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Abstract

Cochlear hair cells form ribbon synapses with terminals of the cochlear nerve. To test the
hypothesis that one function of the ribbon is to create synaptic vesicles from the cisternal
structures that are abundant at the base of hair cells, we analyzed the distribution of vesicles and
cisterns around ribbons from serial sections of inner hair cells in the cat, and compared data from
low and high spontaneous rate (SR) synapses. Consistent with the hypothesis, we identified a
“sphere of influence” of 350 nm around the ribbon, with fewer cisterns and many more synaptic
vesicles. Although high- and low-SR ribbons tended to be longer and thinner than high-SR
ribbons, the total volume of the two ribbon types was similar. There were almost as many vesicles
docked at the active zone as attached to the ribbon. The major SR-related difference was that low-
SR ribbons had more synaptic vesicles intimately associated with them. Our data suggest a trend
in which low-SR synapses had more vesicles attached to the ribbon (51.3 vs. 42.8), more docked
between the ribbon and the membrane (12 vs. 8.2), more docked at the active zone (56.9 vs. 44.2),
and more vesicles within the “sphere of influence” (218 vs. 166). These data suggest that the
structural differences between high-and low-SR synapses may be more a consequence, than a
determinant, of the physiological differences.

INDEXING TERMS
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Cochlear hair cells communicate via a ribbon synapse with the sensory fibers innervating
them. The synaptic ribbon, a presynaptic, electron-dense structure surrounded by
neurotransmitter-filled vesicles, is considered to play a role in vesicle release (Sterling and
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Matthews, 2005; Moser et al., 2006; Glowatzki et al., 2008). It is found in hair cells and
photoreceptors, cell types specialized for graded synaptic transmission. They are well
adapted to release measured amounts of neurotransmitter in response to very small changes
in membrane potential, to map the temporal aspects of the stimulus, and are capable of
discharging at high rates for long periods of time (Logiudice et al., 2009).

Although the synaptic ribbon is the dominating anatomical characteristic of the ribbon
synapse, we know little of its functional role. In mice with targeted deletion of the protein
Bassoon, the synaptic ribbon detaches from the presynaptic membrane, but the changes in
synaptic performance are quantitative rather than qualitative (Khimich et al., 2005; Buran et
al., 2010). Although discharge rates are reduced, especially at the onset of acoustic stimuli,
the postsynaptic fibers generate graded responses and are able to respond synchronously to
the temporal characteristics of the stimulus.

Even less is understood of ribbon function at the cellular or molecular level. It is thought to
be important for multivesicular release, either through coordinated release or through
prerelease vesicular fusion (Fuchs et al., 2003; Matthews and Sterling, 2008). Others have
compared it to a conveyor belt, producing a steady supply of vesicles to release sites at the
presynaptic membrane (von Gersdorff et al., 1996). It may also play a role in priming
vesicles for release (Zenisek, 2008; Snellman et al., 2011).

Based on our recent proteomic analysis, the synaptic-ribbon complex contains a relatively
small number of major proteins, and C-terminal binding protein (CtBP) isoforms are the
primary constituents (Schmitz et al., 2000; Zenisek et al., 2004; Kantardzhieva et al., 2012).
CtBP’s function in the ribbon is a mystery. The intimate involvement of CtBP in vesicle
fission in the Golgi complex suggests a similar function in the ribbon (Weigert et al., 1999;
Nardini et al., 2003; Gallop et al., 2005; Corda et al., 2006). In epithelial cells, polymorphic
tubular membrane enclosures form between the Golgi complex and the basolateral
membrane. They first protrude out of the Golgi along microtubules and then disengage and
move toward the plasma membrane (Polishchuk et al., 2003). In the Golgi apparatus, CtBP
appears at constrictions in the cisternal structure and promotes vesicle fission—the creation
of new vesicles from the Golgi cisternal structures (Corda et al., 2006). When CtBP1 is
inactivated (by dominant-negative mutations, sSiRNA, or blocking antibodies) the
detachment of these protruding tubules from the Golgi complex is blocked, and in the case
of dominant-negative mutations, the necks of the buds accumulate the mutant protein
(Bonazzi et al., 2005; Yang et al., 2005).

