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Ribbon synapses of tonically releasing sensory neurons must provide a large pool of releasable vesicles for sustained release, while
minimizing spontaneous release in the absence of stimulation. Complexins are presynaptic proteins that may accomplish this dual task
at conventional synapses by interacting with the molecular machinery of synaptic vesicle fusion at the active zone to retard spontaneous
vesicle exocytosis yet facilitate release evoked by depolarization. However, ribbon synapses of photoreceptor cells and bipolar neurons in
the retina express distinct complexin subtypes, perhaps reflecting the special requirements of these synapses for tonic release. To
investigate the role of ribbon-specific complexins in transmitter release, we combined presynaptic voltage clamp, fluorescence imaging,
electron microscopy, and behavioral assays of photoreceptive function in zebrafish. Acute interference with complexin function using a
peptide derived from the SNARE-binding domain increased spontaneous synaptic vesicle fusion at ribbon synapses of retinal bipolar
neurons without affecting release triggered by depolarization. Knockdown of complexin by injection of an antisense morpholino into
zebrafish embryos prevented photoreceptor-driven migration of pigment in skin melanophores and caused the pigment distribution to
remain in the dark-adapted state even when embryos were exposed to light. This suggests that loss of complexin function elevated
spontaneous release in illuminated photoreceptors sufficiently to mimic the higher release rate normally associated with darkness, thus
interfering with visual signaling. We conclude that visual system-specific complexins are required for proper illumination-dependent
modulation of the rate of neurotransmitter release at visual system ribbon synapses.

Introduction
Neurotransmitter release via synaptic vesicle exocytosis depends
on the formation of the SNARE complex, a tight association of
four � helices contributed by three presynaptic proteins: the ves-
icle protein synaptobrevin/vesicle-associated membrane protein
(VAMP) and the plasma-membrane-associated proteins syn-
taxin and synaptosome-associated protein of 25 kDa (SNAP-25)
(Südhof and Rothman, 2009). In addition, SNARE function is
regulated by complexin (Cplx), which is a small presynaptic pro-
tein that binds to the four-helix bundle of an assembled SNARE
complex. Although effects of Cplx knock-outs on synaptic trans-
mission vary with species and cell type (Brose, 2008), it seems
clear that Cplx can serve dual roles as a clamp for spontaneous
neurotransmitter release and an activator of fast calcium-
triggered vesicle fusion (Maximov et al., 2009; Xue et al., 2010;
Yang et al., 2010; Hobson et al., 2011; Martin et al., 2011). Ribbon

synapses of tonically releasing sensory neurons maintain large
pools of releasable vesicles to support both fast, phasic and
slower, sustained transmitter release (Matthews and Fuchs,
2010), and they may therefore have special demands for facilitat-
ing evoked release and preventing spontaneous vesicle fusion, the
dual roles postulated for Cplx. Indeed, conventional synapses
express principally Cplx subtypes 1 and 2, but two different sub-
types—Cplx3 and Cplx4 —are expressed selectively at retinal rib-
bon synapses (Reim et al., 2005), whereas ribbon synapses of
cochlear hair cells lack Cplx altogether (Strenzke et al., 2009).
Knock-out of both Cplx3 and Cplx4 causes moderate visual def-
icits in mice (Reim et al., 2009), consistent with a role in regula-
tion of transmitter release. However, the details of the
function of ribbon-specific complexins at retinal synapses are
largely unknown.

The zebrafish genome contains two orthologs of mammalian
Cplx3 and three orthologs of mammalian Cplx4 (Zanazzi and
Matthews, 2010). Although all of the Cplx isoforms, except for
Cplx3b, are expressed in photoreceptors and bipolar cells during
larval zebrafish development, Cplx4a appears to be the predom-
inant isoform (Zanazzi and Matthews, 2010; Zanazzi, 2010). To
establish the roles of the ribbon-specific Cplx in regulating
calcium-triggered and spontaneous vesicle exocytosis at ribbon
synapses, we used two complementary approaches to interfere
with Cplx3/4 function in zebrafish. First, we acutely dialyzed iso-
lated retinal bipolar neurons with a peptide derived from the
conserved SNARE-binding domain of Cplx3/4, to compete with
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endogenous Cplx. Second, we knocked down expression of
Cplx4a, the principal subtype at retinal and pineal ribbon syn-
apses in zebrafish (Zanazzi and Matthews, 2010), using a
translation-blocking antisense morpholino. Our results indicate
that one role of ribbon-specific Cplx is to prevent an unaccept-
ably high rate of spontaneous release that would otherwise inter-
fere with visual signaling.

Materials and Methods
Animals and tissue preparation. The Institutional Animal Care and Use
Committee of the Stony Brook University approved all animal proce-
dures. Husbandry of zebrafish and procedures for immunofluorescence
staining were as described by Zanazzi and Matthews (2010). The proce-
dure for acutely isolating bipolar cells from adult zebrafish retina was
similar to that described for goldfish by Heidelberger and Matthews
(1992). Briefly, retinas were dissected from eyecups of either sex in saline
[(in mM) 115 NaCl, 2.5 KCl, 0.5 CaCl2, 1 MgCl2, 10 HEPES, pH 7.4],
treated for 25 min with hyaluronidase (500 U/ml; Worthington Bio-
chemical), and then transferred to cold saline containing 2.7 mM DL-
cysteine HCl (EMD Biosciences), cut into small pieces, and incubated
25–30 min in saline containing DL-cysteine and 15–30 U/ml papain
(Sigma-Aldrich) at 25°C. A piece of retina was triturated via a flame-
polished Pasteur pipette, and dissociated cells were plated onto glass-
bottomed dishes containing saline with CaCl2 increased to 2.5 mM for
patch-clamp recording. ON bipolar cells were identified by their charac-
teristic morphology.

Electrophysiology and activity-dependent loading with FM dye. Whole-
cell patch-clamp recordings were made from acutely dissociated bipolar
cells, with the patch pipette placed directly on the synaptic terminal,
which had a diameter of �5 �m for the large-terminal ON cells, which
are equivalent to class Mb1 in goldfish (Heidelberger and Matthews,
1992). The pipette solution contained the following (in mM): 120 Cs-
gluconate, 10 tetraethylammonium-Cl, 3 MgCl2, 0.2 N-methyl-D-
glucamine-EGTA, 2 Na2ATP, 0.5 Na2GTP, 20 HEPES, pH 7.2. Peptides
were added at the concentrations indicated in relevant parts of Results.
Before recording, bipolar cell terminals were loaded with FM4-64 (Invit-
rogen) by exchanging the bath solution with a high-K � solution (80 mM

KCl replacing NaCl) plus 5 �M FM4-64 for 60 s, followed by multiple
washes with standard solution, 60 s in standard solution plus 1 mM

Advasep-7 (Biotium), and again multiple washes with standard solution.
Bipolar cells were then selected for recording based on good viability,
intact morphology, and FM4-64 uptake restricted to synaptic terminals.
Membrane currents were recorded under voltage clamp using a HEKA
EPC-9 amplifier controlled by PatchMaster software (HEKA). Holding
potential was �60 or �65 mV, which is more negative than the threshold
for activation of calcium channels (�55 to �50 mV), and calcium chan-
nels were activated by pulses of varying duration to 0 mV. Membrane
capacitance, series conductance, and membrane conductance were mea-
sured using the sine�DC method of the PatchMaster lock-in extension
and a 1600 Hz sinusoidal stimulus with peak-to-peak amplitude of 10
mV centered on the holding potential. Pipettes were coated with dental
wax to reduce stray capacitance.

