
Distribution of voltage gated calcium channel β subunits in the
mouse retina

Sherry L. Balla,b,c,*, Maureen W. McEneryd, Anne Marie R. Yunkerd, Hee-Sup Shine,f, and
Ronald G. Greggg,h

aLouis Stokes Cleveland Department of Veterans Affairs Medical Center, Cleveland, OH, USA
bCole Eye Institute, Cleveland Clinic Foundation, Cleveland, OH, USA
cDepartment of Ophthalmology, The Cleveland Clinic Lerner College of Medicine of Case
Western Reserve University, Cleveland, OH, USA
dDepartment of General Medical Sciences, Case Western Reserve University, Cleveland, OH,
USA
eDepartment of Life Science, Pohang University of Science and Technology, Pohang, Republic of
Korea
fNational Creative Research Initiative Center for Calcium and Learning, Pohang University of
Science and Technology, Pohang, Republic of Korea
gDepartment of Biochemistry & Molecular Biology, Center for Genetic and Molecular Medicine,
University of Louisville, KY, USA
hDepartment of Ophthalmology and Visual Sciences, Center for Genetic and Molecular Medicine,
University of Louisville, KY, USA

Abstract
Voltage gated calcium channels (VGCCs) are essential to neuronal excitation and signal
transduction. They are multimeric in structure and comprised of an alpha subunit that functions as
a calcium pore and two additional subunits: an alpha2delta subunit and a cytoplasmic beta subunit.
To better understand the role of VGCCs in the retina we used immunohistochemical methods to
determine the distribution of VGCC β subunits in normal and mutant mice. To verify the
specificity of each antibody and to examine the potential for subunit redistribution when beta
subunit expression is perturbed, we used 4 mutant mouse lines that each lack a specific β subunit
isoform (β1–β4). We found the β1 subunit distributed on cell bodies in the inner nuclear layer
(INL) and on processes within both the inner and outer limiting membrane; the β2 subunit
localized to the outer plexiform layer (OPL) and inner plexiform layer (IPL); the β3 subunit was
localized to three narrow and distinct bands within the IPL; the β4 subunit was localized to three
diffuse bands within the IPL. Loss of one β subunit affected labeling intensity but not general
distribution patterns of other β subunits. It is likely that VGCCs critical for retinal signal
transmission are comprised of the β2 subunit in the OPL and any of the 4 β subunits in the IPL.
Our results suggest that within the OPL the α1F subunit pairs predominantly with the β2 subunit
while within the IPL it may pair with either any β subunit.
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1. Introduction
Neuronal voltage gated calcium channels (VGCCs) are heteromeric complexes composed of
an α1 pore-forming subunit and usually regulatory subunits including α2δ, γ and β subunits
(Birnbaumer et al., 1998; Lacinová, 2005; Zuccotti et al., 2011). These channels play
integral roles in cell function throughout the body. For example, in the central nervous
system (CNS), VGCCs are known to regulate neurotransmitter release and cell
differentiation (Deisseroth et al., 2004; Nachman-Clewner et al., 1999; Vandael et al., 2010;
Yasuda et al., 2003). Channel types are categorized as T, L, N, P, Q, and R types according
to their sensitivity to pharmacological agents, kinetics and voltage dependence, which are
determined by their subunit composition. In addition to the many α1 subunit isoforms, there
are four β subunit genes that also produce many isoforms. The β subunits are thought to be
required for proper channel formation and can alter channel kinetics (Dolphin, 2009; Gregg
et al., 1996; Reichhart et al., 2010; Richards et al., 2004). β subunits had been thought to be
critical for positioning of the α1 subunits on the cell surface. However, a study in the
zebrafish mutant relaxed, which lacks the β1 subunit, showed the α1S subunit could be
inserted into the skeletal muscle although it was not organized normally (Schredelseker et
al., 2005, 2009). In mice, functional loss of any one of the β subunits results in severe
abnormalities in channel function (Ball et al., 2002; Burgess et al., 1997; Cork et al., 2001;
Fuller-Bicer et al., 2009; Gregg et al., 1996; Namkung et al., 1998; Neef et al., 2009). For
example, loss of either the β1 or β2 subunit results in dysfunction of the excitation-
contraction coupling mechanism affecting cardiac or respiratory function respectively
(Burgess et al., 1997; Gregg et al., 1996).