We and others have hypothesized that the synaptic ribbon could be involved in the creation
of new vesicles from large, endocytosed, elongated tubulo-cisterns, breaking them into new
synaptic vesicles, which then remain associated with the ribbon and repopulate the vesicles
at this synapse (Lenzi et al., 2002; Schwarz et al., 2011; Kantardzhieva et al., 2012).
Evidence for this hypothesis is provided by the Bassoon knockout mouse, in which the
ribbon detaches from the synapse and the endocytic membrane retrieval remains normal, but
tubular and cisternal membrane structures accumulate at the synapse (Khimich et al., 2005).
These displaced ribbons appear to attract and accumulate many membranous structures
around them. Interestingly, similar membranous structures are also observed at the ribbon
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synapses following intense stimulation (Lenzi et al., 2002; Holt et al., 2003). Schwarz et al.
(2011) describe synaptic ribbons as hotspots for generation of phosphatidic acid.
Phosphatidic acid is necessary for inducing membrane curvature in vesicle fission (Weigert
et al., 1999; Bonazzi et al., 2005; Cazzolli et al., 2006; Corda et al., 2006; Oude Weernink et
al., 2007).

Despite an abundance of immunohistochemical and ultrastructural documentation of the
synaptic ribbon, there are few quantitative or objective data on the distribution of vesicles
and larger membranous structures around the ribbon, especially in the mammal. However,
the mammalian cochlea provides an unparalleled opportunity to correlate ribbon structure
with function, because each afferent fiber makes only one synaptic contact with the hair cell,
and the two types of afferent fibers that contact each inner hair cell have very different
functional characteristics (Pfeiffer and Kiang, 1965; Liberman, 1982a; Merchan-Perez and
Liberman, 1996). High spontaneous rate (SR) fibers, or synapses, discharge in the absence
of acoustic stimulation at rates of 20 to 120 sp/sec and have very low thresholds to acoustic
stimulation, as well as narrow dynamic ranges in response to changing stimulus intensity
(Taberner and Liberman, 2005). Low-SR synapses have little or no spontaneous discharge
and have high thresholds to acoustic stimulation and larger dynamic ranges.

In this study, we analyze the distribution of vesicles and tubulo-cisternal structures around
synaptic ribbons, as reconstructed from serial sections through the inner hair cell synaptic
zone, comparing data from low- and high-SR synapses. The two types of synapses are
distinguished based on location around the hair cell circumference and on the mitochondrial
content of their associated terminals (Liberman, 1980; Merchan-Perez and Liberman, 1996).
Consistent with the idea that the ribbon converts cisterns to vesicles, we found fewer
cisternal structures and more synaptic vesicles close to the ribbons. The ribbon appears to
have a sphere of influence on the distribution of the vesicles and cisterns around it, which
extends for ~350 nm. A comparison of low- versus high-SR synapses revealed more
similarities than differences, suggesting a minimal role of the ribbon in the functional
differentiation of these two types of synapses.

MATERIALS AND METHODS

Electron micrographs of complete serial sections through all the ribbon synapses from
several cochlear inner hair cells in cat were generated in a prior study of the synaptic ribbon,
and complete details on the material and its treatment are described there (Liberman, 1980).
In brief, the cochlea from a 6-month-old cat raised in a low-noise chamber was fixed with
intralabyrinthine perfusion of 2.5% glutaraldehyde/0.1 M phosphate buffer containing
0.005% Ca Cl,, pH 7.2, at 4°C. The tissue was also postfixed for 2 hours in 1.5% osmium
tetraoxide/0.1 M phosphate buffer; dehydrated, and embedded in Epon. The cochlear spiral
was cut into 1-mm pieces, and the pieces containing fibers of characteristic frequency
between 2.6 and 2.2 kHz were used for electron microscopy. Two adjacent hair cells were
chosen for the study. Before histological processing, responses from several hundred
cochlear nerve fibers were collected in each animal; thus the normality of the cochlear
responses in these cases has been amply documented (Liberman, 1980).
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Each synaptic ribbon spanned three to seven sections (70-nm thickness, cut parallel to the
reticular lamina). Electron micrographs (10,000x) were scanned and digitized to create 16-
bit images, on which digital measurements were made by using Adobe Photoshop CS5, and
CS4 extended version (Adobe Systems, San Jose, CA). Afferent synapses were categorized
as high-or low-SR based on location around the inner hair cell circumference (modiolar for
low-SR and pillar for high-SR) and mitochondrial count in the postsynaptic nerve terminals
(high in high-SR and low in low-SR). The mito-chondrial content was established by
counting mito-chondrial profiles through the unmyelinated segment of the afferent fiber, and
is expressed as profiles/cross section (Liberman, 1980, b; Liberman et al., 1990) (Table 1).
We analyzed six ribbon synapses contacting fibers with the highest mitochondrial count
(high-SR synapses) and six contacting fibers with the lowest mitochondrial count (low-SR
synapses). To quantify the size and position of vesicles and cisternal structures, each
membrane-enclosed structure in each micrograph through the synaptic ribbon was outlined,
and measurements of area, perimeter, and circularity were recorded. Next, we measured the
distance between each structure and three reference points: A) the point on the ribbon
closest to it; B) the point on the ribbon closest to the inner hair cell [IHC] membrane); and
C) the point on the IHC membrane closest to the vesicle/cistern in question (Fig. 1). Because
the program could not estimate the center of gravity of these outlines, we used the edge
closest to the reference. Since average vesicle diameter is 41.6 nm (Fig. 1), we added 21 nm
to approximate the distance to the center of the vesicle.

