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Abstract
High-voltage activated Ca channels participate in multiple cellular functions, including transmitter
release, excitation, and gene transcription. Ca channels are heteromeric proteins consisting of a
pore-forming α1 subunit and auxiliary α2δ and β subunits. Although there are reports of α2δ4
subunit mRNA in the mouse retina and localization of the α2δ4 subunit immunoreactivity to
salamander photoreceptor terminals, there is a limited overall understanding of its expression and
localization in the retina. α2δ4 subunit expression and distribution in the mouse and rat retina were
evaluated by using reverse transcriptase polymerase chain reaction, western blot, and
immunohistochemistry with specific primers and a well-characterized antibody to the α2δ4
subunit. α2δ4 subunit mRNA and protein are present in mouse and rat retina, brain, and liver
homogenates. Immunostaining for the α2δ4 subunit is mainly localized to Müller cell processes
and endfeet, photoreceptor terminals, and photoreceptor outer segments. This subunit is also
expressed in a few displaced ganglion cells and bipolar cell dendrites. These findings suggest that
the α2δ4 subunit participates in the modulation of L-type Ca2+ current regulating neurotransmitter
release from photoreceptor terminals and Ca2+-dependent signaling pathways in bipolar and
Müller cells.
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Voltage-gated Ca channels are transmembrane, multimeric proteins that mediate numerous
neuronal functions, including transmitter release, gene transcription, and synaptic plasticity
(reviewed in Catterall, 2000). Voltage-gated Ca channels are classified into two major
groups based on their electrophysiological and pharmacological properties; 1) low voltage-
activated (LVA) Ca channels that are characterized by three T-type channels; and 2) high
voltage-activated (HVA) Ca channels that are characterized by L-, N-, P/Q-. and R-type
channels. Structurally, Ca channels consist of a single, pore-forming and voltage-sensing α1
subunit together with auxiliary α2δ and β subunits. In mammals, four genes (Cacna2d1–4)
encode the α2δ family: α2δ1–α2δ4 (Catterall, 2000). The α2δ subunits enhance Ca channel
expression and trafficking, and also affect the biophysical properties of Ca channels
(reviewed in Davies et al., 2007; Bauer et al., 2010; Dolphin, 2012). However, there are
questions remaining regarding the cellular and tissue distribution of the α2δ subunits, and, in
addition, the specific association between the subtypes of α1 and α2δ subunits is poorly
understood (for reviews, see Davies et al., 2007; Dolphin, 2012).

α2δ1–2 subunit mRNAs are found in multiple tissues, including the nervous system, heart,
and other internal organs (Klugbauer et al., 1999; Gao et al., 2000; Barclay et al., 2001;
Brodbeck et al., 2002; Gong et al., 2001; Cole et al., 2005), whereas α2δ3 subunit mRNA
and protein are reported to be exclusively expressed in the brain (Klugbauer et al., 1999;
Gao et al., 2000; Gong et al., 2001). α2δ4 subunit mRNA has been previously reported to be
absent in the human and mouse brain (Qin et al., 2002; Schlick et al., 2010). Recently, this
subunit has been reported to be associated with the α1F subunit near ribbon synapses at the
base of photoreceptors in the salamander retina (Mercer et al., 2011). Consistent with the
expression of α2δ4 subunit in the retina are findings of a novel outer retinal disease in a
substrain of C57BL/10 mice having a mutation in the Cacna2d4 gene (Ruether et al., 2000;
Wycisk et al., 2006a,b). In this mutant, there are alterations of the electroretinogram (ERG),
including reduction of the b-wave and absence of a photopic ERG. There are also
morphological changes, including loss of ribbon synapses in rod photoreceptor spherules,
and an altered structure of cone photoreceptor pedicles. It is unknown whether the α2δ4
subunit directly mediates these electrophysiological and morphological changes or whether
the subunit affects cellular processes that participate in the formation and function of ribbon
synapses.

We report the mRNA expression and protein localization of the α2δ4 subunit in the mouse
and rat retina by using reverse transcriptase polymerase chain reaction (RT-PCR), western
blotting, and immunocytochemistry. α2δ4 subunit mRNAs and protein are in the retina,
brain, and liver of the mouse and rat. α2δ4 immunostaining is observed in retinal Mu¨ller
cells and in some neurons in the inner nuclear layer (INL). In the rat retina, a diffuse band of
immunoreactivity was found in the outer plexi-form layer (OPL), whereas in the mouse
retina, prominent immunoreactive puncta were found at the base of photoreceptor terminals.
Double-labeling studies of wild-type and transgenic mouse retinas with α2δ4 subunit
antibodies and specific retinal cell markers showed that this sub-unit is located in Müller
cells, displaced ganglion cells, bipolar cell dendrites, and photoreceptors. The localization of
the α2δ4 subunit suggests that this subunit participates in Ca channel-mediated processes,
including neurotransmission at photoreceptor terminals, and modulation of Ca signaling in
Müller cells.

MATERIALS AND METHODS
Animal preparation

Animal care and all experiments were carried out 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 at Los Angeles
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(UCLA) Chancellor’s Animal Research Committee. Adult Sprague-Dawley rats (250–300 g,
>1 month old), wild-type C57BL/6 (20–30 g; <3 months old; The Jackson Laboratory, Bar
Harbor, ME), rd mice (Carter-Dawson et al., 1978; <2 months old), and cone-diphtheria
toxin A (DTA) mice (Soucy et al., 1998; ∼1 year old) of both sexes were used for these
studies. In addition, we crossed two transgenic mouse lines (B6;129P2-Pvalbtm1(cre)Arbr/J
(PV-cre) and B6.Cg-Gt(ROSA)26Sortm14 (CAG-tdTomato)Hze/J (ROSA26-tdTomato))
obtained from The Jackson Laboratory. PV-cre expresses Cre recombinase from the
endogenous Pvalb, or parvalbumin, locus. When crossed with the ROSA26-tdTomato line,
the resulting offspring have the STOP cassette deleted in the cre-expressing tissue, resulting
in expression of the fluorescent protein tdTomato. These mice express tdTomato in a subset
of ganglion cells of the ganglion cell layer (GCL) and some displaced ganglion cells
(Haverkamp et al., 2009; Munch et al., 2009).

