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Retinal bipolar cells (BCs) compose the canonical vertical excitatory pathway that conveys photoreceptor output to inner retinal neu-
rons. Although synaptic transmission from BC terminals is thought to rely almost exclusively on Ca21 influx through voltage-gated
Ca21 (CaV) channels mediating L-type currents, the molecular identity of CaV channels in BCs is uncertain. Therefore, we combined
molecular and functional analyses to determine the expression profiles of CaV a1, b, and a2d subunits in mouse rod bipolar (RB)
cells, BCs from which the dynamics of synaptic transmission are relatively well-characterized. We found significant heterogeneity in
CaV subunit expression within the RB population from mice of either sex, and significantly, we discovered that transmission from
RB synapses was mediated by Ca21 influx through P/Q-type (CaV2.1) and N-type (CaV2.2) conductances as well as the previously-
described L-type (CaV1) and T-type (CaV3) conductances. Furthermore, we found both CaV1.3 and CaV1.4 proteins located near
presynaptic ribbon-type active zones in RB axon terminals, indicating that the L-type conductance is mediated by multiple CaV1 sub-
types. Similarly, CaV3 a1, b, and a2d subunits also appear to obey a “multisubtype” rule, i.e., we observed a combination of multiple
subtypes, rather than a single subtype as previously thought, for each CaV subunit in individual cells.
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Significance Statement

Bipolar cells (BCs) transmit photoreceptor output to inner retinal neurons. Although synaptic transmission from BC termi-
nals is thought to rely almost exclusively on Ca21 influx through L-type voltage-gated Ca21 (CaV) channels, the molecular
identity of CaV channels in BCs is uncertain. Here, we report unexpectedly high molecular diversity of CaV subunits in BCs.
Transmission from rod bipolar (RB) cell synapses can be mediated by Ca21 influx through P/Q-type (CaV2.1) and N-type
(CaV2.2) conductances as well as the previously-described L-type (CaV1) and T-type (CaV3) conductances. Furthermore, CaV1,
CaV3, b , and a2d subunits appear to obey a “multisubtype” rule, i.e., a combination of multiple subtypes for each subunit in
individual cells, rather than a single subtype as previously thought.

Introduction
Bipolar cells (BCs) relay visual information from primary sen-
sory neurons, i.e., rod and cone photoreceptors, to amacrine and

ganglion cells of the inner retina in the canonical “vertical
excitatory” pathway (Masland, 2012; Euler et al., 2014).
Neurotransmission between BCs and postsynaptic neurons
occurs at ribbon synapses, named for the appearance of the elec-
tron-dense ribbon organelle in presynaptic active zones; such
ribbon synapses also are found in auditory, vestibular, and lateral
line hair cells as well as in retinal photoreceptors (Matthews and
Fuchs, 2010; Cho and von Gersdorff, 2012; Lagnado and
Schmitz, 2015). Release sites and voltage-gated Ca21 (CaV) chan-
nels are tightly-coupled at most ribbon-type synapses, at which
exocytosis is thought to result largely or exclusively from Ca21

influx mediated by an L-type Ca conductance (Pangrsic et al.,
2018), although there are reports of T-type CaV conductances
contributing to transmission from some BC types, including rod
bipolar (RB) cells in the rat retina (Pan et al., 2001; Singer and
Diamond, 2003). This is in contrast to conventional synapses, at
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which neurotransmission is mediated primarily by P/Q-type
and/or N-type Ca conductances (Dolphin and Lee, 2020).

All CaV channels are large protein complexes composed
of multiple subunits: a pore-forming a1 subunit and auxil-
iary b and a2d subunits. To date, ten unique a1 subunit-
encoding genes, four genes encoding b 1-4 subunits, and four
genes encoding a2d 1-4 subunits have been identified (Zamponi
et al., 2015; Dolphin and Lee, 2020). Functionally, Ca currents
are classified by their voltage dependence, kinetics, and sensi-
tivity to channel blockers. L-type Ca currents, high-voltage-
activated currents sensitive to dihydropyridines, are mediated
by channels containing CaV1.1, CaV1.2, CaV1.3, or CaV1.4 a1

subunits (Zamponi et al., 2015; Pangrsic et al., 2018; Dolphin
and Lee, 2020). High-voltage-activated, P/Q-type, N-type, and
R-type Ca currents are mediated by channels containing a1

subunits in the CaV2 family (CaV2.1, CaV2.2, and CaV2.3;
Zamponi et al., 2015; Dolphin and Lee, 2020). Low-voltage-
activated T-type Ca currents are mediated by CaV3.1, CaV3.2,
or CaV3.3 a1 subunit-containing channels (Perez-Reyes, 2003;
Zamponi et al., 2015; Dolphin and Lee, 2020).

Studies of neurotransmission at ribbon synapses in the retina
and inner ear indicate that multiple CaV channel types may be
involved, although the focus has been on CaV1-containing chan-
nels that mediate L-type conductance (Pangrsic et al., 2018). It is
well established that photoreceptors express CaV1.4 a1 in addi-
tion to b 2 and a2d 4 subunits (Morgans, 2001; Mansergh et al.,
2005; Lee et al., 2015), but the molecular identity of CaV channel
subunits in BCs remains elusive: immunohistochemistry, fluo-
rescence in situ hybridization (FISH), and RT-PCR assays sug-
gest that all the four CaV1 subtypes might be expressed in BCs
(Pangrsic et al., 2018; Van Hook et al., 2019). T-type conductan-
ces also have been recorded in BCs, indicating the presence of
CaV3-containing channels in these cells, although whether such
channels are consistently expressed at ribbon synapses is uncer-
tain (Kaneko et al., 1989; de la Villa et al., 1998; Pan, 2000; Ma
and Pan, 2003; Hu et al., 2009).

This work was motivated by a recent study in which single-
cell RNA sequencing (scRNA-seq) was used for molecular classi-
fication of mouse retinal BCs; resultant “transcriptomes” of 15
molecularly defined BC types, including the RB, are available in
the Gene Expression Omnibus Database (GEO accession num-
ber: GSE81905; Shekhar et al., 2016). We re-analyzed this dataset
with particular attention to transcripts of CaV-related genes. We
found unexpectedly complex expression patterns of CaV subunits
in all mouse retinal BCs.

Using this finding as a guide, we explored the molecular iden-
tity, subcellular localization, and function in synaptic transmis-
sion of CaV channels in RBs specifically. Single-cell RT-PCR
(scRT-PCR) demonstrated heterogeneous expression of CaV
subunits in a population of mouse RBs. Immunohistochemical
observation of the location of CaV subunit expression in the
mouse retina, coupled with electrophysiological and pharmaco-
logical analyses of synaptic transmission from RBs, demonstrated
that P/Q-type, N-type, T-type, and L-type Ca conductances all
combine to control glutamate release at RB ribbon synapses.

Materials and Methods
Animals
All animal procedures were approved by the Institutional Animal Care
and Use Committees (IACUC) at Sun Yat-sen University. Two trans-
genic mouse lines, a cre driver line and a reporter line, were used. RBs
were targeted for transgene expression in the BAC-Pcp2-IRES-Cre [B6.
Cg-Tg(Pcp2-cre)3555Jdhu/J; Jax 010536] line, which expresses cre

recombinase primarily in RBs under the control of mouse Purkinje
cell protein (Pcp2; Zhang et al., 2005; Ivanova et al., 2010).
Channelrhodopsin-2 (ChR2) was expressed in RBs by cre-dependent
recombination after crossing the Pcp2-cre mouse line with Ai32
[B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J; Jax 012569;
Madisen et al., 2012]. The wild-type C57BL/6J and Pcp2-cre::Ai32
mice of either sex at ages between 4 and 12 weeks were used in elec-
trophysiological and immunocytochemical experiments, and wild-
type mice of either sex at the ages of postnatal day (P)17 and P28–
P84 were used for RT-PCR and immunohistochemical studies.

Electrophysiology
Retinal slices at the thickness of 200mm were prepared from light-
adapted retinas isolated from both adult Pcp2-cre::Ai32 and wild-type
mice. Retinas were isolated in sodium bicarbonate buffered Ames’ me-
dium (Sigma) equilibrated with 95% O2 and 5% CO2 (carbogen) at
room temperature, and then embedded in low-melting temperature aga-
rose (Sigma Type VIIA, 2% in a HEPES buffered saline). Slices were cut
on a vibrating microtome (Leica VT1200s) and stored in carbogen-
bubbled Ames’medium at room temperature until use.

Recordings were performed at near-physiological temperature (30–
35°C). Retinal slices were superfused continuously at a rate of 1–2 ml/
min with carbogen-bubbled artificial CSF (ACSF) containing the follow-
ing (in mM): 119 NaCl, 23 NaHCO3, 10 glucose, 1.25 NaH2PO4, 2.5 KCl,
1.15 CaCl2, 1.5 MgCl2, 2 NaLactate, and 2 NaPyruvate. 2-amino-4-phos-
phonobutyrate (L-AP4, 2 mM), and (S)�1-(2-amino-2-carboxyethyl)�3-
(2-carboxy-5-phenylthiophene-3-yl-methyl)�5-methylpyrimidine-2,4-dione
(ACET, 1 mM) were included in the ACSF to block synaptic transmission
between photoreceptors and BCs. Picrotoxin (50 mM), (1,2,5,6-tetrahydro-
pyridin-4-yl) methylphosphinic acid (TPMPA, 50 mM) or 4-imidazoleace-
tic acid (I4AA, 10 mM), strychnine (0.5 mM), and tetrodotoxin (TTX,
0.5 mM) were added to the ACSF to block GABAAR-mediated, GABACR-
mediated, GlyR-mediated, and voltage-gated Na channel-mediated cur-
rents, respectively.

During voltage-clamp recordings, pipettes were filled with the follow-
ing (in mM): 95 Cs-methanesulfonate, 20 TEA-Cl, 1 4-AP, 10 HEPES, 8
PO4-creatine, 4 ATP-Mg, 0.4 GTP-Na3, and 1 BAPTA. The pH value was
adjusted to 7.2 with CsOH and osmolarity to ;285 mOsm with sucrose.
During current-clamp recordings, pipettes were filled with the following
(in mM): 110 K-gluconate, 5 NaCl, 10 HEPES, 8 PO4-creatine, 4 ATP-Mg,
0.4 GTP-Na3, and 1 BAPTA. The pH value was adjusted to 7.2 with KOH
and osmolarity to ;285 mOsm with sucrose. To visualize the cell mor-
phology after recordings, Alexa Fluor 488 or 594 was included in the pip-
ette solutions. Generally, RB or AII holding potential was �80mV, and
membrane potentials were corrected for junction potentials of approxi-
mately �10mV. Access resistances were,25 MV for RBs and,20 MV
for AII amacrine cells and were compensated by 50–90%. Recordings
were made using MultiClamp 700B amplifiers. Recorded currents were
digitized at 10–20 kHz and low-pass filtered at 2 kHz by an ITC-18 A/D
board (Heka/Instrutech) controlled by software written in Igor Pro 6
(WaveMetrics). Recorded RB Ca currents were leak-subtracted off-line
(P/4 protocol). Analysis was performed in Igor Pro 6.

Optogenetics
ChR2 was activated by a high-power blue LED (Thor Laboratories; l peak

;470nm) directed through a 60� lens to create a light spot ;125-mm
diameter. The light intensities and durations were controlled by the data
acquisition routines (Igor Pro 6).