Imaging. Fluorescence images were acquired using an Olympus FV-
1000 laser-scanning confocal system connected to an Olympus IX-81
inverted microscope, controlled by Olympus FV10-ASW software. For
live-cell imaging, care was taken to minimize photobleaching and pho-
totoxicity by using fast scan speed (2 �s/pixel), low laser intensity (0.1–
0.5% of maximum), and low pixel density (frame size, 64 � 64 –256 �
256 pixels). Images were analyzed using ImageJ (imagej.nih.gov).

Electron microscopy. For electron microscopy of individually identified
bipolar cells after whole-cell patch-clamp recording, cells were plated
onto chambers constructed using Aclar film (Electron Microscopy Sci-
ences) rather than glass. After recording, the patch pipette was removed
and bipolar cells were fixed by local superfusion with fixative containing
2.5% paraformaldehyde and 2.5% glutaraldehyde in 0.13 M phosphate
buffer, using an application pipette placed near the cell. After 10 min, the
application pipette was removed, the entire bath solution was exchanged
for fixative, and a surrounding rectangle was etched in the Aclar around

the recorded cell using a broken patch pipette to facilitate subsequent
identification of the cell in the electron microscope. Following fixation at
4°C overnight, cells were postfixed in osmium tetroxide, dehydrated,
embedded, and sectioned for electron microscopy as described previ-
ously (Paillart et al., 2003; Matthews and Sterling, 2008). For electron
microscopy of morphant zebrafish embryos, whole embryos injected
with control or Cplx4a morpholino were fixed overnight at 4°C in 2.5%
paraformaldehyde/2.5% glutaraldehyde in 0.13 M phosphate buffer, and
then prepared as described for isolated cells. In experiments to measure
the diameter of synaptic vesicles, bipolar cells were fixed conventionally
as described above, or were rapidly frozen followed by freeze-
substitution fixation. For the latter, isolated bipolar cells on small pieces
of Aclar were frozen by freeze-slamming using a Leica EM-CPC device,
and frozen samples were transferred to cryotubes containing distilled
acetone plus 1% osmium tetroxide frozen in liquid nitrogen. The tubes
were then placed in dry ice in a sealed Styrofoam container, which was
kept in a �80°C freezer for 24 h and then moved to a 4°C cold room to
warm slowly over the course of �48 h. Temperature within the box was
monitored periodically via a thermistor within a cryotube kept alongside
the sample-containing tubes. After reaching 4°C, the box was moved to a
laboratory bench and allowed to warm to room temperature, after which
the samples were embedded and sectioned for electron microscopy.

Antisense morpholino knockdown of Cplx expression. To knock down com-
plexin 4a protein expression, a morpholino antisense oligonucleotide (Gene
Tools) (5�-AAACGCCATTATTTACCACGCCGGA-3�) complementary to
the translation start site of the complexin 4a gene was used. A morpholino
antisense oligonucleotide (5�-CCTCTTACCTCAGTTACAATTTATA-3�)
directed against a human �-globin intron mutation was used as a negative
control. Morpholino solutions were diluted to 20 ng/nl with 0.2 M KCl and 2
mg/ml phenol red. Then, 0.5 nl of a morpholino solution was pressure-
injected into one-cell-stage, dechorionated zebrafish embryos. Zebrafish
embryos were then raised at 28.5°C in embryo medium (0.346 mg/ml so-
dium bicarbonate supplemented with HBSS #1, HBSS #2, HBSS #4, HBSS
#5) with penicillin-streptomycin. The day after injection, embryos were
switched to embryo water [10 ml of reverse osmosis water plus 3 mg of
Instant Ocean plus 10 �l of methylene blue (1 mg/ml)], which was replaced
daily thereafter. Embryos and larvae were maintained on a controlled cycle of
13 h of light and 11 h of darkness, and were killed with 0.168 mg/ml tricaine
(Sigma-Aldrich).

Melanophore responses to light and dark adaptation. Zebrafish embryos
[2 d postfertilization (dpf)] or larvae (5 dpf) were initially dark-adapted
or light-adapted for a minimum of 1 h at 28.5°C. Representative zebrafish
were individually immobilized by placing them in small wells cut out of a
thin, 2% agar layer in a 100-mm-diameter Petri dish (the “imaging
chamber”). The zebrafish were examined on a Zeiss SteREO Discov-
ery.V20 stereomicroscope equipped with an Axiocam camera and Axio-
Vision 4.8 software. Dorsal views were photographed. The embryos and
larvae were then light-adapted or dark-adapted for a minimum of 1 h at
28.5°C. At the end of this period, embryos and larvae were again photo-
graphed in the imaging chambers. Since tricaine leads to the dispersion of
melanosomes (Sheets et al., 2007), all of the imaging experiments were
performed on nonanesthetized zebrafish. Photographs were then an-
alyzed using ImageJ to trace the outlines of pigmented regions and
measure the percentage of the dorsal surface of the head covered by
pigmented cells.