Mice and rats were deeply anesthetized with 1–3% iso-fluorane (IsoFlo, Abbott
Laboratories, North Chicago, IL), and subsequently killed by cervical dislocation or
decapitation by using a guillotine. The eyes were removed and dissected in Hibernate A, a
CO2-independent nutrient medium for the maintenance of neural cells, tissue, and tissue
slices (Invitrogen, Carlsbad, CA). All dissections were performed in the afternoon (2–4 PM)
at a light intensity of 3.2 × 103 lux. Mouse and rat eyecups were fixed in 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, for 15–60 minutes at
room temperature, washed in 0.1 M PB, and stored in 30% sucrose in PB overnight at 4°C.
Eyecups were embedded in optimal cutting temperature (O.C.T.) medium (Sakura Finetek,
Torrance, CA) and sectioned vertically at 12–14 µm onto gelatin-coated slides by using a
Leica CM3050S cryostat (Leica Microsystems, Buffalo Grove, IL).

Immunohistochemistry
Retinal sections were incubated with 3–5% normal goat sera with 0.3% Triton X-100 in 0.1
M PB for 1–2 hours at room temperature. After the blocking procedure, primary antibodies
(see Table 1) were added and incubated overnight at 4°C in a humidified chamber. The
sections were washed 3 times for 10 minutes each in 0.1 M PB and the corresponding
secondary antibody was applied for 2 hours at room temperature in the dark. Secondary
antibodies used in this study were Alexa Fluor 488-, 594-, 568-, or 633-conjugated goat anti-
rabbit, mouse, or rat IgG antibodies (Invitrogen) at 1:500–1:1,000 dilutions. After a final
wash of 3 times 10 minutes in 0.1 M PB, the retinal sections were coverslipped in
Vectashield (Vector, Burlingame, CA) or Aqua Poly/Mount mounting medium
(Polysciences, Warrington, PA).

As a negative control, the omission of the primary antibodies in the single and double-
labeling studies was conducted to control for nonspecific binding of the secondary antibody.
To evaluate the specificity of the primary antibody immunostaining, a preadsorption control
was performed. Briefly, the α2δ4 subunit antibody was diluted in 0.1 M PB containing 0.3%
Triton X-100 and mixed with the corresponding Protein Epitope Signature Tag (PrEST)
antigen (Atlas Antibodies, Stockholm, Sweden) of human Cacna2d4 at a final concentration
of 1 lg/ml for 1–12 hours at room temperature. This antigen is fused to a dual tag consisting
of the His6 tag and albumin-binding protein. The antibodies directed against this dual tag are
thoroughly depleted before capturing the antigen (Cacna2d4)-specific antibodies in a
separate purification step. No immunostaining was present in sections incubated with the
preabsorbed α2δ4 subunit antibody, showing the specificity of the antibody (see Results).

Antibody characterization
A polyclonal rabbit antibody (cat. #HPA031952; Sigma, St. Louis, MO) to the human α2δ4
peptide sequence above was used to detect α2δ4 subunit immunoreactivity. The antibody
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was characterized by western blot analysis (Fig. 1). The antibody detected a 170 kDa protein
band, corresponding to the apparent molecular mass of the α2δ4 subunit under nonreducing
conditions (Davies et al., 2007). Specificity of the α2δ4 subunit antibody was also
demonstrated in the mouse and rat retina in sections incubated in the primary antibody
preabsorbed with the α2δ4 PrEST antigen. Immunostaining was absent in these sections (see
Results).

The mouse monoclonal antibody against the bassoon protein (cat. #SAP7F407; Enzo Life
Sciences, Farmingdale, NY) detected a 400 kDa band in a western blot of the mouse and rat
brain (manufacturer’s data sheet). The bassoon monoclonal antibody is a well-established
marker for photoreceptor ribbons, and no immunostaining is detected in bassoon knockout
(KO) retinas (Brandstätter et al., 1999; Dick et al., 2003).

The mouse monoclonal antibody against the C-terminal binding protein 2 (CtBP2) (cat.
#612044; BD Biosciences, San Jose, CA) detected a 48 kDa band in a western blot of rat
brain membrane fractions (tom Dieck et al., 1998). This monoclonal antibody recognizes
synaptic ribbons in photoreceptors and bipolar cells of mouse, cow, and monkey retinas
(Schmitz et al., 2000; tom Dieck et al., 2005; Jusuf et al., 2006; Puller et al., 2007).

The mouse monoclonal antibody to glutamic acid decarboxylase 65 (GAD65) (cat.
#MAB351; Millipore, Temecula, CA) detected a single band at 59 kDa (Erlander et al.,
1991) in western blots of unfractionated homogenates of whole rat brain (Chang and
Gottlieb, 1988). In addition, the band was absent in homogenates of brain from GAD65 KO
mice (Yamamoto et al., 2004). This GAD65 antibody immunostains amacrine and displaced
amacrine cells in the mouse and rat retina (Brecha et al., 1991; Haverkamp and Wässle,
2000).

The mouse monoclonal antibody to GAD67 (cat. #MAB5406; Millipore) detected a single
band at 67 kDa (Erlander et al., 1991) in western blots of rat cortex and does not cross-react
with the GAD65 isoform in a western blot of rat cortex (Fong et al., 2005). In addition,
immunostaining in the brain was reduced in a conditional GAD67 KO mutant (Heusner et
al., 2008).

The mouse monoclonal antibody to glutamine synthetase (GS) (cat. #610518, BD
Biosciences) detected a single band of 45 kDa in western blots of rat brain (manufacturer’s
data sheet). This antibody produced specific immunostaining of Müller cells in the mouse
retina (Linser et al., 1984; Zhang et al., 2005).

The rat polyclonal antibody to glycine (cat. #IG1002, ImmunoSolution, Queensland,
Australia) was tested by preabsorption with a PFA conjugate of glycine and thyroglobulin
(Pow et al., 1995). Specificity was demonstrated by using immunoblotting against the same
amino acid-PFA-thyroglobulin conjugate used to immunize the animals. The glycine
polyclonal antibody also recognized dot blots containing glycine, but not related amino acids
(Pow et al., 1995). This antibody selectively immunostains amacrine cells in the retina of
multiple species, including mouse and rat (Pow and Hendrickson, 1999; Haverkamp and
Wässle, 2000).

