus S-cone pedicles.

Next, we evaluated whether DB1 bipolar cells receive direct rod input. Up to now, there is
no evidence for direct contacts between rod terminals and cone bipolar cell dendrites in the
primate retina. However, in several other species, rods are directly connected with a subset
of cone bipolar cells and provide an alternative pathway for rod signal flow (Hack et al.,
1999; Tsukamoto et al., 2001; Fyk-Kolodziej et al., 2003; Li et al., 2004, 2010; Mataruga et
al., 2007; Haverkamp et al., 2008). We used p-dystroglycan to label both rod and cone
terminals (Drenckhahn et al., 1996). Examples of DB1 bipolar dendrites that made contact
with rod spherules are shown in Figure 5C,D. These rod-contacting dendrites were
continuous with dendritic branches that also made contacts with cones (Fig. 5C
enlargement). Such rod contacts were infrequently observed; in the vertical section shown in
Figure 5C we could trace the dendritic trees of eight DB1 cells and only a single rod contact
from one DB1 cell was observed. Similarly, in wholemount view we could trace 19 DB1
cells and only one of these cells made a single rod contact. Conversely, in a field containing
2,571 rods, only a single rod was connected with a DB1 bipolar. Thus, it seems likely that
rod contacts are an aberration rather than a typical input to the DB1 circuit.

Finally, we analyzed the number of cone contacts and the bipolar cell density in
wholemounts from mid-peripheral retina, and calculated the convergence of cones onto
individual DB1 bipolar cells, and the divergence of cones onto DB1 bipolar cells, i.e., the
number of DB1 bipolar cells that contact each cone. Cone pedicles were labeled with
antibodies against GIuK1 (Fig. 6B). The DB1 cells analyzed in this area were in contact with
6-8 cones. The histogram in Figure 6C shows the frequency of cone contacts, which ranged
from 4 to 9 with a mean convergence of 6.4 + 1.15 (xSD, 7= 85). Figure 6D presents an
analysis of the cone contacts of six DBL1 cells: the dendritic trees of the cells show
considerable overlap, several cone pedicles are contacted by two to three DB1 cells, while
one cone is contacted by four DB1s. The density of DB1 cells was 1,636 + 336/mm? (mean
+SD, 1= 10 fields, each of 240 x240 wm), and the cone density was 5,148 + 690/mm?, and
therefore there are 3.1 £ 0.4 times more cones than DB1 cells. Each DB1 cell contacted a
mean of 6.4 cones, indicating a coverage factor of 6.4/3.1 = 2.1. Our results are in line with
a previous estimate of 1,382 DB1 cells per mm?, five to eight cone pedicles contacted by
each DB1 (= 8) and a coverage of 1.6 (Boycott and Wassle, 1991).

Ultrastructural evaluation of DB1 synapses in the OPL

OFF bipolar cells are known to make flat contacts at the base of the cone pedicles, while the
horizontal cell and ON bipolar cell processes make invaginating contacts close to the
synaptic ribbon in an arrangement known as the triad (Dowling and Boycott, 1966). OFF
bipolar cell dendrites are considered to be triad-associated (TA) or nontriad-associated
(NTA) depending on whether or not they are positioned adjacent to the triad. Using
preembedding immunoelectron microscopy, we were able to determine the position of the
DB1 dendrites relative to the synaptic triad. Altogether, a total of 50 contacts were counted;
of these, 31 were NTA (Fig. 7A,B) and 19 were TA (Fig. 7C). No rod contacts were
observed at the ultrastructural level. Hopkins and Boycott (1996) found that the dendrites of
a Golgistained DB1 cell were postsynaptic to seven cones at 71 basal contacts; in addition,
the DB1 made two invaginating contacts with one cone and one with another. We also
occasionally (x5 contacts observed at single sections through 40 different cone pedicles)
observed clear examples of invaginating processes (Fig. 7D), but it seemed likely that these
were ON bipolar cells since the immunolabeling was generally weaker in comparison to the
strongly labeled processes making flat contacts (Fig. 7A—C). To test this possibility, we
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double-labeled sections for Gy13, a marker for ON bipolar cells (Huang et al., 2003). We
observed that some bipolar cells that were immunoreactive for Gy13 were also weakly
SCGN-positive (Fig. 7E-G, arrow). Such cells constituted ~5% (8/155) of all cells. These
cells showed weak immunoreactivity in the soma and dendrites compared with the DB1
cells and showed no SCGN immunoreactivity in their axon terminals (consistent with a lack
of SCGN and vGIluT1 superimposition in the ON sublamina in Fig. 1C).

