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PURPOSE. Cone photoreceptors of the retina use a sophisticated ribbon-containing synapse
to convert light-dependent changes in membrane potential into release of synaptic vesi-
cles (SVs). We aimed to study the functional and structural maturation of mouse cone
photoreceptor ribbon synapses during postnatal development and to investigate the role
of the synaptic ribbon in SV release.

METHODS. We performed patch-clamp recordings from cone photoreceptors and their
postsynaptic partners, the horizontal cells during postnatal retinal development to reveal
the functional parameters of the synapses. To investigate the occurring structural changes,
we applied immunocytochemistry and electron microscopy.

RESULTS. We found that immature cone photoreceptor terminals were smaller, they had
fewer active zones (AZs) and AZ-anchored synaptic ribbons, and they produced a smaller
Ca2+ current than mature photoreceptors. The number of postsynaptic horizontal cell
contacts to synaptic terminals increased with age. However, tonic and spontaneous SV
release at synaptic terminals stayed similar during postnatal development. Multiquantal
SV release was present in all age groups, but mature synapses produced larger multiquan-
tal events than immature ones. Remarkably, at single AZs, tonic SV release was attenuated
during maturation and showed an inverse relationship with the appearance of anchored
synaptic ribbons.

CONCLUSIONS. Our developmental study suggests that the presence of synaptic ribbons
at the AZs attenuates tonic SV release and amplifies multiquantal SV release. However,
spontaneous SV release may not depend on the presence of synaptic ribbons or voltage-
sensitive Ca2+ channels at the AZs.

Keywords: development, retina, cone photoreceptor, ribbon synapse, synaptic vesicle
release

Photoreceptors continuously transduce light into graded
membrane potential changes across a broad range of

stimulus intensities.1 A decrease in light intensity causes
membrane depolarization and concomitant activation of
voltage-sensitive Ca2+ channels, which in turn triggers the
release of glutamate-filled synaptic vesicles (SVs).2 In dark-
ness, cone photoreceptors are constantly depolarized to
approximately −40 mV, causing the high-frequency release
of SVs. Exposure to light hyperpolarizes the photoreceptor
membrane up to about −70 mV,3,4 decreasing SV release.
Therefore, SV release at photoreceptors could be catego-
rized into tonic SV release in darkness when the voltage-
sensitive Ca2+ channels are partially active and spontaneous
SV release during light when the membrane potential sits
far from the activation threshold of voltage-sensitive Ca2+

channels.
To ensure the supply of SVs for continuous release in

response to fluctuating light stimuli, photoreceptors evolved
a specialized release machinery, the ribbon-type synapse.5,6

One of the unique properties of this synapse is the presence
of the synaptic ribbon, an organelle anchored at the active
zone (AZ), which tethers large numbers of SVs and conse-

quently regulates the number of SVs present at the AZ. The
elementary building block of synaptic ribbons is the protein
ribeye.7,8 However, other proteins also present at conven-
tional synapses play a fundamental role in the organization
and function of ribbon-type synapses.9 Such proteins include
bassoon, piccolo/piccolino, CAST, ELKS, and RIM.10–13

It is a well-accepted view that the main difference
between ribbon-type and conventional synapses is the tonic
SV release present at ribbon-type synapses, whereas neuro-
transmission at conventional synapses is strongly phase
locked to presynaptic action potentials. However, the exact
function of synaptic ribbons in SV release has not been iden-
tified, yet.

One of today’s most commonly used animal models in
visual neuroscience is the mouse. In mice, the develop-
ment of photoreceptor ribbon synapses primarily occurs
in the first 2 postnatal weeks.14,15 During photoreceptor
synaptogenesis, precursor spheres, which transport units
that contain proteins of the presynaptic ribbon compart-
ment like ribeye, bassoon, and piccolo/piccolino, arrive first
at the nascent synapse.16,17 Presynaptic proteins of the AZ
compartment like Munc13, CAST, RIM, and the L-type Ca2+
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channel α1 subunit cluster directly at the AZ some time
later.16 At approximately postnatal day (P) 4, the transition
from spherical ribbon material to elongated, free-floating
synaptic ribbons and later on to anchored synaptic ribbons
begins. Between P6 and P14, the percentage of elongated
rod photoreceptor synaptic ribbons anchored to the AZ
increases to near-adult levels,16 which matches with the
period in which postsynaptic horizontal cell (HC) and bipo-
lar cell processes first contact photoreceptor terminals.14,15

By the time of eye opening (P12–P13), development of
the presynaptic machinery and assembly of postsynaptic
structures is largely completed, and synaptic transmission
is thought to be fully functional.

Unlike the existing knowledge about the structural devel-
opment of photoreceptor ribbon synapses, we know very
little about their functional development. So far, func-
tional studies in mice are mainly based on electroretino-
graphic recordings18,19 and contradictory suction electrode
recordings of rod photoreceptor light responses.20,21 In the
present study, we analyzed the functional development of
ribbon synapses with patch–clamp recordings from cone
photoreceptors and their postsynaptic HC partners in the
mouse retina. We found that during postnatal development
ribbon-free AZs are gradually occupied by synaptic ribbons,
mimicking the transition from a ribbon-free synapse to a
ribbon-type synapse, enabling us to learn more about the
specific function of the ribbon in SV release by comparing
SV release with parallel structural changes.