Analysis of scRNA-seq datasets
The existing scRNA-seq dataset (GEO accession number: GSE81905)
that contains transcriptomes of all mouse retinal BCs (Shekhar et al.,
2016) was re-analyzed to examine CaV channel subunits in BCs specifi-
cally. To reproduce clustering analysis, the clustering algorithm for the
retinal BC data achieved with Vsx2-GFP mice at P17 was implemented
and performed using a published R markdown script (Shekhar et al., 2016).
The single cell libraries that contained.10% mitochondrially-derived tran-
scripts were filtered. Batch correction and principal component analysis
(PCA) were performed on the cells for which over 500 genes were detected.
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Table 1. Key resources

Reagent Source Identifier

Animals
Pcp2-cre mouse line The Jackson Laboratory Catalog #JAX010536
Ai32 mouse line The Jackson Laboratory Catalog #JAX012569
C57BL/6J mouse GemPharmatech Co, Ltd. Catalog #N000013

Antibodies
Rabbit polyclonal anti-CaV1.3 (1:100) Atlas Antibodies Catalog #HPA020215
Rabbit polyclonal anti-CaV1.4 (1:200) Synaptic Systems Catalog #365003
Rabbit polyclonal anti-CaV2.1 (1:500) Synaptic Systems Catalog #152203
Rabbit polyclonal anti-CaV2.2 (1:500) Synaptic Systems Catalog #152313
Rabbit polyclonal anti-CaV3.1 (1:200) Alomone Labs Catalog #ACC-021
Rabbit polyclonal anti-CaV3.2 (1:100) Alomone Labs Catalog #ACC-025
Rabbit polyclonal anti-CaV3.3 (1:100) Alomone Labs Catalog #ACC-009
Rabbit polyclonal anti-CaV3.3 (1:100) Sigma Catalog #C4616
Guinea pig polyclonal anti-RIBEYE A domain (1:1000) Synaptic Systems Catalog #192104
Rabbit polyclonal anti-PKCa (1:10,000) Sigma Catalog #P4334
Mouse monoclonal anti-PKCa (1:100) Sigma Catalog #P5704
Mouse monoclonal anti-PKCa (1:100) Santa Cruz Biotechnology Catalog #sc-8393
Mouse monoclonal anti-synapsin 1 (1:1000) Synaptic Systems Catalog #106011
Goat anti-guinea pig polyclonal IgG, Alexa Fluor 488 (1:200) Life Technologies Catalog #A11073
Donkey anti-mouse polyclonal IgG, Alexa Fluor 488 (1:200) Life Technologies Catalog #A21202
Donkey anti-rabbit polyclonal IgG, Alexa Fluor 488 (1:200) Life Technologies Catalog #A21206
Donkey anti-mouse polyclonal IgG, Alexa Fluor 568 (1:200) Life Technologies Catalog #A10037
Donkey anti-rabbit polyclonal IgG, Alexa Fluor 568 (1:200) Life Technologies Catalog #A10042
Donkey anti-mouse polyclonal IgG, Alexa Fluor 647 (1:200) Life Technologies Catalog #A31571
Donkey anti-rabbit polyclonal IgG, Alexa Fluor 647 (1:200) Life Technologies Catalog #A31573

Chemicals
L-AP4 Tocris/Cayman Catalog #0103/14538
ACET Tocris Catalog #2728
Picrotoxin Tocris Catalog #1128
TPMPA Tocris Catalog #1040
I4AA Sigma Catalog #219991
Strychnine Sigma Catalog #S8753
TTX Alomone Labs Catalog #T-550
Nimodipine Alomone Labs Catalog #N-150
Mibefradil Alomone Labs Catalog #M-150
ML218 Alomone Labs Catalog #M-166
NNC 55-0396 Alomone Labs Catalog #N-206
v -Agatoxin-IVA Alomone Labs/Abcam Catalog #STA-500/ab141780
v -Conotoxin-GVIA Alomone Labs Catalog #C-300
DNQX Tocris Catalog #0189

Primers

Subunit Gene No. Forward primer (5’—3’) Reverse primer (5’—3’)

CaV1.1 Cacna1s 1 CTCCGCTATGATGTCACTCTTC GACGACATACCACACCTGATAC
CaV1.2 Cacna1c 1 TCGTGGGTTTCGTCATTGTCA CCTCTGCACTCATAGAGGGAGAG
CaV1.3 Cacna1d 1 GCTTACGTTAGGAATGGATGGAA GAAGTGGTCTTAACACTCGGAAG
CaV1.4 Cacna1f 1 GAAGCAGCAGATGGAAGAAG TGTGTGGAGCGAGTAGAGTG
CaV2.1 Cacna1a 1 TTGAGGCTGGAATTAAGATCGTG CTCAGTGTCCGTAGGTCAAAC

2 AACAACGGCATCACTCAGTTC TTCTTTGGCAAACTCCCCAGA
3 CACCGAGTTTGGGAATAACTTCA ATTGTGCTCCGTGATTTGGAA

CaV2.2 Cacna1b 1 GGGGATAAGGAAACCCGAAATCACCA CTTGGCCTTCCAGGTTCATGTTACCA
CaV2.3 Cacna1e 1 GAGACTGTGGTGACTTTTGAGGACC ATAGAGCTATGGGGCACCATGGCTT
CaV3.1 Cacna1g 1 GGAGCAGCGTGTACGATTCC CAGACAGACGACGGTGTGAAC

2 TGTCTCCGCACGGTCTGTAA AGATACCCAAAGCGACCATCTT
CaV3.2 Cacna1h 1 GGGCGAGGAGAACCCATTC GAGCGGCACACGTTGTAGT
CaV3.3 Cacna1i 1 GAGCCGGGAATCACTGAGC GGTTGGTTCCATCCAATGGC
CaV b 1 Cacnb1 1 CAGAGGCTCATCAAATCCCGA CCTTCCAGTAGGCTTCCAAGT

2 CCTGCCAGTGGTAATGAAATGA CTCACGCTAGTCTTGGCTGA
CaV b 2 Cacnb2 1 GTTCGGACCAATGTCAGATACAG TCTTTAACCAGCCGTCCTATCC
CaV b 3 Cacnb3 1 TCCTCCGTCTCTAGCCAAGC CGTGACCTCATAGCCTTTCAG

2 GGTTCAGCCGACTCCTACAC AGGTTTGTGCTTGGCTCTTTC
CaV b 4 Cacnb4 1 GATCCGGCAAGAGCGAGAAC GAACGGGCACATCTTCGTC

(Table continues.)
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Among the selected cells, only genes that were present in at least 30 cells
and those having over 60 transcripts were considered. Based on the
Louvain–Jaccardmethod (Blondel et al., 2008; Levine et al., 2015), PC scores
were used to embed the single cells on a 2D map using t-distributed sto-
chastic neighbor embedding (t-SNE; van der Maaten and Hinton, 2008).
The gene transcription patterns of CaV channel subunits across BC clusters
were shown in dotplots, which depicted the proportion of different BC clus-
ters (row) that expressed CaV subunit (column) using dot size and the aver-
age number of CaV subunit transcripts in specific cluster using dot color.

Another existing dataset (GEO accession number: GSE63473), which
contained the information about transcriptomes of individual rod and
cone photoreceptors isolated from the mouse retinas, was used to exam-
ine transcription of CaV channel subunits in photoreceptors (Macosko
et al., 2015).

RT-PCR analysis of single-cell and whole-retina mRNAs
The cytoplasm from individual RBs was harvested by patch pipettes to
identify expressed CaV channel subunits by scRT-PCR. The patch pip-
ettes (6–8 MV) were autoclaved to inactivate RNases and filled with the
internal solution as follows (in mM): 110 K-gluconate, 5 NaCl, 10
HEPES, 1 BAPTA, 8 PO4-creatine, 4 ATP-Mg, and 0.4 GTP-Na3, pH
was adjusted with KOH to 7.4. Recombinant ribonuclease inhibitor
(RRI; Clontech, catalog #2313A) was included in the internal solution to
better preserve mRNA. RBs in freshly made retinal slices were identified
by their morphology with the aid of Alexa Fluor 488 in the internal solu-
tion. Cellular cytoplasm and nucleus were harvested into the pipette by
applying gentle negative pressure under visual control. Harvesting was
immediately terminated on loss of gigaseal. Finally, RB identity was con-
firmed by detection of Prkca gene expression during scRT-PCR analysis.
Control experiments were conducted by using the internal solution
without any harvested cell content.

Specific primer sets (total of 26; Table 1) were pooled with a final
concentration of 0.1 mM for each primer. Reverse transcription and
sequence-specific amplification of the harvested cell contents were
performed using the Single Cell Sequence Specific Amplification kit
(Vazyme Biotech, catalog #P621-A). PCR tubes were immediately
frozen at �80°C. After brief centrifugation at 25°C, the tubes were
placed on C1000 Touch Thermal Cycler (Bio-Rad). Reverse transcrip-
tion was performed at 50°C for 60min, followed by reverse transcrip-
tase inactivation and Taq polymerase activation by heating to 95°C
for 3min. Subsequently, going through 20 cycles of CaV-sequence-spe-
cific amplification by denaturing at 95°C for 15 s, cDNA was annealed
and elongated at 60°C for 15min. After preamplification, PCR tubes
were stored at –20°C to avoid evaporation. The preamplified products
were then diluted to 50-fold and re-amplified by another round of PCR
with specific primer pair for each subtype of CaV channel subunits
using Phanta Max Super-Fidelity DNA Polymerase (Vazyme Biotech,
catalog #P505-d1/d2/d3). PCR experiments were performed following
manufacturer’s instructions with an appropriate annealing temperature
(56–58°C) for 30 or 35 cycles. The PCR products (10 ml for each sam-
ple) were electrophoresed through 2% or 3% agarose gel, stained with
SYBR Safe DNA Gel Stain (Invitrogen, catalog #S33102) and imaged
under UV light excitation.

Whole-retina mRNAs were extracted from retinal lysates of adult
wild-type mice by using the SteadyPure Universal RNA Extraction kit

(Accurate Biotechnology, catalog #AG21017). RNase-free water was
used as a negative control. The mRNAs were reversely transcribed
into cDNAs using the PrimeScriptTM RT Master Mix (TaKaRa, cata-
log #RR036A). PCR was performed with CaV-specific primers at 20
cycles of 94°C for 20 s, 58°C for 30 s, and 72°C for 1min. The prod-
ucts of the first-round PCR were then amplified by a second-round
PCR (35 cycles) with the same parameters and reaction solution to
meet the detectable level. The second-round PCR products (10 ml for
each sample) were electrophoresed through a 2% agarose gel and
imaged under UV light.

Immunohistochemistry and immunocytochemistry
Retinas from both P17 and adult wild-type mice were dissected and fixed
in 4% paraformaldehyde (PFA) for 20min. After fixation, retinas were
infiltrated with graded (10%, 20%, and 30%) sucrose in PBS, embed-
ded in OCT, and sectioned vertically at 14 mm on a cryostat (Leica).
Immunohistochemical staining was conducted by using the indirect
fluorescence method. Retinal sections were blocked in PBS with 0.1%
Triton X-100 (PBST) plus 6% bovine serum albumin (BSA) for 2 h at
room temperature. Following removal of the blocking solution, reti-
nal sections were incubated with primary antibodies overnight at 4°C.
After rinsing, appropriate fluorescence-tagged secondary antibodies
were applied for 2 h in darkness at room temperature. The commer-
cially available primary and secondary antibodies used in this study
were listed in Table 1.

The anti-CaV2.1, anti-CaV3.1, and anti-CaV3.2 antibodies have
been verified in corresponding knock-out mice in previous studies
(Nishimune et al., 2016; Gilbert et al., 2017; Cheng et al., 2019). The
anti-CaV2.2 antibody used in this study (catalog #152313, Synaptic
Systems) was generated using the same immunogen as another anti-
CaV2.2 antibody (catalog #152303, Synaptic Systems) that has been
verified in CaV2.2 knock-out mice (Lenkey et al., 2015). The staining
patterns generated with two anti-CaV3.3 antibodies (catalog #ACC-
009, Alomone Labs; catalog #C4616, Sigma) were quite similar. All the
antibodies were diluted in PBST with 3% BSA. After rinsing, DAPI
staining (1:1000, catalog #C1002, Invitrogen) was applied for 20min at
room temperature. Between incubations, sections were washed three
times for 10min each using PBST.

For the immunocytochemical experiments, retinas from adult wild-
type mice were dissected in Hanks’ solution containing the following (in
mM): 137 NaCl, 0.5 NaHCO3, 1 NaH2PO4, three KCl, 2 CaCl2, 1 MgSO4,
20 HEPES, 1 NaPY, and 16 glucose, adjusted to pH 7.4 with NaOH. The
retinas were then digested with 8.3mg/ml papain, 0.75mg/ml DL-cyste-
ine and 0.75mg/ml BSA in Hanks’ solution for 30min at 36°C. After
several rinses with PBS, the retinas were mechanically dissociated with
fire-polished glass pipettes and isolated retinal cells were placed on cov-
erslips in PBS for ;35min at room temperature. The retinal cells were
fixed with 4% PFA in PBS for 30min and, after several rinses with PBS,
blocked for 1 h in PBST with 6% BSA. The cells were then incubated
with primary antibodies for 2 h and further incubated with secondary
antibodies in darkness for 30min at room temperature (for the detailed
information about the antibodies, see Table 1).

For experiments with both retinal sections or isolated cells, controls
were conducted either by omission of primary antibodies or by preincu-
bation of primary antibodies with the corresponding immunopeptides.

Table 1. Continued

Primers

Subunit Gene No. Forward primer (5’—3’) Reverse primer (5’—3’)

CaV a2d 1 Cacna2d1 1 GTCACACTGGATTTTCTCGATGC GGGTTTCTGAATATCTGGCCTGA
CaV a2d 2 Cacna2d2 1 GACAATCGGAACCTGTTTGAAGT GTCAGCCTTGGCATCGTAGT
CaV a2d 3 Cacna2d3 1 CCAGGGATTAAATGGGAACCAG ACGTCCACCAAAATGACAACA

2 TGCTTTTGCCGACAATCTCAA GTCAATGTACGCTTCGGTCCA
3 AAGAAATCGACGGTCTCCAAC GGTCATTGGGGGCTAAGATGAA

CaV a2d 4 Cacna2d4 1 AGCTGTGGGCCGATACCTT AGCCTCGACTTTCCTCCGA
PKCa Prkca 1 GTTTACCCGGCCAACGACT GGGCGATGAATTTGTGGTCTT
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All labeled sections or cells were examined with a confocal laser scanning
microscope (LSM 880 or 980, Carl Zeiss) with a Plan-Apochromat 63�/
1.4 or 100�/1.4 oil-immersion objective. Because no significant differen-
ces in the expression pattern of CaV channel subunits were observed in
the mouse peripheral and foveal retina, images of single optical sections
with 1024� 1024 resolution and a thickness of;0.6mm were arbitrarily
taken in both retinal regions and adjusted for size, colors, contrast and
brightness using ZEN software (Carl Zeiss) and Photoshop software
(Adobe Systems).