The mouse monoclonal antibody to Goα (cat. #MAB3073; Millipore) detected a single band
of 42–43 kDa in homogenates of the olfactory epithelium and the vomeronasal organ in
Xenopus laevis and Bufo japonicas (Hagino-Yamagishi and Nakazawa, 2011). In the retina,
Goa is expressed in rod and cone ON-type bipolar cells (Haverkamp and Wässle, 2000;
Dhingra et al., 2000).
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The mouse monoclonal antibody to protein kinase C (PKC) (cat. #K01107M; Biodesign
International, Saco, ME) was raised against PKC (79–80 kDa) purified from bovine brain.
This antibody reacts with PKC-alpha/beta-1/beta-2 isoforms (manufacturer’s data sheet).
The PKC antibody recognized the purified PKC protein as well as an 80 kDa band from
whole-cell extracts of rat glioma and murine NIH3T3 cell lines in Western blots and
specifically immunoprecipitates PKC from cell lysates of 328 glioma and SVK 14 cell lines
(Young et al., 1988). PKC is a specific marker for rod bipolar cells in the mouse and rat
retina (Haverkamp and Wassle, 2000; Ghosh et al., 2001; Haverkamp et al., 2003).
Immunostaining was completely blocked by the full-length peptide but was not blocked by
an unrelated peptide (Young et al., 1988).

The mouse monoclonal antibody to postsynaptic density protein 95 (PSD-95) (cat.
#MAB1596, Millipore) detected a single band at ∼100 kDa, corresponding to the apparent
molecular weight of PSD-95 on sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) immunoblots of rat, mouse, and bovine brain (manufacturer’s data sheet). The
antibody recognized a major band at ∼95 kDa and a minor band at ∼80 kDa on western blot
of mouse and rat brain (manufacturer’s data sheet). PSD-95 immunoreactivity is localized to
photoreceptor terminals and postsynaptically to bipolar cell ribbon synapses in the inner
plexiform layer (IPL) (Koulen at al., 1998).

The mouse monoclonal antibody to the vesicular c-aminobutyric acid (GABA) transporter
(VGAT) (cat. #131 011; Synaptic Systems, Goettingen, Germany) recognizes a single band
of the expected molecular size of 57 kDa (McIntire et al., 1997; Sagné et al., 1997) in
western blots of mouse brain and retina (Guo et al., 2009). Preadsorption of this antibody
with the VGAT N-terminus peptide used for immunization, VGAT75–87
(AEPPVEGDIHYQR), eliminated the VGAT signal in a Western blot (manufacturer’s data
sheet) and abolished specific VGAT immunolabeling in mouse retina (Guo et al., 2009).
This polyclonal antibody immunostains amacrine and displaced amacrine cells and their
processes in the IPL, and horizontal cells and their endings in the OPL in mouse retina (Guo
et al., 2009).

RT-PCR
Total RNA was extracted from retinal, cerebral cortex, and liver lysates of the mouse and rat
by using the Absolutely RNA Miniprep Kit (Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions. RNA concentrations were determined
spectrophotometrically with a DU530 Spectrophotometer (Beckman Coulter, Brea, CA).
The isolated total RNA (1.0 µg) was used as a template for first-strand cDNA synthesis by
using oligo(dT) to prime Superscript III First-Strand Synthesis System for RT-PCR,
following the manufacturer’s instructions (Invitrogen). PCR was performed with primers
specific for two regions of the α2δ4 subunit transcript in mouse and rat. These primers
recognize and amplify all three of the α2δ4 subunit variants known to exist in the mouse
(Angelotti and Hoffman, 1996): (1) forward: 5’-ggagtcatcgccttcgactgc, reverse: 5’-
agaaggcatagccatgcacc; and (2) forward: 5’-cactgatctcgactgcttcg, reverse: 5’-
ttcttgtgcttgtgggagtg (Wycisk et al., 2006a). Primer set (1) corresponds to nucleotide
positions 856–1,717 in rat and 925–1,786 in mouse, covering exons 7–16 of α2δ4 mRNA,
whereas primer set (2) corresponds to nucleotide positions 2,706–3,062 in rat and positions
2,772–3,128 in mouse, spanning exons 28–35 (NCBI Reference Sequences:
NM_001191751.1, NM_001033382.2). Fragment sizes for primer sets (1) and (2) are 862 bp
and 357 bp, respectively.

PCR was performed in a 20-µl reaction volume containing 0.25 µM of each primer, 0.1 U/µl
of EconoTaq DNA Polymerase, reaction buffer (pH 9.0), 400 µM dATP, 400 µM dGTP, 400
µM dCTP, 400 µM dTTP, 3 mM MgCl2 (Lucigen, Middleton, WI), with 2 µl (1/10th) of the
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cDNA synthesis reaction as template. The following temperature protocol was used: 2
minutes at 96°C, then 30 cycles of 30 seconds at 95°C, 30 seconds at 65°C or 70°C, 1
minute at 72°C, followed by a final extension of 5 minutes at 72°C. Then 5 µl of the PCR
reaction was run out on a 1.5% agarose gel in 1XTAE (40 mM Tris-acetate, 1 mM EDTA
buffer), and the DNA was visualized by using Gel Red (1:10,000) (Biotium, Hayward, CA).

Western blots
Rodent retina, cortex, and liver samples were isolated and placed immediately in 1.5 M Tris-
HCl, 0.5 M EDTA, 0.5 M EGTA, and 20% Triton-X in dH2O on dry ice. Six mouse and
four rat retinas were used for each blot. Cell lysis buffer also contained 10 µl/ml Halt
Protease Inhibitor and 10 µl/ml Halt Phosphatase Inhibitor cocktails (Thermo Fisher
Scientific, Waltham, MA). Samples were homogenized for 2 minutes and incubated on ice
for 20 minutes to lyse cells. After centrifugation (20,100g, 30 minutes at 4°C), the
supernatant fractions were removed and the protein content of the samples was determined
by using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Protein samples were
diluted in Laemmli sample buffer without reducing agents, pH 6.8, and samples were boiled
for 5 minutes before loading onto the gel.

Western blot analysis of the homogenates was performed after fractionating 35 µg of protein
by 4–20% SDS-PAGE (200 V for 30 minutes) using Mini-PROTEAN TGX precast
polyacrylamide gels (Bio-Rad, Hercules, CA). Prestained marker proteins were used as
molecular mass standards (Bio-Rad). The separated proteins were transferred
electrophoretically to PVDF Immobilon-FL membranes (Millipore) at 360 mA for 2 hours at
4°C. Blots were allowed to dry completely to increase protein retention before blocking with
5% nonfat dry milk in PBST for 45 minutes at room temperature and then rinsed in a
solution containing 0.1 M PB, 0.154 M NaCl, and 0.05% Tween 20 (v/v) at pH 7.4. The
blots were incubated for 1 hour at room temperature with the α2δ4 subunit antibody (see
Table 1) at 1:200 in blocking buffer. In control strips, the primary antibody was omitted.
Blots were washed and incubated in goat anti-rabbit IgG-conjugated IRDye 800CW (H + L)
(LI-COR, Lincoln, NE) diluted at 1:10,000 in 3% dry milk in PBST for 1 hour at room
temperature. The blots were washed and immediately imaged by using the LI-COR Odyssey
Infrared Imaging System and evaluated by using proprietary software.

