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A Local, Periactive Zone Endocytic Machinery at
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Ribbons
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Photoreceptor ribbon synapses are continuously active synapses with large active zones that contain synaptic ribbons. Synaptic ribbons
are anchored to the active zones and are associated with large numbers of synaptic vesicles. The base of the ribbon that is located close to
L-type voltage-gated Ca 2� channels is a hotspot of exocytosis. The continuous exocytosis at the ribbon synapse needs to be balanced by
compensatory endocytosis. Recent analyses indicated that vesicle recycling at the synaptic ribbon is also an important determinant of
synaptic signaling at the photoreceptor synapse. To get insights into mechanisms of vesicle recycling at the photoreceptor ribbon
synapse, we performed super-resolution structured illumination microscopy and immunogold electron microscopy to localize major
components of the endocytotic membrane retrieval machinery in the photoreceptor synapse of the mouse retina. We found dynamin,
syndapin, amphiphysin, and calcineurin, a regulator of activity-dependent endocytosis, to be highly enriched around the active zone and
the synaptic ribbon. We present evidence for two clathrin heavy chain variants in the photoreceptor terminal; one is enriched around the
synaptic ribbon, whereas the other is localized in the entry region of the terminal. The focal enrichment of endocytic proteins around the
synaptic ribbon is consistent with a focal uptake of endocytic markers at that site. This endocytic activity functionally depends on
dynamin. These data propose that the presynaptic periactive zone surrounding the synaptic ribbon complex is a hotspot of endocytosis
in photoreceptor ribbon synapses.

Introduction
Ribbon synapses are continuously active chemical synapses that
are found, for example, in retinal photoreceptors and bipolar
cells as well as in hair cells of the inner ear (for review, see Moser
et al., 2006; Schmitz, 2009; Mercer and Thoreson, 2011). They
differ from “conventional” synapses in several aspects. Ribbon
synapses transmit graded changes of membrane potential into
modulations of continuous, tonic exocytosis of synaptic vesicles
(for review, see Heidelberger et al., 2005; Jackman et al., 2009;
Mercer and Thoreson, 2011). To maintain synaptic transmission,
ribbon synapses possess structural and functional specializations.
The most prominent structural specialization is the synaptic rib-
bon, a large electron-dense presynaptic structure associated with
large numbers of synaptic vesicles. In cross sections, ribbons usu-
ally appear bar shaped; three-dimensional representations reveal
the plate-like, horseshoe-shaped structure of synaptic ribbons.
RIBEYE is the only known protein specific to synaptic ribbons

and most likely is a major component of these structures
(Schmitz et al., 2000, 2012). It belongs to the CtBP protein family.
RIBEYE consists of a large unique N-terminal domain, the A
domain, and a smaller C-terminal domain, the B domain, which
is identical to CtBP2 (C-terminal binding-protein 2) except for
the first 20 aa (Schmitz et al., 2000; for review, see Schmitz, 2009).

Photoreceptor synapses are located in the outer plexiform
layer (OPL) of the retina. Rod photoreceptors contain single,
large active zones with a single synaptic ribbon; cone synapses
contain multiple active zones with multiple synaptic ribbons. The
basal end of the synaptic ribbon is anchored to the active zone
where synaptic vesicle exocytosis occurs (Zenisek et al., 2000).
The active zone includes an electron-dense structure, the arci-
form density, which contains the active zone protein bassoon,
as well as presynaptic L-type voltage-gated calcium channels
(Schoch and Gundelfinger, 2006; for review, see tom Dieck and
Brandstätter, 2006). Lateral to the presynaptic release sites, the
periactive zone forms membrane pouches generated by invagina-
tions of the dendritic tips of postsynaptic horizontal cells (for
review, see Gray and Pease, 1971; Schmitz et al., 2012).

The continuous exocytosis at the ribbon synapse needs to be
balanced by compensatory endocytosis to replenish vesicle pools.
The rate of vesicle recycling is an important factor in the signaling
at photoreceptor ribbon synapses (Jackman et al., 2009; Babai et
al., 2010). Recent analyses indicated that synaptic ribbons have an
important role in the resupply of release-ready synaptic vesicles
(Spassova et al., 2004; Griesinger et al., 2005; Jackman et al., 2009;
Babai et al., 2010; Frank et al., 2010; Schnee et al., 2011; Snellman
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et al., 2011; Tian et al., 2012). How vesicle recycling is organized
and accomplished in the ribbon synapse is still largely unclear.
We applied super-resolution structured illumination microscopy
(SR-SIM) and immunogold electron microscopy to localize key
proteins of the recycling endocytic machinery in photoreceptor
ribbon synapses. We found a local endocytic machinery highly
enriched at the periactive zone in close vicinity to the synaptic
ribbon. This periactive zone endocytic machinery is ideally
placed to replenish the exocytotic machinery of the continuously
active photoreceptor ribbon synapse.

Materials and Methods
Antibodies
Primary antibodies
Anti-RIBEYE(B)-domain/CtBP2 (U 2656) (Schmitz et al., 2000) poly-
clonal rabbit antiserum against RIBEYE(B)-domain was used for immu-
nofluorescence staining in a 1:2000 dilution and for Western blotting in
a 1:10,000 dilution (if not denoted otherwise).

Anti-CtBP2 (catalog #612044, BD Transduction Laboratories) mouse
monoclonal antibody raised against the C-terminal amino acids 361– 445
of CtBP2. This antibody detects RIBEYE [i.e., RIBEYE(B)-domain/
CtBP2] in Western blotting analyses and labels synaptic ribbons in im-
munofluorescence labeling analyses (Schwarz et al., 2011). This antibody
was used for immunofluorescence labeling in a 1:500 dilution.

For the detection of dynamin, we used a well characterized protein
G-purified monoclonal mouse antibody, anti-dynamin (hudy-1; Upstate
antibodies, order #05-319, Millipore) generated against a peptide
(amino acids 822– 838, SPDPFGPPPQVPSRPNR) in the proline-rich,
C-terminal region of dynamin-1 (Hinshaw and Schmid, 1995; Takei et
al., 1995; Warnock et al., 1995). Dynamin-1 is the predominant neuron-
specific form of dynamin expressed in brain (Raimondi et al., 2011; for
review, see Ferguson and De Camilli, 2012). The amino acid sequence of
this peptide used for immunization is highly conserved between species
in dynamin-1 (e.g., 100% amino acid identity in man, mouse, pig, cow,
and horse). The amino acid sequence of this peptide stretch is also con-
served in dynamin-2, the ubiquitous, non-neuronal form of dynamin
(70% amino acid identity) and also in dynamin-3 (77% amino acid
identity). Dynamin-3 is also preferentially expressed in brain (as
dynamin-1) but at much lower levels (Raimondi et al., 2011; for review,

see Ferguson and De Camilli, 2012). The hudy-1 monoclonal antibody
was denoted as an “anti-dynamin” antibody in Results. The correspond-
ing blocking peptide was synthesized by Dr. Martin Jung (Department of
Biochemistry and Molecular Biology, Saarland University, Homburg,
Germany) and used for pre-absorption control experiments. The hudy-1
monoclonal antibody was applied for Western blotting and immunogold
electron microscopy in a 1:1000 dilution and for immunostaining in a
1:500 dilution (if not denoted otherwise).

Anti-syndapin/pacsin (product #196002, Synaptic Systems) poly-
clonal antiserum against syndapin-1/pacsin-1 was used for immunoflu-
orescence microscopy in a 1:250 dilution, and for Western blotting in a
1:1000 dilution. The syndapin peptide was purchased from Synaptic Sys-
tems (196-0P) for pre-absorption control experiments.

Anti-amphiphysin (product #120002, Synaptic Systems) was raised
against a synthetic peptide (amino acids 2–15; ADIKTGIFAKNVQK) of
amphiphysin-1. The antiserum was used for Western blotting in a 1:1000
dilution, and for immunostaining in a 1:250 dilution. The blocking pep-
tide was purchased from Synaptic Systems (120-OP) for pre-absorption
control experiments.

Anti-endophilin (product #159002, Synaptic Systems) is a polyclonal
antiserum raised against a synthetic peptide coding for amino acids 256 –
276 of mouse endophilin-1 (QPKPRMSLEFATGDSTQ). For immuno-
staining, the antiserum was diluted 1:250, and for Western blotting,
1:1000. The endophilin peptide was also obtained from Synaptic Systems
(159-0P) for pre-absorption (blocking) control experiments.

Anti-pan-calcineurin A antibody is an affinity-purified rabbit poly-
clonal antibody raised against a C-terminal peptide of calcineurin A (or-
der number #2614, Cell Signaling Technology via New England Biolabs).
The antibody is purified by both protein A- and peptide-affinity chro-
matography. It was used for immunofluorescence microscopy in a 1:100
dilution, and for Western blotting in a 1:1000 dilution.

Anti-clathrin heavy chain (ab21679, abcam) is a polyclonal rabbit anti-
body raised against a peptide in the C terminus of human clathrin heavy
chain. The blocking peptide (for pre-absorption control experiments) was
also obtained from abcam (ab23440). This antibody detects clathrin heavy
chain-variant 1 (CHC-V1) (see Results section) and was used for immuno-
fluorescence microscopy and Western blotting in a 1:1000 dilution; for
postembedding immunogold electron microscopy, it was diluted 1:250.