METHODS

Animals

For these experiments, male and female C57BL/6
(Jackson Laboratories, Bar Harbor, ME) and Tg(Rac3-
EGFP)JZ58Gsat/Mmcd (Rac3-EGFP) mice were used.
Rac3–enhanced green fluorescent protein (EGFP) mice are
of a C57BL/6 background and express EGFP in all cone
photoreceptor cells. These were obtained from the Mutant
Mouse Regional Resource Center, a National Center for
Research Resources–National Institutes of Health–funded
strain repository and were donated to the Mutant Mouse
Regional Resource Center by the National Institute of
Neurological Disorders and Stroke–funded GENSAT BAC
transgenic project. Mice were kept on a 12-hour light/dark
cycle. All experiments were performed in compliance with
the guidelines for the welfare of experimental animals
issued by the Federal Government of Germany, and the
University of Erlangen-Nürnberg, and adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Slice Preparation and Electrophysiology

Horizontal retinal slice preparation was previously described
in a video article.22 Briefly, the mouse was anaesthetized
with isoflurane (3%) and euthanized by cervical dislocation.
The retina was removed from the eye and cut into pieces
within Ames’ media (Sigma-Aldrich, Munich, Germany).
Then, the retina was mounted flat in 1.8% low melting
agarose dissolved in Ames’ medium and a horizontal cut
(200 μm thick) was made through the inner nuclear layer
using a vibratome (Leica Microsystems, Wetzlar, Germany).
Vertical slices were prepared by cutting vertically oriented
retina pieces. Slices were kept at 37 °C in an incubator

containing 5% CO2 and 50% O2 for 20 to 30 minutes before
recording.

Slices were visualized using a 63× water immersion
objective (Zeiss, Jena, Germany) on a fixed stage micro-
scope (Zeiss Axio Examiner). Whole cell currents were
recorded using an EPC-10 patch-clamp amplifier (Heka Elek-
tronik, Lambrecht, Germany), low-pass filtered at 2.9 kHz
using a built-in Bessel filter, and digitized at 10 kHz with
Patchmaster software (HEKA Elektronik GmbH, Reutlingen,
Germany). All recordings were made at room temperature
(22–24°C) under ambient light conditions. During record-
ings slices were perfused with bubbled (95% O2/5% CO2)
extracellular solution containing (in mM/L–1): 116 NaCl, 22.6
NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10
glucose, 5 HEPES, 1 ascorbic acid, and 2 sodium pyruvate,
adjusted to pH 7.4). Patch pipettes were pulled from borosil-
icate glass (Sutter Instruments, Novato, CA) to a final resis-
tance of 5 to 7 MΩ for HC recordings and 10 to 14 MΩ for
cone photoreceptor recordings.

For recording from HCs, slices were first perfused for
30 minutes in an extracellular solution containing 100 μM of
the gap junction blocker meclofenamic acid.27 Recordings of
excitatory postsynaptic currents (EPSCs) were made using
a potassium gluconate intracellular solution (in mM/L−1):
136.6 K-gluconate, 5 EGTA, 13 TEA-Cl, 15 HEPES, 4 Mg-
ATP, and 0.4 GTP (pH 7.2). HCs with a series resistance
larger than 30 MΩ were excluded from analysis. Intra-
cellular solution for ICa recording contained (in mM/L–1):
136.6 Cs-gluconate, 5 EGTA, 13 TEA-Cl, 15 HEPES, 4 Mg-
ATP, and 0.4 GTP (pH 7.2). For IAGlu recordings, a hybrid
cesium/potassium thiocyanate-based intracellular solution
was used containing (in mM/L–1): 82.5 potassium thio-
cyanate, 45.1 Cs-gluconate, 5 EGTA, 11 TEA-Cl, 11.6 HEPES,
3 Mg-ATP, 1.8 Na-GTP, 0.67 CaCl2, and 0.67 MgCl2 (pH 7.2).

EPSCs recorded from HCs, and IAGlu events recorded
from cone photoreceptors were analyzed using Mini Analy-
sis software (Synaptosoft, Fort Lee, NJ). For the analysis, we
collected 300 EPSCs and 100 IAGlu events, respectively. To
measure the ICa at the cone photoreceptor, a voltage ramp
protocol was applied from −80 mV to +40 mV, with a speed
of 0.1875 mV/ms. For the analysis of the current–voltage
relationships evoked by the ramp protocol, the linear leak
current was subtracted by fitting a line to the initial linear
segment of the current trace (from −75 mV to −60 mV).
The leak conductance was assumed to be ohmic. After leak
subtraction, ICa traces were fitted with a Boltzmann func-
tion. The fitting region extended from the baseline to 5 mV
beyond the peak inward current. Then, V50, half-maximal
activation of Ca2+ channels, and k the voltage dependence
of Ca2+ channel activation was estimated.

Statistical Analysis

For normally distributed data a one-way ANOVA test was
performed with the post hoc Tukey test for comparisons
between individual groups. The assumption of normality
was tested using the Shapiro–Wilk test and homogeneity of
variances was tested using the Levenes test. Statistical testing
in non-normally distributed data was performed using the
Kruskal–Wallis test with post hoc pairwise Mann–Whitney
U tests with adjustment of the P value for multiple compar-
isons using the Benjamini and Hochberg method. All data
are presented as the mean ± standard error of the mean.
For the analysis of the linear correlation between different
parameters, the Pearson correlation coefficient was used.
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Antibodies

The following primary antibodies where used for
immunofluorescence staining: streptavidin–Cy3 conjugate
(1:200, AAT Bioquest), rabbit anti-GFP (1:2000, Invitrogen,
Darmstadt, Germany), guinea pig anti-GFP (1:1000, kind
gift of Dr. Andreas Gießl), guinea pig Ribeye A-domain
(1:10,000, Synaptic Systems, Göttingen, Germany), and
rabbit α1f (1:3000, Synaptic Systems, Göttingen, Germany).
The following secondary antibodies were used: guinea
pig/rabbit Cy3 (Dianova, 1:300, Hamburg, Germany) and
guinea pig/rabbit Alexa 488 (1:500, Molecular Probes,
Eugene, OR).

Immunofluorescence Staining and Light
Microscopy

Horizontal slices of the retinas were fixed for 10 minutes
in 4% paraformaldehyde (PFA) and then incubated in block-
ing solution for 1 hour (0.5% triton-X 100). Primary antibody
incubation was performed overnight, followed by secondary
antibody incubation for 2 hours. For preparation of whole-
mount retinas, the lens was removed from the eye and the
eyecup was immersion fixed for 30 minutes in 4% PFA.
After fixation, the retina was removed from the eyecup and
washed with increasing concentrations of sucrose dissolved
in 1× PBS (10%, 20%, and 30%) and subsequently subject
to three freeze–thawing cycles using liquid nitrogen. Retinas
were incubated in blocking solution for 1 hour. Primary anti-
body incubation was then performed for 24 hours, followed
by secondary antibody incubation for 2 hours.