The retina expresses many α1 subunits (Baumann et al., 2004; Berntson et al., 2003;
Habermann et al., 2003; Logiudice et al., 2006; Wycisk et al., 2006a; Xu et al., 2003), and
all four β subunits (Ball et al., 2002; Reichhart et al., 2010). Many details regarding the
physiology, distribution and type of subunits in the retina remain unknown. However,
analyses of mouse lines lacking each of the β subunits in retina revealed that only loss of β2
had dramatic effects on retinal function as determined by the electroretinogram (ERG). In
mice lacking the β2 subunit, synaptic transmission between photoreceptors and bipolar cells
is disrupted as indicated by the absence of the ERG b-wave. These mice also lack the α1F
subunit, which is normally located at the photoreceptor terminals (Ball et al., 2002;
Morgans, 2000; Morgans et al., 2005). A similar defect in synaptic transmission is seen
when there is a loss of the α1F subunit in either humans (Bech-Hansen et al., 1998; Strom et
al., 1998) or mice (Chang et al., 2006; Mansergh et al., 2005). Mutations in the α2/δ4
subunit also lead to loss of the ERG b-wave, disorganization of the OPL and degeneration of
cells in the ONL (Wycisk et al., 2006a) and mutations in this gene in humans results in a
cone dystrophy (Wycisk et al., 2006b). These observations suggest that the majority of
VGCCs at photoreceptor terminals are composed of a combination of α1F/β2, and α2/δ4
subunits.

The α1 subunits subserve specific functions in neurons. In tottering mice, which lack the
α1A subunit, hippocampal synapses that express both P/Q- and N-type channels, show
increased presence of N-type channels (Qian and Noebels, 2000). This compensation would
appear to occur only in cell types that express multiple α1 subunits. In contrast, if one β
subunit is lost and others are expressed in the same cell, the remaining may be redistributed
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or “shuffled” so that there is no reduction in the number of VGCCs, although the amount of
total current may be affected (Burgess et al., 1999; Qian and Noebels, 2000). Further, in
several brain regions, deletion of one β subunit results in compensatory changes in another β
subunit (Burgess et al., 1999; McEnery et al., 1998b). During normal development there also
are changes in the percent of a particular α1/β combination (Vance et al., 1998). These
subunit alterations suggest that loss of one β subunit in the retina could affect expression
levels of the remaining subunits.

Given the critical role of subunit combinations in channel function we determined the
distribution pattern of the β subunits in both WT and β subunit mutant mice. Our results
show that each β subunit has a unique distribution and that the loss of one subunit does not
change the general distribution pattern of the remaining subunits. However, some
differences were noted in the intensity of label. Future identification of the α1 subunit
distribution patterns will be useful in determining subunit pairings, and by inference specific
functional properties of the VGCCs in retina.

2. Results
2.1. β subunit distribution patterns in WT retina

The distribution of each β subunit in WT retinas was determined by indirect
immunofluorescence on sagittal sections; immunolabeling patterns for β subunits 1–4 are
shown in Figs. 1A, C, E, and G, respectively. To confirm the specificity of each antibody we
also labeled sections from the retinas of each of the corresponding β subunit null mice (Figs.
1B, D, F, & H). Figs. 1 (B, D, F, & H) confirm the specificity of each antibody. Labeling for
each respective antibody was absent in the mouse line that lacked the corresponding β
subunits. In WT retinal sections each antibody revealed a distinct labeling pattern (Figs. 1A,
C, E, G), and we observed a uniform distribution pattern from central to peripheral regions
of the retina (data not shown).

The β1 subunit distribution pattern in WT retina (Fig. 1A) closely resembled
immunolabeling for Müller cells (Lavail and Reif-Lehrer, 1971) labeling cell bodies in the
inner nuclear layer (INL) and processes within both the inner and outer limiting membrane.
β1 labeling was also found along processes within the outer nuclear layer (ONL) and the IPL
as well as on lateral projections in both the OPL and IPL. Labeling of β1 was also found on
cell bodies in the middle portion of the INL where Müller cell bodies are located (Jeon et al.,
1998).

The β2 subunit was expressed in the OPL where discrete puncta could be observed. There
also was relative diffuse labeling in the IPL (Fig. 1C). This pattern was very similar to that
seen for the α1F subunit (Morgans et al., 2001; Morgans, 2001; Chang et al., 2006). To
examine the location of the β2 labeling in the OPL and IPL more closely we double labeled
for PKC, a marker for rod bipolar cells (Fig. 2). β2 immunolabeling showed individual
puncta within the OPL that did not overlap with PKC (Fig. 2A). Close inspection of these
puncta revealed a horseshoe shaped pattern similar to that reported for several synaptic
ribbon markers (Morgans, 2000). This was consistent with the fact that absence of the β2
subunit results in defective signaling to bipolar cells and a loss of the α1F subunit (Ball et
al., 2002). The diffuse β2 labeling in the IPL (Fig. 2B) extended into the innermost layers
ending proximal to rod bipolar cell terminals. The sparse nature of the β2 label suggests this
subunit may have small or negligible contributions to synaptic function in the IPL.