Fluorescent image acquisition and colocalization analysis
Immunostaining was examined by using a Zeiss Laser Scanning Microscope 510 Meta (Carl
Zeiss, Thornwood, NY) with a Zeiss C-Apochromat 40×/1.2 NA corrected water objective,
a Zeiss C-Apochromat 63×/1.2 NA corrected water objective, or a Zeiss Plan-Neofluar 63×/
1.25 NA corrected oil objective at 2,048 × 2,048 pixels. Images are presented either as a
single scan or as projections of three to five sections (z-axis step size 0.3–0.5 µm). Confocal
images were analyzed by using the Zeiss LSM 510 proprietary software (version 3.2). The
intensity levels and contrast of the final images were adjusted in Adobe Photoshop CS2 v.
9.02 (Adobe Systems, San Jose, CA).

RESULTS
Specificity and characterization of Ca channel α2δ4 subunit antibody

The presence of α2δ4 subunit mRNA and protein was tested in rat and wild-type mouse
retina, brain, and liver by using RT-PCR and western blotting. RT-PCR yielded a single
band of ∼357 bp from the mouse and rat retina, brain, and liver corresponding to the
predicted DNA product size (Fig. 1A, B) indicating the presence of α2δ4 subunit mRNA in
these tissues. A second primer pair also yielded a single band at 862 bp (data not shown)
corresponding to the predicted size of the α2δ4 subunit amplicon (Wycisk et al., 2006a). The
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primers used in this study amplify all known isoforms of the α2δ4 subunits, and alternatively
spliced variants were not detected in our samples, a finding that is in agreement with
previous findings (Wycisk et al. 2006a). As a control experiment, water was used in place of
template DNA, and no DNA amplification was observed.

The α2δ4 subunit protein was present in tissue homogenates from mice and rats using
western blotting. A single band with an apparent molecular mass of approximately 170 kDa
was detected in homogenates of mouse and rat brain, retina, and liver (Fig. 1C, D). An
additional band in the immunoblots of mouse brain had a molecular mass of approximately
165 kDa (Fig. 1D).

Localization of α2δ4 subunit in mouse and rat retina
The cellular expression and distribution of the α2δ4 subunit was similar in both mouse and
rat retina using the same antibody that was used for the western blotting studies. The α2δ4
antibody immunostains Muller cells (Fig. 2A,D) and infrequently occurring large cell bodies
in the proximal INL (Fig. 2B, E; arrows). These cells, based on their soma size and INL
location, are either large amacrine cells or displaced ganglion cells, similar to those
previously reported in mouse and rat retinae (Dräger and Olsen, 1980; Abdel-Majid et al.,
2005). A diffuse and weak band of immunoreactivity was observed in the OPL of the rat
retina (Fig. 2A,B), whereas strongly immunostained puncta were present in the OPL of the
mouse retina (Fig. 2D,E). The photoreceptor outer segments and IPL were also weakly
immunostained in both species. Immunostaining was absent in sections that were incubated
with antibodies preadsorbed with the immunization peptide (Fig. 2C,F), demonstrating the
specificity of the antibody. To confirm the presence of the α2δ4 subunit in Mu¨ller cells, we
performed a double-label immunohistochemistry experiment with an antibody against GS,
which labels only Müller cells (Linser et al., 1984). GS and α2δ4 subunit immunoreactivities
were colocalized in mouse and rat retina (Fig. 3).

Characterization of α2δ4 subunit-containing cells in the INL
The cell bodies of bipolar, horizontal, amacrine, and displaced ganglion cells are located in
the INL. Based on the cell soma diameter (13 ± 3 µm in mouse and 14 ± 3 lm in rat) and the
location of α2δ4 subunit immunoreac-tive cells at the border of the INL and IPL, we
predicted that these cells were either large amacrine cells or displaced ganglion cells.
Amacrine cells are inhibitory neurons, and the majority of these cells utilize glycine or
GABA as a neurotransmitter (for review, see Vaney, 1990; Wässle and Boycott, 1991; Kay
et al., 2011). Therefore, to evaluate whether α2δ4 subunit immunoreactive cells (Fig.
4A,C,E,G; arrowhead) are amacrine cells, we used antibodies to glycine, and to the glutamic
acid decarboxylase isoforms, GAD65 and GAD67, which catalyze the decarboxylation of
glutamate to GABA and CO2. Antibodies against glycine showed strong immunostaining of
amacrine cells in the INL of rat (Fig. 4B) and mouse (Fig. 4F) retina, but immunoreactivity
did not colocalize with the α2δ4 subunit immunoreactive cells, indicating that these large
cells are not glycine-containing amacrine cells. Antibodies against GAD65 and GAD67
produced immunolabeled somata in the INL and GCL of rat (Fig. 4D) and mouse (Fig. 4H)
retina, but again immunoreactivity did not colocalize with the α2δ4 subunit immunoreactive
cells showing that GABA-containing neurons do not contain α2δ4 subunit
immunoreactivity. Together these findings indicate that α2δ4 subunit immunoreactive cells
in the INL are likely to be displaced ganglion cells, and not amacrine cells.

There is no specific marker that is readily available for displaced ganglion cells; therefore,
we developed a mouse line with the fluorescent reporter tdTomato localized to subsets of
ganglion cells in the GCL and displaced ganglion cells in the INL (Fig. 5B) (Haverkamp et
al., 2009; Münch et al., 2009). Some of the α2δ4 subunit immunoreactive displaced ganglion
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cells express tdTomato, suggesting they contain parvalbumin (Fig. 5C; arrow). In some
cases, we were able to visualize the primary dendrites of the labeled cells, which were
distributed to the OFF layers of the IPL (Fig. 5C; arrowhead), indicating that these cells are
likely to be OFF-type ganglion cells, which have been described previously in the mouse
retina (Pang and Wu, 2011).