Anti-clathrin heavy chain (order #P1663, Cell Signaling Technology
via New England Biolabs), an affinity-purified rabbit antibody against a

Figure 1. Expression of endocytic proteins in the mouse retina. A–G, Expression of endocytic proteins in extracts of the mouse retina as judged by Western blot analyses. All antibodies detect their
respective antigen at the expected running position (indicated by arrowheads). In A–E, proteins were separated by 10% acrylamide SDS-PAGE; in F–G, by 8% acrylamide SDS-PAGE.
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C-terminal peptide of human clathrin heavy
chain, detects CHC-V1 (see Results section)
and was used in a 1:250 dilution for immuno-
fluorescence microscopy. The immunolabel-
ing data on CHC-V1 presented were obtained
by immunolabeling with the above-mentioned
antibody from abcam (abcam21679) against
CHC-V1; but qualitatively identical immuno-
labeling results were obtained also with the
anti-CHC-V1 antibody from Cell Signaling
Technology (P1663) (data not shown).

Anti-clathrin heavy chain (ab59710, abcam) is a
polyclonal rabbit antiserum that was raised against
amino acids 619–638 (KAGLLQRALEHFTDLY-
DIKR) of rat clathrin heavy chain (100%
identical with mouse, highly conserved). For
Western blotting, the antibody was diluted
1:1000, and for immunofluorescence label-
ing, 1:500. This antibody detects CHC-V2
(see Results section).

Anti-clathrin heavy chain (X22 mouse
monoclonal antibody raised against clathrin
heavy chain; Abcam) was raised against clath-
rin heavy chain purified from human brain
(Brodsky, 1985). The antibody was used for
immunofluorescence microscopy in a 1:100 di-
lution. This antibody detects CHC-V2 (see Re-
sults section).

Anti-panSV2, a monoclonal antibody
against the synaptic vesicle protein SV2
(panSV2 monoclonal antibody, raised
against all SV2 variants; Buckley and Kelly,
1985) was used to label the synaptic vesicle-
containing presynaptic terminals. The su-
pernatant was collected from cultured
hybridoma cells (obtained from the Devel-
opmental Studies Hybridoma Bank, Univer-
sity of Iowa) and used in a 1:20 dilution.

Anti-vesicular glutamate transporter 1
(VGLUT1; NeuroMAB, University of Cali-
fornia, Davis, Davis, CA; clone N28/9), a
mouse monoclonal antibody, raised against
fusion protein encoding amino acids 493–
560 of the rat (VGLUT1). The antibody was
used for immunofluorescence microscopy in
a 1:500 dilution. VGLUT1 is a marker protein of glutamatergic syn-
aptic vesicles (Wojcik et al., 2004).

Anti-VGLUT1 (order #135302, Synaptic Systems). This rabbit poly-
clonal antibody was raised against amino acids 456 –560 of rat VGLUT1
and was used for immunofluorescence microscopy in a 1:500 dilution.

Anti-PSD-95 (NeuroMAB, University of California, Davis, Davis, CA;
clone K28/43), a mouse monoclonal antibody raised against fusion protein
encoding amino acids 77–299 of human PSD-95, was used in a 1:500 dilu-
tion for immunofluorescence microscopy.

Anti-PSD-95 (L667) is a rabbit polyclonal antibody raised against rat
PSD-95 (Irie et al., 1997). This antibody was a gift from Dr. Thomas C.
Südhof (Stanford University, Palo Alto, CA) and used in a 1:1000 dilu-
tion for immunofluorescence microscopy.

Anti-Bassoon (VAM-PS003, Stressgen), a mouse monoclonal antibody
raised against fusion protein encoding amino acids 738–103 of rat bassoon,
was used in a 1:100 dilution for immunofluorescence microscopy.

Anti-Bassoon (order #141002, Synaptic Systems) is a polyclonal rabbit
antibody raised against a fusion protein encoding the C-terminal 330 aa of
rat bassoon. The antibody was used for immunofluorescence microscopy
in a 1:100 dilution.

Secondary antibodies (for immunofluorescence labeling)
The following secondary antibodies were used: chicken anti-mouse-
Alexa Fluor 488; donkey anti-rabbit-Alexa Fluor 568; goat anti-mouse

Cy5; and goat anti-mouse-Alexa Fluor 488. All fluorophore-conjugated
secondary antibodies were purchased from Invitrogen and were used in a
1:1000 dilution for 1 h at room temperature (RT) for immunolabeling
experiments.

Direct labeling of primary antibodies (mouse anti-CtBP2)
with fluorophores (DyLight 488/DyLight 650)
For triple-immunolabeling experiments, purified anti-CtBP2 mouse
monoclonal antibody was conjugated with DyLight 488 (or DyLight 650)
amine-reactive dye with the DyLight 488 Amine Reactive Dye Kit
(catalog #5302, Thermo Scientific)/DyLight 650 Microscale Antibody
Labeling Kit (catalog #84536, Thermo Scientific) according to the
manufacturer’s instructions. Twenty-five micrograms of purified anti-
body (in a volume of 100 �l) was dialyzed against a large volume of PBS
in a Slide-A-Lyzer Mini Dialysis Units Plus Float kit (catalog #66576,
Thermo Scientific). Afterward, the antibody was coupled with the
N-hydroxysuccinimide-activated DyLight 488/DyLight 650 compound
exactly according to the manufacturer’s instructions. DyLight 488-
conjugated primary antibody against CtBP2 was used in a 1:20 dilution
for immunolabeling. DyLight 650-conjugated primary antibody against
CtBP2 was used in a 1:30 dilution for immunolabeling.

Triple immunolabeling for SR-SIM
For triple immunolabeling, we used a directly labeled mouse monoclonal
antibody (CtBP2 antibody conjugated with either DyLight 488 or Dy-

Figure 2. Distribution of dynamin in photoreceptor ribbon synapses at high resolution (immunolabeling of 0.5 �m thin
sections). A, 0.5 �m thin sections of the mouse retina were double immunolabeled with polyclonal antibodies against RIBEYE
(U2656) and mouse monoclonal antibodies against dynamin (hudy-1). Dashed circles in A denote single immunolabeled presyn-
aptic photoreceptor terminals. Images shown in A were obtained by conventional imaging. B, C, 2D-SR-SIM images of 0.5 �m thin
sections from the mouse retina that were double immunolabeled with rabbit polyclonal antibodies against RIBEYE (U2656) and
mouse monoclonal antibodies against dynamin (hudy-1). The dynamin immunosignal is highly enriched around the synaptic
ribbon (arrow). OPL, Outer plexiform layer. Scale bars, 1 �m.
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Light 650, as indicated in the respective experiments) and two other
primary antibodies (one from mouse, the second from rabbit, as indi-
cated in the respective experiments), which were not directly fluorophore
labeled. First, sections were incubated with the two unlabeled primary
antibodies at the same time overnight (at the dilutions given above). On
the next day, sections were washed three times with PBS and afterward
were incubated with the respective secondary antibodies (goat anti-
mouse-Cy5; and donkey anti-rabbit-Alexa Fluor 568 or donkey anti-
rabbit Alexa Fluor 568 and chicken anti-mouse Alexa Fluor 488). After
1 h incubation, sections were washed again three times with PBS and
finally incubated with the directly DyLight 488/DyLight 650-labeled
CtBP2 primary antibody (in the dilutions summarized above) overnight
at 4°C. After overnight incubation, sections were washed three times with
PBS and embedded with antifade solution containing n-propyl gallate, as
previously described (Schmitz et al., 2000).

Blocking of antibodies: preabsorption experiments
For pre-absorption blocking experiments, antisera were diluted to their
indicated respective working concentrations. To these antibody dilutions
either the specific blocking peptide (20 �g) or an unrelated peptide (same
amount) was added. These mixtures were incubated overnight on a turn-
ing wheel and were used on the other day for immunolabeling experi-
ments, as described below.

All experiments were performed with mouse retinas of either sexes.
Mice were killed in the early afternoon. Eyes were collected at environ-
mental daylight conditions (luminance of �2 cd/m 2). Data similar to
those shown for the mouse retina were also obtained with the bovine
retina (of either sexes; data not shown).

Immunofluorescence microscopy
Immunolabeling of 0.5 �m thin resin sections
Embedding procedure. The preparation procedure for sample embedding
into EPON resin is a modification from the procedure described by
Drenckhahn and Franz (1986). In brief, tissue was flash frozen in liquid
nitrogen-cooled isopentane. Then, as a modification of the original pro-
cedure, lyophilization of the tissue was performed while the tissue was
continuously cooled by liquid nitrogen. Lyophilization of the samples
was typically performed in a vacuum of �10 �7 mbar (10 �5 Pa) using a
TCP270 turbomolecular pump (Arthur-Pfeiffer-Vacuumtechnik) con-
trolled by a PKG020 Pirani-gold cathode gauge control unit and an oil
diffusion pump as a pre-pumping unit (type DUO 004B, Arthur-
Pfeiffer-Vacuumtechnik). Samples were lyophilized in liquid nitrogen
for �24 h. Afterward, samples were equilibrated to room temperature,
infiltrated with EPON resin and degassed for 24 h to ensure complete
penetration with EPON. Curing of the resin-embedded samples was per-
formed at 60°C for �24 h.