Colocalization analysis of either CaV1.3 or CaV1.4 with PKCa in
RB axon terminals was quantified as the Pearson’s coefficient using the
JACoP plugin of the extended ImageJ version Fiji. The Pearson’s coeffi-
cient is a correlation coefficient representing the relationship between
two variables (e.g., CaV and PKCa signals in this study; Bolte and
Cordelières, 2006). As a control, the image with the CaV signal was

rotated 180° out of phase, and the same analy-
sis was performed. The Pearson’s coefficients
achieved with the original and rotated images
were then compared with estimate
colocalization.

Statistical analysis
Prism 6 (GraphPad software) was used to run
the statistical analysis. For better comparison
among different groups, data acquired in each
cell were normalized to the value under control
condition where appropriate. The Kolmogorov–
Smirnov (KS) test for normality was used to
compare the cumulative distributions of data.
Differences between experimental samples
were assessed for significance using two-
tailed Student’s t test, Wilcoxon signed-
rank test or Welch’s t test. Significance was
taken as p, 0.05. All data were represented
as mean 6 SEM.

Results
Analysis of scRNA-seq data reveals
unexpectedly complex gene
transcription patterns of CaV a1, b, and
a2d subunits in mouse retinal BCs
We began by analyzing CaV a1, b , and
a2d gene expression in different BC types
of the mouse retina using the existing
scRNA-seq dataset (GEO accession num-
ber: GSE81905; Shekhar et al., 2016): the
dotplots in Figure 1 illustrate the percentage
of CaV subunit expressing cells (the size of
each circle) and the average expression level
(color) for each BC type. Transcription
of CaV genes was more complex than
expected, particularly as follows: besides
CaV1 and CaV3 transcripts, which medi-
ate the L-type and T-type currents observed
in mammalian BCs (Van Hook et al., 2019),
CaV2.1 and CaV2.2 transcripts, which gener-
ate P/Q-type and N-type Ca currents respec-
tively, also were expressed at reasonable
levels in almost all BCs. CaV2.3 transcripts
(giving rise to R-type currents) generally
were expressed at extremely low levels,
except for in a few BC types such as BC5A
(type 5A BC; Fig. 1A).

The vast majority of BCs expressed dis-
tinct combinations of 2 or 3 CaV1 subtypes
(including CaV1.1, CaV1.3, and CaV1.4),
which mediate L-type Ca currents, rather

than a single CaV1 subtype as commonly thought and reported
previously (Pangrsic et al., 2018; Van Hook et al., 2019); it was
noteworthy that the transcription of the Cacna1c gene encoding
CaV1.2 was not detected in any BC type (Fig. 1A). Almost all
BCs expressed distinct combinations of 2 or 3 CaV3 subtypes
(CaV3.1, CaV3.2, and CaV3.3), which mediate T-type Ca currents
(Fig. 1A). Unlike photoreceptors, in which b 2 is the only CaV b
subunit interacting with CaV1 channels, specifically CaV1.4 (Lee
et al., 2015), multiple b subunits, predominantly b 2 and b 4

subunits (encoded by the Cacnb2 and Cacnb4 genes, respec-
tively), were observed in most BCs (Fig. 1B). This diversity of b
subunit transcript expression is consistent with our observation

Figure 1. scRNA-seq analysis reveals complex gene expression patterns of CaV a1, b , and a2d subunits in mouse reti-
nal BCs. A, Gene expression patterns of CaV a1 subunits in different types of BCs. The protein that each gene encodes is given
in parentheses, and the type of calcium currents that each a1 subunit mediates is shown on the top. The size of each circle
represents the percentage of expressing cells in the group (PercExp) in which the gene expression is detected. The color rep-
resents the average expression level in expressing cells (AvgExp). BC, bipolar cells; RB, rod bipolar cells. B, Gene expression
patterns of CaV b and a2d subunits in BCs.
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of CaV2 channel transcripts in BCs (Fig. 1A) because b 4 has
been reported to be the predominant CaV b subunit that is
associated with CaV2 channels in the brain (Müller et al.,
2010; Dolphin, 2012). Most of BC types expressed distinct com-
binations of two to four a2d subunits (encoded by the
Cacna2d1-4 genes), predominantly a2d 3 and a2d 4, with some
BC types such as BC3B and BC4 (types 3B and 4 BCs, respec-
tively) having high levels of all four transcripts (Fig. 1B). These
findings were quite striking, since it is well accepted that photo-
receptors, which also have ribbon-type presynaptic active zones,
express exclusively CaV1.4, b 2, and a2d 4 subunits (Morgans,

2001; Mansergh et al., 2005; Lee et al., 2015); the expectation of a
relatively simple expression pattern of CaV channel subunits in
BCs is therefore common. As a control for this unexpected find-
ing, we analyzed another existing dataset (GEO accession num-
ber: GSE63473), which contains single-cell transcriptomes for
mouse retinal rod and cone photoreceptors (Macosko et al.,
2015). We found that rod and cone photoreceptors exhibited
much higher levels of mRNAs encoding CaV1.4, b 2, and a2d 4

subunits than other CaV-related transcripts (data not shown),
consistent with published observations (Morgans, 2001;
Mansergh et al., 2005; Lee et al., 2015).
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Figure 2. scRT-PCR confirms the unique expression patterns of CaV subunits in RBs. A, Co-expression of multiple CaV1 subtypes in a single RB cell from an adult mouse retina. CaV1.1,
CaV1.3, and CaV1.4 but not CaV1.2 exist in the same RB. B, Co-expression of CaV2.1 and CaV2.2 but not CaV2.3 channels in another RB. C, Co-expression of all three CaV3 subtypes in a single
RB. D, E, The percentages of CaV a1, b , and a2d subunit expression in individual RBs of both P17 and adult mice. P17, postnatal day 17. See also Table 2. F–I, Schematic diagrams illustrat-
ing the high heterogeneity for each of CaV1, CaV3, b , and a2d subunits in individual RBs from adult mice. The percentages of distinct combinations of subtypes are shown, and the exact cell
numbers are given in parentheses. See also Table 3.
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We therefore expect significant molecular diversity of CaV
channel subunits in mouse retinal BCs and believe that the tran-
scription pattern for each of CaV1, CaV3, b , and a2d subunits in
BCs generally adheres to a “multisubtype” rule, i.e., a combina-
tion of multiple subtypes rather than a single subtype for each
subunit in a certain cell type.

Unique gene transcription patterns of CaV channel subunits
in RBs confirmed by scRT-PCR
We undertook a targeted examination of CaV transcripts in
mouse RBs using scRT-PCR to examine potential heterogeneity
of CaV subunit expression in BCs in greater detail. Because the
existing scRNA-seq dataset was acquired from mouse retinas at
P17 (Shekhar et al., 2016), we performed scRT-PCR experiments
using RBs from P17 mice as well as from adult (4- to 12-week-
old) mice to determine whether there are developmental
changes in CaV subunit expression. As well, we used multi-
ple primer pairs for each subunit to detect known splice
variants (see Materials and Methods).

Consistent with our analysis of the scRNA-seq dataset
(above), scRT-PCR detected multiple CaV a1, b , and a2d
subunit mRNAs in individual RBs from both P17 and adult
mice (n = 38 cells from P17 animals; n = 40 cells from adult
animals; Fig. 2A–E). CaV2.3, however, was not detected in
any RB, and Cav1.2 was found in only one RB from a P17
mouse (Fig. 2A,B,D; Table 2). The efficacy and specificity of
the primer pairs for these two CaV a1 subunits was validated
by RT-PCR analysis of whole-retina mRNAs (data not
shown), confirming that CaV1.2 and CaV2.3 were rarely
expressed in RBs.

Individual RBs were more likely to express any given
CaV transcript when analyzed with scRT-PCR than with
scRNA-seq, owing to the higher sensitivity of the scRT-PCR
method (Fig. 2D,E; compare with Fig. 1). As a rule, mRNA
expression assessed by scRT-PCR was stable from P17 to
adulthood, but some developmental changes were observed:

both CaV1.1 and CaV2.2 mRNAs were detected more fre-
quently in adult RBs, whereas b 1, b 4, and a2d 3 subunit
mRNAs were less frequently detected in adult RBs (Fig. 2D,
E; Table 2).

It is worth emphasizing that a high degree of heterogeneity in
CaV subunit mRNA expression was observed within the popula-
tion of RBs, i.e., expression profiles varied between individual
cells (Fig. 2F–I; Table 3), with most RBs co-expressing multiple
a1, b , and a2d subunits. In adult mice, for example, the specific
combination of CaV1.3 and CaV1.4 was found in 62% (n= 23) of
CaV1-expressing cells (n= 37; Fig. 2F); this is in keeping with the
scRNA-seq analysis (Fig. 1A). Similarly, CaV3.1, CaV3.2, and
CaV3.3 were co-expressed in the large majority (74%; n=21) of
CaV3-expressing cells (n=28; Fig. 2G), and the combinations of
b 1-4 and a2d 1-4 subtypes accounted for 68% and 58% (Fig. 2H,
I), respectively, of accessory CaV subunit expression in RBs. In
conclusion, it would seem that the majority of RBs co-express
multiple subtypes of a1 subunits mediating L-type and T-type
Ca conductances.

Functional analysis of CaV subunit diversity
To begin to understand the functional significance of the varied
CaV subunit expression observed in RBs, we performed three
sets of experiments:

(1) We examined the subcellular localization of CaV1,
CaV2, and CaV3 subunits in RBs in sections of P17 and adult
mouse retinas using fluorescence immunohistochemistry.
Additionally, we examined the expression of these CaV sub-
units in the axon terminals of RBs dissociated from adult
mouse retinas using fluorescence immunocytochemistry.
Consistent with our scRT-PCR analysis, no significant dif-
ferences in the expression pattern of CaV channels in the
mouse retina were observed between P17 and adulthood
(data not shown). Therefore, for simplicity, we present only
results from adult retinas here.

Table 2. Expression of CaV channel subunits in P17 and adult mouse RBs

CaV1.1 CaV1.2 CaV1.3 CaV1.4 CaV2.1 CaV2.2 CaV2.3 CaV3.1 CaV3.2 CaV3.3

Adult mice
Total RB number 40 40 40 40 40 40 40 40 40 40
Positive RB number 20 0 27 29 17 10 0 20 23 23
Negative RB number 20 40 13 11 23 30 40 20 17 17
Percentage of expression (%) 50.00 0.00 67.50 72.50 42.50 25.00 0.00 50.00 57.50 57.50
P17 mice
Total RB number 38 38 38 38 38 38 38 38 38 38
Positive RB number 9 1 24 23 19 5 0 18 25 26
Negative RB number 29 37 14 15 19 33 38 20 13 12
Percentage of expression (%) 23.68 2.63 63.16 60.53 50.00 13.16 0.00 47.37 65.79 68.42

CaV b 1 CaV b 2 CaV b 3 CaV b 4 CaV a2d 1 CaV a2d 2 CaV a2d 3 CaV a2d 4

Adult mice
Total RB number 40 40 40 40 40 40 40 40
Positive RB number 3 27 20 17 7 8 17 38
Negative RB number 37 13 20 23 33 32 23 2
Percentage of expression (%) 7.50 67.50 50.00 42.50 17.50 20.00 42.50 95.00
P17 mice
Total RB number 38 38 38 38 38 38 38 38
Positive RB number 8 19 23 28 11 8 21 26
Negative RB number 30 19 15 10 27 30 17 12
Percentage of expression (%) 21.05 50.00 60.53 73.68 28.95 21.05 55.26 68.42

CaV, voltage-gated Ca
21 channel; RB, rod bipolar cell; P17, postnatal day 17.
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(2) We made whole-cell voltage-clamp recordings of Ca
currents from identified RBs and characterized the underlying
channel types using well-established pharmacological tools.

(3) We determined whether various Ca conductances
could contribute to synaptic transmission from RBs by
expressing the light-gated ion channel ChR2 in RBs using
cre-mediated recombination and recording optogeneti-
cally-evoked EPSCs in AII amacrine cells (Liang et al.,
2021) under conditions in which various Ca conductances
were manipulated pharmacologically.

In summary, we found that CaV1, CaV2, and CaV3 subu-
nits were found in RB terminals and that the L-type, P/Q-
type, N-type, and T-type conductances they mediate all
contribute to synaptic transmission from RB ribbon synap-
ses. Below, we consider these channel types individually,
beginning with the CaV2 subtypes which, to our knowl-
edge, have not been shown in published work to mediate

transmission at ribbon synapses generally and at RB synap-
ses specifically.