Characterization of α2δ4 subunit puncta localization in the OPL of the mouse retina
The cellular expression of the α2δ4 subunit in the OPL was evaluated by using double-
labeling immunohistochemistry with specific markers for horizontal, bipolar, and
photoreceptor cells in several transgenic mouse lines.

First, we tested whether the α2δ4 subunit puncta are located in horizontal cells by using a
calbindin antibody, which immunostains all horizontal cells and their processes in the mouse
and rat retina (Röhrenbeck et al., 1987; Chun and Wässle, 1993; Massey and Mills, 1996;
Haverkamp and Wässle, 2000; Hirano et al., 2005; Gargini et al., 2007). In retinal sections,
α2δ4 subunit immunoreactive puncta were usually adjacent to horizontal cell endings (Fig.
6A– D). This pattern suggests that these puncta are located either on the adjacent dendritic
tips of bipolar cells and/or at the base of the photoreceptors. Retinal sections were also
double immunostained with α2δ4 subunit and VGAT antibodies. The VGAT antibody
immunostains horizontal cell endings in the rodent retina (Cueva et al., 2002; Guo et al.,
2010; Lee and Brecha, 2010). The α2δ4 subunit immunoreactive puncta did not colocalize
with VGAT immunoreactivity. Together, these findings indicate that the α2δ4
immunostaining is not localized to horizontal cell somata, processes, or tips (Fig. 6E– H).

To determine whether rod and cone ON-type bipolar cell dendrites express the α2δ4 subunit,
retinas were immunostained with a Goα antibody to identify ON-type bipolar cells, and a
PKC antibody to identify rod bipolar cells (Greferath et al., 1990; Vardi, 1998; Haverkamp
and Wässle, 2000). Double labeling of single sections with a z-axis thickness of 0.5 µm
showed colocalization of Goα and α2δ4 subunit immunoreactivity in the dendrites of ON-
type bipolar cells (Fig. 7D; arrowheads). In addition, double labeling of sections showed
colocalization of PKC immunoreactivity and α2δ4 immunoreactive puncta. α2δ4
immunoreactive puncta were located on the distal dendrites of the rod bipolar cells (Fig. 7E–
H; arrowheads). In addition to the punctate staining in some rod bipolar cell dendrites, there
were numerous α2δ4 subunit puncta in the distal OPL that did not colocalize with rod
bipolar cell dendrites (Fig. 7H; arrows), suggesting expression of the α2δ4 subunit on
photoreceptor terminals.

Multiple experiments were performed to test whether photoreceptor terminals express the
α2δ4 subunit. The first mouse line evaluated was a retinal degeneration (rd1/rd1) mutant,
which is characterized by a complete loss of photoreceptors (Carter-Dawson et al., 1978)
leading to truncated bipolar cell dendrites (Strettoi and Pignatelli, 2000; Strettoi et al., 2002).
Retinal sections of rd1/ rd1 mice stained with PKC and α2δ4 subunit antibodies showed a
decrease in α2δ4 subunit puncta (Fig. 8A) overall compared to the wild-type line. The
remaining immunoreactive puncta were colocalized on bipolar cell bodies and their
truncated dendritic tips (Fig. 8B–D; arrows). The second line tested was a cone-DTA
mutant, which lacks cone photoreceptors 8 months after birth, but rod photoreceptor density
and morphology remains normal (Soucy et al., 1998). This mutant was created by
expressing the gene for a modified DTA under a promoter selective for cones (Soucy et al.,
1998). In these mice (Fig. 8E), α2δ4 subunit immunoreactive puncta were usually located
distal to the rod bipolar cell tips (Fig. 8H; arrows), indicating their likely presence on rod
terminals.
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We also examined the location of the α2δ4 subunit immunoreactive puncta in cone
photoreceptor terminals in wild-type mouse retinae. We began by staining the retina with
peanut agglutinin (PNA), which is a specific marker for cone pedicle bases in mouse retina
(Blanks and Johnson, 1983). Single scans revealed that the α2δ4 subunit immunoreactive
puncta were often near the base of the PNA-stained cone pedicles (Fig. 8I – K).

To further test whether α2δ4 subunit immunoreactive puncta are expressed by rod and cone
photoreceptor terminals, we evaluated α2δ4 immunostaining relative to the photoreceptor
synaptic ribbon by using antibodies to bassoon and CtBP2. The presynaptic protein bassoon
is associated with the base of the synaptic ribbon in rod spherules and cone pedicles
(Brandstätter et al., 1999), and CtBP2 is localized to the ribbon proper (Brandstätter et al.,
1999; Schmitz et al., 2000). The immunostaining of bassoon and CtBP2 together form a
shallow arc, with bassoon immunoreactivity surrounded by CtBP2 immunoreactivity (tom
Dieck et al., 2005). The α2δ4 subunit immunoreactive puncta do not overlap with the
CtBP2-immunolabeled ribbons, and they often appear to be adjacent to CtBP2-
immunostained puncta (Fig. 9D; arrows). In contrast, bassoon immunostaining showed
slight overlap with some α2δ4 subunit puncta (Fig. 9E–H; arrows), indicating that α2δ4
subunits are located at or close to the base of the synaptic ribbon (tom Dieck et al., 2005).
We also double immunostained the retinas with an antibody against PSD-95, which is
located in the plasma membrane of rod and cone photoreceptor terminals (Koulen et al.,
1998). Figure 9I – L shows a single scan of a section through the OPL double labeled for
PSD-95 and the α2δ4 subunit. Most PSD-95-immunolabeled photoreceptor terminals
contained α2δ4 immunoreactive puncta (Fig. 9L; arrows).

Together, these findings indicate that α2δ4 subunit immunoreactivity is mainly associated
with rod spherules and ON-type bipolar cell dendrites in the OPL. We could not establish
whether α2δ4 subunit puncta were located at cone pedicles (see Discussion), although this
could not be ruled out.

DISCUSSION
The accessory Ca channel subunit α2δ4 is localized to Mu¨ller cells, ON-type bipolar cells,
displaced ganglion cells, and photoreceptors. We did not observe α2δ4 subunit
immunoreactivity in amacrine or ganglion cell bodies that were located in the INL or GCL,
respectively. However, there was some weak immunostaining in the IPL, suggesting that the
α2δ4 subunit could also be located at processes in this layer.

