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Abstract

Horizontal cells mediate inhibitory feedforward and feedback lateral interactions in the outer

retina at photoreceptor terminals and bipolar cell dendrites; however, the mechanisms that underlie

synaptic transmission from mammalian horizontal cells are poorly understood. The localization of

a vesicular γ-aminobutyric acid (GABA) transporter (VGAT) to horizontal cell processes in

primate and rodent retinae suggested that mammalian horizontal cells release transmitter in a

vesicular manner. Toward determining whether the molecular machinery for vesicular transmitter

release is present in horizontal cells, we investigated the expression of SNAP25 (synaptosomal-

associated protein of 25 kDa), a key SNARE protein, by immunocytochemistry with cell type-

specific markers in the retinae of mouse, rat, rabbit, and monkey. Different commercial antibodies

to SNAP25 were tested on vertical sections of retina. We report the robust expression of SNAP25

in both plexiform layers. Double labeling with SNAP25 and calbindin antibodies demonstrated

that horizontal cell processes and their endings in photoreceptor triad synapses were strongly

labeled for both proteins in mouse, rat, rabbit, and monkey retinae. Double labeling with

parvalbumin antibodies in monkey retina verified SNAP25 immunoreactivity in all horizontal

cells. Pre-embedding immunoelectron microscopy in rabbit retina confirmed expression of

SNAP25 in lateral elements within photoreceptor triad synapses. The SNAP25 immunoreactivity

in the plexiform layers and outer nuclear layer fell into at least three patterns depending on the

antibody, suggesting a differential distribution of SNAP25 isoforms. The presence of SNAP25a
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and SNAP25b isoforms in mouse retina was established by reverse transcriptase-polymerase chain

reaction. SNAP25 expression in mammalian horizontal cells along with other SNARE proteins is

consistent with vesicular exocytosis.

INDEXING TERMS

SNARE complex; exocytosis; immunocytochemistry; retina; vision

Although there is general agreement that horizontal cells mediate inhibitory feedback in the

outer retina, how these cells signal to their postsynaptic partners in the mammalian retina

remains poorly understood. Horizontal cell endings invaginate the synaptic terminals of

photoreceptors, along with the dendrites of rod and cone ON bipolar cells, to form the triad

synapse, the initial site of information transfer in the visual system. Horizontal cells collect

visual information from a spatially wide area with respect to that of photoreceptors and

bipolar cells, and provide lateral inhibition in the outer retina. They play a critical role in

sensing contrasts, controlling synaptic gain, and, in some cases, color opponency (Hirano et

al., 2010).

The immunohistochemical localization of the vesicular γ-aminobutyric acid (GABA)

transporter (VGAT) to horizontal cell processes in primate and rodent retinae (Haverkamp et

al., 2000; Cueva et al., 2002; Jellali et al., 2002) suggested that mammalian horizontal cells

release transmitter in a vesicular manner. More recently, we and others reported that the

SNARE and synaptic vesicle-associated proteins, syntaxin-1a and –4, complexin-I/II, and

synapsin 1 (Hirano et al., 2005, 2007; Sherry et al., 2006; Lee and Brecha, 2010), are

expressed in horizontal cell processes, lending further support to the idea.

SNAP25 (synaptosomal-associated protein of 25 kDa) along with syntaxins and the

vesicular protein synaptobrevin/VAMP (vesicle-associated membrane protein) comprise the

core fusion complex in synaptic vesicle exocytosis. The t-SNAREs (target-membrane-

associated soluble N-ethylmaleimide fusion protein attachment protein [SNAP] receptor)

SNAP25 and syntaxin combine in an 1:1 complex and act as an acceptor for VAMP present

on synaptic vesicles (Söllner et al., 1993a,b; Pobbati et al., 2006). The strands of the SNARE

proteins interact to form a helical structure (Sutton et al., 1998) that drives the fusion of

vesicles with the plasma membrane (Brunger, 2005). Indeed, clostridial toxins that

selectively cleave these SNARE proteins block vesicular exocytosis, indicating the essential

nature of these proteins for synaptic transmission (Schiavo et al., 1993, 2000). Studies of

SNAP25 null mutants indicated that although it was not necessary for stimulus-independent

neurotransmitter release, SNAP25 was indispensable for evoked transmitter release

(Washbourne et al., 2002; Tafoya et al., 2006).

A characteristic of vesicle trafficking proteins is that they occur in many isoforms and splice

variants, which lends specificity to the targeting process and confers varied functional

characteristics to synaptic transmission (Söllner et al., 1993b; Morgans, 2000). In retina,

syntaxin-3 is found at ribbon synapses (Morgans et al., 1996), whereas syntaxin-1 occurs at

most conventional synapses (Barnstable et al., 1985; Morgans et al., 1996). Synaptotagmin

(syt)-2 is found in horizontal cells and two classes of bipolar cells, whereas syt-1 appears to
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be localized to most, if not all, of the remaining retinal cells (Fox and Sanes, 2007; Wässle

et al., 2009). Recently, four different splice variants of syntaxin-3 have been isolated, and it

was shown that syntaxin-3b was expressed at all retinal ribbon synapses (Curtis et al., 2008).

Furthermore, syntaxin-3b was found to have significantly lower binding affinity for

SNAP25 than syntaxin-1a in a calcium-dependent manner (Curtis et al., 2008). To date,

there are four members of the SNAP25 family (SNAP25, Oyler et al., 1989; SNAP23,

Ravichandran et al., 1996; SNAP29, Steegmaier et al., 1998; and SNAP47, Holt et al., 2006;

Gordon et al., 2010). Whereas the other members appear to be ubiquitously expressed,

SNAP25 is expressed predominantly in neuronal and neuroendocrine cells (Holt et al., 2006;

Prescott et al., 2009).

The SNAP25 gene has been cloned and found to give rise to two splice variants, SNAP25a

and SNAP25b, which differ in the usage of exon 5 (Bark, 1993; Bark and Wilson, 1994).

The two SNAP25 isoforms are differentially expressed during neural development (Bark et

al., 1995; Boschert et al., 1996), indicating functional differences. Of particular interest is

that exon 5b incorporates a palmitoylation site, leading to the plasma membrane association

of the protein (Hess et al., 1992; Veit et al., 1996; Lane and Liu, 1997). These palmitoylated

cysteines are important for vesicular release, as exocytosis is slowed when these sites are

mutated (Nagy et al., 2008).

Due to conflicting earlier reports regarding SNAP25 immunoreactivity in mammalian retina

and its importance for exocytosis, we reinvestigated the cellular localization of SNAP25 in

mouse, rat, rabbit, and monkey retinae by using a panel of nine SNAP25 antibodies. We

consistently observed strong immunolabeling of horizontal cell processes and endings in the

outer retina in all species tested. This localization to endings of horizontal cells was

confirmed by pre-embedding immunoelectron microscopy in rabbit retina. In addition to

horizontal cell labeling, SNAP25 antibodies produced at least three distinct immunolabeling

patterns in mammalian retina. Finally, we provide reverse transcriptase-polymerase chain

reaction (RT-PCR) data indicating the presence of both SNAP25a and –25b isoforms in

adult mouse retina.