Results
An inhibitory peptide derived from the SNARE-binding
domain of Cplx3 increases spontaneous synaptic vesicle
fusion
To acutely interfere with Cplx function at ribbon synapses, we
designed an inhibitory peptide containing the SNARE-binding
domain (SBD) of mouse Cplx3 but lacking other domains re-
quired for function. In mammals, there are four Cplx proteins,
Cplx1–Cplx4, whose amino-acid sequences are aligned in Figure
1A. A variety of lines of evidence point to the importance of the
region highlighted in gray in Figure 1A for binding of Cplx to
the assembled SNARE complex. First, a peptide consisting of the
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homologous region of squid Cplx (shown
beneath the corresponding sequences of
mouse Cplx in Fig. 1A) competes with
full-length Cplx for binding to syntaxin
and inhibits neurotransmitter release
when injected into squid giant synapse
(Tokumaru et al., 2001), indicating that
the peptide acts as a dominant negative.
Second, a synthetic peptide correspond-
ing to this region has been shown directly
to bind to assembled SNARE complexes
incorporated into lipid bilayers, based on
single-molecule FRET measurements (Li
et al., 2007). Third, biochemical analysis
of SNARE-binding by Cplx1 demon-
strated that the residues shown in red in
Figure 1A are critical for binding (Xue et
al., 2007). In keeping with their impor-
tance for binding, these amino acids are
invariant across Cplx subtypes and across
vertebrate and invertebrate species
(Tokumaru et al., 2001; Xue et al., 2007;
Martin et al., 2011; Fig. 1C, comparison
with zebrafish Cplx-family members).
Fourth, crystal structure of Cplx1 bound
to the four-helix SNARE bundle (Kümmel et
al., 2011) shows that binding of the central
helix of Cplx1 is mediated by the portion
shaded yellow in Figure 1B, which fits
within a groove formed by � helices of
synaptobrevin/VAMP and syntaxin. This
part of Cplx1 (Fig. 1A, yellow box) corre-
sponds to the gray-highlighted sequence
of Cplx3 in Figure 1A. We therefore used
this portion of mouse Cplx3 to construct a
15-residue synthetic peptide (ATLRSHFR
DKYRLPK), designated Cplx-SBD, which
we introduced into zebrafish bipolar neu-
rons via whole-cell dialysis to inhibit
functions mediated by the central helix of
Cplx. The sequence of Cplx-SBD is highly
conserved among the five Cplx3/4 iso-
forms found in zebrafish (Fig. 1C), in-
cluding Cplx4a, which is the principal
subtype found in visual-system ribbon
synapses (Zanazzi and Matthews, 2010).

In designing a control peptide, we ex-
ploited previous results on the interaction
between Cplx and the SNARE complex.
Biochemical studies (Xue et al., 2007)
have shown that substitution of alanine
for arginine 63 or double substitution of
alanine for lysine 69 and tyrosine 70 elim-
inated binding of Cplx1 to the assembled
SNARE complex. Based on crystallo-
graphic data (Kümmel et al., 2011), the
side chains of these three critical amino
acids of Cplx project into the binding
groove formed by � helices of syntaxin
and synaptobrevin/VAMP, as shown in
the stereogram in Figure 1D (critical res-
idues of Cplx shown in red), which is con-
sistent with the importance of these

Figure 1. Design of an inhibitory peptide based on the SNARE-binding domain of Cplx3. A, Clustal alignment of mouse Cplx1–
Cplx4. Gray highlight indicates the 15-residue SNARE-binding domain (Cplx-SBD) used as an inhibitory peptide in whole-cell
recordings from bipolar neurons. Conserved residues required for binding (Xue et al., 2007) are shown in red. These were substi-
tuted by alanine to generate a non-SNARE-binding control peptide (Cplx-SBD/3A). The region of Cplx1 shown in yellow, which
corresponds to Cplx-SBD, contacts the assembled SNARE complex as revealed by crystal structure (Kümmel et al., 2011). The
sequence of the SBD-2 peptide shown by Tokumaru et al. (2001) to interfere with binding of squid Cplx to syntaxin is also included
for comparison with Cplx-SBD. B, Space-filling model of the four-helix SNARE bundle bound with Cplx1, generated using Cn3D
(Wang et al., 2000) from crystallographic data in Protein Data Bank ID 3RK3 (Kümmel et al., 2011). The region of Cplx1 correspond-
ing to Cplx-SBD is shown in yellow. Silver and yellow, Cplx1; magenta, synaptobrevin/VAMP2; blue, syntaxin1a; green and brown,
two helices of SNAP-25. C, Alignment of the Cplx3-SBD from mouse with the five Cplx subtypes of zebrafish (Zanazzi and Matthews,
2010). Residues shown in red are critical for SNARE binding and indicate the positions substituted by alanine in the inactive control
peptide (Cplx-SBD/3A). D, Stereogram of ball-and-stick model of Cplx1 (silver) interacting with syntaxin1a (blue) and VAMP2 (magenta).
The amino acids of Cplx1 shown in red correspond to the three critical residues (A and C) whose side-chains interact with the binding groove
formed by � helices of syntaxin1a and synaptobrevin/VAMP2. The helices of SNAP-25 are omitted for clarity.
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residues demonstrated in biochemical binding assays (Xue et al.,
2007). Therefore, we synthesized a control peptide, designated
Cplx-SBD/3A, containing alanine at all three critical sites but
otherwise identical to Cplx-SBD (ATLASHFRDAARLPK).

Isolated bipolar neurons were dialyzed in whole-cell patch-
clamp recordings with an intracellular solution containing 10 �M

Cplx-SBD or Cplx-SBD/3A, labeled at the N terminus with
5-carboxyfluorescein (5-FAM) to track dialysis. After break-in
with a patch pipette placed directly on the synaptic terminal,
peptide fluorescence rose rapidly to asymptote with a time con-
stant of �5 s (Fig. 2, inset), which is similar to the � of �4 s
calculated from equations given in Pusch and Neher (1988) using
the conditions of our recordings (molecular weight, �2000; se-
ries resistance, �20 M�; terminal radius, �2.3 �m). Before
whole-cell recording, synaptic vesicles were preloaded with the
activity-dependent dye, FM4-64, and spontaneous release was
monitored using the rate of FM-dye destaining in the absence of
stimulation (voltage-clamped at �60 mV). Figure 2 shows that in
the presence of Cplx-SBD, FM4-64 fluorescence declined ap-
proximately linearly with a slope of �0.18 � 0.03%/s, indicating
ongoing synaptic vesicle exocytosis. However, FM4-64 fluores-
cence was relatively stable in the presence of the control peptide,
Cplx-SBD/3A, with a slope of �0.05 � 0.02%/s (p 	 0.009,
two-tailed t test), which was not significantly different from the
decline due to photobleaching alone (�0.03 � 0.01%/s; p 	
0.42). We interpret these results to indicate that Cplx-SBD desta-
bilizes docked and primed synaptic vesicles, so that they undergo
exocytosis in the absence of calcium influx.

To determine whether Cplx-SBD altered spontaneous release
by increasing basal intracellular calcium concentration, synaptic
terminals were dialyzed with 100 �M calcium indicator fluo-2
(KD, 390 nM) with or without unlabeled Cplx-SBD. The fluores-
cence reported by fluo-2 in single confocal optical sections
through the terminal was not significantly different (p 	 0.33;
2-tailed t test with unequal variance) in the presence [836 � 129
arbitrary units (A.U.); N 	 7] and absence (1015 � 121 A.U.;
N 	 11) of Cplx-SBD, indicating that Cplx-SBD does not affect
intracellular calcium concentration at rest. Therefore, a likely
mechanism for the increased spontaneous FM-dye destaining is
that Cplx-SBD, but not Cplx-SBD/3A, competes with the central
helix native Cplx for binding to assembled SNARE complexes but

lacks the clamping effect of full-length Cplx on SNARE-mediated
fusion.