α2δ4 subunit expression
The α2δ4 subunit is expressed in non-neuronal endocrine cells (Arikkath and Campbell,
2003; Canti et al., 2003; Klugbauer et al., 2003) and recently, α2δ4 subunit
immunoreactivity was localized to salamander photoreceptor terminals (Mercer et al., 2011).
The present findings extend this earlier observation in the retina, and show that this subunit
is also expressed in Mu¨ller cells, some bipolar cell dendrites, and a few displaced ganglion
cells in the mouse and rat retina. α2δ4 mRNA was also detected in brain and liver (Fig.
1A,B) consistent with earlier findings (Wycisk et al., 2006a).

α2δ subunit isoforms have been identified in a variety of cell lines and tissues (Ellis et al.,
1988; Kim et al., 1992; Brust et al., 1993; Gilad et al., 1995). Alternatively spliced α2δ4
subunits have been reported in kidney, muscle, spleen, and stomach, but not in the brain or
retina (this study; Wycisk et al., 2006a). However, in our western blots of mouse brain there
is an additional band with a molecular weight of ∼165 kDa (Fig. 1D). This band, which is
shifted from the major ∼170 kDa band, could be a degradation product, or an
uncharacterized α2δ4 subunit isoform.
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Functional role of α2δ subunits
Mouse mutants and knockout mice lacking functional α2δ subunits have a spectrum of
abnormal physiological properties, including cardiovascular dysfunction, neuro-
degeneration, neuropathic pain, and epilepsy (Snell, 1955; Fuller-Bicer et al., 2009; Neely et
al., 2010). For example, the Cacna2d1 knockout mouse line is characterized by alterations of
the biophysical properties of L-type Ca2+ currents in cardiomyocytes (Fuller-Bicer et al.,
2009). The Cacna2d2 mutant mouse line, known as “ducky,” has been used as an animal
model for absence epilepsy, and this line is characterized by spike-wave seizures, cerebellar
degeneration, and ataxia (Snell, 1955). The Cacna2d3 knockout mouse line does not show
any gross anatomical changes of the brain; however, mice with the α2δ3 subunit deletion
exhibit impaired sensitivity to thermal pain (Neely et al., 2010).

Mice with a frameshift mutation producing an early truncation of the Cacna2d4 transcript
have an altered ERG and a loss of ribbon synapses in rod photoreceptors, as well as poorly
developed ribbon synapses in cone photoreceptors (Ruether et al., 2000; Wycisk et al.,
2006a,b). These findings suggest an essential role of the α2δ4 subunit in outer retinal
structure and function, although it is unclear whether deletion of the α2δ4 subunit directly or
indirectly causes these functional and structural abnormalities. The α2δ subunits are a
component of voltage-activated Ca channels, and these subunits modify Ca channel function
by influencing channel trafficking, namely, the intracellular transport of the α1 protein to
increase the functional expression of Ca channels (Dolphin, 2012). In addition, α2δ subunits
can also alter the biophysical properties of Ca channels (Catterall et al., 1993; Snutch et al.,
2005; Dolphin, 2012). Cacna2d1 knockout mice show reduced cardiac L-type Ca2+ currents
(Fuller-Bicer et al., 2009), and Cacna2d2 knockout mice have reduced cerebellar Purkinje
cell P/Q-type Ca2+ currents (Barclay et al., 2001; Brodbeck et al., 2002). On this basis,
deletions of the α2δ4 subunit could lead to an alteration of neuronal and Müller cell Ca2+

currents. The reduction of the b-wave in Cacna2d4 mice (Wycisk et al., 2006a) could be due
to a disruption of the Ca channel mediating neurotransmission from photoreceptors to
bipolar cells. This idea is supported by studies showing the reduction or elimination of the b-
wave in mouse lines with mutations in the α1F subunit (Chang et al., 2006; Lodha et al.,
2010) or the β2 accessory sub-unit (Ball et al., 2002), which are expressed in
photoreceptors.

α2δ4 subunit expression in the outer retina
The α2δ4 subunit is expressed in rod photoreceptor spherules based on its colocalization
with PSD-95, which is located presynaptically in photoreceptor terminals (Koulen et al.,
1998). These findings are also consistent with the reported localization of the α2δ4 subunit
to salamander photoreceptor terminals (Mercer et al., 2011). As mentioned above, the
localization of the α2δ4 subunit to photoreceptor terminals is also consistent with the altered
ERG and cellular abnormalities seen in the Cac-na2d4 mutants (Wycisk et al., 2006a,b).
Alterations of the α2δ4 subunit in photoreceptor terminals could lead to altered trafficking of
the α1 subunit, resulting in dysfunctional activity of the channel and the cellular
abnormalities observed by Wycisk et al (2006a). We could not demonstrate the presence of
the α2δ4 subunit in cone photoreceptor terminals. However, some α2δ4 subunit puncta were
adjacent to the PNA labeling, suggesting the possibility that the α2δ4 subunit is also
expressed in cone pedicles (Fig. 8C).

α2δ4 subunit expression in the inner retina
The α2δ4 subunit is expressed by OFF-type displaced ganglion cells and it is unlikely to be
expressed by large amacrine cells based on two findings: 1) large cells that are α2δ4 subunit
immunoreactive do not contain glycine or GAD immunoreactivity, which are typically
expressed by amacrine cells (Fig. 4); and 2) some of the tdTomatofluorescent displaced
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ganglion cells in the PV-cre × ROSA26-tdTomato line express the α2δ4 subunit (Fig. 5).
Furthermore, not all tdTomato-positive, displaced ganglion cells express the α2δ4 subunit
(not shown). This differential expression suggests some molecular differences in displaced
ganglion cells.

α2δ4 subunit expression in Müller cells
Müller cells, which are retinal glia cells, express multiple voltage-activated channels and
they regulate extracellular K+ and H+, as well as take up extracellular glutamate and GABA
(Newman and Reichenbach, 1996). Müller cells also express the α2δ4 subunit, and this
subunit is likely to be associated with L-type subunits that are expressed by Müller cells
(Puro et al., 1996; Nachman-Clewner et al., 1999; Xu et al., 2002; Welch et al., 2005).
Interestingly, in the Cacna2d4 mutant there is no disruption of the c-wave of the ERG
(Ruether et al., 2000). The c-wave of the ERG, which is attributed to Müller cells and retinal
pigmented epithelial cells, may not be sensitive to changes in Müller cell Ca2+ signaling or
perhaps there is a compensation by other voltage-gated Ca channel subunits.