CaV2 subunits in RB axon terminals mediate Ca21 influx
through P/Q-type and N-type conductances
Although P/Q-type and N-type Ca conductances mediate trans-
mission at most conventional synapses, a role for them at ribbon
synapses has not been proposed (Dolphin and Lee, 2020).
Therefore, it was remarkable that both scRNA-seq and scRT-
PCR analyses revealed the existence of CaV2.1 and CaV2.2 in RBs
(Figs. 1A, 2B,D). To examine the subcellular localization of these
channels, we performed fluorescent immunohistochemical label-
ing of CaV2.1, PKCa (a specific marker of RBs), and RIBEYE (a
ribbon-specific protein) in mouse retinal sections. We found that
CaV2.1 was expressed in the axon terminals of RBs at sites both
near and away from ribbons (Fig. 3A,B). CaV2.1 was also found
to be expressed strongly in the ganglion cell layer (GCL) and
throughout the inner plexiform layer (IPL; Fig. 3A), the latter of
which was consistent with our observations of CaV2.1 mRNA
expression in almost all BCs (Fig. 1A) and with published obser-
vations of CaV2.1 channel expression in many types of amacrine
and ganglion cells (Van Hook et al., 2019).

To determine whether CaV2.1 creates functional Ca channels
mediating P/Q-type Ca currents in RBs, we recorded membrane
currents from RBs under conditions in which other Ca channel
types were blocked pharmacologically. In the presence of 10 mM
nimodipine in the external solution to block L-type conductance
(Pan and Lipton, 1995; Pan et al., 2001), depolarization of an RB
from �80 to �20mV for 100ms generated a transient, inward
Ca current with rapid and strong inactivation (Fig. 3C,D). This
current was partially attenuated by the T-type conductance an-
tagonist, mibefradil (10 mM; n= 9), and the residual current was
blocked almost completely by subsequent application of 200 nM
v-agatoxin-IVA (agatoxin hereafter), a specific P/Q-type current
antagonist (Fig. 3C,D; n=5). We made the same observation
when 10 mM Ba21 was used as the charge carrier, replacing
Ca21, to increase the amplitude of the recorded currents (com-
pare Fig. 3C and E). L-type, T-type, and P/Q-type currents
recorded in RBs showed distinct waveforms, consistent with the
published literature in the field (Fig. 3F). Interestingly, in the
presence of nimodipine, mibefradil, and agatoxin, we could re-
cord a residual current (Fig. 3E,G) which presumably was medi-
ated by N-type Ca channels according to our scRNA-seq and
scRT-PCR analyses. Therefore, we repeated the experiments
above to assess CaV2.2 expression and function in RBs.

Fluorescence immunohistochemistry, using antibodies recog-
nizing CaV2.2, PKCa, and RIBEYE, was performed: CaV2.2 was
found to be expressed throughout the IPL, including in the axon
terminals of RBs (Fig. 4A,B). In the presence of 10 mM nimodi-
pine and 10 mM mibefradil, a membrane current sensitive to 2 mM
v-conotoxin-GVIA, a specific N-type current blocker, was
recorded in response to a voltage ramp from �80 to 140mV
(Fig. 4C; n=4). Notably, a similar current was also detected in
three out of five RBs under the experimental condition without
nimodipine and mibefradil preincubation (Fig. 4D).

L-type Ca currents in RBs are mediated by CaV1.3-containing
and CaV1.4-containing channels
It is well established that BCs generally and RBs specifically ex-
hibit L-type Ca currents that mediate transmission from the rib-
bon synapses of these cells (Pan et al., 2001; Jarsky et al., 2010;
Pangrsic et al., 2018; Van Hook et al., 2019). The molecular iden-
tity of the a1 subunits in the underlying channels, however, is

Table 3. Differential expression of CaV channel subunits in individual RBs

P17 mice
(n= 38 cells)

Adult mice
(n= 40 cells)

RB
number Percentage

RB
number Percentage

CaV1.1 alone 3 10% 4 11%
CaV1.3 alone 4 13% 3 8%
CaV1.4 alone 2 6% 3 8%
CaV1.1/CaV1.3 1 3% 1 3%
CaV1.1/CaV1.4 2 6% 3 8%
CaV1.3/CaV1.4 15 48% 11 30%
CaV1.1/CaV1.3/CaV1.4 3 10% 12 32%
CaV1.2/CaV1.3/CaV1.4 1 3% 0 0%
Total CaV1-containing RB number 31 37
CaV3.1 alone 0 0% 2 7%
CaV3.2 alone 3 10% 3 11%
CaV3.3 alone 5 16% 2 7%
CaV3.1/CaV3.2 2 6% 0 0%
CaV3.1/CaV3.3 1 3% 4 14%
CaV3.2/CaV3.3 5 16% 6 21%
CaV3.1/CaV3.2/CaV3.3 15 48% 11 39%
Total CaV3-containing RB number 31 28
b 1 alone 1 3% 0 0%
b 2 alone 2 5% 6 19%
b 3 alone 3 8% 1 3%
b 4 alone 4 11% 3 9%
b 1/b 4 1 3% 0 0%
b 2/b 3 2 5% 8 25%
b 2/b 4 4 11% 3 9%
b 3/b 4 9 24% 1 3%
b 1/b 2/b 3 1 3% 1 3%
b 1/b 2/b 4 2 5% 0 0%
b 2/b 3/b 4 5 14% 7 22%
b 1/b 2/b 3/b 4 3 8% 2 6%
Total b subunit-containing RB number 37 32
a2d 1 alone 3 9% 0 0%
a2d 3 alone 3 9% 0 0%
a2d 4 alone 6 19% 16 42%
a2d 1/a2d 4 1 3% 1 3%
a2d 2/a2d 4 0 0% 3 8%
a2d 3/a2d 4 9 28% 10 26%
a2d 1/a2d 2/a2d 4 1 3% 1 3%
a2d 1/a2d 3/a2d 4 2 6% 3 8%
a2d 2/a2d 3/a2d 4 3 9% 2 5%
a2d 1/a2d 2/a2d 3/a2d 4 4 13% 2 5%
Total a2d subunit-containing RB number 32 38

CaV, voltage-gated Ca
21 channel; RB, rod bipolar cell; P17, postnatal day 17.
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Figure 3. P/Q-type CaV channels mediate Ca
21 influx into RB axon terminals. A, Confocal images showing triple labeling of CaV2.1 (green), PKCa (a specific cell marker of RB cells; ma-

genta), and RIBEYE (a ribbon-specific protein; blue) in a mouse retinal section. CaV2.1 channels were predominantly expressed in the IPL and the GCL. ONL, outer nuclear layer; OPL, outer plexi-
form layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 20mm. B, Magnification of the signals in the frames of A. CaV2.1 channels were expressed in
RB axon terminals both near and away from ribbons (arrows). Scale bar: 2.5mm. C, With 10mM nimodipine (Nimo; an L-type CaV channel blocker) in the extracellular solution (ES), the Ca cur-
rent (ICa) evoked by a voltage step from�80 to�20mV was only partially blocked by 10mM mibefradil (Mibe; a T-type CaV channel blocker), and the residual current was almost completely
blocked by 200 nM v -agatoxin IVA (Aga; a P/Q-type CaV channel blocker). D, Magnification of the traces shown in C. E, With 10 mM Nimo in the ES, the Ba current (IBa) evoked by a voltage
step from�80 to �20mV was partially blocked by 10 mM Mibe, and the residual current was further reduced by 200 nM Aga. Note that a small component of IBa persists in the presence of
Nimo, Mibe, and Aga. F, Average traces showing the Ba currents mediated by L-type (black; n= 18), T-type (blue; n= 21), and P/Q-type (orange; n= 7) CaV channels in RBs, which exhibit
apparently different current kinetics. The IBa mediated by each type of CaV channels in a single RB was calculated by subtracting the current recorded after application of a specific channel
blocker from the current recorded before application of that drug. The subtracted currents from different RBs were then averaged across cells. G, With 10mM Nimo and 10mM Mibe in the ES,
RB ICa (green) evoked by a voltage ramp from �80 to 140mV was strongly reduced by 200 nM Aga (magenta). The subtracted current (orange) represents the ICa mediated by P/Q-type
channels.
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uncertain, and our scRNA-seq and scRT-PCR analyses revealed
CaV1.1, CaV1.3 and CaV1.4 in RBs (Figs. 1A, 2A,D,F).

There are several reports of CaV1.1 expression exclusively in
the dendritic tips of RBs based on fluorescence immunohisto-
chemistry (Specht et al., 2009; Soto et al., 2012; Tummala et al.,

2014), but the specificity of the anti-CaV1.1 antibody used in
those studies is questionable (Hasan et al., 2016). Here, then, we
restricted our attention to CaV1.3 and CaV1.4. To examine the
subcellular localization of these proteins, we performed fluores-
cent immunohistochemical labeling of CaV1.3 or CaV1.4, PKCa,
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Figure 4. N-type CaV channels mediate Ca currents in RBs. A, Confocal images showing triple labeling of CaV2.2 (green), PKCa (magenta) and RIBEYE (blue) in a mouse retinal section.
Immunostaining for CaV2.2 was mainly observed in the IPL, and sparse labeling was also found in the OPL. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer. Scale bar: 20mm. B, Magnification of the signals in the frames of A. Most of CaV2.2 channels were located relatively away from ribbons in the
axon terminals of RBs. Scale bar: 2.5mm. C, Averaged traces from multiple RBs (n= 4) showing that, with Nimo (10 mM) and Mibe (10 mM) in the extracellular solution (ES), Ca current (ICa)
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The subtracted trace showing ICa mediated by N-type channels (magenta) was similar to that shown in C.
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and RIBEYE in mouse retinal sections. Remarkably, we found
that both CaV1.3 and CaV1.4 were expressed in the axon termi-
nals of RBs (Fig. 5). CaV1.4 was found at sites both proximate to
and distant from presynaptic ribbons (Fig. 5A,B), whereas
CaV1.3 appeared to be restricted to a position proximate to the
presynaptic ribbons (Fig. 5C,D). Additionally, CaV1.3 also was
found to be expressed in the somata of RBs (Fig. 5C). Thus, it
would seem that L-type Ca currents in RB terminals are

mediated by both CaV1.3-containing and CaV1.4-containing
channels.

CaV3.1, CaV3.2, and CaV3.3 generate T-type Ca currents in RBs
Our scRNA-seq and scRT-PCR analyses revealed in RBs tran-
scripts of three genes (Cacna1g, Cacna1h, and Cacna1i) that
encode the three known CaV3 subunits (Figs. 1A, 2C,D,G). To
examine the subcellular localization of these channels, we

Figure 5. Both CaV1.3 and CaV1.4 channels are located near ribbons in RB axon terminals. A, Confocal images showing triple labeling of CaV1.4 (green), PKCa (magenta), and RIBEYE (blue)
in a mouse retinal section. CaV1.4 channels were predominantly expressed in the OPL and the IPL, and, to a lesser extent, in the GCL. The lower panels show magnification of the images in
the frames of upper panels. CaV1.4 was expressed both near and away from ribbons (arrows) in RB axon terminals. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 20mm (upper panels) and 2.5mm (lower panels). B, Colocalization analysis of CaV1.4 and PKCa in RB axon terminals. The
Pearson’s coefficient is used to estimate the correlation of green and magenta signals (i.e., CaV1.4 and PKCa) in the frames of A. As a control, the green signal in the frame was rotated 180°
out of phase, and then the same analysis was performed. The Pearson’s coefficient dropped significantly after rotation of the green signal, which confirms that colocalization of CaV1.4 and
PKCa in RB axon terminals is real. C, Triple labeling of CaV1.3 (green), PKCa (magenta), and RIBEYE (blue) in a mouse retinal section. CaV1.3 channels were expressed throughout the retina
except for the ONL. Colocalization of CaV1.3 with RIBEYE in the axon terminals of RBs (arrows) could be clearly seen. Labeling of CaV1.3 also was observed on the cell membrane of RB somata
(asterisks). Scale bars: 20mm (upper panels) and 2.5mm (lower panels). D, Colocalization analysis of CaV1.3 and PKCa in RB axon terminals. The Pearson’s coefficient is used to estimate the
correlation of green and magenta signals (i.e., CaV1.3 and PKCa) in the frames of C. As a control, the green signal in the frame was rotated 180° out of phase, and then the same analysis was
performed. This analysis confirms the colocalization of CaV1.3 and PKCa in RB axon terminals.
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performed fluorescent immunohisto-
chemical labeling of CaV3.1, CaV3.2,
or CaV3.3 in addition to both PKCa
and RIBEYE in mouse retinal sections.

All three CaV3 subunits were found
throughout the retina, including in
RB terminals near presynaptic rib-
bons, although CaV3.1 immunoreac-
tivity was weaker than that of CaV3.2
or CaV3.3 (Fig. 6A–C). Specifically,
CaV3.3 immunoreactivity was found
throughout the IPL. It was stronger in
ON than in OFF sublamina and greatest
in RB terminals (Fig. 6A). This observa-
tion is consistent with scRNA-seq data
analysis that revealed higher Cacna1i
transcription in ON BCs (including
RBs and ON cone BCs) than in OFF
BCs (Fig. 1A).