As an independent measure of vesicle exocytosis, we moni-
tored the membrane capacitance of the synaptic terminal, which
reflects the increase in surface area as synaptic vesicles fuse with
the plasma membrane. In terminals dialyzed with 10 �M Cplx-
SBD, capacitance rose steadily in the absence of stimulation,
reaching a plateau �40 s after break-in, without correlated
changes in series conductance. By contrast, terminals dialyzed
with the inactive control peptide Cplx-SBD/3A showed little con-
sistent change in either capacitance or series conductance after
break-in. Examples of individual experiments for each peptide
are shown in Figure 3A,B and averaged capacitance responses for
seven cells each with Cplx-SBD and Cplx-SBD/3A are shown in
Figure 3C. At asymptote (i.e., 40 s after onset of capacitance mea-

Figure 2. Inhibitory peptide Cplx-SBD caused spontaneous destaining of FM4-64 in bipolar
cell synaptic terminals. Synaptic vesicles were preloaded by activity-dependent uptake of FM4-
64, and then voltage-clamped at �60 mV in whole-cell patch clamp. Data points show FM4-64
fluorescence of four terminals dialyzed with Cplx-SBD (open circles) and four terminals dialyzed
with the control peptide, Cplx-SBD/3A (filled circles). Error bars indicate�1 SEM. Both peptides
were labeled with green-fluorescent 5-FAM to monitor effective dialysis of the synaptic termi-
nal (inset).

Figure 3. Inhibitory peptide Cplx-SBD caused a spontaneous rise in membrane capacitance
of bipolar cell synaptic terminals. A, Example of the change in membrane capacitance (Cm) and
series conductance (Gs) for a bipolar cell synaptic terminal dialyzed with Cplx-SBD. B, Example of
a bipolar cell terminal dialyzed with the control peptide, Cplx-SBD/3A. C, Average change in
membrane capacitance for seven terminals dialyzed with Cplx-SBD (filled circles) and seven
terminals dialyzed with Cplx-SBD/3A (open circles). Error bars indicate �1 SEM. Holding po-
tential under voltage clamp, �60 mV.

Vaithianathan et al. • Role of Complexins at Ribbon Synapses J. Neurosci., May 8, 2013 • 33(19):8216 – 8226 • 8219



surements), capacitance increased by 222 � 51 fF with Cplx-SBD
versus �62 � 46 fF with Cplx-SBD/3A, which is a statistically
significant difference (p 	 0.001). Therefore, capacitance mea-
surements are also consistent with an increase in spontaneous
release in the presence of Cplx-SBD peptide but not Cplx-SBD/
3A. Although membrane capacitance reached a plateau within
�40 s after onset of dialysis with Cplx-SBD, FM4-64 destaining
continued unabated throughout the recording (Fig. 2). We take
this to mean that the plateau of capacitance represents a steady-
state balance between exocytosis and endocytosis, rather than
cessation of exocytosis.

Cplx-SBD peptide does not affect evoked synaptic
vesicle fusion
At a variety of synapses, loss of Cplx increases spontaneous re-
lease and also inhibits fast neurotransmitter release evoked by
stimulation (Brose, 2008; Maximov et al., 2009; Yang et al., 2010;
Hobson et al., 2011; Martin et al., 2011). To determine whether
the inhibitory peptide similarly inhibits evoked release as well as
enhancing spontaneous release at bipolar-cell ribbon synapses,
we examined the effect of Cplx-SBD on exocytosis elicited by
activation of presynaptic calcium channels under voltage clamp,
using capacitance measurements to monitor vesicle fusion. Fig-
ure 4A shows the average capacitance response to a 500 ms de-
polarization from �60 to 0 mV in terminals dialyzed with 10 �M

Cplx-SBD, 10 �M Cplx-SBD/3A, or no peptide. In all three con-
ditions, the response averaged �150 fF, corresponding to the
release of �4500 synaptic vesicles during depolarization. As in
goldfish bipolar cell terminals (von Gersdorff and Matthews,
1994; von Gersdorff et al., 1996), this population of vesicles rep-
resents the entire readily releasable pool in zebrafish bipolar neu-
rons, which can be exhausted within �200 ms during strong
depolarization (Vaithianathan and Matthews, unpublished ob-
servations). Although the initial response was unaffected by the
inhibitory peptide, vesicles that refill the releasable pool may be-
come sensitive to inhibition by Cplx-SBD while being prepared
for release. However, subsequent responses to 500 ms depolar-
izations given after allowing 
30 s for refilling of the readily
releasable pool were also unaffected by Cplx-SBD, as shown in
Figure 4B. Therefore, it appears that Cplx-SBD did not alter re-
lease triggered by calcium influx, even though it was able to de-
stabilize spontaneous vesicle fusion.

To provide an independent index of vesicle fusion elicited by
stimulation, we measured the decrease in FM4-64 fluorescence
evoked by 500 ms depolarizations, which stimulated exocytosis of
synaptic vesicles and loss of trapped dye. As shown in Figure 4C,
there was no significant difference in the amount of FM4-64
destaining triggered by depolarization in terminals dialyzed with
10 �M Cplx-SBD, 10 �M Cplx-SBD/3A, or no peptide, which is
consistent with the results from capacitance measurements.
Therefore, Cplx-SBD did not affect release of the readily releas-
able pool of vesicles during depolarization, monitored using ei-
ther capacitance responses or FM4-64 destaining.

Cplx-SBD peptide depletes reserve synaptic vesicles but not
vesicles associated with synaptic ribbons
Steady-state capacitance increased by �220 fF in the presence of
Cplx-SBD peptide (Fig. 3), which we take to represent an in-
creased rate of spontaneous vesicle fusion induced by the active
peptide but not the control peptide. To determine how many
synaptic vesicles must remain incorporated into the plasma
membrane to reach this steady-state capacitance increase, we
measured the diameter of synaptic vesicles using electron micros-

copy of zebrafish bipolar cells fixed by local application of con-
ventional aldehyde fixative after whole-cell recording, or by rapid
freezing followed by freeze-substitution fixation. Only vesicles
associated with synaptic ribbons were measured, to avoid possi-
ble confusion of synaptic vesicles with other membrane-bound
structures present in the cytoplasm of the terminal. The observed
diameter of synaptic vesicles was the same after both mechanisms
of fixation, averaging 32.2 � 0.4 nm (N 	 142) with conventional
fixation and 32.5 � 0.4 nm (N 	 230) in frozen cells. Synaptic

