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PURPOSE. Photoreceptor ribbon synapses translate light-depen-
dent changes of membrane potential into graded transmitter
release via L-type voltage-dependent calcium channel (VDCC)
activity. Functional abnormalities (e.g., a reduced electroreti-
nogram b-wave), arising from mutations of presynaptic pro-
teins, such as Bassoon and the VDCC�1 subunit Cacna1f, have
been shown to altered transmitter release. L-type VDCC�1
subtype expression in wild-type and mutant mice was exam-
ined, to investigate the underlying pathologic mechanism.

METHODS. Two antisera against Cacna1f, and a Cacna1f mouse
mutant (Cacna1f�Ex14-17) were generated. Immunocyto-
chemistry for L-type VDCC�1 subunits and additional synaptic
marker proteins was performed in wild-type, Bassoon�Ex4-5
and Cacna1f�Ex14-17 mice.

RESULTS. Active zone staining at photoreceptor ribbon synapses
with a pan�1 antibody colocalized with staining for Cacna1f in
wild-type mouse retina. Similarly, in the Bassoon�Ex4-5
mouse, residual mislocalized staining for pan�1 and Cacna1f
showed colocalization. Unlike the presynaptic location of
Cacna1f and pan�1 antibody staining, the skeletal muscle
VDCC�1 subunit Cacna1s was present postsynaptically at ON-
bipolar cell dendrites, where it colocalized with metabotropic
glutamate receptor 6 (mGluR6). Surprisingly, Cacna1s labeling
was severely downregulated in the Bassoon�Ex4-5 and
Cacna1f�Ex14-17 mutants. Subsequent analyses revealed se-
verely reduced ON-bipolar cell dendritic expression of the
sarcoplasmic reticulum Ca2� ATPase Serca2 in both mouse
mutants and of mGluR6 in the Cacna1f�Ex14-17 mutant.

CONCLUSIONS. Presynaptic mutations leading to reduced photo-
receptor-to-bipolar cell signaling are associated with distur-

bances in protein expression within postsynaptic dendrites.
Moreover, detection of Cacna1s and Serca2 in ON-bipolar cell
dendrites in wild-type animals suggests a putative role in reg-
ulation of postsynaptic Ca2� flux. (Invest Ophthalmol Vis Sci.
2009;50:505–515) DOI:10.1167/iovs.08-2758

Photoreceptor ribbon synapses continuously translate light-
dependent changes in membrane potential into graded

release of transmitter. Several features of ribbon synapses re-
flect the functional requirement for high rates of tonic trans-
mitter release and for transmission of signals over several or-
ders of magnitude.1,2 For example, the calcium-triggered
fusion of neurotransmitter-filled vesicles at ribbon synapses is
mediated by slowly inactivating L-type voltage-dependent cal-
cium channels (VDCCs), rather than by the N- or P/Q-type
channels present in conventional synapses.3–7

The central, pore-forming component of a VDCC is pro-
vided by the �1 subunit. Of the 10 known VDCC�1 subunits,
four form L-type channels: Cacna1s (Cav1.1), Cacna1c (Cav1.2),
Cacna1d (Cav1.3), and Cacna1f (Cav1.4).7 Loss-of-function mu-
tations in the human CACNA1F gene cause the incomplete
form of X-linked congenital stationary night blindness
(CSNB2).8,9 The condition is characterized by an electroretino-
gram (ERG) with a largely intact a-wave and a highly reduced
b-wave, which indicates defective transmission of light signals
from photoreceptors to second-order neurons. In the rodent,
Cacna1f immunoreactivity has been detected at photoreceptor
presynaptic sites,10,11 and loss-of-function mutations in the mu-
rine Cacna1f gene result in ERG b-wave reduction and in cellular
and morphologic changes at the photoreceptor synapse.12,13

Aside from CACNA1F/Cacna1f, mutations in various other
genes for ribbon synaptic proteins lead to retinal dysfunction
with a reduced ERG b-wave in mice, zebrafish, and/or hu-
mans.14–22 In the Bassoon mouse mutant Bsn�Ex4-5, the pho-
toreceptor ribbons are not anchored to the presynaptic active
zone and float freely in the cytoplasm.15 In addition, clustering
of active zone proteins in the arciform density/plasma mem-
brane compartment is decreased and proteins are mislocalized,
which results in the loss of the horseshoe-shaped outline of the
active zone.23 One of the mislocalized proteins in the
Bsn�Ex4-5 mutant is a VDCC�1 subunit stained with the
pan�1 antiserum (CP15), most likely the Cacna1f subunit.23

Thus, the Bsn�Ex4-5 phenotype could result at least in part
from mislocalization of Cacna1f.