CaV3.2 was expressed throughout the
IPL, including in RB terminals, and in
the somata of cells located in the inner
nuclear layer (INL) and the GCL (Fig.
6B). CaV3.1 also was observed in the IPL
and in the axon terminals of RBs (Fig.
6C). Additionally, CaV3.1 channels were
expressed in the nucleus of cells located
in the INL and the GCL, but not in those
located in the outer plexiform layer (Fig.
6C).

T-type Ca currents have been described
in RBs of the rat and mouse retinas
(Kaneko et al., 1989; de la Villa et al., 1998;
Pan, 2000). Additionally, in the rat retina,
activation of T-type CaV channels mediates
neurotransmitter release from RBs (Pan et
al., 2001). In line with this, here we found
in the mouse retina that RB Ca and Ba cur-
rents recorded in the presence of 10 mM
nimodipine were reduced by the T-type
CaV channel blocker mibefradil (10 mM;
Fig. 3B–D). To exclude the possibility that
mibefradil might exert some off-target
effects such as R-type CaV channels or
ORAI channels, as reported previously
(Randall and Tsien, 1997; P. Li et al., 2019),
we tested the effects of other T-type CaV
channel blockers, including NNC 55-0396
(20 mM; structurally similar to mibefradil)
and ML218 (6 mM; structurally different
frommibefradil; M. Li et al., 2005; Xiang et
al., 2011), on Ca currents recorded in RBs
when 10 mM nimodipine was included in
the external solution. Each drug inhibited
RB Ca currents (Fig. 7).

CaV channel subunits are located in
the axon terminals of RBs but not on
the processes from other retinal cells
contacting RB terminals
To exclude the possibility that the limited
spatial resolution of conventional light
microscopy might have led us to confuse

Figure 6. All three types of CaV3 channels are expressed in RB axon terminals. A, Confocal images showing triple labeling of
CaV3.3 (green), PKCa (magenta), and RIBEYE (blue) in a mouse retinal section. CaV3.3 channels were predominantly expressed
in the IPL, with the strongest expression observed in the innermost of the IPL. The lower panels show magnification of the
images in the frames of upper panels. Expression of CaV3.3 could be clearly seen near ribbon sites (arrows) in an RB axon ter-
minal (oval). B, Triple labeling of CaV3.2 (green), PKCa (magenta), and RIBEYE (blue) in a mouse retinal section. CaV3.2 chan-
nels were expressed throughout the retina except for the ONL. In an RB axon terminal (oval), CaV3.2 was expressed at sites
both near and away from ribbons (arrows). C, Triple labeling of CaV3.1 (green), PKCa (magenta), and RIBEYE (blue) in a mouse
retinal slice. CaV3.1 channels were expressed moderately in the INL and the IPL, and strongly in the GCL. Relatively weak and
puncta labeling of CaV3.1 could be observed near ribbons (arrows) in RB axon terminals (ovals). Note that CaV3.1 channels also
were expressed in the nucleus of cells with somata located in the INL and the GCL, but not in the ONL. ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 20mm (upper
panels) and 2.5mm (lower panels).

6498 • J. Neurosci., August 24, 2022 • 42(34):6487–6505 Zhang, Liu et al. · Calcium Channel Identity in Retinal Bipolar Cells



CaV expression on neurites apposed to RB terminals with CaV
expression in the terminals themselves, we performed two sets of
experiments. First, as a negative control experiment, we demon-
strated that synapsin 1, a synaptic vesicle-associated protein
absent from ribbon-type synapses (Mandell et al., 1990), is not
colocalized with PKCa in the axon terminals of RBs (Fig. 8A,B);
rather, RB terminals were wrapped by processes labeled with
synapsin 1 (Fig. 8A).

Second, as a positive control, we examined by immunocyto-
chemistry the subcellular localization of CaV1, CaV2, and CaV3
subunits in RBs dissociated from adult mouse retinas. Consistent
with our observations in RBs from retinal sections, CaV1 (CaV1.3
and CaV1.4), CaV2 (CaV2.1 and CaV2.2), and CaV3 (CaV3.1,
CaV3.2, and CaV3.3) subunits were all found in the axon termi-
nals of isolated RBs, a preparation in which processes from other
retinal cells contacting RB terminals are absent (Fig. 8C–J).

P/Q-type, N-type, T-type, and L-type conductances control
evoked release at RBfiAII ribbon synapses
We have shown recently (Liang et al., 2021) that cre-mediated
recombination in the adult Pcp2-cre::Ai32 mouse retina can be
used to express ChR2 predominantly in RBs and that optogenetic
stimulation of neurotransmission at RB!AII amacrine cell syn-
apses is stable over long periods (.20min). To determine
whether multiple types of Ca channels contribute to synaptic
transmission at the RB!AII synapse, we blocked transmission

from photoreceptors to bipolar and horizontal cells with the
mGluR6 agonist L-AP4 (2–5 mM) and the kainate receptor antag-
onist ACET (1 mM) and used brief flashes (2–10ms) of 470-nm
LED light to activate RBs; the EPSCs recorded in AIIs under this
condition reflect evoked release from RBs (Fig. 9A).

To avoid complications arising from rundown of ChR2-
evoked EPSCs that might occur over a period sufficient to se-
quential application of four different CaV channel blockers (i.e.,
nimodipine, mibefradil, agatoxin, and conotoxin), we compared
the relative effects of these drugs on AII EPSCs by performing
four independent experiments. Evoked EPSCs were reduced to
;44% of control by bath application of 10 mM nimodipine (Fig.
9B,F; for better comparison among groups, all the data were nor-
malized; nimodipine, 0.4436 0.043, n= 10). Co-application of
10 mM nimodipine and 10 mM mibefradil resulted in a larger
attenuation (Fig. 9C,F; nimodipine 1 mibefradil, 0.2446 0.032,
n= 7; nimodipine vs nimodipine 1 mibefradil, t(14.83) = 3.699,
p= 0.0022, Welch’s t test). The EPSCs were reduced further by
application of 10 mM nimodipine, 10 mM mibefradil and 200 nM
agatoxin (Fig. 9D,F; nimodipine 1 mibefradil 1 agatoxin,
0.1136 0.014, n = 10; nimodipine 1 mibefradil vs nimodi-
pine 1 mibefradil 1 agatoxin, t(8.46) = 3.776, p, 0.0049,
Welch’s t test) and almost entirely abolished by application
of 10 mM nimodipine, 10 mM mibefradil, 200 nM agatoxin
and 2 mM conotoxin (Fig. 9E,F; nimodipine 1 mibefradil 1
agatoxin 1 conotoxin, 0.0636 0.012, n = 9; nimodipine 1
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Figure 7. T-type CaV channels mediate Ca
21 currents in mouse retinal RBs. A, Representative traces showing that, with 10 mM nimodipine (Nimo) in the extracellular solution (ES), Ca cur-

rent (ICa) evoked by a voltage step from �80 to �20mV in an RB was partially blocked by 6 mM ML218, a T-type Ca channel blocker. B, Magnification of the traces shown in A. C, The ICa
recorded in another RB was reduced by 20mM NNC 55-0396 (NNC), another T-type Ca channel blocker. D, Magnification of the traces shown in C. E, Summary data showing the effects of mibe-
fradil (Mibe), ML218 and NNC on RB ICa. All three blockers exhibited significant inhibition. The data were represented as mean6 SEM. Paired t tests (for Mibe and NNC) and Wilcoxon signed-
rank test (for ML218) were used (control 1 vs Mibe, t(8) = 13.64, p, 0.0001; control 2 vs ML218, n= 7, p= 0.0156; control 3 vs NNC, t(11) = 4.196, p= 0.0015); *p, 0.05, **p, 0.01,
****p, 0.0001. F, Summary data showing the relative effects of three different T-type Ca channel blockers on RB ICa. The peak amplitudes were normalized to the amplitude under control
condition in each cell before averaging across cells. The data were represented as mean 6 SEM. Wilcoxon signed-rank tests were used (control 1 vs Mibe, n= 9, p= 0.0039; control 2 vs
ML218, n= 7, p= 0.0156; control 3 vs NNC, n= 12, p= 0.0010); *p, 0.05, **p, 0.01, ***p, 0.001.
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mibefradil 1 agatoxin vs nimodipine 1 mibefradil 1 aga-
toxin 1 conotoxin, t(16.78) = 2.659, p = 0.0167, Welch’s t
test). In the presence of these CaV channel antagonists, any
residual EPSC was blocked completely by 20 mM DNQX, a
non-NMDA glutamate receptor antagonist (Fig. 9E). Thus,
we conclude that P/Q-type and N-type Ca conductances, in
addition to the well-characterized L-type and T-type con-
ductances, mediate transmission from RBs.

To support this conclusion, we recorded EPSCs after the retinal
slices were preincubated with 10 mM nimodipine and 10 mM mibe-
fradil to block all L-type and T-type conductances. Under this ex-
perimental condition, synaptic transmission persisted and was
blocked almost completely by application of 200 nM agatoxin (Fig.
9G). Additionally, nimodipine, mibefradil, and agatoxin had mini-
mal effects on the ChR2-evoked membrane potential change in RBs
(Fig. 9H; n=5), indicating that Ca21 influx through L-type, T-type,
and P/Q-type CaV channels contributed to exocytosis rather than
depolarization of RBs. Note that DMSO alone, at the same concen-
tration as was present with 200 nM agatoxin, did not significantly
change the EPSC amplitude (n=5; data not shown).

Consistent with this result, application of 2 mM conotoxin
further suppressed the small EPSCs recorded in AIIs in the

presence of nimodipine, mibefradil, and agatoxin (Fig. 9I).
Under the experimental condition without any CaV channel
blocker preincubation, application of 2 mM conotoxin slightly
reduced the peak amplitude of EPSCs recorded in AIIs (Fig. 9J,
K; control, �354.806 87.74 pA; conotoxin, �304.306 72.57 pA;
control vs conotoxin, t(4) = 3.988, p= 0.0163, Student’s t test). In
addition, conotoxin alone had little effect on ChR2-evoked mem-
brane potential change in RBs (Fig. 9L; n= 3). These results indi-
cate that N-type CaV conductances, albeit to a lesser extent than
other types, also mediate Ca21 influx into RB axon terminals
and subsequent neurotransmitter release.

To exclude the possibility that the observed effects of CaV
channel antagonists on evoked release might arise from exogene-
ous expression of ChR2 in RBs, we repeated our experiments
while assessing EPSCs in wild-type mice. Here, EPSCs were
evoked in AIIs by pressure ejection of LY 341495 (the mGluR6
antagonist; 5–10 mM) onto the dendrites of RBs and ON cone
BCs located at the outer plexiform layer (Fig. 9M; Snellman et
al., 2009). As for ChR2-evoked EPSCs (Fig. 9B–F), LY-evoked
EPSCs were reduced substantially by co-application of 10 mM
nimodipine and 10 mM mibefradil and further suppressed by
additional application of 200 nM agatoxin (Fig. 9N–P; for better