For quantification of labelled structures in cone photore-
ceptor terminals, image stacks of 0.1-μm sections of labelled
cones terminals were captured using an LSM 710 laser scan-
ning microscope (Carl Zeiss AG, Jena, Germany) equipped
with a 63× (1.4 oil, Plan Apochromat) objective. Cone
photoreceptor terminals were then 3D reconstructed in
Imaris (BitPlane, Zurich, Switzerland), and ribbon or α1f
labelling outside of the reconstructed cone terminal was
subtracted. Labelled structures were manually analyzed in
ImageJ (Rasband, W.S., ImageJ, US National Institutes of
Health, Bethesda, MD). The length of ribbons was measured
along the longest axis of the ribbon labelling using the
Bezier curve tool in ImageJ. For quantification of the AZ area
per cone photoreceptor terminal, α1f labelling was automati-
cally thresholded using the otsu algorithm. For presentation,
maximal intensity projections of cone photoreceptor termi-
nals were generated and adjusted for contrast and brightness
in ImageJ.

Individual HCs were loaded for 1 minute with a potas-
sium gluconate based intracellular solution containing 1%
neurobiotin tracer (Biozol, Eching, Germany) in horizon-
tal slices of Rac3–EGFP mice. Slices were incubated for 30
minutes in Ames’ solution containing 100 μM meclofenamic
acid before cell loading, followed by anti-streptavidin–Cy3
conjugated antibody labelling. Samples were treated and
imaged as described previously.

Electron Microscopy

For conventional electron microscopy, specimens were
treated as described elsewhere, albeit with modifications.11

Retinas of C56BL6/J mice at P6, P8, P10, and P30 were
sequentially fixed in 4% PFA for 1 hour, followed by fixa-
tion in 2.5% glutaraldehyde for 2 hours at room temper-

ature. Retinas were postfixed in 2% osmiumtetroxide and
3% K4[Fe(CN)6] in 0.1 M cacodylate buffer for 1.5 hours.
After dehydration in rising EtOH concentrations (30%–100%)
and propylenoxide, retinas were embedded in Epon resin
(Fluka, Buchs, Switzerland). For analysis, semithin sections
were cut with an Ultracut E microtome (Reichert-Jung/
Leica Biosystems, Nußloch, Germany). Finally, samples were
contrasted with lead citrate and Uranyless (Delta Micro-
scopies, Mauressac, France) in an automatic contrasting
system (EM AC20, Leica Microsystems). Ultrathin sections
were examined and photographed with an EM10 electron
microscope (Carl Zeiss) equipped with a SC1000 OriusTM
CCD camera (GATAN, Pleasanton, CA) in combination with
the DigitalMicrograph 3.1 software (GATAN). For analysis,
approximately 150 cone photoreceptor terminals per time-
point were photographed randomly and analyzed. Synap-
tic ribbons were classified according to their appearance as
either free floating or attached.

RESULTS

Synaptic Activity from Cone Photoreceptors
Causes EPSCs at HCs Throughout Postnatal
Development

To analyze the postnatal development of SV release rate from
mouse cone photoreceptors, we performed whole cell patch-
clamp recordings from postsynaptic HCs and measured
EPSCs as a readout of presynaptic activity. Recordings were
performed in horizontal retinal slices,22 where the retina
was cut through the inner nuclear layer to expose HCs
whilst maintaining intact HC–photoreceptor contacts. HCs
were identified by their relatively large size and the angu-
lar shape of their soma in the inner nuclear layer. Mouse
retinal HCs belong to the B-type HCs, which possess a soli-
tary long axon and a bushy dendritic arbor around the cell
body.23 HC dendrites receive input exclusively from cone
photoreceptors, whereas their axon terminal contacts only
rod photoreceptors.24,25 Because the HC soma is connected
by a several hundred micrometer long axon to its axon termi-
nal, the dendritic and axonal arbor are considered to be elec-
trically isolated.26 Thus, EPSCs measured at the HC soma
should reflect SV release only from cone photoreceptors.
Moreover, we recorded EPSCs after 30 minutes of bath appli-
cation of 100 μM meclofenamic acid to block gap junctions
and thereby horizontal information flow in the retina.27 All
experiments were performed under ambient light conditions
and HCs were held at −60 mV. We investigated synaptic
development from P6 till adulthood. We considered mice
older than 30 days (>P30) as adults, because at this time
cone photoreceptor synapses are already developed fully.15