Immunolabeling procedure for use with 0.5 �m thin resin sections.
Immunofluorescence labeling experiments were performed with
semithin sections (thickness, �0.5 �m) to obtain optimal resolution.
The usefulness of semithin sections to obtain images with nanoscale
resolution has been previously demonstrated by Punge et al. (2008).
From the tissue blocks, 0.5 �m thin sections were cut with a Reichert
ultramicrotome. EPON resin was removed by the procedure of Mayor
et al. (1961) with slight modifications. In brief, EPON resin was re-
moved by incubating the sections in the following solutions: sodium
methanolate [30% solution in methanol (MERCK) for 10 min]; 1:1
mixture of xylol/methanol (10 min); acetone (2� 10 min); H2O (10
min); and PBS (10 min). Afterward, sections were incubated with the

Figure 3. Localization of dynamin in relation to other synaptic proteins of the presynaptic photoreceptor terminal. A, B, The 0.5 �m thin sections from mouse retina were triple immunolabeled
with rabbit polyclonal antibodies against PSD-95 (L667) (A)/ or VGLUT1 (B), mouse monoclonal antibodies against dynamin (hudy-1) (A, B), and DyLight 650-direct labeled primary antibodies
against RIBEYE(B)/CtBP2 (A, B). In A, the PSD-95 immunosignals label the presynaptic plasma membrane of the presynaptic terminals (Koulen et al., 1998; Aartsen et al., 2009), thus demarcating
the extension of a single presynaptic terminal (arrowheads in A). RIBEYE and dynamin are located close to each other at the distal end of the photoreceptor terminal that is facing the INL (A). In B,
presynaptic terminals were immunolabeled with antibodies against VGLUT1, a marker protein of glutamatergic synaptic vesicles. Single-photoreceptor presynaptic terminals are indicated by the
white dashed circles in B. Similar as in A, RIBEYE and dynamin are located close to each other at the distal border of the immunolabeled glutamatergic vesicles of the presynaptic terminal that faces
the INL. ONL, Outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; sr, synaptic ribbon. Arrows next to INL and ONL point into the direction of the respective layer. Scale bars, 1 �m.
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Figure 4. Postembedding immunogold labeling of photoreceptor synapses of the mouse retina with dynamin antibodies. A–H, Ultrathin sections immunolabeled with mouse monoclonal
antibodies against dynamin (hudy-1). Binding of the primary antibodies was detected with goat anti-mouse antibodies conjugated to 10 nm gold particles. The dynamin immunogold label is highly
enriched at the presynaptic plasma membrane surrounding the synaptic ribbon (arrowheads in A–H ). This dynamin immunogold label at the periactive zone was particularly strong at the lateral
presynaptic plasma membrane pouches opposite to dendritic tips of postsynaptic horizontal cells (ho). I, A control incubation in which only secondary antibody (but no primary antibody) was
applied. No immunosignal was observed under these incubations, further stressing the specificity of the immunolabeling results. A quantitative minor portion of (Figure legend continues.)
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respective primary and secondary antibodies as described above
(Schmitz et al., 2000; Alpadi et al., 2008).

Control incubations. Control incubations for immunolabeling experi-
ments were performed by omitting the primary antibody and only
incubating with the secondary antibody. No immunofluorescent sig-
nal was observed in photoreceptor synapses in these control incuba-
tions. In further control experiments, antibodies were preabsorbed
with the respective antigen as described below and processed for
immunolabeling.

Super-resolution structured illumination microscopy. To further im-
prove the spatial resolution of our immunolabeling data, we applied
multicolor 3D-SR-SIM analyses (Schermelleh et al., 2008). The resolu-
tion of normal microscopy is limited to �200 nm in lateral (x, y) and
�500 nm in axial (z) direction. Super-resolution structured illumination
microscopy or SR-SIM gives the possibility of exceeding this diffraction
limit. SR-SIM increases the normal lateral resolution by a factor of two,
and 3D-SR-SIM provides the same increase in axial direction. Another
advantage of the SR-SIM is the possibility of using standard dyes and
staining protocols (for review, see Schermelleh et al., 2010). For struc-
tured illumination microscopy, the ELYRA PS1 setup, as well as a pre-
cursor prototype, from Zeiss were used. Images were taken with a 63�
Plan-Apochromat (numerical aperture, 1.4) with excitation light wave-
lengths of 488, 561, and 635 nm, and then processed for structured illumi-
nation microscopy to obtain higher resolutions (Gustafsson et al., 2008; for
review, see Schermelleh et al., 2010). Z-stacks with an interval of 150 nm were
used to scan the whole retina section for 3D-SR-SIM (Schermelleh et al.,
2008; for review, see Schermelleh et al., 2010). For acquisition and processing
as well as for 3D reconstruction and maximum projection, the Zen2010
software (Zeiss) was used. For imaging analysis, sections were oversampled
to exclude signal loss; for 3D reconstruction, only relevant image planes were
used. For the 3D reconstruction, the transparent mode was applied.

In general, there is a potential risk of projection artifacts using SR-SIM
due to chromatic aberration (Schermelleh et al., 2008). The Zeiss setup
that was used was corrected for chromatic aberration in x-, y-, and
z-directions using multicolor beads, and all obtained images were exam-
ined considering this problem. Identical imaging results were obtained if
different fluorophores were used for imaging.

Postembedding immunogold electron microscopy
Tissue embedding and immunogold labeling procedure. Tissue embedding
and immunogold labeling was performed as previously described
(Schmitz et al., 2000) with some modifications. In brief, freshly isolated
mouse retinas were fixed in 0.05% glutaraldehyde, 2% freshly depo-
lymerized paraformaldehyde in PBS, pH 7.4, for 2 h at 4°C. After several
washes with PBS, followed by H2O, samples were treated with tannic acid
(0.1%, w/v, in H2O) for 1 h at 4°C. Samples were washed with H2O and
incubated for 2 h in 1% uranyl acetate (in H2O). Subsequently, probes
were dehydrated in an ascending concentration of ethanol. At 30% eth-
anol, samples were transferred from 4°C to �20°C to minimize extrac-
tion of lipids and were kept at �20°C during the entire embedding
procedure. Dehydration was performed in steps of 30%, 50%, 70%, 80%,
90%, and 98% ethanol (each for �30 min). Afterward, samples were
infiltrated with London Resin (LR)-Gold (Electron Microscopic Sci-
ences) to which 2% of H2O (v/v) had been added. LR-gold solution was
changed thrice and finally replaced by LR-gold/2% H2O resin solution
that contained 0.1% benzil as a polymerization catalyst. Polymerization

was performed at �20°C with UV light (for �24 h). For immunolabel-
ing, ultrathin sections (50 – 80 nm in thickness) were first treated with
0.5% bovine serum albumin (BSA) in PBS for 45 min at RT to block
nonspecific protein binding sites. Then, primary antibodies [dynamin
(hudy-1), clathrin (CHC-V1; ab21679)] were applied overnight in a
1:250 dilution in 0.5% BSA/PBS. After several washes with PBS, binding
of the primary antibody was detected with goat anti-mouse/goat anti-
rabbit secondary antibody conjugated to 10 nm gold particles (Sigma).
Afterward, immune complexes were fixed with 2.5% glutaraldehyde in
PBS for 15 min at RT. Sections were contrasted with 2% uranylacetate in
H2O and analyzed with a Tecnai Biotwin digital transmission electron
microscope (FEI). As negative controls, either primary antibodies were
omitted and/or unrelated antibodies were used. Please note that a
postembedding protocol was used. In postembedding protocols, no os-
mium tetroxide can be used to enhance membrane contrast. Lipid-rich
membrane compartments (i.e., synaptic vesicles) remain largely invisible
with that method.

Isolation of photoreceptors from the mature mouse retina. Photore-
ceptor cells from the mature retina were isolated by gentle enzymatic
digestion with papain, largely as previously described (Townes-
Anderson et al., 1985, 1988; Rebrik and Korenbrot, 2004) with some
modifications. In brief, retinas were isolated from adult mice within 5
min postmortem (in ambient light). The enucleated eyes were bi-
sected at the equatorial plane, and the posterior eye cup transferred
into ice-cold low-Ca 2�-containing saline solution (abbreviated as
“LCS” solution) containing the following: 132 mM NaCl, 3 mM KCl, 1
mM MgCl2� 6H2O, 0.5 mM CaCl2, 10 mM sodium pyruvate, 10 mM

glucose, 10 mM HEPES, pH 7.4 (�300 mOsm/L). LCS was saturated
with 5% CO2/95% O2 before use. From the posterior eyecup, the
neural retina was gently peeled off from the pigment epithelium and
incubated in 1 ml of cysteine-activated papain solution [containing 9
U/ml papain (catalog #76220 –25G, Sigma); 2.7 mM L-cysteine (cata-
log #1693.1, Roth) in LCS] for 20 min at 25°C. Activation of papain (9
U/ml) was done by preincubation with L-cysteine (2.7 mM in LCS) at
37°C for 20 min. After removing the papain solution, the retina was
gently washed three times with 1 ml of LCS solution containing 2%
FCS and 0.01 mg/ml DNase (catalog #DN25–110MG, Sigma). To
dissociate photoreceptor cells, papain-treated retina was gently trit-
urated (three to four times) with a wide-bore plastic Pasteur pipette.
The resulting cell suspension was plated on concanavalin A (250 mg;
catalog #C7275, Sigma)-coated coverslips. For the coating of 25 mm
round coverslips, �200 �l of 1 mg/ml concanavalin A (in LCS solu-
tion) was added for 1 h at RT. Unbound concanavalin A was removed
by three washes with LCS before the experiments. Cells were allowed
to settle on the coverslips for 30 min at 37°C for tight attachment.