MATERIALS AND METHODS

Adult C57BL/6 mice (20–30 g; Jackson Laboratory, Bar Habor, ME), Sprague-Dawley rats

(250–300 g) and New Zealand White rabbits (3–4 kg; Charles River, Wilmington, MA) of

both sexes were used for these studies. The monkey retina was from an adult macaque

monkey (Macaca fascicularis) that was sacrificed after electrophysiological experiments

unrelated to those in this paper. All experiments were performed in accordance with the

guidelines for the welfare of experimental animals issued by the U.S. Public Health Service

Policy on Human Care and Use of Laboratory Animals (2002) and the University of

California-Los Angeles (UCLA) Animal Research Committee.

Following deep anesthesia with 1–3% isofluorane (rodents; IsoFlo, Abbott Laboratories,

North Chicago, IL), ketamine-xylazine (30 mg/kg ketamine intraperitoneally [i.p.], Ketajet,

Phoenix Scientific, Fort Dodge, IA; 3 mg/kg xylazine i.p., Xyla-jet, Phoenix Scientific)

followed by pentobarbital (rabbits; 100–200 mg/kg intravenously, Nembutal, Abbott
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Laboratories), or a lethal dose of pentobarbitone (100 mg/kg, monkey), the eyes were

enucleated, and the anterior chamber and lens were removed. The eyecups were immersion-

fixed in 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, for 15–

30 minutes or in 2% PLP (2% [w/v] PFA, 1.37% [w/v] D, L-lysine, 0.214% [w/v] sodium

periodate [NaIO4]) for 20 minutes, cryoprotected in graded (10–30%) or 30% sucrose, and

sectioned vertically at 12–14 μm on a cryostat onto gelatin-coated slides. For sliding

microtome sections, the retina was isolated, flattened, and cut parallel to the vitreal surface

at 30 μm to obtain horizontal sections of retina. Free-floating sections were stored in 0.1 M

PB at 4°C until antibody staining and processed similarly to vertical sections, except that

free-floating sections were incubated in primary antibody for several days at 4°C with gentle

agitation.

Antibodies

Primary antibodies and their dilutions were as follows: mouse monoclonal antibody against

calbindin-28K (1:2,000–1:5,000, Sigma, St. Louis, MO, cat. C9848, clone cl. CB-955),

rabbit polyclonal antibody to parvalbumin (Swant, Bellinzona, Switzerland, cat. no. PV-28),

mouse monoclonal antibodies to SNAP25 (Synaptic Systems, Göttingen, Germany, cat. nos.

111 011 and 111 111; Sigma, S5187; Covance/Sternberger Monoclonals, Emeryville, CA,

cat. no. SMI-81R), rabbit polyclonal antibodies to SNAP25 (BIOMOL/Affiniti Research

Products (ARP), Plymouth Meeting, PA, cat. no. SL3730; Millipore Bioscience Research

Reagents/Chemicon, Temecula, CA, cat. no. AB1762; Sigma, cat. no. S9684; StressGen

Biotechnologies/Assay Designs, Plymouth Meeting, PA, cat. no. VAP-SV002), goat

polyclonal antibody to SNAP25 (Millipore/Chemicon, cat. no. AB5871P), and a rabbit

polyclonal antibody to VGAT (VGAT-N2, a kind gift of Dr. Robert Reimer, Stanford

University School of Medicine, Palo Alto, CA). The antibodies used in this study are listed

in Table 1. Chemicals used were purchased from Sigma unless otherwise noted.

Antibody characterization

SMI 81 (Sternberger Monoclonals and ARP; Brandstätter et al., 1996; Morgans and

Brandstätter, 2000): The monoclonal antibody was generated against the whole SNAP25

protein in human brain extracts (manufacturer’s datasheet; Connell et al., 2009). Specific

labeling in vertical sections of rat retina was abolished when the antibody was preincubated

overnight with purified SNAP25 protein on nitrocellulose (Brandstätter et al., 1996). In

addition, SMI 81 recognized a 25-kDa band on Western blots of rat retina membrane

proteins (Brandstätter et al., 1996), mouse neocortex (Mehta et al., 1996; Grabs et al., 1996),

mouse hippocampal neurons (Tafoya et al., 2006), and rat brain (Garbelli et al., 2008;

Connell et al., 2009) and hippocampus (Frassoni et al., 2005). The SNAP25 band is

eliminated in immunoblots prepared from the SNAP25 null mice (Washbourne et al., 2002;

Tafoya et al., 2006). Epitope mapping indicated that SMI 81 recognizes the extreme N-

terminus of SNAP25, particularly when it is N-terminal acetylated (Connell et al., 2009).

Sigma S5187, clone cl. SP12, mouse monoclonal antibody (mAb) to SNAP25 (Honer et al.,

1993): The mAbs were raised against crude human synaptic proteins immunoprecipitated by

the SY38 antibody (Boehringer Mannheim, Indianapolis, IN) to synaptophysin (Honer et al.,

1993). Cl. SP12 recognized a 26–27-kDa band on Western blots of human (Honer et al.,
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1993) and rat brain (Honer et al., 1997) and hippocampus (Frassoni et al., 2005), and COS

cells transfected with SNAP25a and SNAP25b expression constructs (Honer et al., 1997).

The higher apparent molecular weight is due to post-translational modification by

palmitoylation (Hess et al., 1992; Veit et al., 1996).

Synaptic Systems, cat. no. 111 011, mouse mAb to SNAP25, cl. 71.1: This mAb was

generated against recombinant full-length rat SNAP25 protein (Bruns et al., 1997). This

mAb labeled a 25-kDa band on Western blots of rat brain crude synaptosomal fraction

(Bruns et al., 1997), mouse retina extracts (Curtis et al., 2008), rat hippocampus (Frassoni et

al., 2005), and chromaffin cells (Nagy et al., 2004). The epitope resides in a N-terminal

domain (amino acids 20–40), which is conserved between the two splice forms

(manufacturer’s information; Xu et al., 1999).

Synaptic Systems, cat. no. 111 111, mouse mAb to SNAP25, cl, 71.2: This monoclonal

antibody, also generated against recombinant full-length rat SNAP25 protein, recognized a

25-kDa band on Western blots of rat brain crude synaptosomal fraction (manufacturer’s

datasheet), bovine retinal homogenates, and synaptosomes (von Kriegstein et al., 1999). The

epitope has been mapped to the conserved N-terminus of SNAP25 (amino acids 1–20,

manufacturer’s datasheet; Xu et al., 1999). Thus, it recognizes both splice variants,

SNAP25a and -b.

Sigma, S9684, rabbit polyclonal antibody generated against the N-terminus of human

SNAP25 amino acids 9–29, which is identical in rat, mouse, and chicken. This antibody

recognized SNAP25 protein on Western blots, and this binding was inhibited when the

antibody was preincubated with the immunizing peptide (amino acids 9–29 with a C-

terminal lysine; manufacturer’s datasheet). Thus, it recognizes both splice variants,

SNAP25a and -b.