For the developmental period from P6 to P13, we created
groups with 2 days bin, because during this time major
changes in synaptic morphology occur.14,16 We observed SV
release in all examined age groups, even before eye open-
ing (Fig. 1A). The majority of the EPSCs showed complex
waveforms, which were composed of multiple overlapping
synaptic events (Fig. 1B). The mean frequency of synap-
tic events at the early phase of synapse development (P6–
P7 and P8–P9) was significantly smaller than in the adult
(>P30) group. By P10 to P11, the event frequency had
already reached adult-like levels (approximately 400 Hz)
(Fig. 1C). The mean amplitude of synaptic events did not
change from P6 to adulthood (Fig. 1D). Moreover, we esti-
mated the rate of SV release from cone photoreceptors by
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FIGURE 1. Postnatal changes in EPSCs recorded from HCs and in HC and cone photoreceptor synaptic terminal connectivity. (A) Represen-
tative EPSC traces at different developmental stages. HCs were held at a Vh of −60 mV. (B) Zoomed in view of tonic EPSCs recorded from a
matured HC. Asterisks indicate EPSC events. (C) The mean frequency of tonic EPSCs. Significance was determined by one-way ANOVA test
( P < 0.001, n = 8 cells). Tukey’s multiple comparisons test (>P30 vs. P6–P7: P < 0.001, >P30 vs. P8–P9: P = 0.01). (D) Mean amplitude of
tonic EPSCs. Significance was determined by one-way ANOVA test (P = 0.953, n = 8 cells). (E) The mean charge transfer rate of tonic EPSCs
(−pC/s). Significance was determined by the Kruskal–Wallis test (P = 0.0077, n = 8 cells). Post hoc Mann–Whitney U test (>P30 vs. P6–P7:
P = 0.023). (F) Immunofluorescence staining of horizontal retinal slices with labelling of individual HCs loaded with neurobiotin (red) and
EGFP-labelled cone photoreceptor terminals (green). Dashed yellow lines outline cone photoreceptor terminals. (G) The mean number of
contacting cone photoreceptor terminals per HC. Significance was determined by one-way ANOVA test (P = 0.0695, n = 6–9 cells). (H) The
mean cone photoreceptor terminal area. Significance was determined by the Kruskal–Wallis test (P < 0.001, n = 142–149 terminals). Post
hoc Mann–Whitney U test (P < 0.001 for all age groups vs. >P30, P6–P7 vs. P8–P9: P < 0.001, P8–P9 vs. P10–P11: P < 0.001, P10–P11 vs.
P12–P13: P = 0.0098). (I) The mean number of HC contacts at cone photoreceptor terminals. Significance was determined by Kruskal-Wallis
test (P < 0.001, n = 51–119 terminals). Post hoc Mann–Whitney U test (P6–P7 vs. P8–P 9: P < 0.001, >P30 vs. P6–P 7: P < 0.001, P10–P 11
vs. P12–P 13: P = 0.0037).
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calculating the cumulative integral of EPSCs at postsynaptic
HCs. Mean EPSC charge transfer values were only signif-
icantly different between the P6–P7 and the >P30 group
(Fig. 1E, Table 1), indicating that the rate of SV release had
already reached adult-like levels well before eye opening.
At P10 to P11, EPSC charge had reached approximately 5
pC/s, which is close to the SV release rate measured in
adults (approximately 6 pC/s). Using the measured aver-
age single event charge transfer value of 1.63 ± 0.054 fC
(n = 51), we estimated the number of SVs released from
cone photoreceptors. We found that the number of released
SVs reaching HC dendrites almost doubles during devel-
opment: approximately 1960 SVs/s (P6) and approximately
3708 SVs/s (>P30) (Table 1).

HC Connectivity to Cone Photoreceptor Terminals

HC somas distribute evenly in the inner nuclear layer close
to the outer plexiform layer, where their dendrites contact
numerous cone photoreceptor terminals.3,28 Consequently,
the measured EPSCs of HCs (Fig. 1A) should strongly depend
on the number of contacting cone photoreceptor termi-
nals. Thus, we counted how many cone photoreceptor
terminals contact the dendrites of a single HC in each of
the examined postnatal developmental stages. In horizon-
tal retinal slices, HCs were neurobiotin-filled, subsequently
fluorescently labelled, and their dendritic contacts to cone
photoreceptor terminals were analyzed quantitatively. Cone
photoreceptor terminals were visualized by using Rac3-
EGFP reporter mice. This mouse strain expresses EGFP only
in cone photoreceptors in the retina.29,30 Individual HCs
were contacted by numerous cone photoreceptors termi-
nals in all examined age groups (Fig. 1F). We found that
approximately 45 cone photoreceptor terminals contacted
a single HC at P6 to P7. In adulthood, the number of
contacting terminals showed an average value of approxi-
mately 50. Differences in the number of contacting termi-
nals between developmental stages did not reach statisti-
cal significance (Fig. 1G, Table 2). A morphological analy-
sis of cone photoreceptor terminals showed that their area
progressively increased during postnatal development with
an initial area of approximately 6.6 μm2 at P6 to P7 and a
final area of approximately 17.2 μm2 at >P30 (Fig. 1H, Table
2). The number of postsynaptic HC dendritic contacts at
single cone photoreceptor terminals also showed significant
changes during postnatal development, with a significant
increase in HC contacts between P6 and P9 and between
P10 and P13 (Fig. 1I, Table 2). To estimate the SV release
rate at a single cone photoreceptor terminal during postna-
tal development, we divided the measured SV release rate
(Fig. 1E) by the number of contacting cone photoreceptor
terminals (Fig. 1G). We found that SV release at a single
cone photoreceptor terminal increased by 72% from P6 to
>P30 (P6–P7: 43 SVs/terminal/s; >P30: 74 SVs/terminal/s)
(Table 1).

Tonic SV Release at the Cone Photoreceptor
Terminals During Postnatal Development