For immunocytochemistry, cells were washed once with LCS and fixed
with 4% paraformaldehyde in PBS for 15 min at RT. Fixed cells were
washed three times with PBS and then permeabilized with 0.1% saponin
(S4521–10G, Sigma) in PBS for 15 min at RT. After permeabilization,
cells were treated with 1% BSA/0.1% saponin in PBS for 45 min and were
incubated with primary antibodies (i.e., hudy-1, 1:250; and U2656,
1:1000) overnight at 4°C. After three washes with PBS, cells were simul-
taneously incubated for 1 h at RT with secondary antibodies, chicken
anti-mouse-Alexa Fluor 488 and donkey anti-rabbit-Alexa Fluor 568.
After washing with PBS, coverslips were mounted on glass cover slides
with antifade solution and sealed with nail polish.

For conventional transmission electron microscopy, mouse photore-
ceptor cells isolated as described above, were processed and embedded
exactly as previously described (Schoch et al., 2006). Ultrathin sections
were analyzed with a Tecnai Biotwin 12 transmission electron micro-
scope (FEI).

Analysis of synaptic ribbon-associated endocytic activity in
synaptic terminals of isolated mouse photoreceptors
Endocytic activity of isolated photoreceptors was visualized with sul-
forhodamine 101 (SR101) (S7635, Sigma), a fluid-phase endocytic
marker (Lichtman et al., 1985; Keifer et al., 1992; Teng et al., 1999; Taka-
hashi et al., 2002; Euler et al., 2009) or with the fixable SR101 analog
Texas Red-hydrazide (T6256, Invitrogen) (Nimmerjahn et al., 2004).

4

(Figure legend continued.) dynamin immunolabel was found in a cytosolic localization within
the presynaptic terminal (dashed circles in C and E). This minor portion could result from either
labeling of endomembranes or tangential views of dynamin on periactive zone of lateral
pouches above the section plane. Please note that a postembedding protocol was used for
immunolabeling. In postembedding protocols, no osmium tetroxide can be used. Therefore,
lipid-rich membrane compartments (i.e., synaptic vesicles) remain invisible with postembed-
ding methods. pr, Presynaptic terminal; sr, synaptic ribbon; pm, extrasynaptic plasma mem-
brane (outside of the presynaptic plasma membrane invagination with no contact to the
postsynaptic cavity; see also Fig. 17); nu, nucleus. Black arrowheads point to dynamin immu-
nogold particles close to the synaptic ribbons. Scale bars: A–E, G, I, 500 nm; F, H, 200 nm.
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Figure 5. A, B, Distribution of amphiphysin and syndapin in photoreceptor ribbon synapses at high resolution (conventional imaging). A, B, The 0.5 �m thin sections of the mouse
retina were double immunolabeled with polyclonal antibodies against amphiphysin and mouse monoclonal antibodies against RIBEYE(B)-domain/CtBP2 (in A), and polyclonal antibod-
ies against syndapin and mouse monoclonal antibodies against RIBEYE(B)-domain/CtBP2 (in B). Arrows point to immunolabeled synaptic ribbons. Dashed circles in A and B denote
single-immunolabeled presynaptic terminals/synaptic ribbon complexes of rod photoreceptors. C, D, Multicolor, 2D-SR-SIM analyses of the distribution of amphiphysin and syndapin in
photoreceptor synapses. In C and D, 0.5 �m thin sections of the mouse retina were triple immunolabeled with Alexa Fluor 488 directly labeled mouse monoclonal antibody against
RIBEYE(B)-domain/CtBP2, rabbit polyclonal antibody against amphiphysin (C) or syndapin (D) and mouse monoclonal antibody against dynamin (C, D). Arrows point to immunolabeled
synaptic ribbons. OPL, Outer plexiform layer. Scale bars, 1 �m.
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Figure 6. Multicolor3D-SR-SIMofRIBEYE,dynamin,andsyndapin/amphiphysinintheactivezoneofsinglerodphotoreceptorsynapses.InA,triple-immunolabeling3D-SR-SIManalyseswereperformedwithantibodies
againstRIBEYE,dynamin,andamphiphysin; in B, triple-immunolabeling3D-SR-SIManalyseswereperformedwithantibodiesagainstRIBEYE,dynamin,andsyndapin(A1–A4 and B1–B4, respectively),denotingdifferent
lateralviewsofthesamesingle-immunolabeledsynapticribbonofarodphotoreceptorsynapse.Arrowsdenotetheimmunolabeledsynapticribbon.OPL,Outerplexiformlayer.Scalebars,1�m.
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Isolated mouse photoreceptors, prepared as described above, were incu-
bated for 2 min at room temperature with 1 �M SR101/Texas Red-
hydrazide. SR101/Texas Red-hydrazide was dissolved in LCS
containing 2 mM Ca 2�. SR101/Texas Red-hydrazide-loading experi-
ments resulted in virtually identical labeling results in isolated mouse
photoreceptors (see Fig. 16) (data not shown). The immunolabeling
results shown in Figure 16 were obtained after loading with fixable
SR101 (Texas Red-hydrazide). After labeling, photoreceptors were
rinsed three times with LCS. To analyze the importance of dynamin in
ribbon-associated endocytosis, photoreceptors were incubated for 30
min at 37°C with 100 �M dynasore, a specific blocker of dynamin
activity (Macia et al., 2006; Kirchhausen et al., 2008; Van Hook and
Thoreson, 2012), before incubation with sulforhodamine/Texas Red-

hydrazide. After labeling and three short washes with LCS, photore-
ceptors were fixed with 4% PFA for 15 min at RT and processed for
immunolabeling as described above.

Western blots
Western blot analyses were performed as previously described (Schmitz
et al., 2000) using the indicated antibodies at the indicated dilutions.
Binding of the primary antibodies was detected with secondary antibod-
ies conjugated with horseradish peroxidase and enhanced chemolumi-
nescence (ECL). ECL signals of the antibody-incubated Western blots
were scanned and documented with a Bio-Rad gelDoc Chemolumines-
cence detection system. As molecular weight standards for SDS PAGE,
we used a prestained protein ladder (order #26616, Thermo Scientific),

Figure 7. Localization of endophilin in photoreceptor synapses of the mouse retina. A, The 0.5 �m thin sections of the mouse retina were double immunolabeled with rabbit polyclonal antibodies
against endophilin and mouse monoclonal antibodies against RIBEYE(B)-domain/CtBP2. B, The 0.5 �m thin sections of the mouse retina were double immunolabeled with rabbit polyclonal
antibodies against endophilin and mouse monoclonal antibodies against dynamin. C, D, The 0.5 �m thin sections of the mouse retina were double immunolabeled with rabbit polyclonal antibodies
against endophilin and mouse monoclonal antibodies against the synaptic vesicle protein 2 (panSV2; detecting all SV2 isoforms). E, The 0.5 �m thin sections of the mouse retina were double
immunolabeled with rabbit polyclonal antibodies against endophilin and mouse monoclonal antibodies against VGLUT1. Dashed circles in B, D, and E denote single presynaptic photoreceptor
terminals. Endophilin is diffusely distributed throughout the presynaptic terminal and is not particularly enriched around the synaptic ribbon. All micrographs were obtained by conventional
imaging. ONL, Outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bars: A, 10 �m; B, 5 �m; C, 12 �m; D, E, 1 �m.
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Figure 8. Pre-absorption control experiments for the immunolabeling analyses. A–H, Double immunolabeling of 0.5�m thin mouse retinal sections with the indicated antibodies preabsorbed with either
their specific peptide used for immunization (B, D, F, H) or with an unrelated control peptide (A, C, E, G). To visualize ribbon synapses, sections were coimmunolabeled with either rabbit polyclonal antibodies
against RIBEYE (U2656 in A and B) or mouse monoclonal antibodies against RIBEYE(B)-domain/CtBP2. Preabsorption with the specific peptide completely blocked the (Figure legend continues.)
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the Roti-Mark Standard molecular weight markers (T851, Roth), and
erythrocyte ghost membranes (Bennett, 1983).

Results
We first focused on dynamin, a mechano-enzyme that is essential
for many forms of endocytosis (Praefcke and McMahon, 2004;
Ferguson et al., 2007; Heymann and Hinshaw, 2009; Schmid and
Frolov, 2011; Ferguson and De Camilli, 2012). Dynamin has well
defined functional domains, including an N-terminal GTPase
domain, a central lipid-binding pleckstrin homology domain, a
bipartite stalk region, a GTPase effector domain, and a proline-
rich C-terminal region to which Src homology 3 (SH3)-
containing proteins can dock in a differential manner (for review,
see Clayton and Cousin, 2009; Ferguson and De Camilli, 2012;
Yamashita, 2012). For immunolabeling, we used a well charac-
terized mouse monoclonal antibody against dynamin (Hinshaw
and Schmid, 1995; Takei et al., 1995; Warnock et al., 1995) and
0.5 �m thin resin sections to obtain optimal resolution. All anti-
bodies used in the present study for immunolabeling analyses
detected their respective antigen at the expected running position
in Western blot analyses (Fig. 1A–G).