Figure 8. CaV channel subunits are located in the axon terminals of RBs but not on the processes from other retinal cells contacting RB terminals. A, Confocal images showing expression of
synapsin 1 (green) and PKCa (magenta) in an adult mouse retinal section. In the merged image (green1 magenta), synapsin 1, which is not expressed at ribbon-type synapses, was rarely
observed in PKCa-positive RB terminals. IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 5mm. B, Confocal images showing expression of synapsin 1 (green) and PKCa (magenta)
in an RB dissociated from an adult mouse retina. Synapsin 1 was not observed in RB terminal. Scale bar: 5mm. C–J, Confocal images showing expression of a CaV subunit (green) and PKCa
(magenta) in RBs dissociated from adult mouse retinas: all CaV channel subunits examined were found in RB terminals. As a control, no CaV subunits were detected after omission of primary
antibodies against CaV subunits. Scale bar: 5mm (C–J).
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Figure 9. P/Q-type and N-type as well as the previously known L-type and T-type CaV channels control neurotransmitter release from RBs. A, A schematic diagram showing the optogenetic
study of synaptic transmission between RBs and AII amacrine cells. ChR2 was expressed predominantly in RB cells and a few ON cone bipolar (CB) cells by cre-dependent recombination in adult
Pcp2-cre::Ai32 mouse retinas. With all the synaptic transmission between photoreceptors and BCs is blocked pharmacologically, brief flashes of 470-nm LED can directly activate ChR21 RBs
and induce postsynaptic responses in AIIs, which mainly reflect neurotransmitter release from RBs. It has been determined that the electrical coupling between ON CBs and AIIs is negligible
under this experimental condition (Liang et al., 2021). C, cone; R, rod. B–E, With normal extracellular solution (ES), the EPSCs recorded in AIIs, which were evoked by 470-nm LED light stimula-
tion, were reduced substantially by 10 mM nimodipine (Nimo), and inhibited more strongly by additional application of 10 mM mibefradil (Mibe), 200 nM v -agatoxin IVA (Aga), and 2 mM

v -conotoxin-GVIA (Ctx). In the presence of four different CaV channel blockers, the residual responses were blocked completely by DNQX (20 mM), the antagonist of non-NMDA glutamate
receptors. Vhold = �80mV. F, The effects of different drugs on ChR2-evoked EPSCs in AIIs. For better comparison among groups, the current integrals were normalized to the integral under
control condition in each cell before averaging across cells. The data were represented as mean6 SEM. Welch’s t tests were used (Nimo, n= 10; Nimo1 Mibe, n= 7; Nimo1 Mibe1 Aga,
n= 10; Nimo1 Mibe1 Aga 1 Ctx, n= 9; Nimo vs Nimo1 Mibe, p= 0.0022; Nimo1 Mibe vs Nimo1 Mibe1 Aga, p= 0.0049; Nimo1 Mibe1 Aga vs Nimo1 Mibe1 Aga1
Ctx, p= 0.0167); *p, 0.05, **p, 0.01. G, With Nimo and Mibe in the ES, ChR2-evoked EPSCs were dramatically inhibited by application of 200 nM Aga (n= 5). H, Nimo, Mibe, and Aga
only had little effects on ChR2-evoked membrane depolarization of RBs (n= 5). I, With Nimo, Mibe, and Aga in the ES, ChR2-evoked EPSCs were further inhibited by application of 2 mM Ctx
(n= 4). Tiny responses, likely mEPSCs, persisted in the presence of Ctx and were blocked completely by DNQX (20mM). The residual responses after application of DNQX were mediated by gap
junctions between AIIs and ChR21 ON CBs. J, With normal ES, ChR2-evoked EPSCs were slightly reduced by 2 mM Ctx. K, The effect of 2 mM Ctx on ChR2-evoked EPSCs in AIIs. The data were
represented as mean6 SEM. Paired Student’s t test was used (control,�354.806 87.74 pA; Ctx,�304.306 72.57 pA; n= 5, p= 0.0163); *p, 0.05. L, Ctx had little effect on ChR2-evoked
membrane depolarization of RBs (n= 3). M, A schematic diagram showing that, with the mGluR6 agonist L-AP4 in the ES, EPSCs in AIIs can be recorded by puffing LY 341495 (LY, group II
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comparison among groups, all the data were
normalized; nimodipine, 0.3246 0.041, n = 8;
nimodipine 1 mibefradil, 0.1606 0.029, n = 6;
nimodipine 1 mibefradil 1 agatoxin, 0.0526
0.018; nimodipine vs nimodipine 1 mibefra-
dil, t(11.64) = 3.269, p = 0.0070, Welch’s t test;
nimodipine 1 mibefradil vs nimodipine 1
mibefradil 1 agatoxin, t(8.439) =3.168, p=0.0120,
Welch’s t test; nimodipine vs nimodipine 1 mibe-
fradil1 agatoxin, t(9.501) =6.067, p=0.0001, Welch’s
t test). Note that in these experiments, small resid-
ual postsynaptic currents were observed in the
presence of 20 mM DNQX: these are gap-junction
mediated and arise from depolarization of electri-
cally-coupled ON cone BCs (Fig. 9M–O). These
coupling currents were subtracted when meas-
uring the integrals of the LY-evoked EPSCs under
different experimental conditions (Fig. 9P). The
unique expression patterns of CaV channels that
control glutamate release at BC ribbon synapses
are summarized in a schematic diagram shown in
Figure 10.

Discussion
We conducted integrative analyses to unveil the
molecular composition, subcellular localization,
and functional roles of various CaV channels in
RBs. We found high molecular diversity of CaV
channel subunits at RB ribbon synapses and
thereby clarified the poorly understood molecular
identities of CaV channels in RBs. Interestingly,
we demonstrated, to our knowledge, for the first
time, that CaV2 channels function at mammalian
ribbon synapses and contribute to synaptic trans-
mission. As well, our work indicates that expression
patterns of CaV1, CaV3, b , and a2d subunits adhere to a “multi-
subtype” rule, i.e., a combination of multiple subtypes rather than
a single subtype for each CaV channel type in an individual RB.
Since scRNA-seq analysis accurately predicts the expression of
CaV channel subtypes in RBs, our study will be helpful as a guide
for future studies of CaV channel expression and functions in
other BCs. Finally, as the “multisubtype” rule may apply to other
central and peripheral synapses, we suggest that it should be taken
into account in future studies of CaV channels.

P/Q-type and N-type CaV channels function at ribbon
synapses
Ca21 influx through P/Q-type and/or N-type CaV channels
underlies neurotransmission at most synapses (Dolphin and Lee,

2020), including inhibitory synapses in the retina (Van Hook et
al., 2019), but we have not found it reported in studies of mam-
malian ribbon synapses. Rather, there is a general consensus that
exocytosis at ribbon synapses mainly results from Ca21 entry via
L-type CaV channels (Pangrsic et al., 2018; Dolphin and Lee,
2020). Interestingly, knock-out of CaV1.3, the major a1 subunit
in mouse cochlear inner hair cells (IHCs) and vestibular hair cells
(VHCs), decreases Ca currents by ;85% and 50%, respectively,
suggesting that other types of CaV channels may also be present
(Platzer et al., 2000; Dou et al., 2004). Indeed, previous studies
have reported the presence of T-type CaV channels in chick basi-
lar hair cells, mouse IHCs, and rat outer hair cells (OHCs) as
well as in retinal BCs of different species (Kaneko et al., 1989; de
la Villa et al., 1998; Pan, 2000, 2001; Levic et al., 2007; Inagaki et
al., 2008; Nie et al., 2008). Additionally, the non-L-type Ca cur-
rents in amphibian hair cells from saccules and semicircular
canals may be mediated by N-type or R-type CaV channels (Su et
al., 1995; Martini et al., 2000; Rodriguez-Contreras and Yamoah,
2001).

To date, however, no published studies confirm the expres-
sion and function of P/Q-type CaV channels at ribbon synapses.
Therefore, we were surprised that scRNA-seq data analysis indi-
cated the expression of both P/Q-type and N-type CaV channels
in almost all BCs (Fig. 1). The presence of P/Q-type and N-type
CaV channels in RBs was further confirmed by scRT-PCR
(Fig. 2), and the subcellular localization of these two types of
CaV channels, especially their expression in the axon termi-
nals, was then determined by our immunohistochemical and
immunocytochemical studies (Figs. 3, 4, 8). Functional analysis of

Figure 10. A schematic diagram showing the unique expression patterns of CaV channels that control neuro-
transmitter release from mouse retinal BCs. While rod and cone photoreceptors exclusively express L-type CaV1.4,
b 2, and a2d 4 subunits, BCs show much more complex expression patterns of CaV channels: P/Q-type (CaV2.1),
N-type (CaV2.2), T-type (CaV3), and L-type (CaV1) channels all combine to control glutamate release from BC rib-
bon synapses; furthermore, CaV1, CaV3, b , and a2d subunits adhere to a “multisubtype” rule, i.e., a combination
of multiple subtypes for each subunit in individual BCs. Note that the scale of the various cellular components is
distorted to show the expression patterns of CaV channels in the axon terminals more clearly. CaV, voltage-gated
Ca21 channels.

/

metabotropic glutamate receptor antagonist; 5–10 mM) onto the dendrites of RBs and ON
CBs located at the outer plexiform layer in wild-type mice. N, The LY-evoked EPSCs recorded
in an AII were strongly reduced by co-application of Nimo and Mibe, and further suppressed
by Aga. Currents mediated by gap junctions between AIIs and ON CBs could be seen after
application of DNQX (20 mM). O, Magnification of the traces shown in N. P, The effects of
different drugs on LY-evoked EPSCs in AIIs. The current integrals were normalized to the integral
under control condition in each cell before averaging across cells. The data were represented as
mean6 SEM. Welch’s t tests were used (Nimo, n=8; Nimo1 Mibe, n=6; Nimo1 Mibe1
Aga, n=6; Nimo vs Nimo1 Mibe, p=0.0070; Nimo vs Nimo 1 Mibe 1 Aga, p = 0.0001;
Nimo 1 Mibe vs Nimo 1 Mibe 1 Aga, p = 0.0120); *p, 0.05, **p, 0.01,
***p, 0.001.
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neurotransmission at RB!AII synapses further proved that both
P/Q-type and N-type CaV channels mediated Ca21 influx into RB
terminals (Figs. 3, 4) and controlled neurotransmitter release (Fig.
9). Given the high consistency of observations among scRNA-seq,
scRT-PCR, immunohistochemical, immunocytochemical,
and electrophysiological analyses, we could imagine that P/
Q-type and N-type CaV channels also exist and function in
other BC terminals (Fig. 1). Thus, in the present study, we
demonstrate, for the first time, that P/Q-type and N-type
CaV channels function at a mammalian ribbon synapse.

Molecular identity of L-type CaV channels in BCs
L-type CaV channels are the major conduits for fast and
sustained Ca21 influx essential for neurotransmission at ribbon
synapses (Pangrsic et al., 2018; Dolphin and Lee, 2020). These
CaV1-containing channels, including CaV1.2–1.4, are thought to
be well-suited to mediate the fast and continuous transmitter
release which is necessary for encoding sensory information at
ribbon synapses (Pangrsic et al., 2018; Dolphin and Lee, 2020).
Previous studies have shown that CaV1.3 channels are expressed
predominantly in cochlear IHCs and OHCs and VHCs, whereas
CaV1.4 channels are expressed almost exclusively in the retina
(Pangrsic et al., 2018; Van Hook et al., 2019; Dolphin and Lee,
2020). Indeed, rod and cone photoreceptors in the retina pre-
dominantly express L-type CaV channels, and CaV1.4 is the only
pore-forming a1 subunit detected in them (Mansergh et al.,
2005; Zeitz et al., 2015).

Despite years of effort from many researchers, the mo-
lecular identity of CaV1 channels in BCs remains elusive.
According to the published literature, all CaV1 channel sub-
types may be present in these cells (Pangrsic et al., 2018).
Based on their relatively fast activation kinetics at relatively
hyperpolarized potentials, both CaV1.3 and CaV1.4 chan-
nels are thought to be best-suited to encode graded poten-
tial changes in BCs and therefore are considered the best
candidates for the presynaptic CaV1 channels in BC termi-
nals (Pangrsic et al., 2018; Dolphin and Lee, 2020). Indeed,
CaV1.4 expression has been reported in the IPL of rodent
retinas and more specifically in the axon terminals of iso-
lated mouse RBs (Morgans, 2001; Berntson et al., 2003;
Mansergh et al., 2005). Confusing this picture, however, is
the fact that Ca currents recorded from BCs show Ca21-de-
pendent inactivation whereas the inactivation of CaV1.4-
containing channels is Ca21-independent (Koschak et al.,
2003). By contrast, CaV1.3 channels exhibit relatively weak
and slow Ca21-dependent inactivation (Xu and Lipscombe,
2001). RT-PCR analysis has revealed that ON-type BCs in
goldfish retina express CaV1.3 channels (LoGiudice et al.,
2006). Additionally, knock-out of CaV1.3 in mice reduces
the b-wave amplitude of dark-adapted ERG, which reflects
primarily the activity of RBs, suggesting the expression of
CaV1.3 in mouse RBs (Shi et al., 2017). Thus, the kinetics of
macroscopic Ca currents recorded from BCs appear to
reflect a combination of CaV1.3 and CaV1.4 properties.

In the present work we found that RBs expressed three sub-
types of CaV1 channels, including CaV1.1, CaV1.3 and CaV1.4,
rather than a single CaV1 subtype as expected (Figs. 1, 2, 5, 8).
Most importantly, both CaV1.3 and CaV1.4 channels were
located near ribbons in RB axon terminals (Figs. 5, 8) and thus
are likely to underlie the L-type conductance-mediated Ca21

influx driving neurotransmitter release. Notably, expression of
CaV1.2 was rarely observed by scRNA-seq and scRT-PCR analy-
ses (Figs. 1, 2), suggesting that the presence of CaV1.2 in RB

terminals detected by immunohistochemistry in previous studies
might be because of nonspecific labeling by the anti-CaV1.2 anti-
bodies used (Satoh et al., 1998; Rieke et al., 2008).

Also, it has been reported that CaV1.1 channels are expressed
exclusively at the dendritic tips of RBs (Specht et al., 2009; Soto
et al., 2012; Tummala et al., 2014). However, there is a more
recent study arguing that the CaV1.1 antibody used in previous
studies may cross-react with another synaptic protein, GPR179
(Hasan et al., 2016). The subcellular localization and functions of
any CaV1.1 channels in RBs thus remain uncertain. Nevertheless,
expression of different combinations of CaV1 subtypes rather
than a single CaV1 subtype likely is a general rule for almost all
BCs (Fig. 1). Consequently, studies of single CaV1 channel-type
knock-out animals are likely to be inconclusive, and double-
knock-out or even triple-knock-out animals may be required for
future investigations.