In the next set of experiments, we directly assessed tonic SV
release from cone photoreceptor terminals during postnatal
retinal development. We prepared vertical retinal slices from
Rac3-EGFP mice at different postnatal ages and performed
whole-cell patch-clamp recordings targeting the fluores- T
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cently (EGFP) labelled cone photoreceptors. The ampli-
tude and frequency of tonic SV release were determined
by measuring glutamate transporter anion currents (IAGlu)
at a −40 mV holding potential (Vh), a value that partially
activates voltage-sensitive Ca2+ channels and triggers tonic
SV release, mimicking dark-adapted conditions. In this
condition, the ambient light under which recordings were
performed would not influence the membrane potential
because the cell is controlled by the current injected through
the electrode. IAGlu provides a trustworthy measure of exocy-
tosis, reproducing the amplitude and frequency of released
SVs.31,32 To enhance IAGlu, the patch electrode contained
potassium thiocyanate. Tonic SV release was represented by
simple and complex IAGlu waveforms in all examined devel-
opmental stages (Figs. 2A–B). Individual synaptic events
showed no change in rise and decay time from P6 to >P30
(Table 1), indicating that no different isoforms of gluta-
mate transporters are present in young versus mature cone
photoreceptors. Interestingly, we found large, recurring IAGlu
events in the majority of recordings in both developing
and mature cone photoreceptors (P6–P7 = 4/6 cells, P8–
P9 = 3/5 cells, P10–P11 = 4/8 cells, P12–P13 = 2/4 cells,
>P30 = 4/8 cells) (Fig. 2C). In mature cone photoreceptors,
these events had an average amplitude of 234.06 ± 49.04
pA and were characterized by a single rising phase and a
decay phase consisting of two components (tau1 = 80.55
± 6.73 ms, tau2 = 620.93 ± 272 ms). We did not measure
the tonic SV release in recording sweeps containing recur-
ring IAGlu events because these currents were probably trig-
gered by the sudden activation of ion channels other than
L-type voltage-gated Ca2+ channels. The average frequency
and amplitude of SV release were unchanged during postna-
tal development and stayed between approximately 25 and
30 Hz and approximately 4 pA, respectively (Figs. 2D–E).
Although the cumulative amplitude distribution showed a
larger proportion of high amplitude events at >P30 (Fig. 2F),
the average charge transfer of IAGlu events showed no signif-
icant change among the examined age groups even though
values increased by 71% from P6 to >P30 (Fig. 2G, Table
1). The IAGlu charge transfer of individual synaptic events
was 22.71 ± 1.33 fC (n = 31). Accordingly, the calculated
tonic SV release rate at developing cone photoreceptors was
approximately 53 SVs/s (P6–P7) and approximately 91 SVs/s
(>P30) (Table 1). These values are comparable with the SV
release rates calculated using the EPSC measurements from
HCs, indicating that glutamate receptor saturation does not
influence the information transfer at the cone photoreceptor
synapse during postnatal development. The larger propor-
tion of high-amplitude synaptic events observed in the adult
group (Fig. 2F) suggests the release of more than one SV
simultaneously—multiquantal release. Therefore, we esti-
mated the percentage of multiquantal synaptic events during
tonic SV release. We classified synaptic events as multiquan-
tal if their charge transfer was three times larger than that
of a measured mean single synaptic event. We found that
approximately 30% of the synaptic events were multiquan-
tal from the early postnatal period till the adult stage (Table
1). However, multiquantal synaptic events of adult cone
photoreceptors contained more SVs, shown by their signifi-
cantly greater average charge transfer values (Fig. 2H, Table
1). P6 cone photoreceptors released on average approxi-
mately six SVs per multiquantal event, whereas >P30 cone
photoreceptors released approximately 15 SVs. This finding
indicates that the concomitant release of more than one SV
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FIGURE 2. Postnatal changes in tonic and spontaneous vesicle release recorded from cone photoreceptors. (A) Representative traces of IAGlu
events recorded from developing cone photoreceptors held at a Vh of −40 mV. (B) Zoomed in view of IAGlu events at >P30. Asterisks indicate
synaptic events. (C) Representative trace of a recurrent, large amplitude IAGlu event at >P30. (D) The mean frequency of events. Significance
was determined by one-way ANOVA test (P = 0.262, n = 4–8 cells). (E) The mean amplitude of events. Significance was determined by
one-way ANOVA test (P = 0.998, n = 4–8 cells). (F) Cumulative probability plot of the event amplitude (bin width = 1 pA). (G) The mean
charge transfer rate of events. Significance was determined by one-way ANOVA test (P = 0.110, n = 4–8 cells). (H) The mean charge transfer
of multiquantal events. Significance was determined by the Kruskal–Wallis test (P = 0.001, n = 4–8 cells). Post hoc Mann–Whitney U test
(>P30 vs. P6–P7: P = 0.0052, >P30 vs. P8–P9: P = 0.0052, >P30 vs. P10–P11: P = 0.0052, >P30 vs. P12–P13: P = 0.0101). (I) Representative
traces of IAGlu events recorded from developing cone photoreceptors at a Vh of –65 mV. (J) The mean frequency of events. Significance was
determined by the Kruskal–Wallis test (P = 0.283, n = 4–8 cells). (K) The mean amplitude of events. Significance was determined by the
Kruskal–Wallis test (P = 0.515, n = 4–8 cells).
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is occurring throughout the postnatal development of cone
photoreceptor synapses.

Spontaneous SV Release at Cone Photoreceptor
Terminals During Postnatal Development

Photoreceptors tonically release SVs at dark-adapted, depo-
larized membrane potentials when the voltage-sensitive
Ca2+ channels are active. However, spontaneous SV
release also exists at hyperpolarized membrane potentials.33

Membrane hyperpolarization at adult photoreceptors is
induced by the light activation of photopigments in the outer
segments. The outer segments are not developed fully in
the early postnatal stages and, consequently, photoreceptor
activation by natural light stimuli is not possible.14,34 There-
fore, we hyperpolarized cone photoreceptors by voltage-
clamping at a Vh of −65 mV and simultaneously measured
IAGlu as a read-out of spontaneous SV release (Fig. 2I). For
the direct comparison of tonic and spontaneous release, we
used the same cohort of cone photoreceptors as in Figures
2A–H. We found spontaneous SV release in all examined
age groups, even before eye opening (Fig. 2I). The average
frequency and amplitude of spontaneous synaptic events
were not significantly different at the ages measured (Fig. 2J–
K). Moreover, the charge transfer values, as a measure of the
amount of spontaneous SV release, did not change signif-
icantly during cone photoreceptor postnatal development
(Table 1). Furthermore, at a Vh of −65 mV, we did not detect
the presence of the large amplitude, recurring IAGlu events
seen at a Vh of −40 mV, in any of the developmental stages
measured, indicating that recurring IAGlu events depend on
membrane depolarization. Using the average charge trans-
fer of spontaneous single synaptic events (24.61 ± 2.02
fC), we calculated the spontaneous SV release rates at cone
photoreceptors in each developmental stage. Values showed
55 SVs/s at P6–P7 and 64 SVs/s at >P30 (Table 1). Inter-
estingly, multiquantal SV release was present to a similar
extent during the whole postnatal development (Table 1),
and the number of SVs released during multiquantal events
was also not significantly different (Table 1). These results
suggest that the spontaneous release of SVs might occur
independently from the development of cone photorecep-
tor synapses in the examined postnatal days.