We analyzed vesicles and cisterns within ~1 um from the ribbon base at the IHC membrane,
which corresponds to roughly half the average distance between adjacent ribbons in the
mammalian cochlea (Meyer et al., 2009). This was also the maximal distance with relatively
complete coverage of the presynaptic area in all directions away from the ribbon base. For
each section, the analysis area was divided into concentric rings, each 44 nm thick. Thus, the
area with radius of 924 nm was covered by 21 rings. The total area of the hair cell visible in
each micrograph was calculated to estimate the percentage of hair cell cytoplasm in the
synaptic region that is occupied by vesicles and cisterns (Table 1). The presynaptic active
zone of the hair cell was defined as the electron-dense, thickened area symmetrically
opposed by an electron-dense region on the postsynaptic afferent neuron. We also separately
quantified the pre- and postsynaptic densities.

Defining vesicles and cisterns

Synaptic ribbons innervating high- versus low-SR fibers were identified based on their
location and the mitochondrial content of their adjacent afferent nerve terminals (see
Materials and Methods). We measured the perimeters and cross-sectional areas of the
ribbons, and then calculated the surface area and volume of the synaptic ribbons from all the
reconstructed synapses (Table 1). The average surface area of the high-SR ribbons was 14%
less than that for low-SR ribbons. However, because high-SR ribbons tended to be shorter
(245 vs. 338 nm) and rounder than low-SR ribbons, there was only a small (4%) difference
in volume (Table 1).
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The cytoplasm surrounding the synaptic ribbon is densely packed with membranous
structures: some are small and round, while others are large and complex in shape. We
classified these structures as synaptic vesicles or cisterns by defining the small, round
structures immediately adjacent, and often attached, to the ribbon as synaptic vesicles
(Paillart et al., 2003; Spassova et al., 2004). A Gaussian curve fit to measurements of 753
such vesicles from several synapses indicated a median cross-sectional area of 1,305 nm2, (o
=280) or a diameter of 40.7 nm. A histogram of the cross-sectional areas of all membranous
structures in the synaptic region (Fig. 2A) indicated that a large percentage were the size of
synaptic vesicles. However, the skew toward higher areas suggested several populations
with different sizes. The distribution was well fit as the sum of four Gaussian distributions.
The largest population, comprising 62% of all membrane-enclosed structures, was virtually
indistinguishable in size (1,359 nm? [c =250 nm?] or 41.6 nm in diameter) from the ribbon-
adjacent synaptic vesicles (1,305 nm?2 [0 =280 nm?2]. A small group (4%) of slightly larger
vesicles (1,979 nm? [o =140 nm?], diameter =50.2 nm) constituted a narrow peak. A third
population, constituting 21%, had a broad range of sizes centered at 2,226 nm? [0=800
nm?], diameter =53.2 nm). A fourth population of 10.4% had a very broad range of areas
with a median of 5,050 nm? [o =2,000 nm?2]. The remaining 3% were large structures with
areas greater than 10,000 nm? (Fig. 2B).

For subsequent analysis, synaptic vesicles were defined as any membranous structure within
3 standard deviations of the mean area of ribbon-attached vesicles, thus defining a maximum
vesicle area of 2,147 nm? (diameter =52.3 nm). With this criterion, approximately 76% of
the membranous structures were classified as vesicles, although they represented only 43.5%
of the total area of the membranous structures. The percentage of the presynaptic space
occupied by vesicles was similar for high- versus low-SR synapses (Table 1).

Because the analysis indicated that two other populations might overlap in size with the
synaptic vesicles, we examined the images for evidence of multiple populations based on
criteria other than area. The small (4%) group, with mean area of 1,979 nm?, may reflect
overlap between two vesicles within the same section, appearing as a single, slightly larger
structure. However, there was no obvious way, other than size, to distinguish among vesicles
from these three putative groups; we could distinguish no differences based on circularity or
any other morphological criterion. However, an analysis of distribution as a function of
distance from the ribbon suggests that the group with mean area of 2,226 nm? distributes
more like cisterns than vesicles (see below).