In this study, we asked whether the protein selectively
stained by the pan�1(CP15) antiserum is truly Cacna1f. Al-
though the Cav1.4 channel with its unique biophysical prop-
erties is undoubtedly the most important VDCC for retinal
photoreceptor to bipolar cell transmission,7–10,24,25 the as-
sumption that pan�1 staining corresponds to Cacna1f protein
requires direct examination for several reasons:

1. The pan�1(CP15) antibody is directed against a con-
served epitope within the binding domain for the auxil-
iary �2� subunit, but epitope masking impedes interpre-
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tation of Western blot and immunocytochemistry data.
Evidence that multiple VDCCs are expressed in various
cell types in rodent retina5,11,25–30 stands in contrast to
selective staining of photoreceptor and bipolar cell pre-
synaptic active zones with the pan�1(CP15) antibody.23

Hence, the ribbon active zone staining could reflect a
VDCC�1 subunit other than Cacna1f.

2. Photoreceptor synaptic transmission is not completely
blocked by CACNA1F/ Cacna1f mutations. It has thus
been suggested that other L-type VDCCs may be respon-
sible for residual transmission.11,13 Cacna1d, which is
most similar to Cacna1f, was detected immunocyto-
chemically at cone synapses in mice, and other studies
suggest an even broader distribution.11,28,31

3. Retinal staining patterns and molecular weight estimates
with different CACNA1F/Cacna1f antibodies described
to date vary and do not necessarily include photorecep-
tor presynaptic active zone staining.10,11,25,27,32

To determine which VDCC�1 subunit is mislocalized in Bas-
soon mutant photoreceptor synapses, we raised new antisera
to Cacna1f and generated a mouse with a deletion mutation in
the Cacna1f gene. These tools were used to compare staining
patterns of L-type VDCC antibodies in retinal sections from
wild-type and Bassoon- and Cacna1f-deficient mice.

METHODS

All animal experiments were performed in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research
and the guidelines issued by the University of Erlangen-Nuremberg.

Generation of Cacna1f�Ex14-17 Mice

The targeting vector was designed to produce both a mouse model for
an I745T CACNA1F mutation identified in a New Zealand family33 and
a Cacna1f-deficient line. The targeting vector was constructed in a
vector (pBluescriptSK; Stratagene, La Jolla, CA), with PCR fragments
spanning the Cacna1f genomic region from exon 8 to intron 21
amplified from C57BL/6 mouse spleen DNA. A point mutation coding
for the Ile to Thr exchange and a neomycin resistance cassette with
PGK promoter flanked by FRT sites were introduced into, respectively,
exon 17 and intron 17 and flanked by loxP sites in introns 13 and 17.
The targeting vector was introduced into a C57BL/6 ES cell line derived
from mouse strain C57BL/6-Thy1.134 and screened for homologous
recombination. The mouse line generated from targeted embryonic
stem (ES) cells was subsequently crossed to Cre recombinase-express-
ing mice to excise the region flanked by loxP sites resulting in the
removal of exons 14 to 17 (see also Fig 2A).

Antibodies

For generation of sheep (sh) anti-Cacna1f(Pep1) and rabbit (rb) anti-
Cacna1f(Pep3) antibodies, animals were immunized with Pep1 (SSEG-
NPPKENKVLVPGGEN, the murine version of a human CACNA1F pep-
tide located in the cytoplasmic loop between domains II and III used
in Morgans et al.,27) and Pep3 (AEEGRAGHRPQLSELTN, a Cacna1f-
specific peptide located in the cytoplasmic loop between domains I
and II) coupled to diphtheria toxoid and KLH, respectively. Antibodies
were affinity purified using the immunizing peptides and were applied
in immunocytochemistry (ICC), Western blot (WB), and pre-embed-
ding immunoelectron microscopy (pre-EM) in the following dilutions:
sh anti-Cacna1f(Pep1) (1:1000 ICC), rb anti-Cacna1f(Pep3) (1:5000
ICC; 1:1000–1:5000 WB); rb anti-pan�1 (1:500 ICC; 1:200 WB; Chemi-
con, Temecula, CA), ms anti-Cacna1s (mab1A, 1:5000 ICC, pre-EM;
1:300 WB; Chemicon), rb anti-Cacna1d (1:1000 ICC; Chemicon and
Alomone, Jerusalem, Israel), rb anti-Cacna1c (1:100 ICC; 1:200 WB;
Chemicon and Alomone), rb anti-PKC� (1:1000 ICC; Sigma-Aldrich, St.
Louis, MO), rb anti-mGluR6 (1:100 ICC; Neuromics, Edina, MN), rb

anti-Veli3 (1:1000 ICC; Zymed, San Francisco, CA), ms anti-CtBP2/
RIBEYE (1:10,000 ICC; BD Biosciences, Heidelberg, Germany), gp
anti-Piccolo35 (1:800 ICC, kindly provided by Eckart Gundelfinger,
Leibniz Institute for Neurobiology, Magdeburg, Germany), ms anti-
Bassoon (mab7f, 1:2500 ICC; Stressgen, Victoria, BC, Canada), rb
anti-Calbindin (1:1000 ICC; Swant, Bellinzona, Switzerland), rb anti-
Serca2 (1:1000 ICC; Sigma-Aldrich), rb anti-Vlgr1/Gpr9836 (1:1000
ICC), and ms anti-�-dystroglycan (1:500 ICC; Novocastra, Newcastle-
upon-Tyne, UK).