Postnatal Development of Cone Photoreceptor
Ca2+ Currents

The different types of neurotransmission, such as tonic and
evoked, strongly depend on the activation of voltage-gated
Ca2+ channels and therefore the influx of Ca2+ into the
presynaptic terminal. Therefore, we measured Ca2+ currents
(ICa) from developing cone photoreceptors using whole-cell
patch-clamp recordings in vertical retinal slices of Rac3-
EGFP mice (Fig. 3). To isolate ICa from K+ currents, we used
a standard TEA-Cl and cesium-containing intracellular solu-
tion, which has been used previously in mouse photorecep-
tors.35 Photoreceptors were held at −60 mV. The relation
between current amplitude and test potentials was tested by
a voltage ramp protocol from −80 mV to +40 mV (0.1875
mV/ms). The typical leak subtracted ICa traces of cone
photoreceptors are illustrated for the different age groups
in Figure 3A. To characterize the developmental changes
across age groups, we measured the peak ICa amplitude
(Fig. 3B). Peak ICa showed a significant increase from −8

pA to −52 pA from P6 to >P30. Paired comparisons of the
age groups showed a significant increase in peak ICa from
P6 to P13 but not between P13 to >P30, indicating that peak
ICa reached a value close to adult level already at P12 to P13
(Fig. 3B). The rising phase of the current voltage relationship
could be fitted with a Boltzmann equation, which revealed
the V50 (half activation kinetics) and k (slope factor). Inter-
estingly, the V50 of voltage-gated Ca2+ channels measured
at older age groups was more positive than in immature
age groups (Fig. 3C), indicating that Ca2+ channel activation
kinetics moved further away with age from the natural light
stimulation evoked membrane potential change (approxi-
mately −40 mV in dark; approximately −70 mV in light).
The slope factor showed a value of approximately 3 pA/mV
in P6 to P7, which became approximately 8 pA/mV in P8 to
P9 and showed a decrease to values close to approximately
5 pA/mV in >P30 (Fig. 3D). Smaller slope factor values indi-
cate that Ca2+ channels produce a larger current response to
a unit membrane potential change in their activation range.

Postnatal Development of Cone Photoreceptor
AZs and Synaptic Ribbons

AZs are characterized by electron-dense structures that
are firmly linked to the presynaptic plasma membrane.
These regions are considered as release sites for SVs.
As a marker of AZs at cone photoreceptor terminals, we
stained whole-mount retinas of Rac3-EGFP mice for Cav1.4
voltage-sensitive Ca2+ channels, which are typically located
in the nanometer range from the release-ready SVs at the
AZ2,36 (Fig. 4A). The morphological parameters of synap-
tic ribbons were measured in the same way staining whole-
mount retinas of Rac3-EGFP mice with the synaptic ribbon
marker ribeye (Fig. 4B). At an early postnatal stage, P6,
AZ and ribeye staining in the cone photoreceptor termi-
nals appeared as small puncta. As postnatal development
progressed, punctate structures gradually changed to the
typical horseshoe shape. Measurements of the stained struc-
tures are summarized in bar graphs (Figs. 4C–F). The number
and area of AZs at cone photoreceptor terminals showed
a significant increase from P6 to P10 and further between
P12 and P30 (Figs. 4C–D; Table 2). The number of synap-
tic ribbons in cone photoreceptor terminals increased from
approximately 5 (P6) to approximately 11 (P30) and their
length from approximately 0.62 μm (P6) to approximately
1.04 μm (P30), respectively (Figs. 4E–F, Table 2).

In this analysis, we could not discriminate between free-
floating and attached synaptic ribbons because of the insuf-
ficient resolution. Because the number of attached synaptic
ribbons is an important factor for the release of SVs at the
cone photoreceptor terminal, we next investigated ribbon
synaptic development in cone photoreceptor terminals with
electron microscopy. To follow the time course of ribbon
attachment, we randomly photographed approximately 150
cone photoreceptor terminals for each age group and classi-
fied synaptic ribbons according to their appearance as either
attached (Fig. 5A yellow arrowhead) or nonattached (Fig. 5A,
red arrowhead). The relative abundance of anchored synap-
tic ribbons stayed low (approximately 20%–30%) until eye
opening and then increased significantly until P30 with
approximately 80% of the synaptic ribbons anchored to the
AZ (Fig. 5B). This finding indicates that, in cone photorecep-
tors, ribbon anchoring primarily occurs after eye opening
when light has full access to the retina.
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FIGURE 3. Postnatal changes in cone photoreceptor ICa. (A) Example cone photoreceptor ICa at the different developmental stages during a
voltage ramp protocol from −80 mV to +40 mV, with a speed of 0.1875 mV/ms. (B) The mean amplitude of ICa. Significance was determined
by the Kruskal–Wallis test (P < 0.001, n = 5–12 cells). Post hoc Mann–Whitney U tests (>P30 vs. P6–P7: P = 0.0011, >P30 vs. P8–P9: P <

0.001, >P30 vs. P10–P11: P < 0.001, P6–P7 vs. P8–P9: P = 0.0475, P8–P9 vs. P10–P11: P = 0.0292). (C) The mean half-maximal activation
of the ICa (V50). Significance was determined by the one-way ANOVA test (P < 0.001, n = 5–12 cells). Tukey’s test for multiple comparisons
(P6–P7 vs. P8–P9: P < 0.001, >P30 vs. P6–P7: P < 0.001, >P30 vs. P8–P9: P < 0.001, >P30 vs. P10–P11: P = 0.0024, >P30 vs. P12–P13: P <