Spatial distributions of vesicles versus cisterns

The spatial distribution of vesicles and cisterns near the ribbon is illustrated in Figure 3,
where vesicles or cisterns from three adjacent serial sections are superimposed and color-
coded. Cisternal structures appear to be reduced in density near the synaptic ribbon, whereas
vesicles are denser near the ribbon. To quantify the density of vesicles and cisterns as a
function of distance from the ribbon, we divided the area around the ribbon into concentric
rings. The midpoint of each ring was positioned at the ribbon center, assuming a circular
ribbon with an average diameter calculated from cross-sectional area for the low- or high-SR
synapses.
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Vesicle density was highest (~6,000 vesicles/um3) immediately adjacent to the ribbon
surface and decreased over the next few hundred nanometers. Beyond 350 nm, the density
distribution reached an asymptote at roughly 600 vesicles/um?3 (Fig. 4A). Low-SR synapses
had more vesicles at distances between 124 and 308 nm from the ribbon surface than did
high-SR synapses (P =0.007 by Student’s t-test). Each synaptic ribbon had, on average, 47.1
(4.4 SE) vesicles within 30 nm of its surface. (We did not account for vesicles in the
sections at either end of each series, where the ribbon was not present.) For high-SR
synapses, the mean vesicle count within 30 nm of the ribbon’s surface was 42.8 ( 3.3)
versus 51.3 (£8.3) for low-SR versus high-SR synapses, a difference of 17%. This was
similar to the difference in surface area of the ribbon for low- versus high-SR synapses, and
consistent with our observation that the density of attached vesicles on the ribbon surface
(~360 vesicles/um?) is similar for low- versus high-SR synapses (Table 1).

For both high- and low-SR synapses, there were fewer cisternal structures near the ribbon,
and the number increased with increasing distance from the ribbon until an asymptote was
reached at approximately 350 nm (Fig. 4B). Within 1 pm of the ribbon surface, the average
low-SR synapse had 96 cisterns compared with 88 for the high-SR synapse, and the total
area occupied by the cisterns for low-SR synapses was larger than for high-SR synapses (see
also Table 1). Due to the complicated shapes of the cisterns, and their span over several
concentric rings, we did not attempt to estimate their density as a function of distance from
the ribbon.

Synaptic release sites are assumed to be beneath the synaptic ribbon, although release away
from the ribbon has also been suggested (Zenisek, 2008; Zenisek et al., 2003). The synaptic
ribbon sits near the presynaptic density, where the voltage-activated calcium channels are
clustered (Roberts et al., 1990; Zenisek et al., 2003; Zenisek, 2008; Frank et al., 2010). We
have demarcated the active zone as the electron-dense area symmetrically opposed by
specialized membrane postsynaptically. The mean width of the active zone for sections
containing ribbon was 727 (x16) nm and was not significantly different for low- versus
high-SR synapses (Table 1). These values are intermediate between those reported for turtle
(~560 nm; Schnee et al., 2005) and mouse (~850 nm; Meyer et al., 2009). The total surface
area of the active zone was 343,778 (+33,879) nm2, and was similar for high-and low-SR
synapses (Table 1). The ribbon was positioned centrally (Figs. 1, 3); thus the active zone
spanned, on average, 350—380 nm on each side of the ribbon.

To assess Whether vesicles tended to cluster at the presynaptic membrane near the ribbon,
we analyzed the density of vesicles docked at the presynaptic membrane. We considered
vesicles within 20 nm of the pre-synaptic membrane to be docked, consistent with Graydon
et al. (2011), who based this distance on the approximate length of the SNARE proteins
tethering vesicles (Hohl et al., 1998). Docked vesicle density at the active zone was higher
for low-SR synapses (158 + 18.2 SE vesicles/um?) than for high-SR synapses (145 + 20.9
SE vesicles/um?2). The density varied with distance from the base of the ribbon (Fig. 5A),
being higher nearest the base of the ribbon. The vesicle density at the active zone was
significantly higher for the low-SR synapses at distances of 88-176 nm from the ribbon base
(P =0.004 by Student’s t-test). These data are a subset of the data presented in Figure 4A,
and show a similar distribution pattern. Peak values were seen within 100 nm of the ribbon
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base (Fig. 5A), as also observed in vestibular hair cell and bipolar cell ribbon synapses
(Lenzi et al., 1999; von Gersdorff et al., 1996).

For cisterns, the distribution was opposite that for the vesicles. There were few membrane-
adjacent cisterns at the base of the ribbon, but their number increased gradually, to a plateau
after 350 nm (Fig. 5B). This pattern is similar to the general cistern distribution around the
ribbon presented in Figure 3.

The size distribution of membranous structures suggested a population (solid gray line in
Fig. 2) larger than synaptic vesicles, but smaller than cisterns. To analyze the distribution of
this population of membranous structures, we included all structures larger than vesicles
(2,148 nm? and smaller than 4,200 nm? (Fig. 2). The distribution of these structures was
compared with that of vesicles (not shown) and with that of the larger cisternal structures
(size over 4,200 nm?2). These intermediate-sized membranous structures behaved like the
rest of the cisterns, showing an increased distribution with distance from the ribbon’s
surface (Fig. 6).