Dynamin is enriched in the periactive zone of photoreceptor
ribbon synapses
Using the described immunolabeling techniques with 0.5 �m
thin sections, we found dynamin highly enriched in both synaptic
layers of the retina, the OPL and inner plexiform layer (Figs. 2, 3;
data not shown). The outer plexiform layer, which contains the
photoreceptor ribbon synapses, showed a particularly strong
dynamin immunosignal (Figs. 2, 3). High-magnification/
high-resolution analyses demonstrated that this dynamin immu-
nosignal in photoreceptor synapses is present in a discrete
manner and is highly enriched around the synaptic ribbon that

was immunolabeled with antibodies against RIBEYE (Fig. 2A).
Similarly, dynamin was found in close proximity to the active
zone protein bassoon (data not shown). Bassoon is localized at
the base of the synaptic ribbon (tom Dieck et al., 2005). SR-SIM
showed a ring of dynamin immunoreactivity closely surrounding
the synaptic ribbon (i.e., within �250 nm) (Fig. 2B,C) (data not
shown). The optical resolution obtained by SR-SIM analyses ex-
ceeded the resolution that could be obtained by conventional
imaging as judged by a comparative imaging analysis of the same
incubations either by conventional or SR-SIM imaging at identi-
cal magnifications (data not shown). The observation of dy-
namin being located in close vicinity to the synaptic ribbon was
further corroborated with triple-immunolabeling experiments
(Fig. 3A,B). With these triple-immunolabeling experiments, we
correlated the localization of dynamin to other proteins of the
presynaptic photoreceptor terminal (Fig. 3A,B). We used anti-
bodies against PSD-95 to label the presynaptic plasma membrane
of photoreceptor terminals (Koulen et al., 1998; Aartsen et al.,
2009). In contrast to other synapses, PSD-95 is located presynap-
tically in photoreceptor ribbon synapses, and antibodies against
PSD-95 nicely demarcate the outline of the presynaptic terminal
(Fig. 3A). Antibodies against VGLUT1 were used to label the
glutamatergic synaptic vesicles in the photoreceptor presynaptic
terminals (Wojcik et al., 2004) (Fig. 3B). Similar to the previously
described immunolabeling data, we observed RIBEYE and dy-
namin located close to each other at the distal portion of the
presynaptic terminal that faces the inner nuclear layer (INL) (Fig.
3A,B). Quantitative analyses of nearest distance measurements
indicated that dynamin puncta are located �125 � 50 nm
(mean � SD; 100 synapses analyzed) away from RIBEYE puncta
and �120 � 40 nm (100 synapses analyzed) away from the bas-
soon puncta in retinal sections. Also, isolated mouse photorecep-
tors, which display the typical ultrastructural morphology of
photoreceptor synaptic terminals (data not shown), showed a
similar immunolabeling pattern of dynamin. Similar to the ob-
servations in the intact retina, a focal enrichment of dynamin was
observed in close vicinity to the synaptic ribbon in isolated pho-
toreceptors (data not shown).

4

(Figure legend continued.) respective immunosignals at the synaptic ribbon (B, D, F, and H),
whereas the control peptide had no influence on the immunosignals (A, C, E, and G), showing
the specificity of the immunolabeling results. ONL, Outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer. Scale bars, 10 �m.

Figure 9. The Ca 2�-binding phosphatase calcineurin, a Ca 2� sensor of endocytosis, is enriched at the synaptic ribbon. A, The 0.5 �m thin sections of the mouse retina were double
immunolabeled with affinity-purified rabbit polyclonal antibodies against calcineurin and mouse monoclonal antibodies against RIBEYE(B)domain/CtBP2 (conventional imaging). Calcineurin is
highly enriched at the synaptic ribbons (arrowheads in A). B, The insets show a single-immunolabeled synaptic ribbon. ONL, Outer nuclear layer; OPL, outer plexiform layer. Scale bars, 10 �m.
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Figure 10. High-magnification analyses of CHC-V1 in relation to bassoon, RIBEYE, and dynamin in single-photoreceptor synapses. A, The 0.5 �m thin sections of the mouse retina were double
immunolabeled with rabbit polyclonal antibodies against CHC-V1 and mouse monoclonal antibodies against bassoon. In B and C, sections were double immunolabeled (Figure legend continues.)
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Finally, we performed postembedding electron microscopy
with antibodies against dynamin to determine at the ultrastruc-
tural level where exactly dynamin is located in the distal portion
of the presynaptic terminal. Postembedding immunogold elec-
tron microscopy demonstrated that dynamin is strongly enriched
at the presynaptic plasma membrane in close vicinity to the syn-
aptic ribbon (Fig. 4). This area is denoted as the periactive zone in
the text because it is located directly lateral to the active zone of
exocytosis, where the synaptic ribbons are anchored and exocy-
tosis occurs (for review, see Mercer and Thoreson, 2011; Schmitz
et al., 2012). These ultrastructural immunolocalization data sup-
port the described light microscopy immunolabeling data, which
demonstrated that dynamin is located �120 nm distant from the
synaptic ribbon. Dynamin was found predominantly, though not
exclusively, at the presynaptic plasma membrane in close vicinity
to the synaptic ribbon (within �250 nm distance from the base of
the synaptic ribbon). Some dynamin immunolabeling was also
present at the presynaptic plasma membrane, some distance
from the ribbon (�250 nm away from the base of the ribbon).
There was very little, if any, dynamin at the extrasynaptic outer
plasma membrane of the photoreceptor presynaptic terminal,

which is not in contact with the tips of postsynaptic horizontal
and bipolar cells (Fig. 4) (data not shown). The photoreceptor
presynaptic terminal has a bell-shaped appearance, which is gen-
erated by the invagination of the entire postsynaptic dendritic
complex into the photoreceptor presynaptic terminal (for review,
see Gray and Pease, 1971; Schmitz, 2009). The outer extrasynap-
tic plasma membrane of this bell-shaped presynaptic terminal,
which is not in contact with the dendritic complex, did not con-
tain any dynamin immunoreactivity (Fig. 4) (data not shown).
Only the inner, presynaptic plasma membrane was immunola-
beled by the dynamin antibody with a strong enrichment of the
dynamin immunogold label in the periactive zones lateral to the
synaptic ribbons (Fig. 4A–H) (data not shown).

Major SH3 domain-containing dynamin-binding proteins are
also enriched at the periactive zone in photoreceptor synapses
Dynamin is typically recruited to membranes via SH3 domain-
containing proteins such as syndapin/pacsin and amphiphysin
(Di Paolo et al., 2002; Yoshida et al., 2004; Wu et al., 2009b; Koch
et al., 2011). We localized these proteins in the retina and in
photoreceptor ribbon synapses to determine their localization,
also compared with localization of dynamin and the synaptic
ribbon. We found that the dynamin-interacting proteins am-
phiphysin and syndapin showed a very similar distribution as
dynamin (Fig. 5). Both amphiphysin and syndapin were highly
enriched in the synaptic layers of the retina, particularly in the
OPL, and showed a highly discrete, punctate distribution pattern
at these sites (Fig. 5). Amphiphysin and syndapin were particu-
larly enriched in close proximity to the synaptic ribbon that was
visualized with antibodies against RIBEYE (Fig. 5A,B).

Amphiphysin and syndapin were also highly clustered around
the synaptic ribbon in these double-immunolabeling experi-

4

(Figure legend continued.) with rabbit polyclonal antibodies against CHC-V1 and mouse
monoclonal antibodies against RIBEYE(B)-domain/CtBP2. In D, sections were double immuno-
labeled with rabbit polyclonal antibodies against CHC-V1 and mouse monoclonal antibodies
against dynamin. CHC-V1 is located very close to both RIBEYE and bassoon but does not overlap.
In contrast, the CHC-V1 immunosignals overlap with the dynamin immunosignal at the active
zone of photoreceptor ribbon synapses to a large extent (D). A, B, and D were obtained by
conventional imaging at high magnification; C is a maximum projection of a z-stack obtained by
2D-SR-SIM. Dashed circles in A–D denote single presynaptic photoreceptor terminals;
clathrinHC-V1, CHC-V1; OPL, outer plexiform layer. Scale bars, 1 �m.