Glutamate receptors of DB1 bipolar cells

In macaque retina, OFF bipolar cells express at least three different types of glutamate
receptors: AMPA receptors containing the GluA1 subunit (Haverkamp et al., 2000), kainate
receptors containing the GluK1 subunit, and kainate receptors containing the GluK2/3
subunit (Haverkamp et al., 2001b); however, it is not known which bipolar cell types
express which receptor subunits. Only the AMPA receptor subunit GIuA1 has been
definitively localized to the FMB cells, in the marmoset retina (Puller et al., 2007). In view
of the strong dendritic labeling of DB1 cells, we attempted to identify the types of glutamate
receptors on these cells. We double-labeled vertical and horizontal sections through
macaque retina for GluAl (Fig. 8A-E), GluK1 (Fig. 8F-J), and GluK2/3 (Fig. 8K-0). Some
GIuR clusters (independent of subunit) were close to SCGN-labeled dendrites; however,
overlap was rarely observed, and no individual subunit was reliably detected at the majority
of DB1 dendritic endings. Similarly, the dendritic tips of the DB1 bipolars did not show
clear colocalization with the GIuA2 or GluA4 subunits in vertical retinal sections (see
Supplementary Fig. 1). Thus, from these results the subunit composition of the DB1 bipolar
remains unknown; however, it seems unlikely that a single glutamate receptor subunit is
expressed at the majority of dendritic tips. This is in contrast to the expression of GIuAl by
the FMB cells, where over half of the FMB dendritic tips at each cone pedicle were clearly
colocalized with GIuA1 puncta (Puller et al., 2007).

DB1 bipolar cells express al glycine receptor subunits at contacts with All amacrine cells

The circuitry of the mammalian rod pathway is well established; rods contact rod bipolar
cells, which output onto the All amacrine cell. The signal is subsequently relayed from All
amacrine cells to ON cone bipolar cells via gap junctions, and to OFF bipolar cells via a
conventional glycinergic synapse (for review, see Bloomfield and Dacheux, 2001); however,
it is not known whether all or only a subset of OFF bipolar cells receive this glycinergic
input. To determine whether DB1 bipolar cells receive All amacrine cell input, we triple-
labeled with SCGN, the a1 glycine receptor subunit (GlyRa1), and calretinin, a marker of
the All amacrine cell in primate retina (Wassle et al., 1995; Kolb et al., 2002). Figure 9
shows examples of DB1 cells that showed clear contacts with putative All amacrine cells.
The arrowheads indicate locations where GlyRa 1 puncta could be seen juxtaposed between
a DB1 axon terminal and an All amacrine cell lobular appendage in the OFF sublamina.
These data suggest that DB1 cells, like FMB and DB3 cells (Griinert and Wassle, 1996;
Jusuf et al., 2005), probably receive synaptic input from All amacrine cells via GlyRa1.

DISCUSSION

In contrast to mouse, rat, and rabbit retina, where staining was found in numerous
populations of cone bipolar cells (Puthussery et al., 2010), SCGN staining can be used as a
marker of DB bipolar cells in the macaque retina. In addition, a heterogeneous population
of GABAergic amacrine cells showed expression of this protein. An interaction of SCGN
with SNAP-25 (25 kDa synaptosomeassociated protein) has been reported (Rogstam et al.,
2007), suggesting a possible role in exocytosis; however, the precise functional role of
SCGN is unknown, and therefore we will focus our discussion on the use of SCGN as a
marker of the DB bipolar cell.
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SCGN is a marker of DB1 in the macaque retina

Several lines of evidence indicate that the SCGN-positive OFF cone bipolar cells represent
the DB1 bipolar cell described by Boycott and Wassle (1991). First, these cells had axon
terminals that stratified in the most distal region of the IPL (stratum 1). Second, consistent
with Boycott and Waéssle’s description of DB1 cells, the terminal arbor was relatively wide
and comprised several fine branches with intermittent swellings along the process, arranged
like “pearls on a string.” In contrast, the FMB and DB2 cells have a narrower axonal arbor
and larger, more bulbous axonal varicosities arranged like “grapes on a vine.” On average,
6.4 cones contacted each SCGN-positive OFF cone bipolar cell in the mid-peripheral retina,
consistent with a previous more limited analysis for the DB1 (5-8, Boycott and Wassle,
1991).