Vesicle pools

We quantified the number of vesicles in each of four pools defined based on anatomical
location: 1) a ribbon-attached poal, i.e., within 30 nm of the ribbon surface; 2) an
immediately releasable pool, i.e., those ribbon-attached vesicles immediately beneath the
ribbon at the active zone; 3) a docked poal, i.e., within 20 nm of the presynaptic density but
not within the immediately releasable pool, and 4) a proximal free pool, i.e., not attached to
the ribbon or docked at the membrane, but within its sphere of influence of 350 nm (Fig. 7)
(Lenzi et al., 1999; Schnee et al., 2005; Graydon et al., 2011). In the present study (Table 1),
the average high-SR synapse had 42.8 ribbon-attached vesicles, 8.2 of which were within
the immediately releasable pool, 44.2 docked vesicles, and 78.5 vesicles in the proximal free
pool, for a total of 165.5 vesicles within a 350-nm radius of the ribbon surface. The average
low-SR synapse had 51.3 ribbon-attached vesicles, with 12 in the immediately releasable
pool, 56.9 active-zone-docked vesicles, and 109.7 in the proximal free pool, for a total of
217.9 vesicles. Thus, the high-SR synapses appear to have a smaller vesicle reserve
available for release, which could be viewed as a result of their high firing rates.

DISCUSSION

We have identified a “sphere of influence” around the synaptic ribbon of 350 nm, where the
number and size of cisternal structures is decreased and the density of synaptic vesicles is
increased. This radius coincides with the size of the active zone, which extends roughly
350-380 nm on each side of the ribbon. This is also the region with the greatest differences
between high-and low-SR synapses, suggesting that the region is functionally dynamic.

Because high- and low-SR synapses coexist on the same hair cell, yet differ so markedly in
discharge rate and threshold to acoustic stimulation, we expected that a quantitative
comparison of the ribbon and its associated vesicle pools would show differences that could
provide insight into the role of the ribbon. Perhaps the most remarkable feature of our
analysis is the similarity between the two types of synapses. Although high- and low-SR
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ribbons show differences in their structure (low-SR ribbons tend to be longer and thinner),
the total volume of the two ribbon types is similar. As previously reported, low-SR ribbons
have more vesicles on their ribbon surfaces, but we found this is only in proportion to their
increased surface area (Merchan-Perez and Liberman, 1996). In fact, low- and high-SR
ribbons are coated with vesicles at similar surface densities.

A major difference observed was that low-SR ribbons had more synaptic vesicles intimately
associated with them compared with high-SR synapses. Low-SR synapses had more vesicles
attached to the synaptic ribbon (51.3 vs. 42.8), more vesicles docked between the ribbon and
the presynaptic membrane (12 vs. 8.2), more vesicles docked at the presynaptic membrane
(56.9 vs. 44.2), and more in the proximal free pool (not ribbon-attached or docked) within
the 350-nm sphere of influence (109.7 vs. 78.5; P =0.015). These data suggest that the
structural differences between high- and low-SR synapses may be more a consequence, than
a determinant, of their physiological differences. The observed differences might indicate
that the higher rate of vesicle release at high SR-synapses taxes the ability of the synapse to
build up reserves of vesicles in the regions near the ribbons. If one function of the ribbon is
to create new vesicles from cisterns, then, despite the smaller pool of vesicles, the high-SR
ribbons may be more active in creating vesicles to compensate for this putative vesicle
depletion.

Our observations also highlight an unappreciated feature of the ribbon synapse, i.e., that
there are almost as many vesicles docked at the active zone as are attached to the synaptic
ribbon. Whereas the density of docked vesicles is only one-third that of ribbon-attached
vesicles, the area of the active zone is nearly three times the surface area of the ribbon. Thus,
the size of the two pools is similar. Perhaps this is part of the reason why the Bassoon
knockout mice, in which most synapses lack ribbons, have surprisingly little synaptic
dysfunction (Khimich et al., 2005; Buran et al., 2010). This finding also has implications for
the identity of the “readily releasable pool,” as estimated from capacitance measurements
(Spassova et al., 2004; Schnee et al., 2005; Graydon et al., 2011). Although the pool size
estimated from the physiology is similar to the number of vesicles tethered to the ribbon, the
present results show that it is also similar to the number of vesicles docked at the
presynaptic membrane. Interestingly, the density of fusion-competent vesicles at the active
zone in photoreceptors (150/um?; Zampighi et al., 2011) is nearly identical to the density
(151/um?) we calculated for docked vesicles at the hair cell’s active zone.