Figure 4. Inhibitory peptide Cplx-SBD had no effect on exocytosis evoked by depolarization
in bipolar cell synaptic terminals. A, Change in membrane capacitance (�Cm) elicited by 500 ms
depolarization in terminals dialyzed with Cplx-SBD (N 	 10), Cplx-SBD/3A (N 	 10), or no
peptide (N 	 14). The differences are not statistically significant ( p 	 0.38 to 0.97; 2-tailed t
test with unequal variance). B, Average capacitance changes in response to a series of three 500
ms depolarizations were similar in terminals dialyzed with Cplx-SBD (N 	 11), Cplx-SBD/3A
(N 	 5), or no peptide (N 	 15). None of the differences are statistically significant. C, Loss of
FM4-64 fluorescence triggered by 500 ms depolarization in terminals dialyzed with Cplx-SBD
(N 	 10), Cplx-SBD/3A (N 	 7), or no peptide (N 	 5). The differences are not statistically
significant ( p 	 0.32 to 0.93; 2-tailed t test with unequal variance). Error bars indicate �1
SEM.
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vesicles in zebrafish bipolar cell terminals are therefore similar in
diameter to vesicles of goldfish bipolar cells (�29 nm; von
Gersdorff et al., 1996) and mouse bipolar cells (�33 nm; LoGiu-
dice et al., 2008). Assuming 10 fF/�m 2, a single vesicle would
have a capacitance of �33 aF, and �6700 vesicles would be re-
quired to reach the plateau of elevated capacitance during spon-
taneous release evoked by Cplx-SBD peptide.

Steady-state transfer of this number of vesicles from cytoplas-
mic pools to the plasma membrane might cause detectable reduc-
tion in cytoplasmic pools of synaptic vesicles. To examine this,
the density of synaptic vesicles was determined at nonribbon
locations within the synaptic terminal using electron microscopy
of terminals fixed after whole-cell dialysis with either Cplx-SBD (Fig.
5A) or Cplx-SBD/3A (Fig. 5B). Vesicle-free zones, such as areas oc-
cupied by glycogen or mitochondria, were excluded from analysis.
Figure 5C shows that cytoplasmic vesicle density was in fact signifi-
cantly reduced in the presence of the active peptide, which stimu-
lated spontaneous release, compared with the inactive control
peptide. Nevertheless, Cplx-SBD had no effect on the number of
vesicles associated with synaptic ribbons (Fig. 5C–E), despite the
partial depletion of cytoplasmic reserve pools. This lack of depletion
of the ribbon-associated vesicles may indicate that the refilling rate of
the ribbon from the remaining reserve pool is sufficient to compen-
sate for spontaneous release of vesicles on ribbons induced by Cplx-
SBD. Alternatively, the spontaneous release generated by Cplx-SBD
may occur at nonribbon locations and therefore fails to affect the
ribbon-associated population of vesicles.

Morpholino knockdown of Cplx expression affects
melanophore pigment migration in response to illumination
We next asked whether interfering with Cplx function would
affect visual system function in zebrafish. Cplx4a is the dominant
subtype expressed at ribbon synapses in retinal and pineal pho-
toreceptive systems of zebrafish (Zanazzi and Matthews, 2010),
and expression of this subtype can be dramatically reduced by
injection of an antisense morpholino into zebrafish embryos at
the one-cell stage (Zanazzi and Matthews, 2010). Therefore, we
used photoreceptor-driven changes in pigment distribution in
skin melanophores (Neuhauss et al., 1999; Logan et al., 2006) to
assess visual function after knockdown of Cplx4a in morpholino-
injected embryos. Ambient light levels regulate the trafficking
and overall quantity of pigment-containing melanosomes within
melanophores (for review, see Yamaguchi and Hearing, 2009),
and at 2 dpf, this melanophore response is controlled by pineal
photoreceptors (Shiraki et al., 2010), which differentiate substan-
tially earlier than retinal photoreceptors. Teleost embryos whiten
during the night and darken during the day due in large part to
melanosome aggregation and dispersal, respectively (for review,
see Fujii, 2000). In the light-adapted control morphants, melano-

Figure 5. Inhibitory peptide Cplx-SBD depleted nonribbon synaptic vesicles but not ribbon-
associated synaptic vesicles in bipolar cell terminals. A, Two examples of electron micrographs
from terminals dialyzed with 10 �M Cplx-SBD. The regions near the bottom of each image
containing glycogen particles and lacking vesicles were not included in determining vesicle

4

density. B, Two examples of electron micrographs from terminals dialyzed with 10 �M Cplx-
SBD/3A. The regions containing mitochondria were not included in analysis of vesicle density. C,
Summary of vesicle counts in electron micrographs of thin sections taken from two terminals
fixed after dialysis with Cplx-SBD and two terminals fixed after dialysis with Cplx-SBD/3A. The
density of nonribbon vesicles (number per square micrometer) was measured in 24 cytoplasmic
regions for each peptide, taken 
400 nm from the nearest ribbon. Ribbon-associated vesicles
were counted in the first row surrounding ribbons in stereoscopic images (�15° tilt) of single
thin sections (7 ribbons, Cplx-SBD; 15 ribbons, Cplx-SBD/3A). Error bars show �1 SEM. D, E,
Stereo pairs (�15° tilt) showing examples of ribbon-associated vesicles in a synaptic terminal
dialyzed with Cplx-SBD (D) or Cplx-SBD/3A (E). Dots at the top are to facilitate vergence eye
movements to bring the two images into register. To obtain the stereoscopic depth effect, view
the figure from a distance of �40 cm and diverge the eyes until the two dots superimpose.
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somes were dispersed within melanophores, which therefore cov-
ered much of the integument with pigment. After dark adaptation,
melanosomes of control morphants aggregated within melano-
phores, causing a statistically significant decrease in the percentage of
the dorsal surface covered by black pigment (Fig. 6A, left bars). Ex-
amples of this light-dependent pigment migration response of a con-
trol embryo are shown in Figure 6B,C, in which the arrows point to
the same cluster of melanophores in light-adapted and dark-adapted
conditions.

By contrast, Cplx4a morphants were hypopigmented
(Zanazzi, 2010), and the distribution of the pigment in melano-

phores was relatively insensitive to dark or light adaptation, as
illustrated in Figure 6D,E. Arrows indicate the same cluster of
melanophores under the two conditions. To determine whether
the constant pigment distribution in Cplx4a morphants repre-
sents aggregation (i.e., the dark-adapted state) or dispersion (i.e.,
the light-adapted state), we measured the percentage of skin on
the dorsal surface of the head covered by melanophores in dark-
adapted and light-adapted states (Fig. 6A, right bars). Light-
adapted and dark-adapted Cplx4a morphant embryos were not
significantly different from dark-adapted control morphants,
whereas light-adapted control morphants had significantly
greater coverage than either light-adapted or dark-adapted
Cplx4a morphant embryos (Fig. 6A). Therefore, melanophores
of Cplx4a morphants remain in the dark-adapted, aggregated
state regardless of ambient light levels. We suggest that when
Cplx4a expression is reduced, pineal photoreceptors provide a
signal consistent with darkness, even when exposed to light.