The strong staining of the DB1 dendrites permitted investigation of the cone connectivity
and glutamate receptor expression of these cells. Such an analysis is precluded for other
OFF cone bipolar cell markers in the macaque, such as calbindin (marker of DB3) and
recoverin (marker of FMB), which label photoreceptors in addition to a specific population
of bipolar cells. In the IPL, SCGN was localized to amacrine cell processes as well as to
bipolar cell axon terminals. We found that it was possible to distinguish the DB1 axon
terminals from the amacrine cell processes by double labeling with vGIuT1, which stains
bipolar axon terminals, or by careful reconstruction from confocal images.

In addition to DB1 bipolar cells, we observed SCGN staining in occasional ON cone bipolar
cells. The intensity of staining was weak compared with the DB1 staining and double
labeling with vGIuT1 indicated that SCGN was absent from the axon terminals of these ON
bipolar cells. Moreover, our nearest neighbor analysis showed a regularly arranged mosaic
of bipolar cells, suggesting that we successfully avoided erroneously counting the weakly
stained ON bipolar or amacrine cell somata. Thus, for light microscopy, the weak ON
bipolar cell staining is unlikely to have confounded our analysis of DB1 contacts. At the
ultrastructural level, we occasionally observed invaginating contacts between SCGN-
positive bipolar cells and cone pedicles. Although Hopkins and Boycott (1996) reported
sparse invaginating contacts for a DB1 cell (3 out of 74 contacts), it seems more likely that
such contacts originated from SCGN-positive ON cone bipolar cells, and that they were
more readily detected at the EM level due to the signal amplification used for preembedding
immunohistochemistry.

Photoreceptor connectivity of DB1

We found that DB1 bipolar cells make indiscriminate contacts with all cone pedicles within
reach, confirming previous reports for this bipolar cell type (Boycott and Waéssle, 1991).
This is in contrast to other primate bipolar cell types, such as the DB3 bipolar, which appear
to be biased against S-cone contacts, in that they often avoid contacts with S-cones within
the reach of their dendritic arbor (Lee and Griinert, 2007). Thus, the center response of the
DB1 bipolar cell is expected to comprise a luminance signal without spectral bias.
Interestingly, the putative homologs in mouse (Type 1, Ghosh et al., 2004) and ground
squirrel (cbl or former b7, Puller et al., 2011) appear to follow the more general pattern in
that they avoid blue cones and selectively contact L/M-cones (Li and DeVries, 2006;
Breuninger et al., 2011). Although we did observe rare examples of DB1 contacts with rod
photoreceptors, such contacts were only seen at ~0.03% of rod photoreceptors and were not
made by all DB1 cells. Thus, it seems likely that such contacts represent an aberration rather
than a typical feature of DB1 circuitry.
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Glutamate receptors of DB1

In the primate OPL, the AMPA receptor subunit GIuA1l is found exclusively at flat contacts
made by OFF cone bipolar cell dendrites at the base of the cone pedicle, and is largely
restricted to TA contacts (Haverkamp et al., 2000). In the marmoset retina, FMB cells
express GIuA1 at #56% of their dendritic tips (Puller et al., 2007). In contrast, in this study
we could not identify a candidate glutamate receptor subunit that was present in the majority
of DB1 dendritic tips. Staining for GIuA3 and SGCN was not performed, since a recent
study has demonstrated complete colocalization of this subunit with GluA4 (Puller and
Haverkamp, 2011). The two other kainate receptor subunits that were not tested here, GluK4
and GIuKS5, have not yet been successfully localized in primate retina; however, neither of
these subunits is thought to be capable of forming a functional ion channel in the absence of
GluK1, 2 or 3 (Ren et al., 2003; Nasu-Nishimura et al., 2006). In summary, the subunit
composition of the glutamate receptor expressed at the dendritic tips of DB1 bipolar cells
remains unclear. It is possible that our methods were not sensitive enough to detect low-
level expression of these proteins. The synaptic response in the putative homolog in ground
squirrel retina, the b7 cell, is sensitive to SYM2081 and is therefore likely to be
kainatemediated (DeVries, 2000). An alternative explanation is that the DB1 could signal
through a glutamate transporter as has been shown previously for cone bipolar cells in
teleost retina (Grant and Dowling, 1995). Indeed, we demonstrate here that the DB1 bipolar
does express the glutamate transporter GLT-1 (see Fig. 3G-1); however, this did not seem to
be concentrated to the dendritic tips near the site of glutamate release. Future studies,
employing double-labeling immunoelectron microscopy and/or electrophysiological studies,
will be required to determine the mechanism of light-evoked signaling in the DB1 bipolar
cell.