Secondary antibodies were raised in goat or donkey and coupled to
Alexa488 or Alexa594 (1:500; Invitrogen-Molecular Probes, Eugene,
OR) for ICC, to biotin (1:500; Vector, Burlingame, CA) for pre-EM and
to horseradish peroxidase (gt anti-rb HRP, 1:40,000; New England
Biolabs; gt anti-ms HRP, 1:30,000; Sigma-Aldrich) for WB.

Retinal Tissue Preparation and Light and Electron
Microscopic Immunocytochemistry

Mice were kept in a 12:12 light–dark cycle (light onset, 6 am) and
killed for experiments at the ages indicated in the morning by decap-
itation after deep anesthesia with isoflurane. At least three animals of
each genotype were analyzed at each age. Generation of the
Bsn�Ex4-5 mutant mice by gene targeting has been described.37 Ho-
mozygous Bsn�Ex4-5 mice and wild-type littermate controls (mixed
background: C57Bl/6 and 129/Sv x 129/SvJ from R1 ES-cells) were
obtained as offspring from intercrosses of heterozygous Bsn�Ex4-5
mice. Hemizygous male or homozygous female Cacna1f�Ex14-17
mice (termed Cacna1f�Ex14-17 together; background: C57Bl/6) were
obtained from heterozygote x hemizygote intercrosses and from
crosses of C57Bl/6 males to heterozygous Cacna1f�Ex14-17 females.
Wild-type controls were obtained from the same litters. Although
mutants were always analyzed in parallel with the wild-type littermate
control, in experiments without mutants, wild-type animals were from
the C57Bl/6 strain.

For light microscopy after anesthesia and decapitation, eyes were
dissected and retinas were immersion fixed in the eye cup in 4%
(wt/vol) paraformaldehyde (PFA) in phosphate buffer (PB; 0.1 M; pH
7.4) for 15 or 30 minutes or ice-cold methanol for 30 minutes (Serca2
and Cacna1d labeling) after removal of cornea, lens, and vitreous. After
washes in phosphate-buffered saline (PBS; 0.01 M; pH 7.4), the pig-
ment epithelium was removed and the retinas were cryoprotected in
increasing concentrations of sucrose in PBS (10%, 20%, and 30%) at 4°C
before being frozen in freezing medium (Reichert-Jung, Bensheim,
Germany) as sandwiches of wild-type and mutant material. Vertical
sections of 14-�m thickness were cut on a cryostat (Leica Microsys-
tems, Nussloch, Germany), collected on slides, and stored at �20°C.
Preparation of retinal tissue for electron microscopy and antibody
incubation for light and electron microscopic immunocytochemistry
was performed according to established procedures.35,38 For peptide
blocking experiments, the antibodies were preincubated for 1 hour on
ice, with or without the respective peptides before overnight incuba-
tion at room temperature.

For light microscopic analysis, labeled sections were examined
with a confocal laser scanning microscope (LSM5 Pascal; Carl Zeiss
Meditec, Oberkochen, Germany). Images were adjusted for contrast
and brightness (Photoshop CS; Adobe Systems, San Jose, CA), and the
figures were arranged (Draw X3; Corel, Ottawa, ON, Canada). For
electron microscopic analysis, ultrathin sections were examined and
photographed with an electron microscope (EM10; Carl Zeiss Meditec)
and a digital camera (BioScan; Gatan, Munich, Germany) in combina-
tion with software (Digital Micrograph 3.1; Gatan).

Western Blot

For Western blot analysis of retina homogenate, the retinas were
homogenized in extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% TritonX-100, 0.5% Na-deoxycholate, and protease inhibitors),
total protein was precipitated with trichloroacetic acid, dissolved in
sample buffer, separated on 3% to 8% tris-acetate gels (25 �g/lane;
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Novex; Invitrogen, Carlsbad, CA), and transferred to PVDF membranes
by tank blotting.37 Crude membrane fractions were prepared by cen-
trifugation (20 minutes, 12.000g) of the postnuclear supernatant (10
minutes, 1000g) of a tissue homogenate in 0.32 M sucrose and 5 mM
HEPES (pH 7.4). The crude membrane pellet was dissolved in sample
buffer and separated. For immunodetection, membranes were blocked
and primary antibodies were applied overnight at 4°C. The HRP-
coupled secondary antibodies were visualized by chemiluminescence
detection (GE Healthcare, Freiburg, Germany).