Figure 11. Localization of CHC-V1 in the presynaptic rod photoreceptor terminal in relation to PSD-95 and VGLUT1. A, B, The 0.5 �m thin sections from mouse retina were triple immunolabeled
with mouse monoclonal antibodies against PSD-95 (A) or VGLUT1 (B), rabbit polyclonal antibodies against CHC-V1 (abcam) (A, B) and DyLight 650 direct labeled primary antibodies against
RIBEYE(B)/CtBP2 (A, B). The PSD-95 immunosignals in A demarcate the plasma membrane of photoreceptor presynaptic terminals in the OPL (A, arrowheads). In B, presynaptic terminals were
immunolabeled with antibodies against the vesicular transporter VGLUT1, a marker protein of glutamatergic synaptic vesicles. The dashed circle in B denotes a single-immunolabeled presynaptic
photoreceptor terminal. RIBEYE and CHC-V1 are located close to each other at the distal end of the photoreceptor terminal that is facing the INL (A, B). ONL, Outer nuclear layer; clathrinHC-V1,
CHC-V1; OPL, outer plexiform layer; INL, inner plexiform layer. Scale bars, 1 �m.
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Figure 12. Postembedding immunogold labeling of photoreceptor synapses from the mouse retina with antibodies against CHC-V1. A–E, Ultrathin sections of the mouse retina were immuno-
labeled with mouse monoclonal antibodies against CHC-V1 (catalog #21679, abcam). Binding of the primary antibodies was detected with goat anti-rabbit antibodies conjugated to 10 nm gold
particles. A strong CHC-V1 immunogold label (arrowheads) was observed at the plasma membrane in close proximity to the synaptic ribbon (sr). The immunogold labeling (Figure legend continues.)
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ments in 2D-SR-SIM analyses (data not shown). The antibodies
against amphiphysin/syndapin did not work for postembedding
immunogold labeling in our hands. Therefore, we applied triple
immunolabeling SR-SIM analyses to define the localization of
these proteins in the presynaptic terminal as precise as possible at
the light microscopic level. Using 2D-SR-SIM, we found that
both amphiphysin as well as syndapin are typically localized and
strongly enriched around the synaptic ribbon in these triple-
immunolabeling analyses (Fig. 5C,D). The impression was con-
firmed by using 3D-SR-SIM of these triple-immunolabeling
experiments (Fig. 6A,B). Both 2D-SR-SIM and 3D-SR-SIM re-
sults showed a tubulo-/vesicular-like distribution pattern of syn-
dapin and amphiphysin around the synaptic ribbon (Figs. 5C,D,
6A,B).

Endophilin is another SH3-containing protein that can inter-
act with dynamin (Mizuno et al., 2010; Llobet et al., 2011; Milos-
evic et al., 2011). In contrast to amphiphysin and syndapin (Figs.
5, 6), endophilin was neither enriched around the synaptic rib-
bon (Fig. 7A) nor restricted to the dynamin immunosignal
around the synaptic ribbon (Fig. 7B). Endophilin was diffusely
distributed throughout the entire presynaptic terminal (Fig. 7A–
E). In these experiments, the extension of the presynaptic termi-
nal was immunolabeled with panSV2 (Fig. 7C,D) or with
antibodies against the VGLUT1 (Fig. 7E), both with identical
results. All the described immunolabeling experiments could be
specifically blocked with the respective antigen used for immuni-
zation (Fig. 8) (data not shown) but not with irrelevant peptides
demonstrating the specificity of the immunolabeling analyses.

Localization of calcineurin, a putative Ca 2� sensor of
endocytosis, in photoreceptor ribbon synapses
Interestingly, calcineurin, a Ca 2�-sensing phosphatase involved
in coupling Ca 2�-dependent activity and endocytosis (for re-
view, see Clayton and Cousin, 2009), is highly enriched at the
synaptic ribbon complex (Fig. 9). Thus, the influx of Ca 2�

through voltage-gated calcium channels could mediate activity-
dependent endocytosis at the synaptic ribbon through such a
mechanism (see Discussion).

Evidence for two distinct clathrin heavy chain variants
(CHC-V1 and CHC-V2) in the presynaptic photoreceptor
terminal at distinct localizations
Finally, we analyzed for the distribution of clathrin. Clathrin is
instrumental for many, though not all, forms of synaptic vesicle
endocytosis (for review, see Murthy and de Camilli, 2003; Wilbur
et al., 2005; Doherty and McMahon, 2009; Brodsky, 2012). To
analyze the distribution of clathrin in photoreceptor presynaptic
terminals, we used four different antibodies against different
epitopes of clathrin heavy chain. In humans, two clathrin heavy
chain genes (CHC17 and CHC22) are present (for review, see
Brodsky, 2012). In the mouse genome, there is only one active
clathrin heavy gene that corresponds to human CHC17. A second
clathrin gene is a nonactive pseudogene in the mouse genome
(Wakeham et al., 2005; for review, see Brodsky, 2012).

We used two different antibodies raised against the C termi-
nus of clathrin heavy chain (ab21679, abcam; P1663, Cell Signal-
ing Technology) for the immunolocalization analyses. The
clathrin variant, detected by these antibodies, is denoted as
CHC-V1 in the following text. Using these antibodies against
CHC-V1, we observed a strong clathrin signal in close vicinity to
the RIBEYE-immunolabeled synaptic ribbon (Figs. 10, 11) (data
not shown). The clathrin immunosignal was surrounding both
the bassoon-labeled active zone (Fig. 10A) and the RIBEYE-
immunolabeled synaptic ribbon (Fig. 10B). Also, SR-SIM analy-
ses of thin-sectioned mouse photoreceptor synapses that were
double immunolabeled with antibodies against RIBEYE and
CHC-V1 demonstrated a close spatial correlation of these pro-
teins. The CHC-V1 immunosignal closely surrounded the
RIBEYE-labeled synaptic ribbon in these SR-SIM analyses (Fig.
10C). The CHC-V1 immunosignal overlapped to a large extent
with the dynamin immunosignal (Fig. 10D).

The CHC-V1 immunosignal is, similar to the synaptic ribbon,
localized in the distal portion of the synaptic terminal that faces
the INL (Fig. 11). The borders of the presynaptic terminal were
marked either with antibodies against PSD-95, which labels the
presynaptic plasma membrane of photoreceptor terminals (Fig.
11A), or with antibodies against VGLUT1 (Fig. 11B), a compo-
nent of the presynaptic glutamatergic vesicles. In Western blot-
ting analyses, CHC-V1 migrated at the expected molecular
weight position of clathrin heavy chain (Fig. 1F; see also Fig. 13A,
lane 1). The CHC-V1 immunofluorescence signals could be
blocked by preabsorption with the respective peptide used for
immunization (see Fig. 13C) but not by preabsorption with con-
trol peptides (see Fig. 13B), demonstrating the specificity of the
immunolabeling data.

Finally, postembedding immunogold electron microscopy
with antibodies against CHC-V1 demonstrated that a strong
CHC-V1 immunosignal was actually found at the presynaptic
plasma membrane in close proximity (within �250 nm) from the
synaptic ribbon (Fig. 12). These ultrastructural data completely
confirm and extend the light microscopic CHC-V1 immunola-
beling data and show the localization of CHC-V1 in the periactive
zone (Fig. 12) in a very similar position as that shown above for
dynamin (Fig. 4).

We found evidence for a second clathrin-containing com-
partment that is not spatially related to the synaptic ribbon
(see Figs. 14, 15). This clathrin-containing compartment was
labeled by two different antibodies directed against epitopes in
the central region of clathrin heavy chain (ab59710, Abcam;
X22, abcam). This clathrin heavy chain variant detected by
these latter antibodies is denoted as CHC-V2 in the following
text. CHC-V2 migrates slightly slower than CHC-V1 at a
slightly higher molecular weight position (Fig. 13A). This be-
comes obvious if low percentage (5%) acrylamide SDS-PAGE
gels (Fig. 13A) were used (instead of 8% acrylamide running
gels; Fig. 1G). In immunolabeling analyses, CHC-V2 is located
a large distance from both RIBEYE and the active zone protein
bassoon as well as CHC-V1 as judged by high-resolution
double-immunolabeling analyses (Fig. 14A–C). The mean dis-
tance of CHC-V2 from RIBEYE and bassoon puncta (nearest,
mean distance) is �580 � 210 nm (100 synapses analyzed) for
CHC-V2-RIBEYE and �750 � 200 nm (100 synapses ana-
lyzed) for CHC-V2-bassoon. These are two large distances
particularly if one considers that the diameter of a single rod
photoreceptor terminal, measured as distance of the lateral
PSD-95 immunosignals of a single synaptic terminal, is
�1280 � 330 nm (100 synapses analyzed). Despite the large

4

(Figure legend continued.) experiments confirm the previously shown immunofluorescence
labeling data and demonstrate the enrichment of CHC-V1 in the periactive zone of the photo-
receptor ribbon synapse. Arrowheads indicate the CHC-V1 enrichment in the periactive zone.
Only a very minor fraction of CHC-V1 was found in the presynaptic cytosol (dashed circle). F is a
negative control in which the primary antibody was omitted. clathrinHC-V1, CHC-V1; pr, pre-
synaptic photoreceptor terminal; ho, dendritic tips of postsynaptic horizontal cells; pm, plasma
membrane. Scale bars: A–F, 250 nm.
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Figure 13. A, Western blot analyses of two different clathrin heavy chains, variant 1 and variant 2 (after separation in 5% acrylamide SDS-PAGE running gels). The running position of the
immunoreactive bands detected by the different antibodies against the CHC-V1 (lane 1) and antibodies against clathrin heavy chain variant 2 (lane 2) differ slightly. CHC-V1 is slightly smaller than
CHC-V2 in Western blot analyses (after separation in 5% acrylamide SDS-PAGE running gels). B–E, Pre-absorption control experiments for the antibodies against CHC-V1 (Figure legend continues.)
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distance of CHC-V2 from the synaptic
ribbon, CHC-V2 is still located in the
presynaptic terminal as judged by triple-
immunolabeling experiments with anti-
bodies against PSD-95/VGLUT1, RIBEYE,
and anti-CHC-V2 (Fig. 15A,B). But, in
contrast to CHC-V1, CHC-V2 is located in
the proximal portion of the presynaptic ter-
minal, which is separated from the synaptic
ribbon by the bulk of glutamatergic synaptic
vesicles (Fig. 15B). The antibodies against
CHC-V2 did not work in postembedding
immunogold electron microscopy. But
since this clathrin variant is clearly not asso-
ciated with the synaptic ribbon complex the
identification of the underlying organelle,
though principally important, is of minor
relevance for the present study, which is
concerned with vesicle retrieval in the peri-
active zone surrounding the synaptic ribbon
complex (see also Discussion).