Pre- and postsynaptic partners at DB1 axon terminals

Functional studies have established that the All amacrine cell mediates crossover inhibition
from the ON pathway to the OFF pathway, via glycinergic synapses onto the OFF bipolar
cell terminals (Molnar et al., 2009). Under scotopic conditions, this connection carries the
rod signal from the rod bipolar cells into the OFF cone bipolar cells, but it remains uncertain
whether the All amacrine cells make connections with all types of OFF cone bipolar cells.
Our triple-labeling studies (Fig. 9) demonstrate the presence of the a.1 glycine receptor
subunit at points of contact between All amacrine cell dendrites and DB1 bipolar cell axon
terminals. Previous studies in macaque retina indicate that the FMB and DB3 type bipolar
cells also express GlyRal at sites that make contact with All amacrine cells (Grunert and
Wiassle, 1996; Jusuf et al., 2005). Thus, at present we can say that scotopic signals likely
reach DB1, DB3, and FMB bipolar cells via the All amacrine cells; the DB2 remains to be
tested. It should be noted that although the calretinin antibody was shown to be a marker of
the All amacrine cell in macaque (Wassle et al., 1995), a subsequent study revealed that an
additional population of glycinergic amacrine cells is also labeled (Kolb et al., 2002).
Although we made efforts to avoid these cells in our analysis (see Materials and Methods), it
remains possible that some GlyRal puncta observed on the DB, at points of contact with
CalR-immunoreactive amacrine cells, could represent synaptic inputs from a glycinergic
amacrine cell type other than the All amacrine cell.

What are the postsynaptic partners at the DB1 output synapse? Although the intrinsically
photoreceptive M1-melanopsin ganglion cells as well as the dopaminergic amacrine cells
stratify in the S1 region of the IPL, electrophysiological recordings indicate that these cells
exhibit a physiological ON response to light stimulation (Dacey et al., 2005; Zhang et al.,
2007). Furthermore, recent anatomical evidence suggests that both of these cell types
receive en passant synapses from ON cone bipolar cell axons (Dumitrescu et al., 2009;
Hoshi et al., 2009; Grinert et al., 2011). Thus, it seems unlikely that these cells receive
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inputs from the DB1 bipolar. The dendritic arbors of the OFF parasol ganglion cell are
narrowly stratified in S2, at ~30% depth of the IPL (Jacoby and Marshak, 2000; Jacoby et
al., 2000; Bordt et al., 2006), and are therefore highly unlikely to receive any input from
DB1. Similarly, the small bistratified cells are predominantly stratified within S2 and are
thought to derive bipolar cell inputs from DB2 and DB3 bipolar cells (Calkins et al., 1998;
Ghosh and Grinert, 1999; Bordt et al., 2006). The OFF type large sparse monostratified
ganglion cell stratifies in S1 of the IPL. The ON variant of this cell has been studied
physiologically and shows S-OFF and LM-ON opponency; however, the physiology of the
OFF type has not yet been described (Dacey et al., 2003). Thus, further studies will be
necessary to establish the postsynaptic partners of this OFF cone bipolar cell type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Localization of SCGN in the peripheral macaque retina. A: Confocal projection (7 x0.8 um)
of a vertical section of macaque retina stained for SCGN. Labeling is present in the soma,
dendrites, and axons of a population of bipolar cells and in occasional putative amacrine
cells in the inner nuclear layer and ganglion cell layer (arrows). Retinal layers are indicated
on the transmitted light image to the left side of panel A. B: Single confocal plane of the
same area shown in A. Note that SCGN-positive processes are concentrated in three major
bands at the top, middle, and bottom of the IPL. C: Confocal projection (4 x0.9 pum) of
vertical section stained with vGluT1 and SCGN shows that some SCGN-positive processes
in S1 were also immunoreactive for vGIluT1, while processes outside of S1 lacked vGIuT1
immunoreactivity. Numbers on the right-hand side of panel delineate the five IPL strata. D:
Confocal projection of wholemount retina (5 x 0.4 um) stained for SCGN and focused at the
level of the OPL. Strong SCGN immunoreactivity is present in diffuse bipolar cell dendrites.
E: Confocal projection (3 x0.4 um) of wholemount retina stained for SCGN and focused at
the level of S1 of the IPL. F: Same region as in E showing staining for SCGN and vGIuT1.
SCGN-positive bipolar cell terminals show vGIuT1 immunoreactivity (white, arrows).
These terminals are fine, with intermittent swellings arranged like “pearls on a string.” Other
vGIluT1-positive bipolar cell terminals are more bulbous in appearance. Note that many
SCGN-stained processes in this focal plane are not vGluT1-positive, and are likely of
amacrine cell origin. G,H: Confocal projections (5 x0.9 um), showing wide-field amacrine
cells with somata located in the inner nuclear layer (G) and ganglion cell layer (H).
Amacrine cells showed diverse morphology and, in some cases, had dendrites spanning over
0.5 mm. Scale bars = 20 wm. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 2.