ARP/BIOMOL SL3730, rabbit polyclonal antibody generated against mouse SNAP25,

KLH-conjugated C-terminal amino acids 190–206: This antibody recognized a 25-kDa band

on Western blots of bovine brain and rat brain extracts (Söllner et al., 1993a). The C-

terminus is conserved between the two splice variants.

Millipore/Chemicon, AB1762, rabbit polyclonal antibody generated against mouse

SNAP25, amino acids 190–206 with a C-terminal Cys: AB1762 recognized a 25-kDa band

on Western blots of bovine adrenal medulla and rat brain fractions (manufacturer’s

datasheet; Blasi et al., 1993). It does not recognize botulinum neurotoxin (BoNT)/A- and

BoNT/E-cleaved SNAP25 (Blasi et al., 1993), confirming that the epitope is in the C-

terminus.

Assay Designs/StressGen, VAP-SV002, rabbit polyclonal antibody generated against mouse

SNAP25, amino acids 195–206 with a C-terminal cysteine: This antibody detected a 25-kDa

band on Western blots of mouse and rat brain tissue, whereas no band was observed with

mouse liver or HeLa extracts. This 25-kDa band was blocked by preincubation with a GST-

SNAP25 fusion protein or the antigenic peptide (manufacturer’s datasheet; Oyler et al.,

1989). No band was observed when preiummune serum was used (Oyler et al., 1989).
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Numerous antibodies to calbindin D-28k have been used to identify horizontal cells in

mammalian retinae (Röhrenbeck et al., 1987; Chun and Wässle, 1993; Massey and Mills,

1996; Haverkamp and Wässle, 2000; Cuenca et al., 2002; Hirano et al., 2005; Gargini et al.,

2007; Guo et al., 2009, 2010; Lee and Brecha, 2010). In addition, parvalbumin antibodies

label both H1 and H2 horizontal cells in the monkey retina (Röhrenbeck et al., 1989),

whereas calbindin antibodies only label the H2 horizontal cells (Röhrenbeck et al., 1989;

Wässle et al., 2000).

Anti-calbindin mouse mAb (Sigma C9848, cl. CB-955) was raised against purified bovine

kidney calbindin-D-28K. It recognized a 28-kDa band corresponding to calbindin D-28K on

immunoblots (manufacturer’s datasheet). No cross-reactivity was observed with other EF-

hand-containing proteins (e.g., calbindin-D-9K, calretinin, myosin light chain, parvalbumin,

S-100a/b/A2/A6; manufacturer’s datasheet). Cl. CB-955 mAb has been used as a marker to

identify Purkinje cells in mouse cerebellum (Soderling et al., 2003; Sadakata et al., 2007),

known to express calbindin-D28K (Garcia-Segura et al., 1984). The specificity of this

calbindin mAb has been documented previously and used to identify horizontal cells in

rodent retina (Rossi et al., 2003; Renteria et al., 2005; Hirano et al., 2007; Gargini et al.,

2007).

Anti-calbindin rabbit polyclonal antibody (Swant CB38) was raised against recombinant rat

calbindin D-28K protein. This antibody detects a 28-kDa band on immunoblots and shows

10% cross-reactivity to calretinin (manufacturer’s datasheet). Finally, the rabbit polyclonal

and the mouse mAbs to calbindin produced a similar pattern of labeling in mouse, rat, and

rabbit retina (Haverkamp and Wässle, 2000; Hirano et al., 2005).

Anti-VGAT (VGAT-N2) antibodies, a kind gift of Dr. Robert Reimer (Stanford School of

Medicine), were generated against a GST fusion protein containing the N-terminal amino

acids 1–99 of the rat VGAT protein (Chaudhry et al., 1998). VGAT-N2 recognized a single

band of the predicted molecular weight (57 kDa) on immunoblots of rat brain homogenates

and a PC12 cell line stably expressing rat VGAT (McIntire et al., 1997), whereas

homogenates of liver and wild-type PC12 cells showed no band (Chaudhry et al., 1998).

Light microscopy

Immunostaining was performed by using the indirect fluorescence method (Grünert and

Wässle, 1993; Hirano et al., 2005). In brief, retinal sections were incubated in primary

antibody diluted in 3% normal goat serum (Invitrogen, Carlsbad, CA), 1% bovine serum

albumin, 0.5% Triton X-100, 0.05% sodium azide (NaN3), 0.1 M PB, for 12–16 hours at

room temperature. The specific immunolabel was visualized by using Alexa Fluor 488-,

568- or 594-conjugated anti-rabbit, mouse, or goat IgG secondary antibodies (Invitrogen) at

1:500 dilutions for 1 hour at room temperature. As a negative control, the omission of the

primary antibodies in the single or double labeling studies confirmed the elimination of

specific labeling for all antibodies used. In addition, nonimmune rabbit serum was used in

place of the primary antibody, and no specific labeling was observed (data not shown).

The immunostaining was examined on a Zeiss Laser Scanning Microscope 510 Meta (Carl

Zeiss, Thornwood, NY) with Zeiss 40× 1.3 NA Plan-NEOFLUAR oil and C-Apochromat
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40× 1.2 NA corrected water objectives. Typically, stacks of three images (n = 3–7, 2,048 ×

2,048 pixels) of 1.0-μm thickness (0.9 μm green channel, 1.0–1.2-μm red channel) were

collected, separated by z-steps of 0.3 μm (range = 0.3–0.5 μm). Exceptions to this are noted

in the figure legends. Confocal images were analyzed by using the Zeiss LSM 510

proprietary software (version 3.2). Intensity levels and brightness/contrast were adjusted in

Adobe Photoshop CS2 v.9.02 (Adobe Systems, San Jose, CA).

Pre-embedding immunoelectron microscopy

Immunolabeling was performed by using pre-embedding immunoelectron microscopy

techniques, as previously described (Brandstatter et al., 2004). In brief, the eyecups were

fixed for 50 minutes in 4% (w/v) PFA, and the retinae were removed, cryoprotected in

graded sucrose, and frozen and thawed three times to improve antibody penetration.

Vibratome sections were cut at 50 μm into cold PBS, pH 7.4. The primary antibody against

SNAP25 (Synaptic Systems, cat. no. 111 011, cl. 71.1) was used at 1:20,000 and diluted in

the same media used for light microscopy, except that Triton X-100 was omitted, and the

sections were incubated for 4 days at 4°C. Immunolabeling was visualized by the ABC

method (Vectastain Elite ABC kit, Vector, Burlingame, CA) using 3,3′-diaminobenzidine

(DAB) as substrate. The DAB reaction product was silver intensified and gold toned, and

the tissue was flat embedded in Epon 812 (Serva, Heidelberg, Germany). Ultrathin sections

were cut and then contrasted with uranyl acetate and lead citrate. The ultrathin sections were

examined and photographed with a Zeiss EM10 electron microscope (Zeiss, Oberkochen,

Germany) and a GATAN BioScan digital camera (1,024 × 1,024 pixels; GATAN Munich,

Germany) in combination with the software program DIGITAL MICROGRAPH 3.1

(GATAN, Pleasanton, CA).