Several other detailed quantitative analyses of vesicles at ribbon synapses have been
published, one for frog vestibular hair cells (Lenzi et al., 1999), one for frog amphibian
papilla (an auditory organ; Graydon et al., 2011), and one in the turtle basilar papilla (also an
auditory organ; Schnee et al., 2005), as well as a limited analysis for the mouse (Khimich et
al., 2005). Our data from the cat show a number of similarities.

First, the density of vesicles on the surface of the ribbon is similar for all ribbons studied:
combining low-and high-SR synapses yields an average of 362 vesicles/um? of ribbon
surface, similar to that in the bullfrog saccule (413 vesicles/um?, calculated from Lenzi et
al., 1999); the turtle basilar papilla (468 vesicles/um?, calculated from Schnee et al., 2005),
and the frog amphibian papilla (566 vesicles/um?, calculated from Graydon et al., 2011),
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suggesting that vesicle packing on the surface of the ribbon reflects some fundamental
property of the ribbon rather than functional properties of the synapse, although the ribbon-
associated pool can be reduced with intense stimulation (Lenzi et al., 2002).

Second, our assessment of the number of vesicles docked between the ribbon and the
presynaptic membrane (using a similar criterion for the immediately releasable pool as that
reported by Graydon et al. [2011], i.e., vesicles docked within 20 nm of the pre-synaptic
membrane and within 30 nm of the ribbon) was similar to those made in several other hair
cell systems. We observed 10.1 vesicles in this pool, comparable to Graydon et al. (2011),
who observed 12.6 vesicles in the amphibian papilla, and Khimich et al. (2005), who
observed 16-30 in the mouse. Estimates from the turtle organ of hearing are higher (28-32;
Schnee et al., 2005). Our observation of 10.1 vesicles in this pool is also similar to an
estimate of 12 vesicles inferred from afferent fiber excitatory postsynaptic currents (EPSCs)
from the rat cochlea (Goutman and Glowatzki, 2007), but lower than estimates of 27 in the
gerbil cochlea (Johnson et al., 2009), 53-64 in the mouse cochlea (Khimich et al., 2005),
and 41 in the chick basilar papilla (Spassova et al., 2004).

A comparison of our and others’ anatomical data with published physiological
measurements suggests that vesicles may be recruited or generated at the synapse. The
density of vesicles that we measured in the cytoplasm ~1 mm away from the ribbon (600
vesicles/um3), was very close to that reported in the turtle (535 vesicles/um3; Schnee et al.,
2005) and the frog (851 vesicles/um?3; Graydon et al., 2011). However, these numbers of
vesicles are insufficient to maintain the high rates of vesicle release as estimated from
changes in membrane capacitance (Graydon et al., 2011). Goutman and Glowatzki (2007)
describe, based on afferent fiber whole-cell recording in the mammal, an adapting
component of the synaptic response comprising release of 216 vesicles. This corresponds
remarkably well with the total numbers of vesicles found within the 350-nm sphere of
influence, including docked and ribbon attached, which were, respectively, 217.9 and 165.5
vesicles in low- and high-SR synapses. This raises the possibility that all of the vesicles in
the sphere of influence are available for rapid release and that vesicle release following
adaptation may be limited by rates of generation of recruitment of vesicles within that
region.

The curve fit of membrane-enclosed structures at the synapse (Fig. 2) indicated an
intermediate-sized population of structures with a median diameter of 53.2 nm. If these
structures are competent for fusion and released, they would likely result in the release of
greater quantities of neurotransmitter than the smaller, more stereotyped synaptic vesicles.
Glowatzki and coworkers (Glowatzki and Fuchs, 2002, Grant et al., 2010) observed, at the
inner hair cell synapse, a distribution of EPSC amplitudes with a long tail due to the
presence of many larger events; they interpret the long tail as being due to fusion or
synchronized multivesicular release of vesicles. Our observation of a population of larger
membrane-enclosed structures suggests an alternate (albeit untested) possibility: instead of
many vesicles, perhaps one or a few of these larger membrane-enclosed structures are
released to generate the larger synaptic events.
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Endocytosis occurs in ribbon synapses following intense stimulation, such that the
membrane added to the presynaptic cell by vesicle fusion is recycled and broken down to
form new synaptic vesicles (Lenzi et al., 2002; Holt et al., 2003, 2004; Matthews and
Sterling, 2008). The idea that the ribbon creates vesicles from larger cisternal structures is
supported by electron tomography analysis of ribbon synapses in frog hair cells, where
synaptic inhibition increased vesicle counts on ribbons, and in nearby cytoplasm, whereas
synaptic excitation depleted over 70% of the vesicles near the synapse and increased
intracellular cisterns and membrane invaginations accounting for most of the vesicular
membrane loss (Lenzi et al., 2002). Ribbon-attached vesicles were depleted mostly in the
part facing the presynaptic membrane, creating a gradient of vesicles around the ribbon
surface. The authors conclude that formation of new synaptic vesicles from the observed
cisterns and membrane invaginations is the rate-limiting step in vesicle recycling (Lenzi et
al., 2002). In fact, Cho et al. (2011) have demonstrated fast endocytosis of membrane during
brief depolarizations with a limited temporal capacity for vesicle replenishment.