The β3 subunit was expressed in two narrow and distinct bands within the ON and OFF
strata of the IPL (Fig. 1E). The level of labeling in the outermost β3 subunit band in the OFF
sublaminae appeared brighter, suggesting more abundant expression. A small number of cell
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bodies were labeled in the most proximal row of cells of the INL as well as scattered cells
throughout the ganglion cell layer (GCL). To more precisely identify the location of the β3
subunit within the IPL, double labeling studies were completed with 2 antibodies that clearly
delineate IPL sublamina, calretinin (Figs. 3A–C) and choline acetyltransferase (Figs. 3D–F).
Immunolabeling with the calretinin antibody reveals amacrine and displaced amacrine cells,
RGCs, and three distinct bands in the IPL (Haverkamp and Wässle, 2004). The central
calretinin immunolabeled band divides the IPL, into the ON and OFF sublamina. The β3
subunit co-localized with the inner and outer calretinin bands as well as most calretinin
positive cell bodies. The ChAT antibody labels cholinergic amacrine cells that are located in
the INL and the GCL, and their processes, revealing two distinct bands in the IPL. The β3
subunit co-localized with these two bands in the IPL (Fig. 3F). Immunolabeling of cell
bodies for β3 also was seen in both the INL and the GCL. All ChAT positive amacrine cells
in the IPL showed labeling of β3. However, numerous cells were labeled with β3 in the GCL
and these labeled cells did not always overlap with the ChAT positive amacrine cells.
Whether the labeling in the GCL was displaced amacrine cells or a specific sub-population
of GCs must await further study.

The β4 subunit was expressed in four bands within the IPL (Fig. 1G) spanning the ON and
OFF sublamina. Of the four β4 subunit labeled bands, the two outer showed the most intense
immunolabeling. Labeling patterns for the β4 subunit were consistent for each band and
throughout central and peripheral regions.

2.2. β subunit distribution patterns in mutant retina
To determine whether loss of one β subunit was associated with shuffling of remaining
subunits in the retina, we examined the distribution pattern of non-deleted β subunits.
Although the general distribution patterns occurred in consistent layers among animals
inconsistencies were noted among animals and between groups (data not shown). These
differences may be attributed to differences in tissue quality.

3. Discussion
Mutations in the α1F, β2 and α2/δ4 subunit genes of VGCCs cause congenital stationary
night blindness in mice and humans (Ball et al., 2002; Bech-Hansen et al., 1998; Chang et
al., 2006; Mansergh et al., 2005; Strom et al., 1998; Wutz et al., 2002; Wycisk et al.,
2006a,b). We have examined the distribution of VGCC β subunits as a prelude to
understanding the most likely subunit combinations in the various retinal neurons. After
confirming the specificity of antibodies for each VGCC β subunit we have examined the
distribution of each β subunit within the retina. The findings that several are present in the
OPL and IPL is not surprising given that VGCCs are required for neurotransmitter release.
However, the observation that specific subunits are located in specific regions is a novel
finding. In addition to extensive labeling of synaptic layers, the β3 subunits in particular, are
located on the cell bodies of what are most likely amacrine cells. The distribution of β
subunits in discrete strata in the IPL will confer unique properties on the VGCCs expressed
by cells that make up those synapses. The presence of β3 on some amacrine cell bodies
indicates that VGCCs on these cells may be important for transcription regulation, even in
adult retina.

Comparisons with previously reported β subunit distributions of VGCC subunits suggest
potential α–β pairings of these channels in the retina. We have previously shown that
deletion of the β2 subunit results in the loss of α1F in the OPL (Ball et al., 2002). Here, we
show that the β2 subunit distribution pattern is identical to that reported for the α1F subunit
in the rat retina (Morgans, 2001; Morgans et al., 2001). β2 labeling in the OPL is strong and
reveals the horseshoe-shaped structure that is characteristic of the synaptic ribbon and
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arciform densities on rod photoreceptor terminals and is present throughout the full extent of
the OPL. In the IPL, relatively weak punctate label is found evenly dispersed throughout the
entire layer. Given that glutamate release by photoreceptors is known to be modulated by
VGCCs, these results strongly suggest that channels located on the rod photoreceptor
terminals are comprised of a β2 subunit paired with the α1F subunit. This pairing is likely to
occur to some extent in the IPL as well. However, other channel types are also present in
each plexiform layer. For example, the α1D and α1C have been identified on photoreceptors
terminals (Morgans et al., 2005; Wilkinson and Barnes, 1996; Taylor and Morgans, 1998)
and T-type channels on bipolar cells terminals (Berntson et al., 2003).