RT-PCR

Total RNA was isolated from mouse retina by using the Absolutely RNA Purification

miniprep kit (Strategene/Agilent Technologies, La Jolla, CA) following the manufacturer’s

instructions. The isolated poly(A)+ RNA (300 ng) was used as template for first-strand

cDNA synthesis by using oligo(dT) to prime the 20-μl-volume reaction, using the

SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen), following the

manufacturer’s instructions. The sequences for isoform-specific primers for SNAP25a and –

b were obtained from Grant et al. (1999): S25e2 (sense), 5′-

AGGACGCAGACATGCGTAATGAACTGGAGG-3′ and S25e5a (antisense), 5′-

TTGGTTGATATGGTTCATGCCTTCTTCGACACGA-3′ or S25e5b (antisense), 5′-

CTTATTGATTTGGTCCATCCCTTCCTCAATGCGT-3′, to detect the SNAP25a and

SNAP25b transcripts, respectively, in mouse retina. The sense primer corresponds to bases

8–37 from the rat SNAP25 mRNA sequence, and the antisense primers to bases 174–207 of

SNAP25a (AB003991) and 174–207 of SNAP25b (AB003992). The presence of “total

SNAP25” was assessed using primers S25e2 (sense) and S25e8 (antisense), 5′-

GTTGGAGTCAGCCTTCTCCATGATCCTGTC-3′, corresponding to bases 564–535 in

exon 8 (Grant et al., 1999).

The PCRs were performed in a 50-μl reaction volume containing 0.2 μM of each primer, 200

μM deoxynucleotides, 2 U of Taq Polymerase (Roche, Indianapolis, IN, cat. no.
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11418432001), and 1× supplied buffer (10 mM Tris-HCl, 1.5 mM MgCl2, 50 mM KCl, pH

8.3 [20°C]) with 2 μl (1/10th) of the cDNA synthesis reaction as template. The following

temperature protocol was used: 5 minutes at 94°C, then 35 cycles of 45 seconds at 94°C, 1

minute at 60°C, 1 minute at 72°C, followed by 5 minutes at 72°C. Then 10 μl of the PCR

was run out on a 2.5% agarose gel in 1X TAE (40 mM Tris-acetate, 1 mM EDTA buffer)

and the DNA was visualized by using ethidium bromide (10 μg/ml). The identity of the

SNAP25a and –b PCR amplification products was confirmed by DNA sequencing at the

UCLA DNA Sequencing Core Facility.

RESULTS

SNAP25 co-localizes with VGAT in horizontal cell processes

We showed earlier that VGAT localized to the processes and endings of mammalian

horizontal cells (Cueva et al., 2002). To determine whether SNAP25 occurred in the same

cells as VGAT, vertical sections of mouse (Fig. 1A–C), rat (Fig. 1D–F), and rabbit (Fig.

1G–I) retinae were double labeled with antibodies to SNAP25 and VGAT. Antibodies to

VGAT produced immunolabeling in the plexiform layers of both the inner and outer retina

in all three species (Fig. 1A,D,G), as shown previously (Cueva et al., 2002; Jellali et al.,

2002; Guo et al., 2009, 2010). Strong VGAT immunoreactivity occurred throughout the

layers of the inner plexiform layer (IPL) with less intense immunoreactivity occurring in the

outer plexiform layer (OPL). The appearance of immunolabeling in the OPL was consistent

with the localization of VGAT in the processes and endings of horizontal cells (Haverkamp

et al., 2000; Cueva et al., 2002; Jellali et al., 2002; Guo et al., 2009).

Similarly, SNAP25 antibodies consistently produced immunolabeling of horizontal cell

processes and endings in the OPL in all three species (Fig. 1B,E,H). The double label

images showed that the SNAP25 and VGAT immunoreactivities occurred in the same

processes and endings in the OPL (Fig. 1C,F,I). However, as seen in Figure 1B for mouse

retina, the immunoreactivity for SNAP25 with the Synaptic Systems (SySy) cl. 71.1

antibody occurred only in the proximal portion of the IPL, in contrast to immunolabeling by

other SNAP25 antibodies and VGAT of the entire IPL.

SNAP25 co-localizes with calbindin, a horizontal cell marker

To confirm that the SNAP25 immunoreactivity was localized to horizontal cell processes,

double label experiments with antibodies to SNAP25 and calbindin, a well-characterized

horizontal cell marker (Röhrenbeck et al., 1987; Chun and Wässle, 1993; Massey and Mills,

1996; Haverkamp and Wässle, 2000; Cuenca et al., 2002; Hirano et al., 2005; Gargini et al.,

2007), were conducted. Calbindin antibodies labeled the entire horizontal cell, including the

soma, processes, and endings (Fig. 2, top row) in rat, mouse, and rabbit retinae. In the

middle row of panels, the immunoreactivity for SNAP25, principally in horizontal cell

processes and endings, from the same vertical sections is shown. The bottom row of panels

in Figure 2 depicts the merged image of the two immunoreactivities, indicating the strong

co-localization in the processes and tips of horizontal cells. In rabbit OPL (Fig. 2I) in

particular, the concentration of SNAP25 in horizontal cell processes adjacent to the base of

cone pedicles is evident, in addition to the axonal tips invaginating into rod spherules.
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SNAP25 co-localizes with parvalbumin, a horizontal cell marker in primate retina

To see whether the SNAP25 localization to horizontal cells proved true also for the primate

retina, double labeling experiments using antibodies to SNAP25 and parvalbumin, which

labels all horizontal cells in monkey retina (Röhrenbeck et al., 1987; Martin and Grünert,

1992; Wässle et al., 2000; Hendrickson et al., 2007), were conducted. Figure 3A depicts a

vertical section of macaque retina that had been immunolabeled with SNAP25 and

parvalbumin antibodies. The SNAP25 immunolabeling is primarily in the OPL and IPL,

with much fainter labeling of cell bodies in the ONL and INL, and nerve fiber layer (NFL).

To the right are higher magnification views of the OPL, corresponding to the boxed area in

Figure 3A, with the SNAP25 (Fig. 3B) and parvalbumin (Fig. 3C) immunoreactivities. The

merged image (Fig. 3D) shows the localization of SNAP25 to the processes and tips of

horizontal cells in monkey retina.