The absence of the pineal-driven melanophore response upon
illumination in Cplx4a morphants could be due to failure of pi-
neal photoreceptors to differentiate properly without normal ex-
pression of Cplx4a. To determine whether the morphology of
pineal photoreceptors was affected by knocking down expression
of Cplx4a, we examined pineal organs of control and Cplx4a
morphants using immunofluorescence and electron microscopy.
First, we confirmed that the Cplx4a morpholino, but not the
control morpholino, substantially reduced anti-Cplx4a immu-
nostaining in the pineal organ of 2-dpf embryos (Fig. 7A,B), as
reported previously (Zanazzi and Matthews, 2010). This indi-
cates that the morpholino was effective in knocking down expres-
sion of Cplx4a protein in the pineal. Immunostaining with
antibody zpr1, which labels pineal photoreceptors (Zanazzi and
Matthews, 2010), demonstrated that photoreceptors were never-
theless present in the pineal organ of Cplx4a morphants. Electron
microscopy of control and Cplx4a morphant embryos showed
that cone-like outer segments appeared to be normal in Cplx4a
morphants (Fig. 7C,D). Furthermore, active zones of photore-
ceptor synapses were comparable in both morphants, including
size, shape, and proper targeting of synaptic ribbons at the active
zone (Fig. 7E,F). Based on these morphological features, then, we
conclude that the deficit in pigment migration in Cplx4a mor-
phants is not likely attributable to aberrant phototransduction or
failure of synapse formation. Furthermore, since melanophores
of Cplx4a morphants remain in the dark state after light adapta-
tion, we suggest that pineal photoreceptors continue to release
transmitter, mimicking darkness, even when hyperpolarized by
illumination.

Although retinal photoreceptors develop later than pineal
photoreceptors, the Cplx4a morpholino also effectively elimi-
nated Cplx4a expression in the retina at 4.3 dpf (Zanazzi and
Matthews, 2010; see their Fig. 11), a stage at which functional
cone-mediated vision can be assessed using the robust optoki-
netic response (OKR) to a rotating striped drum (Brockerhoff,
2006). We found that Cplx4a morphant larvae failed to show
OKR at 4 –5 dpf, whereas control morphants were normal. Al-
though this suggests that Cplx4a morphants are blind, these lar-
vae also had no spontaneous eye movements, unlike control
morphants. Therefore, we could not rule out an oculomotor de-
fect rather than blindness as an explanation for the absence of
OKR, and so we turned to the melanophore pigment response to
assess retina-dependent visual function. After �4 dpf, control of
pigment migration in melanophores switches from pineal pho-
toreceptors to retinal photoreceptors, via a retina– hypothala-
mus–pituitary pathway, and the direction of the response

Figure 6. Knockdown of Cplx4a prevented pineal-dependent pigment migration in skin
melanophores during light adaptation of 2-dpf zebrafish embryos. A, Percentage of the
dorsal surface of the head covered by black-pigmented melanophores in light-adapted
and dark-adapted embryos injected with a control morpholino (left) or an antisense mor-
pholino against Cplx4a (right). The pigment migration response was normal in control
morphants but failed to occur in Cplx4a morphants. Results are shown from four control
and four Cplx4a morphant embryos. Error bars indicate �1 SEM. Horizontal lines indicate
paired comparisons, with the indicated t test probabilities. Black lines show significant
differences, and gray lines show statistically insignificant differences. Light-adapted and
dark-adapted Cplx4a morphants were similar to dark-adapted control morphants. B, C,
Dorsal views of an example embryo injected with the control morpholino, showing normal
pigment migration in response to light adaptation (A; dispersed pigment granules) and
dark adaptation (B; aggregated pigment granules). Arrows point to the same cluster of
melanophores in both conditions. D, E, Example of a Cplx4a morphant embryo in which
pigment migration failed to occur. Pigment granules remained aggregated in dorsal mel-
anophores in both light-adapted (D) and dark-adapted (E) conditions. Arrows point to the
same cluster of melanophores in the two conditions.
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reverses so that pigment aggregates in the light and disperses in
the dark (Shiraki et al., 2010). As at 2 dpf, light-adapted melano-
phores of 5-dpf Cplx4a morphant larvae remained in the dark-
adapted state, but pigment remained dispersed rather than
aggregated, consistent with the reversal of the migration response
when under control of the retina. However, unlike the pineal
photoreceptors earlier in development, retinal cones failed to
develop properly in Cplx4a morphants. Cones labeled with anti-
body zpr1 were present in both control and Cplx4a morphants at
5 dpf (Fig. 8A,B), and their synaptic terminals contained ribbons
labeled with an antibody against RIBEYE-b (Fig. 8A,B), suggest-
ing that synaptic connections were not grossly defective when
Cplx4a was knocked down. However, although cones were pres-
ent in Cplx4a morphants, they appeared to be shorter, and no
outer segments were detectable with antibody zpr1 (Fig. 8A,B,
arrows).

To examine this morphological difference in more detail, we
used electron microscopy of control and Cplx4a morphant reti-
nas at 5 dpf. As shown in Figure 8C, numerous cone outer seg-

ments were present in control morphants, similar to wild-type
retina at this developmental stage. In zebrafish, rod development
approaches maturity between 15 and 24 dpf, and cone signaling
predominates before this time (Branchek and BreMiller, 1984;
Bilotta et al., 2001). Consistent with this delayed maturation of
rods, we did not observe any rod outer segments in electron
micrographs of control morphants at 5 dpf. By contrast, cone
outer segments were almost entirely absent in Cplx4a morphants
at 5 dpf (Fig. 8D). As with control morphants, no rods were
observed in Cplx4a morphant retinas. Inner segments of cones in
Cplx4a morphants had grossly normal ultrastructure and showed
no evidence of degenerative changes (Fig. 8D), suggesting that
the absence of outer segments represents a failure of development
rather than cell death. Lack of photoreceptor outer segments
would result in retinal blindness, which explains the failure of
melanophore pigment migration driven by retinal outputs, as
well as the absence of OKR in Cplx4a morphants. This defect in
photoreceptor cells therefore precludes any interpretation of
Cplx4a knockdown in terms of a possible effect of Cplx4a on
neurotransmitter release.