RT-PCR and Northern Blot

Expression of Cacna1s transcripts was shown by RT-PCR performed
on total retinal and skeletal muscle RNA (RNAeasy Kit; Qiagen, Hilden,
Germany) with two Cacna1s-specific primer pairs (554-bp fragment:
forward 5�-ACA TGC CTG TTA CCA GAG AAG GAC-3�; reverse, 5�-TCT
GTA TAG GCC CTC ACA TCT GG-3�; an initial step of 30 seconds at
98°C followed by 30 cycles of 10 seconds at 98°C, 30 seconds at 58°C,
60 seconds at 72°C; 508-bp fragment: forward 5�-CTA CTT TGT CAC
CCT CAT TCT GCT-3�; reverse 5�-TCA TGA GCA TTT GCA TGG TGA
AGA-3�; an initial step of 30 seconds at 98°C followed by 30 cycles of
10 seconds at 98°C, 30 seconds at 64°C, and 60 seconds at 72°C).

The 508-bp fragment was cloned into a vector (pGemTeasy; Pro-
mega, Madison, WI) to produce a DIG-labeled RNA probe (DIG North-
ern Starter Kit; Roche, Mannheim, Germany) for hybridization of
Northern blot analysis of total RNA from the retina, skeletal muscle,
and liver (hybridization temperature 66°C, DIG Wash and Block buffer
set; Roche).

RESULTS

Photoreceptor ribbon synapses are located in the outer plexi-
form layer (OPL) of the retina. To compare staining of the
pan�1 serum with staining for the individual L-type VDCC�1
subunits in immunocytochemistry of retinal sections and West-
ern blot analysis of whole tissue, we used commercially avail-
able antibodies for Cacna1c(CNC1), Cacna1d(AB5158), and
Cacna1s(mab1A) and produced antisera against two peptides
(Pep1, Pep3) from different regions of mouse Cacna1f (Fig. 1A).

As shown previously,23 the pan�1 antiserum strongly la-
beled discrete puncta in the OPL of wild-type mice (Fig. 1B).
The affinity-purified Cacna1f(Pep1) and Cacna1f(Pep3) antisera
exhibited comparable staining patterns with discrete spots in
the OPL (Figs. 1C, 1D). A similar distribution in the OPL was
also seen for the monoclonal antibody mab1A directed against
Cacna1s,39 together with staining in the perinuclear regions in
the inner nuclear layer (INL) and the ganglion cell layer (GCL)
(Fig. 1E). For all four antibodies, staining was blocked by
preincubation with synthetic peptides of their respective
epitopes (Figs. 1H–M).

Unlike Cacna1f and Cacna1s, staining patterns for Cacna1c
and Cacna1d differed from, and did not overlap with, pan�1
staining (Figs. 1F, 1G). The Cacna1c antiserum intensely la-
beled the rod bipolar cells (Figs. 1F, 1L), which is in agreement
with an earlier study.28

A Cacna1d antiserum that showed immunoreactivity in hair
cell ribbon synapses of the cochlea6 gave diffuse but specific
labeling in both synaptic layers of the retina (Fig. 1G, 1M) in
agreement with results showing Cacna1d message broadly
distributed in retinal cell types.29,31 As selective staining of
cone active zones was recently shown with a different
Cacna1d antiserum,11 several Cacna1d forms are presumably
present in the mouse retina. Our data, however, suggest that
they are most likely not labeled by the pan�1 antiserum.

In contrast to the immunocytochemistry findings, no common
bands were detectable between the pan�1 and Cacna1f(Pep3)
antibodies in Western blot analysis of retinal extracts. Instead, the

high-molecular-weight band for pan�1 corresponded to that for
Cacna1c (Fig. 1N).

Cacna1s, Cacna1f, and pan�1 Staining in Cacna1f
and Bassoon Mouse Mutants

We next compared the labeling patterns of the pan�1, Cacna1f,
and Cacna1s antibodies in the Bsn�Ex4-5 mouse in which pan�1
is mislocalized and separated from ribbon proteins23 and in a
newly generated mouse mutant in which Cacna1f exons 14 to 17
have been deleted, the Cacna1f�Ex14-17 mouse (Fig. 2A). This
modification removes the sequence encoding transmembrane
segments 2 to 6 of domain II and part of the cytoplasmic loop
between domains II and III and is predicted to introduce a frame-
shift followed by a premature stop codon (Fig. 2B). In line with
the absence of a common band for pan�1 and Cacna1f antisera in
Western blot analysis of wild-type retina (Fig. 1N), a wild-type
Cacna1f band did not disappear in the Cacna1f�Ex14-17 mutant
with either antibody (Fig. 2C). Thus, a full-length wild-type
Cacna1f band is presumably not detectable under our Western
blot conditions. However, a low-molecular-weight band absent in
wild-type extracts appeared on Cacna1f(Pep3)- but not pan�1-
probed Western blot analysis (Fig. 2C) and could correspond to a
N-terminal hypomorphic protein: such a protein would be pre-
dicted to contain the Pep3 sequence but to lack the C-terminal
cytoplasmic epitope recognized by pan�1 (Fig. 2B).