Within the IPL, the distribution of the β2 and β1 subunit label was noted throughout both
ON and OFF layers including the most proximal regions where rod ON bipolar cells project.
In contrast, although label for β3 and β4 subunits was found in both ON and OFF layers of
the IPL in specific strata, and the extreme proximal region was devoid of these two subunits.
Thus, it is possible that rod ON bipolar cells utilize VGCCs composed of the α1F and β2 or
β1 subunits but not β3 or β4 subunits. Previous studies have also identified the α1A–E
subunit in both outer and inner plexiform and nuclear layers (Xu et al., 2002).

3.1. Colocalization with calretinin and ChAT
In mice, calretinin immunolabeling is found in some amacrine cell bodies in the INL,
displaced amacrine cells and ganglion cells in the GCL as well as three strong bands in the
IPL (Haverkamp and Wässle, 2004). The three calretinin bands enable clear distinction of
ON and OFF sublaminae of the IPL. The distal and proximal calretinin bands are located
within OFF and ON sublamina respectively, while the middle band marks the division
between ON and OFF lamina (Haverkamp and Wässle, 2004). We found colocalization of
the β3 subunit and the distal and proximal calretinin bands located in the OFF and ON
sublamina of the IPL. In addition to the synaptic layers, calretinin labels a subset of cell
bodies in both the INL and the GCLs. All calretinin labeled cells in the INL also express β3
while those in the GCL labeled primarily with calretinin only. The identity of these cells is
unknown at this time. The ChAT/β3 double labeling shows complete colocalization of
cholinergic amacrine cells; thus, it is likely that all calretinin/β3 cells are also cholinergic
amacrine cells. Colocalization of high voltage-activated calcium channels subunits within
cholinergic and dopaminergic cells in the retina has been previously reported in rat. The α1A
subunit was detected primarily in the processes of cholinergic amacrine cells while α1E was
found on both processes and cell bodies (Xu et al., 2002). Based on these data it is possible
that cholinergic amacrine cells possess at least two types of VGCCs; perhaps used at the cell
body and their processes innervating ON and OFF pathways.

3.2. Alternate subunit pairings
Although α–β pairings are crucial to structural and functional properties of Ca2+ channels,
alternative pairing has been shown in response to developmental or compensatory situations
(McEnery et al., 1998a), (Burgess et al., 1999). However, the abnormal signal transmission
between photoreceptors and bipolar cells in the CNS β2-null mice indicates a lack of any
compensatory mechanism to restore function. We also found that loss of one β subunit had
minimal affect on distribution patterns of the other β subunits. Given the results from other
neuronal systems where β subunit shuffling occurs it is possible that the expression in the
retina is such that only a single β subunit is expressed in each cell type making shuffling
impossible. However, if that were the case the fact that there is little overlap in the
distribution patterns of the β subunits would indicate that some cells in the null mice would
likely have altered synaptic transmission.
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Mutations in VGCCs are responsible for a wide range of neurological disorders (see
Ashcroft, 2000). The retina makes an excellent model system in which to study the
composition and function of VGCCs as this system is easily accessible, well organized into
discrete cell types and layers and appears to utilize many different types of calcium
channels. In the brain, L-type channels are generally not responsible for neurotransmitter
release but rather N- and P/Q type channels regulate this function (Ishikawa et al., 2005).
However, the L-type channel characteristic of slow inactivation (de la Villa et al., 1998; Pan,
2000; Yagi and Macleish, 1994) makes it particularly suited as a modulator of glutamate
release at the axon terminal of photoreceptors and bipolar cells, which use graded potentials
and sustained transmitter release for signaling (Berntson et al., 2003; Nachman-Clewner et
al., 1999; Rieke and Schwartz, 1996; Schmitz and Witkovsky, 1997). In spiking neurons,
transmitter release is primarily regulated by N- and P/Q (Allen, 1999) type VGCCs which
rapidly inactivate after opening (Barbour et al., 1994). The description of the location of the
various VGCC subunits will begin to allow structure function relationships to be made in the
many retinal neurons.