The synaptic ribbon contains large quantities of CtBP proteins (Schmitz et al., 2000; Zenisek
et al., 2004; Kantardzhieva et al., 2012). They may have a membrane-partitioning function
similar to that seen in the Golgi apparatus, i.e., forming vesicles from cisternal structures
(Weigert et al., 1999; Nardini et al., 2003; Gallop et al., 2005; Corda et al., 2006). Ribeye is
composed of a unique amino-terminal A domain, which contributes a structural stability to
the synaptic ribbon, and a C-terminal B domain, which is very similar to that of CtBP2
(Schmitz et al., 2000; Magupalli et al., 2008; Schmitz, 2009). Ribeye’s B domain has
lysophosphatidic acid acyltransferase activity, and transfers palmitoyl-CoA to
lysophosphatidic acid to generate phosphatidic acid, thus enriching it in the vicinity of
synaptic ribbons (Schwarz et al., 2011). Phosphatidic acid is a cone-shaped lipid, which
induces the negative membrane curvature that is required for membrane fusion and fission
(Weigert et al., 1999; Bonazzi et al., 2005; Cazzolli et al., 2006; Corda et al., 2006; Oude
Weernink et al., 2007). Importantly, cone-shaped lipids such as phosphatidic acid are
required for the formation of a stalk-like hemifusion intermediate (Chernomordik and
Kozlov, 2005; Chernomordik et al., 2006). Ribbon-generated phosphatidic acid may provide
the negative membrane curvature needed for vesicle fission, similarly to CtBP1 in the Golgi
(Bonazzi et al., 2005).

Mammalian ribbon synapses can release vesicles over long periods (tens of minutes), at high
rates (hundreds per second), whereas conventional synapses can sustain such release for
only 100 ms at best (Parsons et al., 1994; Moser and Beutner, 2000; Goutman and
Glowatzki, 2007). The majority of evoked vesicle release is thought to occur in close
vicinity to the ribbon (Zenisek et al., 2003; Zenisek, 2008). The accessibility of large pools
of vesicles available for release, apart from the ones attached to the ribbon, suggests that the
ribbon is reloaded with vesicles from the proximal pool (Eisen et al., 2004; Griesinger et al.,
2005). We suggest another aspect of this picture: the de novo creation of vesicles via
cisternal fission by the ribbon to repopulate the pools. The fact that we rarely see large
cisternal structures close to the ribbon implies either a very fast process of perhaps partial
disintegration of the ribbon in the process of creating new vesicles at some distance from its
surface. Although understanding this process will take considerable effort, the present
analysis provides support for the hypothesis and suggests a regional influence of the ribbon
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of about 350 nm, a quantitative metric that can constrain molecular explanations of the
phenomenon.
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Figure 1.
Analysis of membranous structures near the ribbon synapse. A: The micrograph shows a

section through a low-SR synapse, approximately in the middle of the ribbon. B: Each
membrane-enclosed structure in the hair cell was given a number (not included in the
picture), then it was outlined, and the distance between the structure and three points of
reference (A: surface of the ribbon, B; base of the ribbon and C: presynaptic membrane)
were measured. From the outline, size and degree of circularity were computed. SR
=spontaneous rate. Scale bar =200 nm in A (applies to A, B).
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Figure2.

Size distribution of membranous structures near the synapse (A) can be decomposed into
four Gaussian distributions (B). A: The distribution of cross-sectional areas of all
membranous structures within 2 pm of the synaptic ribbon, from all reconstructed synapses
in the study (black circles) is well fit as the sum of four Gaussian distributions (gray line).
Although areas as large as 57,000 nm? were observed (rarely), the abscissa is truncated at
10,000 nm2. B: All of the four fitted Gaussian distributions, as well as the subset of ribbon
adjacent vesicles, are plotted and referenced by the median area. Note that the Gaussian
distribution at 1,356 nm? includes the separately plotted ribbon adjacent vesicles.
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Figure 3.
Spatial distribution of vesicles and cisterns around the ribbon. Sections through a high-SR