SNAP25 immunoreactivity occurs in horizontal cell tips at rod and cone terminals

To ascertain the localization of SNAP25 to horizontal cells at the ultrastructural level, the

SNAP25 immunoreactivity at the triad synapse was evaluated in rabbit retina by pre-

embedding immunoelectron microscopy using the SySy cl. 71.1 antibody. Figure 4A shows

an electron micrograph of a cone pedicle containing DAB reaction product in the lateral

elements at the ribbon synapse, which correspond to the horizontal cell endings from the

dendrites that invaginate into the cone photoreceptor terminals. Note that the photoreceptor

terminal itself and invaginating bipolar cell dendrite did not show specific immunolabeling

for SNAP25. In addition, not every lateral element contained SNAP25 immunolabeling,

which is likely due to the incomplete penetration of the antibody into the tissue and the

necessity of having to section deep enough into the block to be confident of specific

immunolabeling. In a similar fashion, examination of sections containing rod terminals

indicated that the black immunoreaction product occurred in the lateral elements, consistent

with SNAP25 immunolabeling in horizontal cell axonal endings that invaginate into the rod

photoreceptor terminals (Fig. 4B,C). Again, the rod terminals themselves and invaginating

bipolar cell dendrites never showed SNAP25 labeling.

SNAP25 immunolabeling patterns in mammalian retinae

In the course of testing SNAP25 antibodies from various commercial sources on vertical

sections of retina, several patterns of SNAP25 immunolabeling emerged. For each of the

labeling patterns, typically more than one antibody produced such a pattern. All of the

SNAP25 antibodies screened produced immunolabeling of horizontal cells in mouse, rat,

and rabbit retinae (for example, see Fig. 5A–C). Some antibodies gave strong labeling of

horizontal cell processes and endings (Fig. 5A, Millipore/Chemicon AB5871P), and labeling

of a band deep in the IPL in addition (Fig. 1B, SySy cl. 71.1). A second pattern (Sigma

S5187, StressGen VAP-SV002, BIOMOL/ARP SL3730, SySy cl. 71.2) is depicted in Figure

5B. It shows SNAP25 labeling of horizontal cell processes in the OPL and deep IPL and less

intensely throughout the rest of the IPL. Furthermore, outlines of the somata in the outer

nuclear layer (ONL) and occasional somata in the inner nuclear layer (INL) and the outer

segments (OS) of the photoreceptors were labeled also. The third pattern (SMI 81,

BIOMOL/ARP and Sternberger Monoclonal, Millipore/Chemicon AB1762) consisted of
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strong immunolabeling of both plexiform layers, and outlines of somata in the ONL, INL,

and ganglion cell layer (GCL), the NFL, and the photoreceptor OS (Fig. 5C).

Brandstätter et al. (1996) reported strong SNAP25 immunolabeling in rat retina with a

SNAP25 antibody from ARP in the OPL and IPL at the light microscopic level, with no

labeling of horizontal cells. Figure 5D–5F shows the double labeling of rat retina for

SNAP25 and calbindin, utilizing a sample of the SNAP25 antibody (SMI 81, ARP) used in

the earlier studies (Brandstätter et al., 1996; Morgans and Brandstätter, 2000). From the

merged image (Fig. 5F), there was clear SMI 81 labeling of horizontal cell processes and

endings, as well as the outline of a horizontal cell body, in addition to photoreceptor

terminals in the present study. Similar staining was obtained with a more recently obtained

sample of SMI 81 antibody from Sternberger Monoclonals. When the antibody dilution was

taken to 1:500,000 and higher, the specific immunolabeling was lost (data not shown).

Splice variants of SNAP25 are present in mouse retina

One possible explanation for the different labeling patterns produced by the various

SNAP25 antibodies is the presence of different splice variants. Bark and colleagues (1993,

1995) reported the differential splicing of exon 5 to generate isoforms SNAP25a and

SNAP25b, resulting in a palmitoylation site in SNAP25b. Amplification of a SNAP25 DNA

product from first-strand cDNA synthesized from mouse retina poly(A)+ RNA reflecting

total SNAP25 is depicted in lane 2 (Fig. 6), indicating the presence of SNAP25 mRNA in

mouse retina. To test whether multiple splice variants are expressed, RT-PCR experiments

were conducted by using exon 5a- or 5b-specific primers. Bands corresponding to both

SNAP25a and SNAP25b were amplified (Fig. 6, lanes 3 and 4), indicating that both

SNAP25 isoforms were expressed. Sequencing of the DNA amplification products

confirmed the identity of the two isoforms.

DISCUSSION

The principal finding of this report is the consistent and robust SNAP25 immunolabeling of

the processes and tips of horizontal cells in mammalian retina using all nine antibodies

screened in mouse, rat, and rabbit retina. In addition to the horizontal cell immunoreactivity,

several SNAP25 immunolabeling patterns emerged, suggesting that different isoforms

and/or conformations of the SNAP25 protein exist in retina. Indeed, our RT-PCR data (Fig.

6) demonstrated that both isoforms of SNAP25, SNAP25a and SNAP25b, are present in

retina. However, the available antibodies are not known to discriminate between the two

isoforms, which differ in only nine amino acids (Bark, 1993), on Western blots, as the

conserved N-and C-termini proved to be most antigenic. Nevertheless, the characteristic

staining pattern produced by each antibody suggested that the antigenic sites of SNAP25 fall

into several categories.

The most prominent pattern was the labeling of the two synaptic layers (Figs. 1, 3),

consistent with a role for SNAP25 in neurotransmitter release (Catsicas et al., 1992; Ullrich

and Südhof, 1994; Brandstätter et al., 1996; Grabs et al., 1996; von Kriegstein et al., 1999;

Greenlee et al., 2001). In the IPL, the most proximal layers tended to be labeled exclusively,

or more strongly if the whole IPL exhibited SNAP25 immunoreactivity, similar to the
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pattern reported for adult rat retina (Ullrich and Südhof, 1994; Greenlee et al., 1996, 2001).

Catsicas et al. (1992) reported differential expression of SNAP25 in rodent retina, with

immunolabeling predominantly in processes, the inner third of the IPL, the NFL, and likely

horizontal cell processes in the OPL, but not in ribbon synapses or cell bodies. Although not

as pronounced as for SNAP25, synapsin I and synaptophysin also showed slightly more

intense labeling in the deep IPL (Catsicas et al., 1992). The synapsin I observation suggests

that there is a higher density of conventional synapses in this sublamina (Mandell et al.,

1990). Functionally, it is not clear why the innermost ON sublamina of the IPL, where rod

bipolar cells terminate, would exhibit more intense labeling.

The next most common pattern involved the addition of somatic labeling of photoreceptor

cells in the outer nuclear layer (Brandstätter et al., 1996; von Kriegstein et al., 1999;

Greenlee et al., 2001), to horizontal cell and inner IPL labeling. SNAP25 has been

implicated in multiple vesicular trafficking pathways between various organelles in the cell,

including the endoplasmic reticulum to the Golgi apparatus in retinal neurons (Morgans and

Brandstätter, 2000), which likely accounts for this somatic labeling. Indeed, SNAP25 has

been shown to be involved in transport of vesicles containing rhodopsin to the outer

segments of photoreceptors (Mazelova et al., 2009), consistent with its ultrastructural

localization to the Golgi apparatus in photoreceptors (Morgans and Brandstätter, 2000). The

somatic photoreceptor labeling has been reported in Brazilian opossum and rat (Greenlee et

al., 1996, 2001), and in some cases, the ONL labeling is more prominent during retinal

development (Greenlee et al., 2001). In well-fixed adult rat retina, SNAP25

immunoreactivity was strongest in the fiber layers and throughout the ONL and the inner

one-fourth of the IPL (Greenlee et al., 2001). However, SNAP25 mRNA was not observed

in photoreceptors and bipolar cells, but predominantly in amacrine, ganglion, and horizontal

cells of adult rat retina (Catsicas et al., 1992). Congruently, SNAP25 immunoreactivity

appeared to be excluded from ribbon synapses of photoreceptor and bipolar cells in this

study (Catsicas et al., 1992).