4. Experimental procedure
4.1. Mice

Mice studied here were generated from local breeding colonies and all procedures were
approved by the institutional animal care and use committee at the Cleveland VA Medical
Center. Because the loss of either the β1 or the β2 subunit in respiratory or cardiac muscle
tissue is lethal the respective subunits were rescued outside of the CNS in the CNS β1 and
β2 null mice (Ball et al., 2002). CNS β1, null mice were bred on a 129/Sv background and
β2 null mice were bred on a C57Bl/6J background as described previously (Ball et al.,
2002). The β3 null mice (Namkung et al., 1998) were on a 129/Sv background. The β4 null
mice (B6EiC3H-a/A-Cacnb4lh; lethargic) were purchased from Jackson Laboratories (Bar
Harbor, ME) and crossed onto the C57Bl/6J background to remove the rd1 mutation. For
each line, matings were established that generated both homozygous mutant and
heterozygous mice. The latter or C57Bl/6J mice were used as controls.

4.2. Immunohistochemistry
Retinas were collected from homozygous and WT mice (1–3 months of age) maintained
under a 12:12 light/dark cycle. Animals were killed by anesthetic (sodium pentobarbital i.p.
100 mg/kg) overdose followed by cervical dislocation and the eyes were enucleated and
immersion fixed in 4% paraformaldehyde in phosphate buffered saline (PBS, 0.1 M Sodium
phosphate, pH 7.4, 0.9% NaCl) for approximately 30 min. The eyecups were cryoprotected
for 1 h in 10% sucrose, 1 h in 20% and overnight in 30% sucrose. Eyecups were then
embedded in OCT and sagittal sections were cut at 10 µm on a Leica cryostat. Sections
through and near the optic nerve were collected on slides and stored at −70 °C. Frozen
sections were rinsed in PBS, blocked in PBS containing 5% goat serum, 1% bovine serum
albumin (BSA), and 0.1% Triton-X, before incubating in rabbit anti-β antibodies as listed in
Table 1. Sections then were washed 3 times in PBS followed by incubation with goat anti-
rabbit secondary antibodies conjugated to either Alexa 488 or 532 (Molecular Probes,
Eugene, OR) in block solution for 1 h. After 3 washes in PBS, sections were coverslipped
using Vectashield (Vector Laboratories, Burlingame, CA) and photographed using an RT
Spot camera (Diagnostic Instruments, Sterling Heights, MI) attached to a Leica microscope
with filters of appropriate wavelength. Double labeling studies were performed in series;
after labeling with the first antibody, sections were rinsed and then treated in the same
manner for labeling with a second antibody, either PKC, calretinin or choline
acetyltransferase.
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4.3. Antibodies
Specific anti-peptide polyclonal affinity purified antibodies to β subunits have been
described previously (McEnery et al., 1998a; Pagani et al., 2004; Vance et al., 1998).
Antibodies to PKC (P5704, Sigma, St. Louis), calretinin (AB1550, Chemicon, Temecula,
CA) and choline acetyltransferase (ChAT, AB143, Chemicon, Temecula, CA) were used to
label specific retinal features at 1:1000, 1:2000 and 1:3000, respectively.
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Fig. 1.
VGCC β subunit distribution in wild type and β subunit null mouse retina. A) β1 is present
on cell membranes in the middle portions of the INL and processes extending into the ONL
and IPL; lateral processes can be detected; B) no β1 is found in CNS β1 null retinas; C) β2 is
expressed as punctate label in the OPL with weak but punctate label throughout the IPL; D)
no β2 is present in CNS β2 null retinas; E) β3 is seen in two distinct narrow bands in the IPL,
scattered cells throughout the most proximal row of the INL, and some cells in the GCL;
The strongest immunoreactivity is observed in the outermost band of the IPL; F) no β3 is
noted in β3 null retinas; G) β4 is distributed in 4 bands in the IPL H) no β4 is detected in β4
null retinas. Scale bar = 25 µm.
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Fig. 2.
Double labeling with β2 subunit and PKC antibodies. (A) High magnification view of the
OPL immunolabeled for β2 and PKC, and (B) IPL immunolabeled for β2 and PKC. Scale
bars = 10 µm.
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Fig. 3.
Retinal sections double labeled for β3 and calretinin (A–C); (A) calretinin only, (B) β3 only
and (C) merge of calretinin and β3; both β3 bands co-localize with calretinin. Most of the β3
labeled cells co-localize with calretinin in both the INL and the GCL while few label for
calretinin only (*). Retinal sections double labeled for β3 and ChAT (D–F); (D) ChAT only,
(E) β3 only, (F) merge of ChAT and β3 reveal that both β3 labeled bands co-localize with
ChAT. Scale bar = 25 µm.
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