(A) and a low-SR (B) synapse containing the synaptic ribbon are shown with the cisternal
(maroon) and vesicular (green) profiles colorized. Three profiles are superimposed: the
section illustrated as well as the prior and subsequent sections in the series. SR, spontaneous
rate. Scale bar= 200 nm in B (applies to A, B)
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Figure4.
Distribution of cisterns and vesicles as a function of distance from the ribbon surface. A:

Mean vesicle density (+ SE) for six high-SR and six low-SR synapses. To calculate density
(/lum3), the area of each concentric ring around the ribbon (incremented in 44-pm steps) was
multiplied by the section thickness (70 nm). For both panels, only sections including a
portion of the ribbon were included. Rectangle indicates the area of significant differences
between low- and high-SR synapses. B: Mean cisternal counts (x SE) for all synapses are
shown. In addition, counts for low- and high-SR synapses are plotted separately. SE,
standard error; SR, spontaneous rate.
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Figure5.

Distribution of docked vesicles and cisterns. A: Mean density (+ SE) of docked vesicles, i.e.,
within 20 nm of the presynaptic density along the presynaptic membrane. B: Mean number
(z SE) of cisterns within 20 nm of the presynaptic density versus distance along the
presynaptic membrane is shown for all synapses. In addition, counts for low- and high-SR
synapses are plotted separately. Rectangle indicates the area of significant differences
between low- and high-SR synapses. SE, standard error; SR, spontaneous rate.
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Figure6.

Spatial distribution of intermediate-sized membranous structures. A, B: Gaussian fits to the
distribution of membranous structures indicated an intermediate population (dashed gray
line in Fig. 2B) with a median size (2,226 nm?), larger than vesicles but significantly
overlapping. Most structures with areas between 2,148 and 4,200 nm? (A) were members of
that population. With respect to spatial distribution, this population (A) behaved more like
cisterns (B) than vesicles, i.e., showed higher density farther from the ribbon surface.
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Figure7.
Schematic showing the observed proportions of vesicles in the different pools. Numbers of

vesicle shown reflect the proportions quantified in our analysis. See the key on the figure
for: the immediately releasable pool, located beneath the ribbon at the active zone; ribbon-
attached vesicles, within 30 nm of the ribbon surface in the side-gradient; presynaptic
membrane-docked vesicles located on the active zone; the proximal free pool of vesicles not
docked on the ribbon, but located within its sphere of influence 350 nm; and the distant pool
located outside the ribbon’s sphere of influence. The active zone is indicated by the
thickened stroke of the black line representing the presynaptic membrane.
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Page 21

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Feature High-SR synapse L ow-SR synapse High/Low ratio
Synaptic ribbon

Length (nm) 245 (30) 338(38) 0.72

Width (nm) 86.1 (4.4) 84.8 (5.1) 1.02

Height (nm) 150.7 (13.6) 135.4 (3.7) 1.11

Volume (nm3) 3,139,274 (96,681) 3,267,930 (196,015) 0.96

Surface area (nm?) 119,198 (5,377) 138,034 (12,444) 0.86
Synaptic densities

Active zone area (nm?) 310,371 (24,735) 377,186 (63,181) 0.82

Active zone length (nm/section) 752 (22) 705 (22)

Presynaptic density length (nm/section) 799 (37) 741 (29)

Postsynaptic density length (nm/section) 794 (39) 724 (32)

Presynaptic area beneath ribbon (nm?) 56,350 (5,499) 77,817 (8,736) 0.72
Vesicles on ribbon surface

No. excluding immediately releasable pool 34.7(3.3) 39.3 (6.6) 0.88

No. including immediately releasable pool 42.8 (3.3) 51.3(8.3) 0.83

Density including immediately releasable pool (/um?) 362.9 (30.6) 360.8 (33.7) 1
Vesicles docked on the presynaptic density

No. 44.2 (6.1) 56.9 (10.1) 0.77

Density (/um?) 145.2 (20.9) 157.6 (18.2) 0.92
Vesicles beneath ribbon (immediately releasable pool)

No. 8.2 (1.1) 12 (1.8) 0.68

Density (/um?) 149.8 (25.4) 153 (14.8) 0.98
Vesicles in the proximal free pool” (P =0.015) 78.5(7.8) 109.7 (7.4) 072

Vesicles (% total area) 7.34 (0.66) 7.90 (0.20) 0.93

Cisterns (% total area) 8.36 (1.00) 10.71 (1.15) 0.78

Average mitochondrial content of afferent fibers™ (P =0.001) 1.68(0.07) 0.69 (0.04) 242

1 .
Standard error (SE) is in parentheses. SR, spontaneous rate.

*
Significant differences between low- and high-SR synapses.
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