The periactive zone of photoreceptor
ribbon synapses is a hotspot of
endocytic activity
Finally, we also presented functional evi-
dence that the synaptic ribbon complex is
a hotspot of endocytic activity. If isolated
mouse photoreceptors (Fig. 16A) were
loaded with a short pulse of the fluid-phase
marker SR101, SR101 was predominantly
taken up in immediate vicinity to the synap-
tic ribbon (Fig. 16B–D) (data not shown).
The synaptic ribbon was visualized by
immunolabeling with antibodies against
RIBEYE in these experiments. The uptake of
SR101 was dependent upon dynamin activ-
ity because SR101 uptake was completely
blocked in the presence of dynasore, a spe-
cific inhibitor of dynamin activity (Fig. 16E)
(data not shown). Our data are schemati-
cally summarized in Figure 17.

Discussion
In the present study, we analyzed the distri-
bution of major proteins of the endocytic
machinery in photoreceptor synapses with immunolabeling and
high-resolution imaging. We found a strong enrichment of these
proteins in the periactive zone (i.e., the area that surrounds the active
zone and the synaptic ribbon). In agreement with the periactive zone
enrichment, we observed a preferential uptake of sulforhod-
amine (SR101), a fluid-phase endocytosis marker, around synaptic

ribbons in mouse photoreceptors. These data suggest that the peri-
active zone region in photoreceptor synapses is a hotspot of en-
docytic vesicle retrieval. Dynamin is likely to play an essential role in
periactive zone endocytosis because dynasore, a specific inhibitor of
dynamin activity, completely inhibited ribbon complex-associated
uptake of SR101. Visualization of periactive zone endocytosis in
photoreceptor terminals was achieved by short loading pulses with
sulforhodamine (SR101) as an uptake marker for endocytosis. Lon-
ger tracer loading times generate a diffuse presynaptic labeling pat-
tern (data not shown) similar to HRP uptake experiments in
previous EM studies (Ripps et al., 1976; Schacher et al., 1976; Schaef-
fer and Raviola, 1978; Cooper and McLaughlin, 1983).

The periactive zone vesicle retrieval could promote rapid syn-
aptic vesicle recycling, which is particularly important for the
tonically active ribbon synapses. The suggested vesicle retrieval at
the periactive zone close to the synaptic ribbon is in line with
recent findings that supported a major role of synaptic ribbons

Figure 14. Two different clathrin heavy chain variants are found in photoreceptor terminals at different locations (immuno-
fluorescence analyses). A, The 0.5 �m thin sections of the mouse retina were double immunolabeled with rabbit polyclonal
antibodies against CHC-V1 and mouse monoclonal antibodies against CHC-V2. The immunosignals for the two variants of clathrin
heavy chain do not overlap and are located a large distance from each other (A). In B and C, sections were double immunolabeled
with polyclonal antibodies against bassoon (B) and RIBEYE (C) to relate the localization of CHC-V2 to the localization of these
proteins in the presynaptic photoreceptor terminal. Bassoon and RIBEYE are localized in a large distance from immunolabeled
CHC-V2. For further localization data of CHC-V2 in relation to other proteins of the presynaptic terminal, see also Figure 15. ONL,
Outer nuclear layer; OPL, outer plexiform layer; clathrinHC-V1, CHC-V1; clathrinHC-V2, CHC-V2. Scale bars, 1 �m.

4

(Figure legend continued.) and CHC-V2 (immunolabeling analyses). Double immunolabeling
of 0.5 �m thin mouse retinal sections with the indicated antibodies preabsorbed with either
their specific peptide used for immunization (C, E) or with an unrelated control peptide (B, D). In
parallel, sections were incubated with monoclonal anti-dynamin antibodies (B, C) or RIBEYE (D,
E) as labeling positive controls. The specific peptides completely blocked the respective clathrin
heavy chain immunosignals (C, E), whereas the control peptide had no influence of the clathrin
heavy chain immunosignals (B, D) showing the specificity of the immunolabeling signals. ONL,
Outer nuclear layer; OPL, outer plexiform layer; clathrinHC-V1, CHC-V1; clathrinHC-V2, CHC-V2.
Scale bars: B–E, 5 �m.
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for recycling of release-ready synaptic vesicles (Jackman et al.,
2009; Babai et al., 2010). This proposal is conceptionally similar
to periactive zone endocytosis found also in other synapses (e.g.,
in lamprey neurons, neuromuscular junction and hippocampal
synapses) (Teng et al., 1999; for review, see Shupliakov, 2009;
Haucke et al., 2011; Hua et al., 2011; Saheki and De Camilli, 2012;
Yamashita, 2012). It will be interesting to see how regulation of
periactive zone endocytosis is accomplished in these physiologi-
cally different types of synapses.

In general, different forms of endocytosis involve different
sets of proteins (for review, see Wu et al., 2007; Dittman and
Ryan, 2009; Doherty and McMahon, 2009; Donaldson et al.,
2009; Scita and Di Fiori, 2010; Sandvig et al., 2011; Saheki and De
Camilli, 2012). We found dynamin as well as the dynamin-
associated proteins syndapin/pacsin and amphiphysin highly en-
riched in close vicinity to the synaptic ribbons. In agreement with
the light microscopic immunolabeling data, dynamin was found
preferentially localized at the presynaptic plasma membrane next
to the synaptic ribbon, as judged by postembedding immunogold
electron microscopy. These ultrastructural data further support
the concept of periactive zone endocytosis in ribbon synapses.
Dynamin immunoreactivity at the plasma membrane outside
of the periactive zone could support retrieval of vesicles that
have been fused outside of the ribbon-associated active zone
(Midorikawa et al., 2007; Zenisek, 2008). Endophilin was also
found at the synaptic ribbon but predominantly diffusely distrib-
uted throughout the entire presynaptic terminal. In conventional
synapses, endophilin is also distributed diffusely in the entire

synaptic vesicle pool, although endophilin acts at the plasma
membrane (Bai et al., 2010). Similarly, intersectin, a periactive
zone component in conventional synapses, cycles between differ-
ent locations in the presynaptic terminal (for review, see Shuplia-
kov, 2009; Pechstein et al., 2010; Haucke et al., 2011).

Remarkably, we detected two immunologically distinct forms
of clathrin heavy chain in the presynaptic photoreceptor termi-
nal, CHC-V1 and CHC-V2. CHC-V1 was associated with the
synaptic ribbon complex, whereas CHC-V2 was not localized at
synaptic ribbons. CHC-V1 immunosignals at the synaptic ribbon
complex largely overlapped with the dynamin immunoreactivity
at that site. In support of these light microscopic data, we showed
by immunogold electron microscopy that CHC-V1 is preferen-
tially localized at the presynaptic plasma membrane in close vi-
cinity to the active zone and synaptic ribbon. The antibodies
against CHC-V2 did not work for postembedding immunogold
electron microscopy. But the CHC-V2 immunosignals were
clearly localized a large distance (�580 nm) from the bassoon-
labeled active zone in the proximal part of the presynaptic termi-
nal and thus cannot contribute to periactive zone endocytosis.
The identity and function of this CHC-V2-containing compart-
ment needs to be elucidated in detail by future investigations. The
molecular difference between CHC-V1 and CHC-V2 is un-
known, but could involve differential splicing and/or differential
post-translational modifications.