The α1F subunit (Cav1.4) is likely to be associated with the α2δ4 subunit based on its
presence on salamander photoreceptor terminals (Mercer et al., 2011). This could also be the
case for the rodent retina, because the α2δ4 subunit is expressed on photoreceptor terminals,
and the Cacna1F knockout mouse lacks synaptic signaling in the outer retina and shows
degeneration of their photoreceptor ribbon terminals (Mansergh et al., 2005; Chang et al.,
2006). Other a1 subunit candidates that may associate with the α2δ4 subunit are the α1C and
α1D subunits, which are involved in neurotransmission and synaptic plasticity at
photoreceptor synapses (Puro et al., 1996; Nachman-Clewner et al., 1999; Xu et al., 2002;
Mize at al., 2002), and are in Müller cells of rat and salamander retinas (Puro et al., 1996;
Nachman-Clewner et al., 1999; Xu et al., 2002; Welch et al., 2005).

Previous studies (Eroglu et al., 2009; Kurshan et al., 2009) have shown that α2δ subunits are
also involved in synaptogenesis, independent of their association with Ca channels, and
suggest that these subunits are important for synaptic stabilization. Deficits of synaptic
stabilization could also explain photoreceptor-bipolar cell synapse disruption in mice with a
mutation in the α2δ4 subunit. This is the case for the α2δ4 subunit, which is required for
thrombospondin- and astrocyte-induced synapse formation in rodents (Eroglu et al., 2009),
and the α2δ3 subunit, which is required for the stabilization of the α1 subunit and
synaptogenesis in Drosophila (Dickman et al., 2008; Ly et al., 2008; Kurshan et al., 2009).
Furthermore, α2δ subunits may not be present at the Ca channel under normal conditions
(Davies et al., 2007) and they may only be present when the α1 subunits are inserted into the
plasma membrane or trafficked from intracellular compartments. We therefore cannot rule
out additional functional roles for the α2δ4 subunit in the retina. Finally, Ca channels have
not been reported in photoreceptor outer segments (Rispoli et al., 1991; Križaj, 2012),
suggesting that α2δ4 subunits have a functional role in this structure that is not associated
with Ca2+ currents. One possible explanation is that α2δ4 subunits participate in trafficking
membrane proteins to the outer segments.

In conclusion, the α2δ4 subunit is likely to have a critical regulatory role in the outer retina,
and influence both photoreceptor terminal structure and neurotransmission in the synaptic
triad and at basal contacts. However, to better understand the functional role of α2δ4
subunits in the retina, further studies are required, including electron microscopy to
determine its exact location and distribution at presynaptic and postsynaptic sites. In
addition, electrophysiological recordings of photoreceptor, bipolar, and Müller cells, as well
as ERG measurements would be of value for determining whether the α2δ4 subunit is
associated with α1 subunits, and whether there is any compensation by other Ca channel
subunits in the Cacna2d4 knockout mouse line.
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Figure 1.
Expression of α2δ4 subunit mRNA and protein. RT-PCR of α2δ4 subunit primer set (2) in
rat (A) and mouse (B). A band of ∼357 bp was amplified from the mouse and rat brain,
retina, and liver. Lane L: 100-bp DNA ladder; lane 1: brain; lane 2: retina; lane 3: liver; ane
4: water. Characterization of α2δ4 subunit antibody by western blot in the brain, retina, and
liver of rat (C) and mouse (D). A protein band of ∼170 kDa was detected in these tissues.
Lane 1: brain; lane 2: retina; lane 3: liver. A total protein of 35 lg per lane was loaded for the
α2δ subunit immunoblots.
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Figure 2.
Localization of α2δ4 subunit immunoreactivity in the rodent retina. α2δ4 subunit
immunostaining was present in Mu¨ller cells, large cell bodies in the inner nuclear layer
(INL) (arrow) and the outer plexiform layer (OPL) in rat (A,B) and mouse (D,E). Note that
the im-munostaining in the OPL was characterized by strong puncta in the mouse retina.
Retinal sections incubated with antibodies preadsorbed with the immunization peptide
resulted in no specific staining in both rat (C) and mouse (F) retina. All micrographs are
projections of 9–14 optical sections. GCL, ganglion cell layer; ONL, outer nuclear layer;
IPL, inner plexiform layer. Scale bar = 20 µm in A (applies to A– C) and D (applies to D–F).
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Figure 3.
Colocalization of the immunostaining for α2δ4 subunit (green) with glutamine synthetase
(GS) (magenta), a marker for Müller cells in rat (A–C) and mouse (D–F) retina. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear
layer; OPL, outer plexiform layer. Scale bar = 20 µm in A (applies to A–C) and D (applies
to D–F).
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Figure 4.
α2δ4 subunit immunoreactivity is not present in glycine- and glutamic acid decarboxylase
65 and 67 (GAD65/GAD67)-containing cells in the rodent retina. Glycine and GAD65/
GAD67 immunoreactivity are localized to amacrine cell bodies in the proximal INL. A,B:
Single scan from a retinal section double labeled with α2δ4 subunit and glycine antibodies
in the rat retina. A α2δ4 subunit-containing cell body (A; arrowhead) in the INL does not
show glycine immunoreactivity (B; arrowhead). C,D: Single scan from a retinal section
double labeled with α2δ4 and GAD antibodies in the rat retina. A α2δ4 subunit-containing
cell body (C; arrowhead) in the INL does not show GAD immunoreactivity (D; arrowhead).
E,F: Single scan from a retinal section double labeled with α2δ4 subunit and glycine
antibodies in the mouse retina. A α2δ4 subunit containing cell body (E; arrowhead) in the
INL does not have glycine immunoreactivity (F; arrowhead). G,H: Single scan from a retinal
section double labeled with α2δ4 and GAD antibodies in the mouse retina. A α2δ4subunit-
containing cell body (G; arrowhead) in the INL does not have GAD immunoreactivity (H;
arrowhead). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar = 20 lm in A (applies to A–
D) and E (applies to E–H).
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Figure 5.
Localization of the α2δ4 subunit in ganglion cells of a transgenic mouse line with tdTomato
driven by the parvalbumin promoter. A: α2δ4 subunit immunostaining, showing a putative
displaced ganglion cell. B: Transgenic mouse retina shows parvalbumin (PV) –tdTo-
matoexpressing cells in the GCL and in the INL. C: Overlay demonstrating that the
α2δ4subunit immunostained cell expresses PV-tdTo-mato in the INL (arrows). Note that the
primary dendrites of the displaced ganglion cell are in the distal IPL corresponding to
laminae 1–2 of the IPL (arrowhead), indicating that this cell is likely to be an OFF-type
ganglion cell. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar = 20 µm in A (applies to A–
C).
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Figure 6.
α2δ4subunit immunoreactivity was not observed in horizontal cells or their processes in the
mouse retina. A: Single scan showing horizontal cells identified with calbindin (magenta)
immunostaining and the α2δ4 subunit immunostaining (green). B–D: High magnification
(boxed area from A) of a single scan showing the α2δ4 subunit immunoreactivity (C),
calbindin (B), and an overlay of the two, demonstrating a lack of colocalization (D). E:
Single scan showing horizontal cells tips labeled with a VGAT (magenta) and α2δ4subunit
antibody (green). F–H: High magnification (boxed area from E) of a single scan showing
VGAT immunostaining (F), α2δ4 (G), and overlay (H).Scale bar = 20 µm in A,E; 2 µm in B
(applies to B–D) and F (applies to F–H).
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Figure 7.
α2δ4 subunit immunoreactivity was observed in ON-type bipolar cells identified by Goa or
PKC immunostaining in the mouse retina. A: Goα immunoreactivity (magenta) and α2δ4
subunit immunoreactivity (green). B–D: High-magnification inset (boxed area from A) of a
single scan showing colocalization of Goα and α2δ4 subunit immunoreactivities
(arrowheads). E: PKC immunoreactivity (magenta) and α2δ4 subunit immunoreactivity
(green). F–H: High-magnification inset (boxed area from E) of single scan showing
colocalization of PKC and α2δ4 subunit immunoreactivities (arrowheads). Most of the α2δ4
subunit immunoreactive puncta are located in the upper part of the OPL (arrows) and are
likely to be localized to photoreceptor terminals. Scale bar = 10 lm in A,E; 2 µm in B
(applies to B–D) and F (applies to F–H).
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Figure 8.
α2δ4 subunit immunoreactivity was observed in photoreceptor terminals of the mouse
retina. A: α2δ4 subunit and protein kinase C (PKC) immunoreactivity in a rd/rd adult mouse
retina that lacks photoreceptors (Carter-Dawson et al., 1978). B–D: High-magnification
view of a single scan (boxed area from A). α2δ4 subunit immunoreactivity was significantly
reduced in the rd/rd adult mouse OPL and some of the remaining α2δ4 subunit
immunoreactive puncta (green) colocalized with rod bipolar cell terminals (arrows)
immunostained with PKC antibodies (magenta). E: α2δ4 subunit and PKC
immunoreactivity in cone-DTA mice. These mice lack cone photoreceptors (Soucy et al.,
1998). F–H: High-magnification view of single scan (boxed area from E) showing α2δ4
subunit immunoreactive puncta distal to rod bipolar cell dendrites (arrows) suggesting the
presence of the α2δ4 subunit at rod photoreceptor terminals. I: Labeling of cone pedicles
with peanut agglutinin (PNA) conjugated to FITC (green) and α2δ4 subunit antibody
(magenta) in the wild-type mouse. J,K: High-magnification view of single scan showing
that α2δ4 subunit immunoreactivity is not located at the base of cone pedicles. Scale bar =
10 µm in A,E,I; 2 µm in B (applies to B–D), F (applies to F–H), and J (applies to J,K).
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Figure 9.
Localization of α2δ4 subunit immunoreactivity in photoreceptor synapses in the mouse
retina. A: Double immunolabeling of the α2δ4 subunit (green) and C-terminal binding
protein 2 (CtBP2) (magenta), a synaptic ribbon marker. B–D: High-magnification view
(boxed area from A) showing that α2δ4 subunit puncta do not colocalize with CtBP2
immunoreactivity (arrows). E: Double immunolabeling of the α2δ4 subunit (green) and
bassoon (magenta), a photoreceptor presynaptic protein. F–H: High magnification (boxed
area from E) showing overlap of α2δ4 subunit puncta with some of the bassoon
immunoreactive profiles (arrows). I: Double immunolabeling of α2δ4 subunit (green) and
postsynaptic density protein 95 (PSD-95) (magenta) in a wild-type mouse retina. J–L: High-
magnification view (boxed area from I) showing that α2δ4 immunoreactive puncta were
distributed inside the photoreceptor terminals. Scale bar = 10 µm in A,E,I; 2 lm in B (applies
to B–D), F (applies to f–H), and J (applies to J–L).
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TABLE 1