The third most common labeling pattern involved the labeling of both synaptic layers, as

well as somatic labeling in the three nuclear layers and the NFL (Fig. 5C, SMI 81 mAb).

This pattern indicates that the N-terminus of SNAP25, the epitope recognized by SMI 81,

particularly when N-terminal acetylated (Connell et al., 2009), was quite accessible in fixed

tissue. Here, both conventional and ribbon synapses showed SNAP25 expression, as would

be expected if vesicular release occurs at both types of synapses. Immunoelectron

microscopy data from rat retina showed localization to photoreceptor terminals in the OPL

and to bipolar and amacrine cell synapses in the IPL, i.e., labeling both ribbon and

conventional synapses (Brandstätter et al., 1996). This labeling of the full extent of the OPL

and IPL was reported also for bovine retina using the SySy SNAP25 monoclonal antibodies

(cl. 71.1 and 71.2), with cl. 71.1 showing stronger immunolabeling of the OPL compared

with the IPL (von Kriegstein et al., 1999), similar to what we observed in rabbit retina with

cl. 71.1. In mouse and rat retina, cl. 71.1 and cl. 71.2 produced strong labeling of horizontal

cell processes and tips and the inner portion of the IPL, and much more faintly the rest of the

IPL, and somata in the ONL and INL.
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A similar labeling pattern was described in rat retina by using another SNAP25 antibody

(I733; Ullrich and Südhof, 1994; McMahon and Südhof, 1995). Ullrich and Südhof (1994)

reported strong SNAP25 immunoreactivity in the two plexiform layers and ganglion cell

axons, as well as faint immunolabeling in the outer and inner nuclear layers, which contain

the cell bodies of the photoreceptors, horizontal, bipolar, and amacrine cells. They also

interpreted SNAP25 to be highly enriched in ribbon synapses from the strong staining of the

OPL. In the adult Brazilian opossum and rat retinae, immunoreactivity produced by the

StressGen (Oyler et al., 1989) SNAP25 antibody appeared throughout the entire extent of

the OPL (Greenlee et al., 2001), suggesting that both photoreceptor terminals and horizontal

cell processes were labeled.

SNAP25 in mammalian horizontal cells

The expression of SNAP25 in horizontal cells in combination with the previous

demonstration of SNARE proteins, syntaxin-1a and –4 (Sherry et al., 2006; Hirano et al.,

2005, 2007), and VAMP-1 (vesicle-associated membrane protein-1, also known as

synaptobrevin-1; Bitzer and Brecha, 2006; Lee, Hirano and Brecha, in preparation) to the

processes and tips indicates that there is significant vesicular trafficking to the plasma

membrane in these cells. The identification of additional proteins involved in vesicular

exocytosis, such as synapsin I, synaptic vesicle protein 2A (SV2A), synaptotagmin-2, and

complexin I/II, to mammalian horizontal cells lends further support (Hirano et al., 2005,

2007; Fox and Sanes, 2007; Lee and Brecha, 2010). The localization of VGAT (Haverkamp

et al., 2000; Cueva et al., 2002; Jellali et al., 2002; Guo et al., 2010) to mammalian

horizontal cell tips, furthermore, opens the possibility that these cells use this molecular

machinery for the exocytosis of the inhibitory transmitter GABA. This idea is consistent

with the recent demonstration of GABA and the GABA synthetic enzyme, GAD65, in

guinea pig horizontal cells (Guo et al., 2010). In contrast to the lack of SNAP25

immunoreactivity in inhibitory neurons and its presence in excitatory neurons of the

hippocampus (Verderio et al., 2004; Frassoni et al., 2005; Bragina et al., 2007), the

inhibitory neurons of the retina appear to robustly express SNAP25, indicating that this

dichotomy does not hold for the retina.

What accounts for the different patterns of labeling?

At least three patterns of immunolabeling by SNAP25 antibodies were observed, suggesting

that commercially available SNAP25 antibodies recognize different epitopes and/or

isoforms of the SNAP25 protein in fixed mammalian retina tissue. The intensity of labeling

would affect the pattern observed, which likely reflects overall expression levels (Verderio

et al., 2004; Pozzi et al., 2008; Tafoya et al., 2008; Matteoli et al., 2009). Different levels of

detection may occur with different antibodies due to differences in affinities. Generally, we

have found that short fixation times better preserved the immunoreactivity of synaptic

proteins (Hirano et al., 2005, 2007; Guo et al., 2010). The antibodies mapping to the N-

terminus, and similarly to the C-terminus, did not necessarily produce similar patterns,

indicating that slightly different epitopes or conformations of these protein domains were

being recognized. This observation also makes it difficult to ascertain whether certain

protein-protein interactions or simple peptide conformational changes account for the

differences.
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Protein acylation is an important signal for targeting to lipid rafts in the plasma membrane

(Melkonian et al., 1999; Salaün et al., 2004; Prescott et al., 2009). SNAP25 is known to be

associated with the plasma membrane (Oyler et al., 1989) and specifically to lipid rafts via

palmitoylation (Salaün et al., 2005; Greaves et al., 2010). Indeed, SNAP25 was identified as

a major palmitoylation substrate in the central nervous system (CNS; Hess et al., 1992). The

two SNAP25 isoforms differ at exon 5, which introduces a palmitoylation site into

SNAP25b (Bark, 1993; Bark and Wilson, 1994). Variability in immunolabeling patterns

may arise also from the expression of both SNAP25 splice variants in the retina and

subsequent post-translational modifications, such as palmitoylation (Veit et al., 1996; Veit,

2000) and phosphorylation (Genoud et al., 1999; Iwasaki et al., 2000; Kataoka et al., 2000,

2006; Pozzi et al., 2008), which has been implicated in increasing vesicle recruitment (Nagy

et al., 2004) and regulation of the primed vesicle pool size (Nagy et al., 2004).

SNAP25 levels are developmentally regulated in the mouse retina, rising during synapse

formation (Catsicas et al., 1991). At P5 in mouse retina, SNAP25 immunolabeling was in

presumptive horizontal cell bodies and processes, amacrine cell bodies, and ganglion cell

axons, whereas, in adult, the immunolabeling was restricted mainly to processes (Catsicas et

al., 1992). In the Brazilian opossum, SNAP25 is strongly expressed in photoreceptor cell

bodies early in development, and this labeling disappears as the retina matures (Greenlee et

al., 2001). In the CNS, the levels and the anatomical localization of SNAP25 isoforms vary,

with SNAP25a being most prominent early in development and SNAP25b becoming

predominant in the adult (Oyler et al., 1991; Bark et al., 1995; Boschert et al., 1996; Tafoya

et al., 2006, 2008). Although the relative proportion of the two isoforms is fairly constant

across different brain regions, the absolute levels differed greatly in the adult (Tafoya et al.,

2008).