Unexpectedly, as with wild-type retina (Figs. 1B–E, 2D–F), the
Cacna1f and the Cacna1s staining both behaved similarly to the
pan�1 staining in the two mouse models (Figs. 2G–S). The resid-
ual, mislocalized pan�1, Cacna1f(Pep3) and Cacna1s staining in
the Bsn�Ex4-5 mutant was progressively lost with age (Figs.
2D–O). When compared with the Bsn�Ex4-5 mutant (Figs. 2J–L),
labeling in the 10-week-old Cacna1f�Ex14-17 mutant retina was
more severely reduced (Figs. 2P–S). Cacna1s labeling was at
background levels (Fig. 2S). Of note, Cacna1f(Pep1) (Fig. 2P), and
pan�1 (Fig. 2Q) labeling was also at background levels, whereas
rare spots of residual Cacna1f(Pep3) immunoreactivity were
found in the OPL of Cacna1f�Ex14-17 mutants (Fig. 2R). This
residual Cacna1f(Pep3) staining was blocked by preincubation
with the immunizing peptide (not shown). These latter findings
were again consistent with expression in the Cacna1f�Ex14-17
mutant of a putative N-terminal hypomorphic protein, which
would be predicted to lack the Pep1 and pan�1 epitopes
(Fig. 2B).

Postsynaptic Cacna1s at the Photoreceptor
Ribbon Synapse

As with wild-type retina, the staining patterns for the VDCC�1
antibodies in the two mouse mutants were compatible with
pan�1 labeling of Cacna1f and/or Cacna1s protein (Fig. 2).
Next, we used high-resolution confocal microscopy and dou-
ble-labeling experiments to compare the subcellular localiza-
tions of the pan�1, Cacna1f, and Cacna1s epitopes (Figs. 3, 4).

The rod spherule usually contains a single large synaptic
ribbon, which bends, together with the active zone/arciform
density, around deeply invaginating postsynaptic elements
consisting of the dendrites and processes of bipolar and hori-
zontal cells, respectively (Fig. 3A). This formation results in a
horseshoe-shaped structure that is clearly visible at the light
microscopic level.2 Both pan�1 and Cacna1f(Pep3) showed a
horseshoe-shaped staining, which overlapped with staining for
the presynaptic active zone/arciform density marker Bassoon
(Figs. 3B, 3C) and which was slightly shifted to the inside of the
horseshoe when compared to staining for the ribbon markers
RIBEYE (Figs. 3D, 3E) and Piccolo (Figs. 3F, 3G). Hence these
findings established a presynaptic arciform density/plasma
membrane localization for both VDCC�1 epitopes.
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In contrast to the presynaptic pan�1 and Cacna1f staining (Fig.
3), high-resolution confocal microscopy for Cacna1s revealed
postsynaptic labeling of the photoreceptor ribbon synapses (Fig.
4). Double-labeling demonstrated that the Cacna1s-stained puncta
lie beneath the arc described by the ribbon (Piccolo, Fig. 4A) and
active zone/plasma membrane (Cacna1f(Pep3), Fig. 4B), and
within the area outlined by the rod terminal (Veli3; Fig. 4C).
Further double-labeling experiments combining Cacna1s staining
with labeling for postsynaptic horizontal cell processes (calbin-

din; Fig. 4D), bipolar cell dendrites (PKC�; Fig. 4E), and ON-
bipolar cell dendritic tips (mGluR6, Fig. 4F), unambiguously dem-
onstrated a postsynaptic localization for Cacna1s in the dendritic
tips of rod and ON-cone bipolar cells. The postsynaptic localiza-
tion of Cacna1s was confirmed by pre-embedding immunoelec-
tron microscopy. The invaginating dendrites of ON-bipolar cells
postsynaptic at rod and cone terminals, respectively, were
strongly labeled for Cacna1s, whereas the invaginating processes
of horizontal cells were free of labeling (Figs. 4G, 4H). Hence, in

FIGURE 1. Voltage-dependent calcium channel (VDCC)�1 subunit staining patterns in wild-type mouse retina. (A) The VDCC�1 subunit topology,
showing domains I–IV, each containing six transmembrane segments, with the approximate positions of antibody epitopes. (B–M) Confocal laser
scanning micrographs of vertical cryostat sections through wild-type mouse retina stained with antibodies against L-type VDCC�1 subunits (B–G)
and the respective peptide preincubation controls (H–M). (N) Western blot of total protein extract from wild-type retina (25 �g/lane) stained with
Cacna1c, pan�1, and Cacna1f(Pep3) antibodies; the position of molecular weight standards (kDa) is indicated. Scale bar, 20 �m.
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retinal immunocytochemistry, the pan�1 antiserum reflects
Cacna1f rather than Cacna1s staining.

We sought evidence, in addition to peptide block (Fig. 1K),
that the mab1A staining in the OPL reflects the presence of
Cacna1s protein. Northern blot analysis faintly showed retinal
transcripts of the same size as detected in skeletal muscle (Fig.