Our proposal of periactive zone endocytosis in photoreceptor
synapses is in agreement with electron microscopic data that
demonstrated coated buds and coated vesicles at the presynaptic

Figure 15. Localization of CHC-V2 (clathrinHC-V2) in the presynaptic photoreceptor terminal in relation to PSD-95 and VGLUT1. In A and B, 0.5 �m thin sections of the mouse retina were triple
immunolabeled with rabbit polyclonal antibodies against CHC-V2 and mouse monoclonal antibodies against either PSD-95 (A) or VGLUT1 (B). The synaptic ribbon was visualized with a DyLight
650-labeled primary antibody against RIBEYE(B)-domain/CtBP2. The PSD-95 immunosignals demarcate the plasma membrane of the entire photoreceptor presynaptic terminal (arrowheads). The
CHC-V2 antibody labeled a spot-like structure in the presynaptic terminal (arrows) that—in contrast to CHC-V1—was localized in a large distance from the synaptic ribbon. A virtually identical
immunolabeling pattern was obtained if the sections were triple immunolabeled with a monoclonal antibody (X22, abcam) against CHC-V2, a rabbit polyclonal antibody against PSD-95, and the
DyLight 650 directly labeled antibody against RIBEYE(B)-domain/CtBP2 (data not shown). Identical results were obtained if presynaptic vesicles were immunolabeled with rabbit polyclonal
antibodies against VGLUT1 and if CHC-V2 was immunolabeled with the monoclonal clathrin heavy chain antibody X22 (abcam) (data not shown). Similarly, as in A and B, the localization of the
synaptic ribbon was determined by DyLight 650-labeled primary antibody against RIBEYE(B)-domain/CtBP2 in these incubations (data not shown). B, The CHC-V2 was located in a spot-like manner
(arrow in B2) at the entry of the presynaptic terminal. CHC-V2 was separated from the synaptic ribbon by the bulk of glutamatergic synaptic vesicles that were immunolabeled by VGLUT1 antibodies
(B). This distribution of CHC-V2 is in contrast to the distribution of CHC-V1 (see Figs. 10, 11). In contrast to CHC-V2, CHC-V1 is highly enriched around the synaptic ribbon (compare with Fig. 11A,B).
Dashed circles in B denote a single presynaptic photoreceptor terminal in the outer plexiform layer (OPL). clathrinHC-V2, CHC-V2; clathrinHC-V1, CHC-V1. Scale bars, 1 �m.
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Figure 16. Imaging of synaptic ribbon-associated endocytosis in isolated mouse photoreceptors. Isolated mouse photoreceptors (shown in A) were incubated for 2 min with sulforhodamine (SR101), which
is taken up by fluid-phase endocytosis. Afterward, SR101-loaded photoreceptors were fixed and immnunolabeled with antibodies against RIBEYE(B)-domain/CtBP2. A hotspot of SR101 uptake is found in close
association with the synaptic ribbon (B–D; and data not shown). B was obtained by conventional imaging; C and D are maximum projections of z-stacks from confocal imaging. Pretreatment with dynasore, a
specific inhibitor of dynamin (100 �M), completely inhibited the synaptic ribbon-associated uptake of SR101 (red channel) (E and data not shown). Scale bars, 1 �m.

10296 • J. Neurosci., June 19, 2013 • 33(25):10278 –10300 Wahl et al. • Periactive Zone Endocytosis at Ribbon Synapses



plasma membrane lateral to the synaptic ribbon (Gray and Pease,
1971). These coated membranes were located in pouches of the
presynaptic terminals located lateral to the synaptic ribbon and
opposite to the dendritic tips of horizontal cells. These are
exactly the sites where we found a strong enrichment of dy-
namin and a clathrin heavy chain variant (CHC-V1) using
immunogold electron microscopy.

Previous analyses, mostly obtained from electrophysiological
analyses of retinal bipolar cells and inner ear hair cells, revealed at
least two distinct modes of endocytosis in ribbon synapses: a fast
phase and a slow phase of endocytosis (Neves and Lagnado, 1999;
Moser and Beutner, 2000; Beutner et al., 2001; Wu et al., 2007; for
review, see LoGiudice and Matthews, 2007; Smith et al., 2008;
Royle and Lagnado, 2010), with time constants of �1 and
�15–30 s. Future analyses need to show to which mode periactive
endocytosis will contribute. In terms of its localization, it would
be ideally suited to serve fast endocytosis in photoreceptors. In
retinal bipolar cells, fast endocytosis was found to be clathrin
independent however (Jockusch et al., 2005).

The local periactive zone endocytic
machinery in photoreceptor synapses will
be exposed to fluctuations of presynaptic
[Ca 2�]i that result from Ca 2� influx
through voltage-gated Ca 2� channels at
the active zone. The role of Ca 2� in endo-
cytosis is not completely understood (for
review, see Smith et al., 2008; Shupliakov,
2009; Yamashita, 2012). But many recent
studies have demonstrated that increases
of [Ca 2�]i can promote and activate en-
docytosis (Neves and Lagnado, 1999;
Beutner et al., 2001; Neves et al., 2001; Wu
et al., 2005, 2007, 2009a; Hosoi et al., 2009;
Babai et al., 2010; Schnee et al., 2011).
Recent analyses suggested that vesicle
recycling occurs close to presynaptic
voltage-gated Ca 2� channels in photore-
ceptor ribbon synapses and could be stim-
ulated by increases of presynaptic Ca 2�

(Babai et al., 2010).
We found calcineurin, a Ca 2�-

activated calmodulin-dependent phos-
phatase, localized in close vicinity to the
synaptic ribbon. In conventional syn-
apses, calcineurin is a Ca 2�-dependent
regulator of endocytosis that adjusts
activity-dependent endocytosis by de-
phosphorylating endocytic proteins (e.g.,
dynamin). By this way, it controls func-
tionally important protein–protein inter-
actions in endocytic networks (for review,
see Cousin and Robinson, 2001; Clayton
and Cousin, 2009; Yamashita, 2012).
Thus, calcineurin is a potential Ca 2� sen-
sor that could adjust local, ribbon-
associated endocytosis to different levels
of synaptic activity also in photoreceptor
ribbon synapses. Calcineurin specifically
binds to the dynamin-1Xb splice isoform
of dynamin-1 (Bodmer et al., 2011; Xue et
al., 2011), predicting that this dynamin
splice variant is present at synaptic rib-
bons of photoreceptor synapses. Clearly,

further possibilities could also apply. In conventional synapses,
various mechanisms are known to be installed that regulate en-
docytosis (for review, see Südhof, 2004, 2012; Shupliakov, 2009;
Koch and Holt, 2012; Yamashita, 2012; Yao et al., 2012).

Recently, it was demonstrated that CtBP proteins perform
an important role in mediating certain aspects of endocytosis
(Bonazzi et al., 2005; Amstutz et al., 2008; Liberali et al., 2008;
for review, see Hansen and Nichols, 2009). RIBEYE is also a
member of the CtBP protein family and could possibly fulfill a
similar role in the ribbon synapse. Recently, the RIBEYE(B)
domain was demonstrated to be a lysophosphatidic acid-
acyltransferase that generates phosphatidic acid (PA) at the
synaptic ribbon (Schwarz et al., 2011). PA promotes negative
membrane curvature that favors vesicle budding and fission
(Jenkins and Frohman, 2005; Roth, 2008; Yang et al., 2008).
PA stimulates binding of dynamin to membranes (Burger et
al., 2000; Andresen et al., 2002; Roth, 2008) and thus might
play a role in distinct aspects of endocytotic membrane traf-

Figure 17. Simplified, schematic summary of the immunolocalization data presented in the manuscript. Key players of endo-
cytic membrane traffic, including dynamin, dynamin-binding proteins, and CHC-V1, are enriched in a periactive zone of photore-
ceptor synapses. Besides CHC-V1, CHC-V2 is also present in the presynaptic photoreceptor terminal. In contrast to CHC-V1, CHC-V2
is located a large distance from the periactive zone, possibly on an endosomal compartment in the proximal region of the presyn-
aptic terminal. Endosomal-like membrane compartments have been previously observed by transmission electron microscopy in
this part of the photoreceptor terminal (Ripps et al., 1976; Schacher et al., 1976; Schaeffer and Raviola, 1978; Cooper and McLaugh-
lin, 1983). The drawing of the photoreceptor terminal is modified based on a drawing of Gray and Pease (1971) . sr, Synaptic ribbon;
sv, synaptic vesicles; clathrinHC-V1, clathrin heavy chain variant 1, CHC-V1; clathrinHC-V2, CHC-V2; CaV, voltage-gated calcium
channels of the photoreceptor active zone; h, postsynaptic dendritic tip of a horizontal cell; b, postsynaptic dendritic tip of an
invaginating bipolar cell; bsn, bassoon.
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ficking (Donaldson, 2009; Fine et al., 2011; Lariccia et al.,
2011; Malhotra and Campelo, 2011; Campelo and Malhotra,
2012).

Currently, we can only speculate how the endocytic machin-
ery is anchored at the synaptic ribbon complex of photoreceptor
synapses. The protein Munc119 is recruited to synaptic ribbons
via interaction with RIBEYE (Alpadi et al., 2008). Interestingly,
Munc119 was found in a protein complex with dynamin in T
lymphocytes and shown to regulate dynamin function (Karim et
al., 2010). Therefore, Munc119 might perform a similar role in
photoreceptor ribbon synapses by anchoring the endocytic ma-
chinery to synaptic ribbons and/or regulating its activity.
�-subunits of voltage-gated Ca 2� channels also bind dynamin
(Gonzalez-Gutierrez et al., 2007; Miranda-Laferte et al., 2011;
Xue et al., 2011) and thus could be also involved in recruiting the
endocytotic machinery. One needs to keep in mind that endo-
cytic retrieval might differ in different types of ribbon synapses.
For example, bulk membrane retrieval (Cousin, 2009) is an im-
portant mechanism of membrane retrieval in retinal bipolar cells
(Holt et al., 2003; Paillart et al., 2003) but is absent in photore-
ceptor terminals (Rea et al., 2004). Furthermore, multiple modes
of endocytosis could coexist in a single synapse (Holt et al., 2003;
Paillart et al., 2003; LoGiudice et al., 2009).
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