The increase in expression at the mRNA and protein levels corresponds with axon

elongation and synaptogenesis in the IPL from E11 to E16 in chick retina (Osen-Sand et al.,

1993). Indeed, the two SNAP25 isoforms have been shown to be functionally distinct (Bark

et al., 1995; Verderio et al., 2004). When expressed in chromaffin cells isolated from

SNAP25 null mice, the two SNAP25 isoforms produced different levels of secretion (Nagy

et al., 2005). Variations in the developmental stage of the animals were correlated with

differences in the SNAP25 immunolabeling patterns, but are not likely to account for the

discrepancies in the literature with regards to SNAP25 localization in mature retina.

SNAP25 is involved in numerous cellular functions, such as protein trafficking, synaptic

vesicle exocytosis, neuropeptide release, axon outgrowth, and photoreceptor differentiation

(Söllner et al., 1993; Osen-Sand et al., 1993; Greenlee et al., 2001, 2002). Thus it forms

SNARE complexes consisting of different isoforms of syntaxin and VAMP/synaptobrevin

that target vesicles to distinct compartments within the cell (Chen and Scheller, 2001). These

protein interactions in the varied SNARE complexes may alter epitope availability, with

protein conformation changing depending on whether SNAP25 is bound to other SNARE

proteins and the particular isoforms in the canonical SNARE complex. In support of this

hypothesis, studies of protein-protein interactions in SNARE complexes indicate that the

complexes can have multiple stable configurations that proceed to exocytosis (Takahashi et

al., 2010).
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Moreover, SNAP25b demonstrated a greater flexibility in its polypeptide folding as

compared to SNAP25a, likely accounting for the greater sensitivity of SNAP25b to cleavage

by BoNT/A than SNAP25a (Puffer et al., 2001). In chromaffin cells from SNAP25 null

mice, SNAP25b isoform had a greater effect on secretion than SNAP25a due to greater

availability for interaction with SNARE-associated proteins (Nagy et al., 2005). Finally,

SNAP25 is also known to interact with voltage-gated calcium channels (Martin-Moutot et

al., 1996; Rettig et al., 1996; Sheng et al., 1996; Tobi et al., 1998; Catterall, 1999; Wiser et

al., 1999), Gβγ of G protein-coupled receptors (Gerachshenko et al., 2005), synaptotagmin-1

(Schiavo et al., 1997; Zhang et al., 2002), and other SNARE-associated proteins (Sutton et

al., 1998; Veit, 2000; Matteoli et al., 2009), which may affect epitope accessibility.

The discrepancies in the retina literature regarding the expression of SNAP25 in horizontal

cells probably stem also from technical differences in the preparation of the tissue, the

distinct epitopes recognized by the different antibodies, and different visualization methods,

resulting in varying labeling intensities (Bragina et al., 2007; Garbelli et al., 2008; Matteoli

et al., 2009). The labeling of photoreceptor terminals primarily, and not horizontal cell

endings, in the outer retina of rat, reported by Brandstätter et al. (1996), may reflect

differences in SMI 81 monoclonal antibody preparations as well as methodological

variations. In another study on developing rat retina, the SNAP25 antibody from ARP

stained horizontally projecting processes resembling horizontal cell processes in the OPL,

although horizontal cells were not clearly identifiable (Chen et al., 1998). In frog retina, SMI

81 produced labeling of photoreceptor inner segments, including their terminals (Mazelov et

al., 2009). Similar discrepancies in staining patterns of rodent hippocampal neurons by

different groups using SMI 81 (Tafoya et al., 2006, Garbelli et al., 2008) have been reported

and attributed to technical differences (Matteoli et al., 2009).

We obtained definitive staining of horizontal cells, as well as the photoreceptor terminals, in

mouse (Fig. 5D–F) and rat (data not shown) with an aliquot of SMI 81 used in the earlier

paper (Morgans and Brandstätter, 2000). This immunolabeling of horizontal cells was also

obtained with SMI 81 purchased from Sternberger Monoclonals (now Covance Research

Products) as well as a rabbit polyclonal antibody to SNAP25 (cat. no. SL3730) from

BIOMOL/ARP. Using a SNAP25 antibody from Sternberger on well-fixed mouse retina,

Grabs et al. (1996) reported a lack of labeling of photoreceptor terminals at the EM level and

surmised that the OPL labeling observed at the light level arose from horizontal cells. Our

pre-embedding immunoelectron microscopic analysis of SNAP25 (SySy, cl. 71.1)

immunolabeling in rabbit outer retina confirmed the subcellular localization to the lateral

elements at triad synapses of cone and rod photoreceptors (Fig. 4), corresponding to

horizontal cell endings, consistent with the clear labeling of horizontal cell dendritic and

axonal processes and endings seen at the light level (Fig. 1G). In monkey retina (Fig. 3), the

strongest immunoreactivity was in the two plexiform layers; however, faint labeling of cell

bodies in the ONL and INL could be observed with longer exposures.

Although we can speculate that the different labeling patterns likely arise from the

differential plasma membrane interactions of the two splice variants of SNAP25 through

palmitoylation, or the interaction of SNAP25 in different combinations of SNARE protein

complexes (conformation or accessibility), or even different phosphorylation states, it is
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difficult at present to say how these variables contribute to the SNAP25 patterns observed.

Without new tools that can discriminate between SNAP25a and -b isoforms, it remains

unclear whether synapses contain one or the other, or some combination in the mature

retina.

When the data are taken together, SNAP25 is shown to be consistently and strongly

expressed in the processes and endings of mammalian horizontal cells, suggestive of a role

in exocytosis. The various labeling patterns observed in the retina using different

commercially available SNAP25 antibodies are consistent with multiple roles of SNAP25 in

vesicle trafficking, such as transmitter release, neurite elongation, calcium regulation, and

protein trafficking, and likely arise from differential splicing and post-translational

modifications, most prominently palmitoylation.
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Figure 1.
SNAP25 co-localized with VGAT in horizontal cell processes. VGAT antibody staining

(green) of a vertical section of mouse (A), rat (D), and rabbit (G) retinae showed

immunolabeling in the outer plexiform layer (OPL) and the inner plexiform layer (IPL), and

around cell bodies of the proximal inner nuclear layer (INL). SNAP25 antibody labeling

(magenta) of the same section produced immunolabeling in the OPL and the proximal IPL

of mouse (B), and OPL of rat (E), and rabbit (H) retinae. Merged image of the VGAT and

SNAP25 immunolabeling (white) indicated co-localization of SNAP25 with VGAT in the

tips of horizontal cells in mouse (C), rat (F), and rabbit (I). GCL, ganglion cell layer. Scale

bar = 10 μm in C (applies to A–C), F (applies to D–F), and I (applies to G–I).