4I). Moreover, RT-PCR using retinal RNA with subsequent
sequencing confirmed Cacna1s expression in the retina (not
shown). Western blot analysis of membrane fractions showed
extremely strong staining of skeletal muscle, and weak staining
of heart, whereas expression near detection threshold was
seen for retina and brain (Fig. 4J).

FIGURE 2. Reduction of pan�1, Cacna1f, and Cacna1s immunoreactivity in Bsn�Ex4-5 and Cacna1f�Ex14-17 mouse mutants. (A) The breeding
strategy to generate the Cacna1f�Ex14-17 mouse mutant. The parent line contained a point mutation in exon 17 coding for an Ile to Thr amino
acid exchange (✱ ) and a neo cassette with FRT sites in intron 17 which were flanked by loxP sites in intron 13 and 17. A cross with Cre
recombinase-expressing mice removed the sequences between the loxP sites, generating the Cacna1f�Ex14-17 mouse line. (B) Location of the
Pep1 and Pep3 sequences and the epitope recognized by pan�1 in the Cacna1f polypeptide, relative to the modification encoded by the
Cacna1f�Ex14-17 allele. Shaded box: sequence encoded by the deleted exons; ✱ , predicted frameshift; arrow, predicted stop codon. (C)
Comparison of Western blot analysis from wild-type (�/�) and Cacna1f�Ex14-17 (�/�) retina extract stained with Cacna1f(Pep3) and pan�1.
✱ , A lower molecular weight band detected in Cacna1f�Ex14-17 retina with Cacna1f(Pep3) but not pan�1. (D–S) Confocal laser scanning
micrographs of the OPL region of vertical cryostat sections from 10-week-old wild-type retina (D–F), Bsn�Ex4-5 retina at different ages (G–O), and
10-week-old Cacna1f�Ex14-17 retina (P–S) stained with pan�1, Cacna1f(Pep3), Cacna1f(Pep1), and Cacna1s. Scale bar, 10 �m.
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Postsynaptic Changes in Cacna1f and Bassoon
Mouse Mutant Retinas

The postsynaptic localization of Cacna1s, together with the
reduced Cacna1s staining in the Bassoon and Cacna1f mutant
mice (Fig. 2), revealed that expression of a postsynaptic
VDCC�1 subunit is affected by deficiency of these presynaptic
proteins. To further investigate the extent of postsynaptic
alterations, we searched for additional proteins localized at the
invaginating dendrites of ON-bipolar cells (Fig. 5). In wild-type
retina, we found a labeling pattern similar to Cacna1s (Fig. 5A)
and mGluR6 (Fig. 5B) for a sarcoplasmic reticulum Ca2� AT-
Pase (Serca2)40 (Fig. 5C), for very large G protein-coupled
receptor 1/G protein-coupled receptor 98 (Vlgr1/Gpr98)41

(Fig. 5D) and for the photoreceptor synapse extracellular ma-
trix component dystroglycan42,43 (Fig. 5E).

In the Bsn�Ex4-5 retina of adult animals, labeling for
Cacna1s and Serca2 was severely reduced (Figs. 5F, 5H),

whereas mGluR6, Vlgr1/Gpr98, and dystroglycan were still
localized within the synapses in the OPL, with additional im-
munoreactive puncta also present at ectopic sites in the ONL
(Figs. 5G, 5I, 5J). In the adult Cacna1f�Ex14-17 retina, the
staining patterns for all five proteins were severely compro-
mised (Figs. 5K–O). Labeling of Cacna1s, mGluR6, Serca2, and
dystroglycan was highly reduced and diffuse with only occa-
sional dotlike staining (Figs. 5K–M, 5O). Vlgr1/Gpr98 immuno-
reactivity was retained, but was located at larger unidentified
structures rather than being concentrated in small spots that
could have corresponded to bipolar cell dendritic tips (Fig. 5N).

DISCUSSION

Cacna1f at the Photoreceptor Active Zone

In the present study, antibodies against two Cacna1f-specific
peptides, and against the conserved pan�1(CP15) epitope but

FIGURE 3. Cacna1f and pan�1 anti-
bodies stained the same presynaptic
compartment. (A) A rod spherule
with synaptic elements in two sec-
tion planes and proteins localized to
the horseshoe-shaped ribbon and ar-
ciform density compartments. (B–G)
High-power confocal laser scanning
micrographs of the OPL in vertical
cryostat sections through wild-type
retina labeled with pan�1 (B, D, F)
or Cacna1f(Pep3) (C, E, G), together
with the arciform density marker Bas-
soon (B, C) and the ribbon markers
RIBEYE (D, E), and Piccolo (F, G).
Scale bar, 5 �m.
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none of the other L-type VDCC�1 subunits resulted in horse-
shoe-shaped photoreceptor active zone staining. Moreover,
synaptic staining with all three antibodies was reduced in
Bassoon- and Cacna1f-deficient mice. Collectively, these find-
ings support a growing body of evidence that Cacna1f is
expressed at the rodent photoreceptor ribbon synapse active
zone.