SCGN is localized to multiple GABAergic amacrine cell types. Confocal images of vertical
sections from peripheral retina stained for SCGN and various amacrine cell markers. A—C:
Confocal projection (6 x0.9 um) showing staining with SCGN (A) and GlyT1 (B). The
merged panel (C) shows that SCGN-positive amacrine cells (arrows) lack glycine
transporter immunoreactivity. D—: Confocal projection (5 x 0.9 pm) showing that SCGN-
positive amacrine cells in the INL (arrows) are also immunoreactive for GABA. SCGN-
positive somata in the GCL are also GABA-immunoreactive (asterisk). G—=J: Confocal
projections (2 x 0.9 wm) showing examples of SCGN-positive amacrine cells in the INL
(G,H) and GCL (1,J) that also show immunoreactivity for tyrosine hydroxylase (TH). Scale
bar = 10 pm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3.

SCGN is localized to DB1 bipolar cells. Confocal projections of vertical sections labeled for
SCGN (left panels) and various OFF bipolar cell markers (middle panels). Merged images
are shown in the right-hand panels. A—C: Intensely labeled SCGN-positive bipolar cells
(asterisks) lack Gaq staining, indicating that they are likely OFF cone bipolar cells
(projection of 7 x 0.4 wm). D—F: SCGN-positive bipolar cells (asterisks) do not colocalize
with the flat midget bipolar cell marker, recoverin (projection of 7 x 0.9 um). G—: Staining
for SCGN and GLT-1, a marker of DB2 and FMB bipolar cells. SCGN-positive bipolar cells
(asterisks) show weak GLT-1 immunoreactivity; however, the more intensely stained DB2
axon terminals are in a more proximal position in the IPL (projection of 3 x 1.0 um). J-L:
Staining for SCGN and the DB3 marker, calbindin. SCGN-positive bipolar cells (asterisks)
lack calbindin immunoreactivity (6 x0.9 wm). All images are from peripheral retina except
D—F, which is taken from mid-peripheral retina. Scale bar = 10 um. [Color figure can ~be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure4.

DB1 bipolar cells form a regular mosaic. A: Confocal projection (10 x1.25 um) showing a
representative field from mid-peripheral retina used for nearest-neighbor analysis. The focal
plane extends from the distal INL to the OPL. Bipolar cell somata (indicated with #1) and
dendrites are visible. Other more weakly stained somata lacked dendrites and were likely
amacrine cells. B: Frequency histogram showing distance to nearest neighbor for DB1
somata. The dotted line indicates a Gaussian distribution with a mean of 14.16 pm, which
provides a good fit to the data, and indicates a regularly arranged mosaic of cell bodies.
Scale bar = 20 pm.
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Figure5.

DB1 bipolar cells frequently contact S-cones but rarely contact rods. A: Confocal projection
(3 x 1.0 wm) of a peripheral retinal section stained for SCGN and S-opsin showing that
SCGN-labeled bipolar cell dendrites contact two S-cone pedicles. B: A single confocal
section showing double labeling of SCGN and S-opsin in whole-mounted mid-peripheral
retina. SCGN-labeled DB1 bipolar cells nonselectively contact M/L cones and S-cone
pedicles within their dendritic arbors. C,D: Double labeling of SCGN and p-dystroglycan
(b-DG, as a marker for rod terminals and cone pedicles) on a vertical section (C, single
confocal image) and whole-mount (projection of 2 x 1.0 um) from mid-peripheral retina.
Rare examples of SCGN-positive dendrites that appeared to contact rod terminals are
indicated (arrows). Scale bars = 10 pum. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure6.