Discussion
Effects of Cplx-SBD peptide on spontaneous and
evoked release
Acutely interfering with binding of the Cplx3/4 central helix us-
ing an inhibitory peptide increased spontaneous release in ze-
brafish bipolar cells, without affecting evoked release. This result
differs from the recently emerging view that Cplx has two com-
peting roles at synapses, acting as both a clamp to prevent spon-
taneous vesicle fusion and a facilitator for fast fusion in response
to calcium influx (Brose, 2008; Maximov et al., 2009; Yang et al.,
2010; Hobson et al., 2011; Martin et al., 2011). In this view, the
inhibitory peptide might be expected to both increase spontane-
ous release and inhibit evoked release. What accounts for the
difference between this expectation and our results? A possible
explanation is that our experiments were conducted using retinal
ribbon synapses, which express distinct isoforms of Cplx (Reim et
al., 2005) and syntaxin (Curtis et al., 2008, 2010). As pointed out
by Neher (2010), the effect of interfering with Cplx function at a
given synapse likely depends on which subtypes of Cplx and its
partner proteins are expressed. Because ribbon synapses main-
tain a large pool of readily releasable vesicles to support sustained
release (Matthews and Fuchs, 2010), preventing excessive spon-
taneous release from this large releasable pool may require special
mechanisms. Therefore, Cplx3/4 may be specialized for effica-
cious clamping of spontaneous release, possibly because these
isoforms are efficiently recruited to membranes via C-terminal
prenylation (Reim et al., 2005), which is necessary for their in-
hibitory effect on spontaneous release (Xue et al., 2009; Cho et al.,
2010). Recent studies in Drosophila (Buhl et al., 2013) and in C.
elegans (Wragg et al., 2013) also indicate that membrane interac-
tions of Cplx, including recruitment to synaptic vesicles them-
selves (Wragg et al., 2013), are important in the suppression of
spontaneous vesicle fusion.

By contrast, evoked release at retinal ribbon synapses may be
subject to other regulatory controls involving other domains of
complexin or additional molecules. Precedent for such Cplx-
independent regulatory mechanisms exists at ribbon synapses of
auditory hair cells, which lack expression of Cplx (Strenzke et al.,
2009; Zanazzi and Matthews, 2010) yet nevertheless support pre-
cisely timed release from a large pool of vesicles. Strenzke et al.
(2009) suggested that hair cells might express an as yet unidenti-
fied molecule that serves the same function as Cplx, and if this

Figure 7. Knockdown of Cplx4a in pineal photoreceptors did not affect either outer seg-
ments or photoreceptor ribbon synapses. A, Cplx4a immunostaining (green) in the synaptic
plexus of 2-dpf zebrafish pineal body after injection of control morpholino (MO) at the one-cell
stage. The cone-like photoreceptors of the pineal organ are labeled with antibody zpr 1 (red). B,
Cplx4a immunostaining was largely absent in the pineal body of 2-dpf zebrafish injected at the
one-cell stage with an antisense morpholino directed against Cplx4a mRNA. C, D, Cone-like
outer segments of pineal photoreceptors were unaffected by Cplx4a knockdown. E, F, Photore-
ceptor synapses marked by ribbons in the synaptic plexus of the pineal organ of 2 dpf embryos
injected with control morpholino or Cplx4a morpholino. Synaptic ultrastructure was similar in
both morphants.

Vaithianathan et al. • Role of Complexins at Ribbon Synapses J. Neurosci., May 8, 2013 • 33(19):8216 – 8226 • 8223



mechanism can be identified, it would be
interesting to know whether it is also pres-
ent at ribbon synapses in the retina.

A possible molecular mechanism for
our result is suggested by recent evidence
from rescue experiments in C. elegans
Cplx mutants. These experiments indicate
that tight binding of the central helix to
the SNARE complex is not required for
the stimulatory effect of Cplx on evoked
release, but is important for Cplx’s action
in inhibiting spontaneous release (Martin
et al., 2011). Because our inhibitory pep-
tide targets the binding site for the central
helix, it may have no effect on the facili-
tatory effect of Cplx on evoked release,
which apparently depends on interactions
of other functional domains of Cplx with
the SNARE complex (Martin et al., 2011).

Since native Cplx was present in nor-
mal amounts in the peptide experiments,
the lack of effect of Cplx-SBD on evoked
release might also arise from its inability
to compete successfully with native Cplx
for binding to SNARE complexes in the
vesicle pool mediating release triggered by
depolarization. This pool is thought to
consist of the vesicles tethered to ribbons
(von Gersdorff et al., 1996; Heidelberger,
1998; LoGiudice et al., 2008). Recent
structural work (Kümmel et al., 2011)
suggests that Cplx forms a bridge between
neighboring SNARE complexes and stabi-
lizes them in a nonfusogenic state, with
the central helix (corresponding to Cplx-
SBD) occupying one complex and the ac-
cessory helix, nearer the N terminus, occupying the neighboring
complex. If the ribbon acts as a priming station for vesicles
(Heidelberger et al., 2002; Snellman et al., 2011), then fusion-
ready vesicles tethered to the ribbon might already possess par-
tially assembled SNAREs bridged by Cplx3/4 held in place by
binding of both the central helix and the accessory helix. Native
Cplx might also be recruited to synaptic terminals via membrane
interactions mediated by its C terminus, which would enhance its
ability to interact with SNARE complexes (Wragg et al., 2013). In
these scenarios, the Cplx-SBD peptide may have little opportu-
nity to occupy the binding groove for the central helix and dis-
place native Cplx.

Experiments in cultured mouse cortical neurons using knock-
down of Cplx1 followed by rescue (Kaeser-Woo et al., 2012)
showed that the C terminus of Cplx1 is responsible for clamping
spontaneous fusion. Furthermore, although Cplx3 was able to
substitute for Cplx1 in enhancing evoked release, Cplx3 was in-
effective in reducing the rate of spontaneous fusion, which seems
to conflict with our conclusion that Cplx3 and/or Cplx4 effi-
ciently stabilize spontaneous release at ribbon synapses. How-
ever, because we used retinal ribbon synapses that natively
express Cplx3/4, differences in the molecular context could influ-
ence the effect of Cplx3 on spontaneous release and make it dif-
ficult to compare the two experimental systems. In addition,
Cplx4a, not Cplx3, is thought to be the principal subtype ex-
pressed at ribbon synapses in zebrafish (Zanazzi and Matthews,
2010). Therefore, the effect of Cplx-SBD on spontaneous release

in our experiments is likely to be due to interference with Cplx4,
which was not tested in the experiments of Kaeser-Woo et al.
(2012). In this regard, it would be useful to examine the effect of
Cplx-SBD peptide on spontaneous release in mouse bipolar neu-
rons, where Cplx3 is highly expressed (Reim et al., 2005; Zanazzi
and Matthews, 2010).