Postsynaptic VDCC at the Photoreceptor Synapse

Unexpectedly, we found a postsynaptic VDCC�1 epitope at
the photoreceptor synapse with the Cacna1s antibody mab1A.
Cacna1s was present at ON-bipolar cell dendritic invaginations.
Retention of correct mGluR6 and dystroglycan localization and
of Vlgr1/Gpr98 labeling indicates that loss of Cacna1s and
Serca2 staining is a relatively specific postsynaptic alteration in
the Bsn�Ex4-5 mutant. In skeletal muscle, Cacna1s/Cav1.1 acts
primarily as a voltage sensor for ryanodine receptor 1 (RyR1)
rather than as a VDCC. RyR1 mediates release of Ca2� from
intracellular stores, which is then pumped back to the sarco-
plasmic reticulum by the Ca2� ATPase Serca.40 However, we
found no specific enrichment of RyRs in ON-bipolar cell den-

dritic tips, as also observed in other studies.44,45 Hence, the
Cav1.1 channel is unlikely to act as a voltage sensor for ryan-
odine receptors in this context. Cacna1s/Cav1.1 plays an addi-
tional adaptive role in muscle fibers, because VDCC activity is
greatly enhanced via phosphorylation after repetitive stimula-
tion.46 Accordingly, Cav1.1 could conceivably act in the ON-
bipolar cell dendritic compartment as a VDCC and, together
with Serca2, may regulate Ca2� flux.

Cacna1s colocalized with the G protein-coupled receptors
mGluR6 and Vlgr1/Gpr98, which are mutated in forms of
congenital stationary night blindness and Usher syndrome,
respectively.19,21,41 Given that VDCCs can be regulated by G
protein-coupled receptors,47–49 it is tempting to speculate that
a functional link exists. In the dark, glutamate released by
photoreceptors binds to the metabotropic glutamate receptor
mGluR6 at ON-bipolar cell dendrites.50,51 Subsequently,
mGluR6 activates a G protein pathway, which leads to hyper-
polarization of the ON-bipolar cell.52–56 Modulation of this
signaling pathway enables adaptation to the level of illumina-
tion.57,58 Of interest here is that Ca2� triggers rundown of the
glutamate response, via repolarization of the synaptic poten-

FIGURE 4. Cacna1s was localized
postsynaptically at bipolar cell den-
dritic tips. (A–F) High-power confo-
cal laser scanning micrographs of the
OPL in vertical cryostat sections
through mouse retina double labeled
for Cacna1s (red) and markers of dis-
tinct synapse compartments (green)
as indicated in the schematic draw-
ings; (A) Piccolo, ribbon. (B) Cacna1f,
presynaptic active zone/plasma mem-
brane. (C) Veli3, rod terminal mem-
brane. (D) calbindin, horizontal cells.
(E) PKC�, rod bipolar cells. (F)
mGluR6, ON-bipolar cell dendritic
tip. (G, H) Electron micrographs of a
cone pedicle (G) and a rod spherule
(H) labeled for Cacna1s by the pre-
embedding technique. ✱ , Invaginat-
ing ON-bipolar cell dendritic tips; h,
horizontal cells; arrowhead, photo-
receptor synaptic ribbon. (I) North-
ern blot detection of Cacna1s tran-
scripts in total RNA (retina, 2 �g;
retina, 8 �g; skeletal muscle, 1 �g;
liver, 2 �g). (J) Western blot of crude
membrane fractions (25 �g/lane)
from retina, skeletal muscle, heart and
brain incubated with the Cacna1s anti-
body. Only faint bands (arrowhead)
were present in retina and brain, at a
molecular weight corresponding to
the high molecular weight band in
skeletal muscle; and in heart, at a
molecular weight corresponding to
the lower molecular weight band in
skeletal muscle. The position of mo-
lecular weight standards (kDa) is in-
dicated. Scale bars, (A–F) 5 �m; (G,
H) 0.5 �m. PKC, protein kinase C;
mGluR, metabotropic glutamate re-
ceptor.
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tial. The exact mechanism is unclear, but may involve cal-
cineurin.57–61 Hence, Cav1.1 and Serca2 could contribute to
ON-bipolar cell adaptation.