Cone contacts of DB1 bipolar cells. A: Projection of horizontal sections of retina (3 x 0.6
pm) showing dendritic trees of neighboring DB1 cells in mid-peripheral retina. B: Same
field as in A, cone pedicles are labeled with GluK1. DB cells were in contact with 6-8
cones. C: Frequency histogram of the number of cone contacts of individual DB1 cells. D:
Same field as in A with colored outlines defining the cone pedicles contacted by each DB1
cell. Note that several cone pedicles are contacted by 2-3 DB1 cells and one cone pedicle is
contacted by four DBL1 cells. Scale bar = 10 um. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure7.

Synaptic contacts of DB1 cells at the cone pedicle. Flat contacts at the base of the cone
pedicle are subdivided into triad-associated (TA) or nontriad-associated (NTA) contacts,
depending on the relative distance from the triad. A,B: Preembedding electron micrographs
of cone pedicles with SCGN-labeled dendrites making NTA contacts. C: SCGN
immunoreactivity is localized to the TA position on both sides of the triad. No
immunoreactivity is seen at the invaginating ON bipolar cell (ib) or horizontal cell dendrites
(h). The presynaptic ribbon is indicated by arrow. D. Example of weak immunoreactivity in
two invaginating dendrites of putative ON bipolar cells (ib). E-G: Confocal projection (2
x1.0 pm) of a section stained for SCGN, shown in E, and Gy13, shown in G, merge in F.
Most SCGN-positive bipolar cells are Gy13-negative; arrow marks one Gy 13-positive
bipolar cell. Scale bars = 0.5 wm in A-D; 20 um in E. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure8.

Glutamate receptors of DB1 bipolar cells. Localization of AMPA and kainate receptor
subunits at cone pedicles in confocal images of vertical (A,F,K) and horizontal sections
(B,G,L) from mid-peripheral retina. A—E: Most dendritic tips of DB1 bipolar cells, which
are labeled with SCGN, do not colocalize with GluAl-immunoreactive puncta. F-J: GluK1
immunoreactivity is localized between the dendritic tips of DB1. K—O: GluK2/3 puncta do
not overlap with SCGN labeling. All images are confocal projections (A, 2 x 1.0 um; B, 4 x
0.6 pm; F, 2 x0.6 um; G, 3 x0.6 um; K, 2 x0.6 um; L, 4 x0.3 um). Scale bar = 10 wm in K
(for A,B,F,G,K,L). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure9.

DB1 bipolar cells express glycine receptors at points of contact with putative All amacrine
cells. A,D: Confocal projections of vertical sections from peripheral retina (7 x0.44 m)
stained for SCGN, the glycine receptor GlyRal, and the All amacrine cell marker,
calretinin. Note the diffuse morphology of the DB1 axon terminals. B,C: Single confocal
image planes from the cell shown in A. E,F: Single confocal image planes from the cell
shown in D. Arrowheads indicate regions where GlyRa.1 puncta are positioned at points of
cofasciculation between DB1 axon terminals and putative All amacrine cell lobular
appendages. Scale bars 10 = pum (large panels); 2 um (subpanels). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 2

List of Abbreviations Used in Figures

b-DG, beta dystroglycan

CalB, calbindin

CalR, calretinin

GABA, gamma aminobutyric acid
Gao, G protein o, alpha subunit
GCL, ganglion cell layer

GLT-1, glutamate transporter 1

GluAl, AMPA type glutamate receptor 1 subunit (formerly known
as GluR1)

GluK1, kainate type glutamate receptor 5 subunit (formerly known
as GIuR5)

GluK2/3, kainate type glutamate receptor 2/3 subunit (formerly
known as GIuR6/7)

GlyRal, glycine receptor alpha 1 subunit
GlyT1, glycine transporter 1

INL, inner nuclear layer

IPL, inner plexiform layer

ONL, outer nuclear layer

OPL, outer plexiform layer

Rec, recoverin

S1, stratum 1

SCGN, secretagogin

TH, tyrosine hydroxylase
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