Multiple types of CaV channels function at a single synapse
Co-existence of multiple types of CaV channels, at either conven-
tional or ribbon synapses, has been commonly observed in many
brain regions. At ribbon synapses, L-type and T-type Ca currents
have been detected simultaneously in IHCs, OHCs, VHCs in the
inner ear, and BCs in the retina (Kaneko et al., 1989; de la Villa
et al., 1998; Pan, 2000, 2001; Dou et al., 2004; Levic et al., 2007;
Inagaki et al., 2008; Nie et al., 2008).

Different types of CaV channels at a single synapse have been
found to couple differentially to transmitter release. For example,
at the calyx of Held synapses, P/Q-type CaV channels are more
tightly coupled to transmitter release than N-type and R-type
channels, probably because of their distinct presynaptic localiza-
tion (Wu et al., 1999). Immunoelectron microscopy analysis of
parallel fiber!Purkinje cell synapses in the cerebellum reveals
that CaV2.1 channels are clustered within the active zone and ex-
hibit nanodomain coupling, while CaV2.2 channels are located
relatively distant from release sites (Eggermann et al., 2011;
Kusch et al., 2018). Interestingly, nanodomain coupling between
L-type CaV channels and release sites has also been found to exist
at most ribbon synapses, including the RB!AII synapse (Jarsky
et al., 2010; Pangrsic et al., 2018).

Co-expression of CaV1 and CaV2 channels at synapses, how-
ever, rarely has been reported. Therefore, it was quite striking to
find in our present work that P/Q-type, N-type, L-type, and T-
type CaV channels were co-expressed in a single type of neurons,
i.e., BCs, and all involved in neurotransmitter release from RBs.
It will be interesting, then, to explore in the future whether these
different types of CaV channels function cooperatively or in-
dependently to support various Ca21-dependent physiological
processes. As well, future studies could address the hypothesis
that distinct combinations of CaV b and a2d subunits in vari-
ous BC types diversify BC outputs and underlie differences in
inner retinal processing channels.

References
Berntson A, Taylor WR, Morgans CW (2003) Molecular identity, synaptic

localization, and physiology of calcium channels in retinal bipolar cells. J
Neurosci Res 71:146–151.

Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E (2008) Fast unfolding of
communities in large networks. J Stat Mech Theory Mech 2008:P10008.

Bolte S, Cordelières FP (2006) A guided tour into subcellular colocalization
analysis in light microscopy. J Microsc 224:213–232.

Cheng XE, Ma LX, Feng XJ, Zhu MY, Zhang DY, Xu LL, Liu T (2019)
Antigen retrieval pre-treatment causes a different expression pattern of
Cav3.2 in rat and mouse spinal dorsal horn. Eur J Histochem 63:2988.

Zhang, Liu et al. · Calcium Channel Identity in Retinal Bipolar Cells J. Neurosci., August 24, 2022 • 42(34):6487–6505 • 6503

http://dx.doi.org/10.1002/jnr.10459
https://www.ncbi.nlm.nih.gov/pubmed/12478624
http://dx.doi.org/10.1088/1742-5468/2008/10/P10008
http://dx.doi.org/10.1111/j.1365-2818.2006.01706.x
https://www.ncbi.nlm.nih.gov/pubmed/17210054
http://dx.doi.org/10.4081/ejh.2019.2988


Cho S, von Gersdorff H (2012) Ca(21) influx and neurotransmitter release
at ribbon synapses. Cell Calcium 52:208–216.

de la Villa P, Vaquero CF, Kaneko A (1998) Two types of calcium currents of
the mouse bipolar cells recorded in the retinal slice preparation. Eur J
Neurosci 10:317–323.

Dolphin AC (2012) Calcium channel auxiliary a2d and b subunits: traffick-
ing and one step beyond. Nat Rev Neurosci 13:542–555.

Dolphin AC, Lee A (2020) Presynaptic calcium channels: specialized control
of synaptic neurotransmitter release. Nat Rev Neurosci 21:213–229.

Dou H, Vazquez AE, Namkung Y, Chu H, Cardell EL, Nie L, Parson S, Shin
HS, Yamoah EN (2004) Null mutation of alpha1D Ca21 channel gene
results in deafness but no vestibular defect in mice. J Assoc Res
Otolaryngol 5:215–226.

Eggermann E, Bucurenciu I, Goswami SP, Jonas P (2011) Nanodomain cou-
pling between Ca21 channels and sensors of exocytosis at fast mamma-
lian synapses. Nat Rev Neurosci 13:7–21.

Euler T, Haverkamp S, Schubert T, Baden T (2014) Retinal bipolar cells: ele-
mentary building blocks of vision. Nat Rev Neurosci 15:507–519.

Gilbert G, Courtois A, Dubois M, Cussac LA, Ducret T, Lory P, Marthan R,
Savineau JP, Quignard JF (2017) T-type voltage gated calcium channels
are involved in endothelium-dependent relaxation of mice pulmonary ar-
tery. Biochem Pharmacol 138:61–72.

Hasan N, Ray TA, Gregg RG (2016) CACNA1S expression in mouse retina:
novel isoforms and antibody cross-reactivity with GPR179. Vis Neurosci
33:E009.

Hu C, Bi A, Pan ZH (2009) Differential expression of three T-type calcium
channels in retinal bipolar cells in rats. Vis Neurosci 26:177–187.

Inagaki A, Ugawa S, Yamamura H, Murakami S, Shimada S (2008) The
CaV3.1 T-type Ca21channel contributes to voltage-dependent calcium
currents in rat outer hair cells. Brain Res 1201:68–77.

Ivanova E, Hwang GS, Pan ZH (2010) Characterization of transgenic mouse
lines expressing Cre recombinase in the retina. Neuroscience 165:233–
243.

Jarsky T, Tian M, Singer JH (2010) Nanodomain control of exocytosis is re-
sponsible for the signaling capability of a retinal ribbon synapse. J
Neurosci 30:11885–11895.

Kaneko A, Pinto LH, Tachibana M (1989) Transient calcium current of reti-
nal bipolar cells of the mouse. J Physiol 410:613–629.

Koschak A, Reimer D, Walter D, Hoda JC, Heinzle T, Grabner M, Striessnig
J (2003) Cav1.4alpha1 subunits can form slowly inactivating dihydropyri-
dine-sensitive L-type Ca21 channels lacking Ca21-dependent inactiva-
tion. J Neurosci 23:6041–6049.

Kusch V, Bornschein G, Loreth D, Bank J, Jordan J, Baur D, Watanabe M,
Kulik A, Heckmann M, Eilers J, Schmidt H (2018) Munc13-3 is required
for the developmental localization of Ca(21) channels to active zones
and the nanopositioning of Cav2.1 near release sensors. Cell Rep
22:1965–1973.

Lagnado L, Schmitz F (2015) Ribbon synapses and visual processing in the
retina. Annu Rev Vis Sci 1:235–262.

Lee A, Wang S, Williams B, Hagen J, Scheetz TE, Haeseleer F (2015)
Characterization of Cav1.4 complexes (a11.4, b 2, and a2d 4) in
HEK293T cells and in the retina. J Biol Chem 290:1505–1521.

Lenkey N, Kirizs T, Holderith N, Máté Z, Szabó G, Vizi ES, Hájos N, Nusser
Z (2015) Tonic endocannabinoid-mediated modulation of GABA release
is independent of the CB1 content of axon terminals. Nat Commun
6:6557.

Levic S, Nie L, Tuteja D, Harvey M, Sokolowski BH, Yamoah EN (2007)
Development and regeneration of hair cells share common functional
features. Proc Natl Acad Sci U SA 104:19108–19113.

Levine JH, Simonds EF, Bendall SC, Davis KL, Amir el AD, Tadmor MD,
Litvin O, Fienberg HG, Jager A, Zunder ER, Finck R, Gedman AL,
Radtke I, Downing JR, Pe’er D, Nolan GP (2015) Data-driven phenotypic
dissection of AML reveals progenitor-like cells that correlate with prog-
nosis. Cell 162:184–197.

Li M, Hansen JB, Huang L, Keyser BM, Taylor JT (2005) Towards selective
antagonists of T-type calcium channels: design, characterization and
potential applications of NNC 55-0396. Cardiovasc Drug Rev 23:173–
196.

Li P, Rubaiy HN, Chen GL, Hallett T, Zaibi N, Zeng B, Saurabh R, Xu SZ
(2019) Mibefradil, a T-type Ca(21) channel blocker also blocks Orai
channels by action at the extracellular surface. Br J Pharmacol 176:3845–
3856.

Liang CQ, Zhang G, Zhang L, Chen SY, Wang JN, Zhang TT, Singer JH, Ke
JB (2021) Calmodulin bidirectionally regulates evoked and spontaneous
neurotransmitter release at retinal ribbon synapses. eNeuro 8:
ENEURO.0257-20.2020.

LoGiudice L, Henry D, Matthews G (2006) Identification of calcium channel
alpha1 subunit mRNA expressed in retinal bipolar neurons. Mol Vis
12:184–189.

Ma YP, Pan ZH (2003) Spontaneous regenerative activity in mammalian reti-
nal bipolar cells: roles of multiple subtypes of voltage-dependent Ca21
channels. Vis Neurosci 20:131–139.

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, Tirosh I,
Bialas AR, Kamitaki N, Martersteck EM, Trombetta JJ, Weitz DA, Sanes
JR, Shalek AK, Regev A, McCarroll SA (2015) Highly parallel genome-
wide expression profiling of individual cells using nanoliter droplets. Cell
161:1202–1214.

Madisen L, Mao T, Koch H, Zhuo JM, Berenyi A, Fujisawa S, Hsu YW,
Garcia AJ 3rd, Gu X, Zanella S, Kidney J, Gu H, Mao Y, Hooks BM,
Boyden ES, Buzsáki G, Ramirez JM, Jones AR, Svoboda K, Han X, et al.
(2012) A toolbox of Cre-dependent optogenetic transgenic mice for light-
induced activation and silencing. Nat Neurosci 15:793–802.

Mandell JW, Townes-Anderson E, Czernik AJ, Cameron R, Greengard P, De
Camilli P (1990) Synapsins in the vertebrate retina: absence from ribbon
synapses and heterogeneous distribution among conventional synapses.
Neuron 5:19–33.

Mansergh F, Orton NC, Vessey JP, Lalonde MR, Stell WK, Tremblay F,
Barnes S, Rancourt DE, Bech-Hansen NT (2005) Mutation of the calcium
channel gene Cacna1f disrupts calcium signaling, synaptic transmission
and cellular organization in mouse retina. Hum Mol Genet 14:3035–
3046.

Martini M, Rossi ML, Rubbini G, Rispoli G (2000) Calcium currents in hair
cells isolated from semicircular canals of the frog. Biophys J 78:1240–
1254.

Masland RH (2012) The neuronal organization of the retina. Neuron 76:266–
280.

Matthews G, Fuchs P (2010) The diverse roles of ribbon synapses in sensory
neurotransmission. Nat Rev Neurosci 11:812–822.

Morgans CW (2001) Localization of the alpha(1F) calcium channel subunit
in the rat retina. Invest Ophthalmol Vis Sci 42:2414–2418.

Müller CS, Haupt A, Bildl W, Schindler J, Knaus HG, Meissner M, Rammner
B, Striessnig J, Flockerzi V, Fakler B, Schulte U (2010) Quantitative pro-
teomics of the Cav2 channel nano-environments in the mammalian
brain. Proc Natl Acad Sci U SA 107:14950–14957.

Nie L, Zhu J, Gratton MA, Liao A, Mu KJ, Nonner W, Richardson GP,
Yamoah EN (2008) Molecular identity and functional properties of a
novel T-type Ca21 channel cloned from the sensory epithelia of the
mouse inner ear. J Neurophysiol 100:2287–2299.

Nishimune H, Badawi Y, Mori S, Shigemoto K (2016) Dual-color STED mi-
croscopy reveals a sandwich structure of Bassoon and Piccolo in active
zones of adult and aged mice. Sci Rep 6:27935.

Pan ZH (2000) Differential expression of high- and two types of low-voltage-
activated calcium currents in rod and cone bipolar cells of the rat retina. J
Neurophysiol 83:513–527.

Pan ZH (2001) Voltage-activated Ca21 channels and ionotropic GABA
receptors localized at axon terminals of mammalian retinal bipolar cells.
Vis Neurosci 18:279–288.

Pan ZH, Lipton SA (1995) Multiple GABA receptor subtypes mediate inhibi-
tion of calcium influx at rat retinal bipolar cell terminals. J Neurosci
15:2668–2679.

Pan ZH, Hu HJ, Perring P, Andrade R (2001) T-type Ca(21) channels medi-
ate neurotransmitter release in retinal bipolar cells. Neuron 32:89–98.

Pangrsic T, Singer JH, Koschak A (2018) Voltage-gated calcium channels:
key players in sensory coding in the retina and the inner ear. Physiol Rev
98:2063–2096.