0.001). (D) The mean ICa slope. Significance was determined by the Kruskal–Wallis test (P < 0.001, n = 5–12 cells). Post hoc Mann–Whitney
U tests (P6–P7 vs. P8–P9: P = 0.0032, >P30 vs. P6–P7: P = 0.0244, >P30 vs. P8–P9: P = 0.0032).
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FIGURE 4. Postnatal changes in AZ and synaptic ribbon architecture in cone photoreceptor synaptic terminals. (A, B) Immunofluorescence
staining of horizontal retinal slices, labelling for cone photoreceptor terminals (green) and (A) the α1f subunit of Cav1.4 voltage-gated
Ca2+ channels (red) or (B) synaptic ribbons (ribeye A domain, red), at the different developmental stages. Dashed yellow lines represent the
border of individual cone photoreceptor terminals. (C) The mean number of AZs. Significance was determined by the Kruskal–Wallis test
(P < 0.001, n = 30–38 terminals). Post hoc Mann–Whitney U tests (P < 0.001 for P30 vs. all other age groups, P6 vs. P8, P = 0.0056, P8 vs.
P10: P < 0.001). (D) The mean AZ area per cone photoreceptor terminal. Significance was determined by one-way ANOVA test (P < 0.001,
n = 30–38 terminals). Tukey’s tests for multiple comparisons (P < 0.001 for P30 vs. all other age groups, P6 vs. P8: P = 0.004, P8 vs. P10:
P = 0.044). (E) Mean number of synaptic ribbons per cone photoreceptor terminal. Significance was determined by the Kruskal–Wallis test
(P < 0.001, n = 29–34 terminals). Post hoc Mann–Whitney U tests (P < 0.001 for P30 vs. all other age groups, P8 vs. P10: P = 0.0095). (F)
The mean length of the synaptic ribbons. Significance was determined by the Kruskal–Wallis test (P < 0.001, n = 164–360 ribbons). Post
hoc Mann–Whitney U tests (P < 0.001 for P30 vs. all other age groups, P8 vs. P10: P < 0.001).

Relationship Between Ribbon Synapse Structure
and SV Release

Finally, we examined the relationship between structural
parameters, that is, the area of cone photoreceptor termi-
nals, number of ribbons, area of AZs, and functional param-
eters, that is, tonic and spontaneous SV release, in devel-

oping cone photoreceptors (Fig. 6). We observed a linear
correlation between the area of the cone photoreceptor
terminal and (i) the number of synaptic ribbons present in
the terminal, (ii) the amplitude of ICa, and (iii) the area of
AZs (Figs. 6A–C) revealing a parallel postnatal development
of the mentioned synaptic components (i, ii, iii). Further-
more, the number of AZs in a cone photoreceptor terminal
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FIGURE 5. Ultrastructural analysis of synaptic ribbon development. (A) Representative electron micrographs of cone photoreceptor terminals
at the different developmental stages. Yellow arrows indicate attached synaptic ribbons, red arrows indicate free-floating synaptic ribbons.
(–) Mean percentage of attached synaptic ribbons. Significance was determined by one-way ANOVA test (P < 0.001, n = 3–4 animals). Post
hoc Tukey’s tests for multiple comparisons (P < 0.001 for P30 vs. all other age groups).

was linearly correlated with the amplitude of ICa (Fig. 6D),
suggesting that Ca2+ channels localize at AZs in mature as
well as in immature synaptic terminals. Tonic SV release
directly measured from cone photoreceptors showed a linear
correlation with ICa (Fig. 6E1), but spontaneous SV release
did not (Fig. 6F1), which suggests that tonic, but not spon-
taneous, SV release seems to depend on Ca2+ levels. More-
over, tonic SV release from cone photoreceptors showed a
linear correlation with the number of AZs (Fig. 6E2), which

was not the case for spontaneous SV release (Fig. 6F2). To
determine the effect of the presence of ribbons at AZs on
SV release, we calculated the number of synaptic ribbons
attached to AZs by multiplying the gross number of synaptic
ribbons per cone photoreceptor terminals (Fig. 4E) with the
percentage of synaptic ribbons attached to the AZ (Fig. 5B).
Interestingly, we found a linear correlation between the
number of AZ-attached ribbons and the number of vesicles
released within multiquantal events during tonic SV release
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FIGURE 6. Correlations of the synaptic parameters during development. Data points are the measured synaptic parameters in the examined
age groups (P6–P7, P8–P9, P10–P11, P12–P13, and >P30). The standard error of the mean of the x axis and y axis variables are included on
all plots. All correlation tests were performed using the Pearson’s correlation test. (A–C) Cone photoreceptor terminal area plotted against
different synaptic parameters. Number of synaptic ribbons (A) (P < 0.001, r = 0.993), ICa (B, P = 0.009, r = 0.960), and AZ area per cone
photoreceptor terminal (C) (P = 0.008, r = 0.965). (D) Plot of ICa against the number of AZs per cone photoreceptor terminal (P = 0.0307,
r = 0.912). (E1–2) Plot of tonic SV release per cone photoreceptor against different synaptic parameters. ICa (E1) (P = 0.032, r = 0.911),
number of AZs per cone photoreceptor terminal (E2) (P = 0.003, r = 0.983). (F1–2) Plot of spontaneous SV release per cone photoreceptor
against different synaptic parameters. ICa (F1) (P = 0.377, r = 0.512), number of AZs per cone photoreceptor terminal (F2) (P = 0.468, r =
0.432). (G) Plot of multiquantal charge transfer against number of attached synaptic ribbons (P = 0.00168, r = 0.987). (H1) Plot of number
of attached synaptic ribbons per cone terminal against tonic SV release (black) and Ica amplitude per AZ (red). (H2) Plot of tonic SV release
against attached ribbon content per cone.

(Fig. 6G), suggesting that synaptic ribbons facilitate multi-
quantal release events. In contrast, we could not observe a
clear relationship between spontaneous SV release and the
number of ribbon-occupied AZs (P = 0.841 r = 0.125, Pear-
son’s correlation test).

Next, we calculated the tonic SV release rate at single
AZs by dividing the tonic SV release rate by the number of
AZs. Tonic SV release at single AZs showed a negative rela-
tionship with the number of ribbon-occupied AZs (Fig. 6H1,

black trace). However, the ICa at single AZs showed a posi-
tive relationship with the number of AZ attached ribbons
(Fig. 6H1, red trace). This finding suggests that the appear-
ance of synaptic ribbons at AZs of cone photoreceptor termi-
nals decreases tonic synaptic activity. Finally, we estimated
the ribbon content in cone photoreceptor terminals by multi-
plying the number of attached synaptic ribbons (Fig. 5B)
with the average synaptic ribbon length (Fig. 4F). This
parameter also showed a negative relationship with tonic SV
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release (Fig. 6H2), further supporting the hypothesis that the
presence of synaptic ribbon decreases tonic synaptic activity
at AZs of cone photoreceptor terminals.