Effects of Cplx knockdown on photoreceptor morphology
Injection of antisense Cplx4a morpholino into zebrafish embryos
has been shown to strongly reduce expression of Cplx4a protein
at pineal and retinal photoreceptor synapses (Zanazzi and
Matthews, 2010). Here, we showed that this knockdown of
Cplx4a did not affect photoreceptor morphology and ultrastruc-
ture in the pineal organ (Fig. 7), whereas retinal cones lacked
outer segments in the absence of Cplx4a (Fig. 8). Other than the
absence of outer segments, Cplx4a-morphant cones appeared ul-
trastructurally normal (Fig. 8D), and their ribbon synapses were
normal as revealed by immunostaining for RIBEYE-b (Fig. 8B).
This suggests that outer segments failed to differentiate properly
in Cplx4a morphants. However, it is unclear whether the effect of
Cplx4a knockdown on outer segment development reflects a di-
rect role for Cplx4a in cone differentiation or is an indirect con-
sequence of interfering with synaptic transmission. In previous
work, Wan et al. (2005) used an antisense morpholino against the
synaptic protein RIBEYE-a and found no deficits in photorecep-
tor differentiation when ribbon synapse function was inhibited,
which suggests that failure of outer segment formation is not a

Figure 8. Absence of photoreceptor outer segments in the retina after knockdown of Cplx4a in larval zebrafish. A, B, Cone
photoreceptors were immunostained with antibody zpr1 (red) in sections of 5-dpf retina from control morphants (A) and Cplx4a
morphants (B). Synaptic ribbons were stained with an antibody against the ribbon protein, RIBEYE-b (green). Outer segments of
cone photoreceptors were visible with zpr1 staining in control morphants (A, arrow) but not in Cplx4a morphants (B, arrow). C, D,
Low-magnification electron micrographs of the outer retina in eyes from control morphants (C) and Cplx4a morphants (D) at 5 dpf.
OPL, outer plexiform layer; ONL, outer nuclear layer; OS, cone photoreceptor outer segments; RPE, retinal pigmented epithelium.
Outer segments were not present in photoreceptors of Cplx4a morphants.
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general feature of altered photoreceptor synaptic function in ze-
brafish cones. Also, Cplx immunoreactivity in zebrafish hair cells
is associated with the base of the ciliary bundle at the apical sur-
face, not with synaptic outputs at the basal surface (Zanazzi and
Matthews, 2010), and this expression pattern is set up early in the
differentiation of hair cells (Zanazzi and Matthews, 2010). There-
fore, by analogy with hair cells, it is feasible that Cplx4a could
serve a nonsynaptic function in the development of cone outer
segments, possibly related to cilia formation.

Effects of Cplx knockdown on visual function
Morpholino knockdown of Cplx4a expression prevented
illumination-dependent changes in melanophore pigment distri-
bution driven by pineal photoreceptors at 2 dpf, and the pigment
distribution in Cplx4a morphant fish was consistent with the
maintained generation of a darkness signal even in the presence
of illumination. This behavior would be expected if knockdown
of Cplx4a increases spontaneous release from pineal photorecep-
tor terminals in the absence of depolarization, in the same man-
ner as the Cplx-SBD peptide in retinal cones and bipolar cells.
Photoreceptors hyperpolarize in response to illumination, which
causes transmitter release to decrease or cease altogether, de-
pending on illumination intensity. But elevated spontaneous re-
lease in the absence of Cplx would mimic darkness in terms of
downstream signaling to second-order ganglion cells in the pi-
neal organ. Pineal photoreceptor cells make excitatory connec-
tions with ganglion cells (Uchida et al., 1992), which are therefore
excited in darkness and cease firing when photoreceptors hyper-
polarize in response to illumination. We hypothesize that in the
absence of Cplx4a, release continues during illumination, gan-
glion cells fire, and pigment aggregates in melanophores, as it
would in darkness.

Together, our results suggest that Cplx isoforms specific to
ribbon synapses of the retina and pineal organ reduce spontane-
ous release, preventing it from masking the changes in sustained
transmission that underlie the coding of visual information by
tonically releasing ribbon synapses. This mechanism thus con-
tributes to the precise regulation of synaptic vesicle fusion neces-
sary to encode various aspects of the visual field. Future studies
focusing on Cplx3/4 interactions with other components of the
exocytotic machinery at ribbons should further clarify the
mechanisms that underlie signal transmission at these sensory
synapses.
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clamps asynchronous release by blocking a secondary Ca 2� sensor via its
accessory � helix. Neuron 68:907–920. CrossRef Medline

Zanazzi G (2010) Targeting and roles of complexins in zebrafish ribbon-
containing neurons. PhD thesis, State University of New York at Stony
Brook.

Zanazzi G, Matthews G (2010) Enrichment and differential targeting of
complexins 3 and 4 in ribbon-containing sensory neurons during ze-
brafish development. Neural Dev 5:24. CrossRef Medline

8226 • J. Neurosci., May 8, 2013 • 33(19):8216 – 8226 Vaithianathan et al. • Role of Complexins at Ribbon Synapses

http://dx.doi.org/10.1126/science.1161748
http://www.ncbi.nlm.nih.gov/pubmed/19164740
http://dx.doi.org/10.1016/S0092-8674(01)00229-X
http://www.ncbi.nlm.nih.gov/pubmed/11239399
http://dx.doi.org/10.1016/0306-4522(92)90136-P
http://www.ncbi.nlm.nih.gov/pubmed/1315936
http://dx.doi.org/10.1038/367735a0
http://www.ncbi.nlm.nih.gov/pubmed/7906397
http://dx.doi.org/10.1016/S0896-6273(00)80148-8
http://www.ncbi.nlm.nih.gov/pubmed/8663998
http://dx.doi.org/10.1523/JNEUROSCI.4657-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15673675
http://dx.doi.org/10.1016/S0968-0004(00)01561-9
http://www.ncbi.nlm.nih.gov/pubmed/10838572
http://dx.doi.org/10.1016/j.neuron.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23352168
http://dx.doi.org/10.1038/nsmb1292
http://www.ncbi.nlm.nih.gov/pubmed/17828276
http://dx.doi.org/10.1016/j.neuron.2009.09.043
http://www.ncbi.nlm.nih.gov/pubmed/19914185
http://dx.doi.org/10.1038/nsmb.1791
http://www.ncbi.nlm.nih.gov/pubmed/20400951
http://dx.doi.org/10.1002/biof.29
http://www.ncbi.nlm.nih.gov/pubmed/19449448
http://dx.doi.org/10.1016/j.neuron.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21145004
http://dx.doi.org/10.1186/1749-8104-5-24
http://www.ncbi.nlm.nih.gov/pubmed/20809954

	Stabilization of Spontaneous Neurotransmitter Release at Ribbon Synapses by Ribbon-Specific Subtypes of Complexin
	Introduction
	Materials and Methods
	Results
	Cplx-SBD peptide does not affect evoked synaptic vesicle fusion
	Discussion
	Effects of Cplx-SBD peptide on spontaneous and evoked release
	Effects of Cplx knockdown on photoreceptor morphology
	Effects of Cplx knockdown on visual function

	References