Perez-Reyes E (2003) Molecular physiology of low-voltage-activated t-type
calcium channels. Physiol Rev 83:117–161.

Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova S, Chen H, Zheng H,
Striessnig J (2000) Congenital deafness and sinoatrial node dysfunction
in mice lacking class D L-type Ca21 channels. Cell 102:89–97.

Randall AD, Tsien RW (1997) Contrasting biophysical and pharmacological
properties of T-type and R-type calcium channels. Neuropharmacology
36:879–893.

6504 • J. Neurosci., August 24, 2022 • 42(34):6487–6505 Zhang, Liu et al. · Calcium Channel Identity in Retinal Bipolar Cells

http://dx.doi.org/10.1016/j.ceca.2012.06.004
https://www.ncbi.nlm.nih.gov/pubmed/22776680
http://dx.doi.org/10.1046/j.1460-9568.1998.00051.x
https://www.ncbi.nlm.nih.gov/pubmed/9753140
http://dx.doi.org/10.1038/nrn3311
https://www.ncbi.nlm.nih.gov/pubmed/22805911
http://dx.doi.org/10.1038/s41583-020-0278-2
https://www.ncbi.nlm.nih.gov/pubmed/32161339
http://dx.doi.org/10.1007/s10162-003-4020-3
https://www.ncbi.nlm.nih.gov/pubmed/15357422
http://dx.doi.org/10.1038/nrn3125
https://www.ncbi.nlm.nih.gov/pubmed/22183436
http://dx.doi.org/10.1038/nrn3783
https://www.ncbi.nlm.nih.gov/pubmed/25158357
http://dx.doi.org/10.1016/j.bcp.2017.04.021
https://www.ncbi.nlm.nih.gov/pubmed/28438566
http://dx.doi.org/10.1017/S0952523816000055
https://www.ncbi.nlm.nih.gov/pubmed/27471951
http://dx.doi.org/10.1017/S0952523809090026
https://www.ncbi.nlm.nih.gov/pubmed/19275782
http://dx.doi.org/10.1016/j.brainres.2008.01.058
https://www.ncbi.nlm.nih.gov/pubmed/18294617
http://dx.doi.org/10.1016/j.neuroscience.2009.10.021
https://www.ncbi.nlm.nih.gov/pubmed/19837136
http://dx.doi.org/10.1523/JNEUROSCI.1415-10.2010
https://www.ncbi.nlm.nih.gov/pubmed/20826653
http://dx.doi.org/10.1113/jphysiol.1989.sp017551
https://www.ncbi.nlm.nih.gov/pubmed/2552084
https://www.ncbi.nlm.nih.gov/pubmed/12853422
http://dx.doi.org/10.1016/j.celrep.2018.02.010
https://www.ncbi.nlm.nih.gov/pubmed/29466725
http://dx.doi.org/10.1146/annurev-vision-082114-035709
https://www.ncbi.nlm.nih.gov/pubmed/28532378
http://dx.doi.org/10.1074/jbc.M114.607465
https://www.ncbi.nlm.nih.gov/pubmed/25468907
http://dx.doi.org/10.1038/ncomms7557
https://www.ncbi.nlm.nih.gov/pubmed/25891347
http://dx.doi.org/10.1073/pnas.0705927104
https://www.ncbi.nlm.nih.gov/pubmed/18025474
http://dx.doi.org/10.1016/j.cell.2015.05.047
https://www.ncbi.nlm.nih.gov/pubmed/26095251
http://dx.doi.org/10.1111/j.1527-3466.2005.tb00164.x
https://www.ncbi.nlm.nih.gov/pubmed/16007233
http://dx.doi.org/10.1111/bph.14788
https://www.ncbi.nlm.nih.gov/pubmed/31271653
http://dx.doi.org/10.1523/ENEURO.0257-20.2020
https://www.ncbi.nlm.nih.gov/pubmed/16568031
http://dx.doi.org/10.1017/s0952523803202042
https://www.ncbi.nlm.nih.gov/pubmed/12916735
http://dx.doi.org/10.1016/j.cell.2015.05.002
https://www.ncbi.nlm.nih.gov/pubmed/26000488
http://dx.doi.org/10.1038/nn.3078
https://www.ncbi.nlm.nih.gov/pubmed/22446880
http://dx.doi.org/10.1016/0896-6273(90)90030-J
https://www.ncbi.nlm.nih.gov/pubmed/2114884
http://dx.doi.org/10.1093/hmg/ddi336
https://www.ncbi.nlm.nih.gov/pubmed/16155113
http://dx.doi.org/10.1016/S0006-3495(00)76681-1
https://www.ncbi.nlm.nih.gov/pubmed/10692313
http://dx.doi.org/10.1016/j.neuron.2012.10.002
https://www.ncbi.nlm.nih.gov/pubmed/23083731
http://dx.doi.org/10.1038/nrn2924
https://www.ncbi.nlm.nih.gov/pubmed/21045860
https://www.ncbi.nlm.nih.gov/pubmed/11527958
http://dx.doi.org/10.1073/pnas.1005940107
https://www.ncbi.nlm.nih.gov/pubmed/20668236
http://dx.doi.org/10.1152/jn.90707.2008
https://www.ncbi.nlm.nih.gov/pubmed/18753322
http://dx.doi.org/10.1038/srep27935
https://www.ncbi.nlm.nih.gov/pubmed/27321892
http://dx.doi.org/10.1152/jn.2000.83.1.513
https://www.ncbi.nlm.nih.gov/pubmed/10634892
http://dx.doi.org/10.1017/s095252380118212x
https://www.ncbi.nlm.nih.gov/pubmed/11417802
https://www.ncbi.nlm.nih.gov/pubmed/7722621
http://dx.doi.org/10.1016/s0896-6273(01)00454-8
https://www.ncbi.nlm.nih.gov/pubmed/11604141
http://dx.doi.org/10.1152/physrev.00030.2017
https://www.ncbi.nlm.nih.gov/pubmed/30067155
http://dx.doi.org/10.1152/physrev.00018.2002
https://www.ncbi.nlm.nih.gov/pubmed/12506128
http://dx.doi.org/10.1016/S0092-8674(00)00013-1
http://dx.doi.org/10.1016/s0028-3908(97)00086-5
https://www.ncbi.nlm.nih.gov/pubmed/9257934


Rieke F, Lee A, Haeseleer F (2008) Characterization of Ca21-binding protein
5 knockout mouse retina. Invest Ophthalmol Vis Sci 49:5126–5135.

Rodriguez-Contreras A, Yamoah EN (2001) Direct measurement of single-
channel Ca(21) currents in bullfrog hair cells reveals two distinct chan-
nel subtypes. J Physiol 534:669–689.

Satoh H, Aoki K, Watanabe SI, Kaneko A (1998) L-type calcium channels in
the axon terminal of mouse bipolar cells. Neuroreport 9:2161–2165.

Shekhar K, Lapan SW, Whitney IE, Tran NM, Macosko EZ, Kowalczyk M,
Adiconis X, Levin JZ, Nemesh J, Goldman M, McCarroll SA, Cepko CL,
Regev A, Sanes JR (2016) Comprehensive classification of retinal bipolar
neurons by single-cell transcriptomics. Cell 166:1308–1323.

Shi L, Chang JY, Yu F, Ko ML, Ko GY (2017) The contribution of L-type
Cav1.3 channels to retinal light responses. Front Mol Neurosci 10:394.

Singer JH, Diamond JS (2003) Sustained Ca21 entry elicits transient postsy-
naptic currents at a retinal ribbon synapse. J Neurosci 23:10923–10933.

Snellman J, Zenisek D, Nawy S (2009) Switching between transient and sus-
tained signalling at the rod bipolar-AII amacrine cell synapse of the
mouse retina. J Physiol 587:2443–2455.

Soto F, Ma X, Cecil JL, Vo BQ, Culican SM, Kerschensteiner D (2012)
Spontaneous activity promotes synapse formation in a cell-type-
dependent manner in the developing retina. J Neurosci 32:5426–
5439.

Specht D, Wu SB, Turner P, Dearden P, Koentgen F, Wolfrum U, Maw M,
Brandstätter JH, tom Dieck S (2009) Effects of presynaptic mutations on
a postsynaptic Cacna1s calcium channel colocalized with mGluR6 at
mouse photoreceptor ribbon synapses. Invest Ophthalmol Vis Sci
50:505–515.

Su ZL, Jiang SC, Gu R, Yang WP (1995) Two types of calcium channels in
bullfrog saccular hair cells. Hear Res 87:62–68.

Tummala SR, Neinstein A, Fina ME, Dhingra A, Vardi N (2014) Localization
of Cacna1s to ON bipolar dendritic tips requires mGluR6-related cascade
elements. Invest Ophthalmol Vis Sci 55:1483–1492.

van der Maaten L, Hinton G (2008) Visualizing data using t-SNE. J Mach
Learn Res 9:2579–2605.

Van Hook MJ, Nawy S, Thoreson WB (2019) Voltage- and calcium-gated
ion channels of neurons in the vertebrate retina. Prog Retin Eye Res
72:100760.

Wu LG, Westenbroek RE, Borst JG, Catterall WA, Sakmann B (1999)
Calcium channel types with distinct presynaptic localization couple dif-
ferentially to transmitter release in single calyx-type synapses. J Neurosci
19:726–736.

Xiang Z, et al. (2011) The discovery and characterization of ML218: a novel,
centrally active T-type calcium channel inhibitor with robust effects in
STN neurons and in a rodent model of Parkinson’s disease. ACS Chem
Neurosci 2:730–742.

Xu W, Lipscombe D (2001) Neuronal Ca(V)1.3alpha(1) L-type channels
activate at relatively hyperpolarized membrane potentials and are
incompletely inhibited by dihydropyridines. J Neurosci 21:5944–
5951.

Zamponi GW, Striessnig J, Koschak A, Dolphin AC (2015) The physiology,
pathology, and pharmacology of voltage-gated calcium channels and
their future therapeutic potential. Pharmacol Rev 67:821–870.

Zeitz C, Robson AG, Audo I (2015) Congenital stationary night blindness: an
analysis and update of genotype-phenotype correlations and pathogenic
mechanisms. Prog Retin Eye Res 45:58–110.

Zhang XM, Chen BY, Ng AH, Tanner JA, Tay D, So KF, Rachel RA,
Copeland NG, Jenkins NA, Huang JD (2005) Transgenic mice expressing
Cre-recombinase specifically in retinal rod bipolar neurons. Invest
Ophthalmol Vis Sci 46:3515–3520.

Zhang, Liu et al. · Calcium Channel Identity in Retinal Bipolar Cells J. Neurosci., August 24, 2022 • 42(34):6487–6505 • 6505

http://dx.doi.org/10.1167/iovs.08-2236
https://www.ncbi.nlm.nih.gov/pubmed/18586882
http://dx.doi.org/10.1111/j.1469-7793.2001.00669.x
https://www.ncbi.nlm.nih.gov/pubmed/11483699
http://dx.doi.org/10.1097/00001756-199807130-00002
https://www.ncbi.nlm.nih.gov/pubmed/9694192
http://dx.doi.org/10.1016/j.cell.2016.07.054
https://www.ncbi.nlm.nih.gov/pubmed/27565351
http://dx.doi.org/10.3389/fnmol.2017.00394
https://www.ncbi.nlm.nih.gov/pubmed/29259539
http://dx.doi.org/10.1523/JNEUROSCI.23-34-10923.2003
http://dx.doi.org/10.1113/jphysiol.2008.165241
https://www.ncbi.nlm.nih.gov/pubmed/19332496
http://dx.doi.org/10.1523/JNEUROSCI.0194-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22514306
http://dx.doi.org/10.1167/iovs.08-2758
https://www.ncbi.nlm.nih.gov/pubmed/18952919
http://dx.doi.org/10.1016/0378-5955(95)00079-j
https://www.ncbi.nlm.nih.gov/pubmed/8567444
http://dx.doi.org/10.1167/iovs.13-13766
https://www.ncbi.nlm.nih.gov/pubmed/24519419
http://dx.doi.org/10.1016/j.preteyeres.2019.05.001
https://www.ncbi.nlm.nih.gov/pubmed/31078724
http://dx.doi.org/10.1523/JNEUROSCI.19-02-00726.1999
http://dx.doi.org/10.1021/cn200090z
https://www.ncbi.nlm.nih.gov/pubmed/22368764
http://dx.doi.org/10.1523/JNEUROSCI.21-16-05944.2001
http://dx.doi.org/10.1124/pr.114.009654
https://www.ncbi.nlm.nih.gov/pubmed/26362469
http://dx.doi.org/10.1016/j.preteyeres.2014.09.001
https://www.ncbi.nlm.nih.gov/pubmed/25307992
http://dx.doi.org/10.1167/iovs.04-1201
https://www.ncbi.nlm.nih.gov/pubmed/16186328

	Multiple Calcium Channel Types with Unique Expression Patterns Mediate Retinal Signaling at Bipolar Cell Ribbon Synapses
	Introduction
	Materials and Methods
	Results
	Discussion