Hirano et al. Page 22

J Comp Neurol. Author manuscript; available in PMC 2014 August 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
SNAP25 immunoreactivity co-localizes with that of calbindin, a horizontal cell marker. Top

row shows the immunolabeling for calbindin (magenta) in (A) rat, (D) mouse, and (G)

rabbit OPL. In all three species, calbindin immunoreactivity identified horizontal cell

bodies, processes, and endings. In rabbit retina, calbindin immunolabeled also a subset of

bipolar cells (Massey and Mills, 1996). Middle row shows the immunolabeling for SNAP25

(green) in (B) rat, (E) mouse, and (H) rabbit OPL. The SNAP25 immunoreactivity was

present primarily in the tips and processes in the OPL. Bottom row shows the merged

images of calbindin and SNAP25 immunreactivities (white), which demonstrated the strong

expression of SNAP25 in the processes and tips of horizontal cells of all three species

(C,F,I). In rabbit OPL (I) in particular, the concentration of SNAP25 in horizontal cell

processes adjacent to the base of cone pedicles is evident, in addition to the tips invaginating

into rod spherules. Scale bar = 10 μm in C (applies to A–C), F (applies to D–F), and I

(applies to G–I).
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Figure 3.
SNAP25 immunoreactivity co-localized with that of parvalbumin, a horizontal cell marker

in primate retina. A: A vertical section of macaque retina was double labeled with antibodies

to SNAP25 (magenta) and parvalbumin (green), showing SNAP25 (SySy cl. 71.1)

immunoreactivity primarily in the two plexiform layers. B–D: Higher power view of the

boxed area of the outer plexiform layer (OPL) in A. B: SNAP25 immunolabeling (magenta)

in processes and tips in the OPL. C: Parvalbumin immunolabeling (green) of the same

region showed the presence of horizontal cell processes and tips. D: Merged image of the

two immunoreactivities (white) indicated co-localization of SNAP25 to horizontal cell

processes and tips in macaque retina. ONL, outer nuclear layer; INL, inner nuclear layer;

IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. Scale bar = 10

μm in A and D (applies to B–D).
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Figure 4.
SNAP25 immunoreactivity occurs in horizontal cell tips at rod and cone terminals at the

ultrastructural level. Preembedding immunoelectron micrographs of SNAP25 (SySy cl.

71.1) immunoreactivity at (A) cone and (B,C) rod photoreceptor terminals showed dark

DAB reaction product in the lateral elements at these ribbon synapses, indicating

localization of SNAP25 to horizontal cell tips. The DAB reaction product was silver-

intensified and gold-toned, such that the appearance is of a fine granular nature. H,

horizontal cell lateral element; B, bipolar cell process; arrowheads, synaptic ribbons. Scale

bar = 0.2 μm in A–C.
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Figure 5.
Different SNAP25 antibodies produced different immunolabeling patterns in mammalian

retina. A–C: Consistently, all SNAP25 antibodies (green) appeared to immunolabel

horizontal cell processes in mammalian retina (see A, mouse vertical section, Millipore/

Chemicon goat Ab). Other antibodies produced labeling of the horizontal cells in the OPL

and the proximal layer of the IPL (Fig. 1A). B: Still other antibodies exhibited labeling of

the two plexiform layers, with the deeper layers of the IPL more strongly labeled in a

vertical section of rat retina (StressGen Ab). C: SMI 81mAb produced strong labeling of

both plexiform layers in mouse retina, as well as outlines of cell bodies in the ONL, INL,

and GCL and the nerve fiber layer (NFL, arrowhead). D–F: These panels depict the double

labeling of mouse OPL with (D, magenta) calbindin and (E, green) SMI 81 SNAP25

antibodies obtained with an aliquot of SMI 81 used in Brandstätter et al. (1996) and

Morgans and Brandstätter (2000). The merged image in F indicates the co-localization of

SNAP25 to horizontal cell processes, tips and soma, as well as photoreceptor terminals. OS,

outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 10 μm in A–C; 10

μm in F (applies to D–F).
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Figure 6.
Both SNAP25a and SNAP25b isoforms are expressed in mouse retina. Amplification of a

559-bp DNA product reflected the presence of total SNAP25 message (lane 2).

Amplification of a 202-bp DNA product indicated the presence of SNAP25a (lane 3) and

SNAP25b (lane 4) isoforms. The amplification of a 353-bp β-actin DNA product served as a

control for the successful reverse transcription of mouse retina RNA into cDNA (lane 5). No

spurious products are generated in the absence of the DNA template (lane 6). Lane 1, 100-bp

DNA ladder; lane 2, total SNAP25; lane 3, SNAP25a, 202 bp; lane 4, SNAP25b; lane 5, β-

actin control; lane 6, no template control.
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TABLE 1

List of Antibodies

Antibody Host Antigen Source Dilution

Calbindin D-28k Ms Purified bovine kidney calbindin D-28k Sigma (St. Louis, MO), C9848, clone
CB-955

1:2,500–1:5,000

Calbindin D-28k Rb Recombinant rat calbindin D-28k Swant (Bellinzona, Switzerland), CB38 1:1,000

Parvalbumin Rb Rat muscle parvalbumin Swant, PV-28 1:2,000

SNAP-25 Gt Recombinant human SNAP-25 Millipore/Chemicon (Temecula, CA),
AB5871P

1:250–1:1,000

SNAP-25 Ms SNAP-25 protein, human brain extracts,
epitope ≈ C-terminus of SNAP-25

Covance/Sternberger Monoclonals
(Emeryville, CA), SMI 81

1:5,000–1:500,000

SNAP-25 Ms Human presynaptic protein precipitate Sigma, S5187, clone SP12 1:5,000–1:10,000

SNAP-25 Ms Recombinant full-length rat SNAP-25,
epitope ≈ N-terminal amino acids 20–40

Synaptic Systems Göttingen, Germany),
#111 011, cl. 71.1

1:20,000

SNAP-25 Ms Recombinant full-length rat SNAP-25,
epitope ≈ N-terminal amino acids 1–20

Synaptic Systems, #111 111, cl. 71.2 1:100–1:50,000

SNAP-25 Rb N-terminal amino acids 9–29 human SNAP-25 Sigma, S9684 1:7,000

SNAP-25 Rb C-terminal amino acids 190–206 mouse
SNAP-25

BIOMOL/Affiniti Research Products
(Plymouth Meeting, PA), SL3730

1:1,000–1:10,000

SNAP-25 Rb C-terminal amino acids 190–206 mouse
SNAP-25

Millipore/Chemicon, AB1762 1:500

SNAP-25 Rb C-terminal amino acids 195–206 mouse
SNAP-25

Assay Designs/StressGen Biotechnologies
(Plymouth Meeting, PA), VAP-SV002

1:200–1:2,000

VGAT-N2 Rb N-terminal amino acids 1–99 of VGAT, GST
fusion protein

Dr. Robert Reimer, Stanford University
School of Medicine (Palo Alto, CA)

1:2,000
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