Primary Antibodies Used in This Study

Antibody Antigen/immunogen Species/dilution Source/cat. no.

α2δ4 Calcium channel, voltage-dependent, α-2/δ subunit 4 recombinant
  protein epitope signature tag (PrEST). The antibody corresponds
  to human residues 324–401 of the Cacna2d4 protein.
  Immunogen sequence NDFINIIAYNDYVHYIEPCFKGILVQADRD
  NREHFKLLVEELMVKGVGVVDQALREAFQILKQFQEAKQGSLCNQAIM.

Rabbit polyclonal
  1:100–1:500

Sigma, HPA031952

Bassoon Recombinant rat Bassoon Mouse 1:500 Life Science,
  SAP7F407

CtBP2 C-terminal binding protein-2 from mouse (361–445) Mouse 1:10,000 BD Bioscience,
  612044

GAD65 Purified rat brain glutamic acid decarboxylase Mouse 1:1,000 Chemicon, MAB351

GAD67 Amino acid residues 4–101 of human GAD67 Mouse 1:1,000 Millipore, MAB5406

Glutamine
  synthetase

Sheep glutamine synthetase amino acids 1–373 Mouse 1:1,000 BD Biosciences,
  610518

Glycine Glycine paraformaldehyde conjugated to thyroglobulin Rat polyclonal
  1:1,000

D. Pow, University
  of Queensland,
  Australia

Goα Purified Goα from bovine brain Mouse 1:5,000 Millipore, MAB3073

PSD-95 Recombinant rat PSD-95 Mouse 1:1000 Millipore, MAB1596

Peanut agglutinin
  (PNA)

No immunogen; binds to galactosyl (b-1,3) N-acetylgalactosamine,
  fluorescein labeled

300 µg/ml Vector, FL-1071

PKC Hinge region of the calcium activated, phospholipid dependent
  protein kinase C from bovine brain; clone MC5

Mouse 1:1,000 Biodesign
  International,
  ME K01107M

VGAT Synthetic peptide AEPPVEGDIHYQR (amino acids 75–87 in rat)
  coupled to keyhole limpet hemocyanin via an added N- terminal
  cysteine.

Mouse 1:1,000 Synaptic Systems,
  131 011
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