DISCUSSION

Synaptic ribbons were observed in photoreceptors more
than 50 years ago.37–39 So far, several studies have aimed
to understand the functional and structural role of synap-
tic ribbon in SV release. In many of these studies, mouse
lines were used that lack critical synaptic proteins such as
bassoon (anchor of the ribbon to the AZ),40–42 piccolino
(structural organizer of the ribbon),11 or ribeye (the build-
ing block of the ribbon).43 However, in these mouse models,
the mentioned synaptic proteins are absent or nonfunc-
tional already at birth, which causes the structural reorga-
nization of the synapse at the pre and postsynaptic sites41,44

or an altered synaptic protein distribution.43 Therefore, the
observed functional phenotypes in synaptic transmission
could also depend on the developmental reorganization of
synapses. In contrast, we studied the functional and morpho-
logical changes of wild-type mouse cone photoreceptor
ribbon synapses during postnatal development when the
transition from ribbon-free to ribbon-occupied AZs occurs.
These experiments provide additional insights into synaptic
ribbon function.

Photoreceptor synaptic ribbons tether a large number of
SVs in close proximity to the AZs, serving as a hotspot for
SV release.45 Therefore, the ribbon occupancy of AZs should
strongly influence SV release during development. We found
that the number of AZ-anchored synaptic ribbons stayed low
(ribbon-free AZs = approximately 75%) from P6 until eye
opening and then increased significantly up to P30 (ribbon-
occupied AZs = approximately 80%). We asked the question
of how this and other measured structural changes in the
mouse cone photoreceptor synapse affected spontaneous
and tonic SV release.

Interestingly, we found that SV release from mouse cone
photoreceptors at a Vh of −65 mV (spontaneous release)
was relatively steady during the examined postnatal period
and might not be influenced by the increasing number of
anchored ribbons and AZs. This finding suggests that spon-
taneous release might not happen necessarily at the AZ.
Moreover, this finding is also consistent with the finding
that the deletion of ribeye at retinal bipolar cells elimi-
nated ribbons from the AZ and showed a major deficiency
in Ca2+-triggered SV release and in domain coupling of
Ca2+ channels to release sites, but did not change spon-
taneous mEPSCs rates.43 The Ca2+ dependence of sponta-
neous release was not expected; at a Vh of −65 mV, the
voltage-sensitive Ca2+ channels are not active. The presence
of relatively high spontaneous synaptic activity through-
out the cone photoreceptors development is not unusual,
because high spontaneous release rates have been reported
in adult mice.35 Nonetheless, the presence of spontaneous
release after the eye-opening period is completely different
from inner hair cell synapses, a ribbon-containing synapse in
the cochlea, where the spontaneous activity ceases abruptly
after hearing onset.46 The high spontaneous activity in adult
cone photoreceptors is probably necessary for the mainte-
nance of synaptic connectivity, but may also be a hindrance
because it decreases the signal-to-noise ratio of the synapse.
Based on our measurements, we cannot tell why sponta-
neous release is persistent throughout postnatal develop-

ment in cone photoreceptors, which could be a target for
future research.

Earlier studies demonstrated the presence of Cav1.4 chan-
nels at the AZ in adult photoreceptors.47,48 We found that
Cav1.4 Ca2+ channels were present during the whole post-
natal developmental period measured. This factor is likely
to be critical for photoreceptor maturation because, without
Cav1.4 channels, photoreceptor synapses have been found
to stay immature in adulthood and are incapable of stabi-
lization.49,50 The measured linear correlation between the
number of AZs and ICa amplitude and the increase of ICa
amplitude itself likely reflects that voltage-sensitive Ca2+

channels are associated with AZs and that the number
of expressed Ca2+ channels increases during development.
Tonic SV release is triggered by the activation of voltage-
sensitive Ca2+ channels. Our measurements suggest that
tonic SV release at cone photoreceptor synapses is Ca2+

dependent and occurs at AZs during postnatal development.
In contrast, the number of ribbon-occupied AZs showed a
negative relationship with the rate of tonic SV release during
postnatal development, suggesting that synaptic ribbons in
cone photoreceptors may decrease the rate of tonic SV
release. This hypothesis is supported by findings from stud-
ies that suggest that synaptic ribbons stabilize SVs at the AZ
by acting as a trap or safety belt.51 Nevertheless, evidence
also exists that suggests that the synaptic ribbon is rather
behaving like a conveyor belt and is involved in the coor-
dination of vesicles to the AZ.51 Our IAGlu measurements
also suggest that cone photoreceptor synaptic ribbons play
a role in the coordination of tonic SV release, because we
found that release events occurred more frequently in a form
of multiquantal release when AZ-anchored ribbons were
present. This finding is in agreement with experiments that
have showed that synaptic ribbons are able to coordinate
the synchronized fusion of multiple SVs.52,53

In general, photoreceptor synapses must be able to
encode visual information continuously and, consequently,
have a high demand for release-ready SVs, which requires
the structural and functional specialization of the synaptic
terminal. We found that several functional and structural
synaptic parameters develop linearly during wild-type cone
photoreceptor maturation. We used these relationships to
make interpretations about the role of synaptic ribbons at
the AZs in regard to tonic and spontaneous release of SVs.
Up to now a defined model of ribbon function is still missing.
Our results suggest that the synaptic ribbon is not involved
in spontaneous SV release. Furthermore, the synaptic ribbon
might control tonic SV release by decreasing the rate of
SV release at the AZ, possibly creating a bigger reserve of
release-ready, docked, and primed SVs for nonstop signaling
and to support multiquantal SV release.
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