Remodeling of Second-Order Neurons
in Retinal Disease

Under pathologic conditions Cacna1s may also play a role in
the remodeling of second-order neurons. Knowledge about the
plastic and regenerative capacity of the retina is of key impor-
tance for therapeutic approaches to restore vision in patients
with degenerative retinal diseases. Although the retinal net-
work transmits in parallel different aspects of vision in a pre-
cisely wired fashion, in recent years several reports have de-
scribed plastic changes of second-order neurons in animal
models of photoreceptor degeneration.62–67 Valuable informa-
tion was achieved from the detailed descriptions of the spatial
and temporal reaction patterns of horizontal and bipolar cells
in these animal models. A functional interpretation of the

various observed processes in response to a mutation or retinal
detachment, however, has been hampered from the relatively
rapid disappearance of the photoreceptors. In fact, cell death
has been suggested as a trigger for remodeling. Recently, pre-
synaptic synaptopathies as in CSNB2 have come into play as an
important factor in sensory system dysfunctions.12,13,15,16,38

Although degeneration is not the predominant feature, massive
outgrowth and remodeling of second-order neurons takes
place. Molecular changes associated with the postsynaptic el-
ements that could be involved in triggering outgrowth of
second-order neurons under these conditions have not been
described so far. The molecular alterations in ON bipolar cell
dendritic tips found in this study correlate with remodeling
and thus may provide information about candidate molecules
and pathways. In particular, Cacna1s may be involved in sec-
ond-order neuron remodeling via excitation-transcription cou-
pling,68 regulation of actin dynamics,69 or mediation of cal-
cium channel–extracellular matrix stop signals.70

FIGURE 5. Post- and transsynaptic changes in Bsn�Ex4-5 and Cacna1f�Ex14-17 mutant retinas. Confocal laser scanning micrographs of vertical
cryostat sections through adult wild-type (A–E), Bsn�Ex4-5 (F–J), and Cacna1f�Ex14-17 (K–O) retinas stained for proteins associated with
postsynaptic invaginations: (A, F, K) Cacna1s, (B, G, L) mGluR6, (C, H, M) Serca2, (D, I, N) Vlgr1/Gpr98, and (E, J, O) the ECM linker dystroglycan.
Scale bar, 5 �m. Serca, sarcoplasmic reticulum Ca2� ATPase; Vlgr, very large G protein-coupled receptor; Gpr, G protein-coupled receptor; ECM,
extracellular matrix.
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Effect of Presynaptic Mutations on the
Postsynaptic Compartment

We speculate that the postsynaptic changes in the Bsn�Ex4-5
mutant may be exerted via mislocalization of Cacna1f. Al-
though the bona fide horseshoe-shaped distribution of Cacna1f
labeling characteristic of mature ribbon synapses never devel-
ops in the Bassoon mutant, the Cacna1f protein initially local-
izes in hot spots. Subsequently, there is a gradual loss of
Cacna1f immunoreactivity with age. The initial presence of
Cacna1f may suffice to induce and maintain correct localization
of mGluR6 and Vlgr1/Gpr98, and to enable residual, short-term
Cacna1s labeling. By contrast, expression of these proteins was
severely affected in the Cacna1f�Ex14-17 mutant. Thus, the
degree of disruption to Cav1.4 channel function may explain
the milder phenotype of the Bsn�Ex4-5 mutant when com-
pared with the Cacna1f�Ex14-17 mutant.

The two previously characterized mouse models with loss-
of-function mutations in the Cacna1f gene, Cacna1f-�/�, and
nob2, also show differences in their phenotypes. Both of these
mutants show an absence of normally formed photoreceptor
synapses in the OPL, together with formation of ectopic syn-
apses in the ONL. However, in Cacna1f�/� mice signal trans-
mission to higher brain areas was lacking and the ERG b-wave
was not detectable, whereas in nob2 mice ganglion cell re-
sponses could still be elicited and b-wave amplitude was re-
duced but measurable.12,13 A recent study revealed that alter-
native splicing enables an apparently functional Cacna1f
protein to be expressed at low levels in the nob2 mutant.32

Hence, the key to explaining this phenotypic variability might
again lie in the distinct effects of different mutations on
Cacna1f protein levels and function.

Consistent with this interpretation, several aspects of the
nob2 phenotype resembles that of the Bassoon loss-of-function
mutant Bsn�Ex4-5,15,38 rather than of the Cacna1f-�/�12 and
newly generated Cacna1f�Ex14-17 mutants (this study).
mGluR6 localization is retained in the former, and lost in the
latter, two mutants.12,13,71 Similarly, dystrophin, a ligand of the
dystroglycan/pikachurin complex involved in ribbon synapse
formation43 is correctly localized in the nob2 mutant,71

whereas dystroglycan localization was compromised in the
Cacna1f�Ex14-17 retina.

We conclude that presynaptic Bassoon and Cacna1f muta-
tions result in severe changes in the molecular composition of
both presynaptic and postsynaptic elements of the photore-
ceptor ribbon synapse. Comparison of the exact molecular
changes induced in distinct subsynaptic compartments by dif-
ferent Cacna1f mutations provides a promising tool to unravel
steps in photoreceptor synapse formation and maintenance, as
well as functional aspects of the mature synapse. Moreover,
such studies may explain why the clinical manifestations of
different mutations in the human CACNA1F gene are highly
variable, ranging from relatively mild forms of night blindness
to severe forms combined with myopia or hyperopia, nystag-
mus and diminished visual acuity, symptoms in female carriers,
and cone rod dystrophies.33,72–76
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