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Abstract

Acoustic communication requires gathering, transforming, and interpreting diverse sound cues. To
achieve this, all the spatial and temporal features of complex sound stimuli must be captured in the
firing patterns of the primary sensory neurons and then accurately transmitted along auditory
pathways for additional processing. The mammalian auditory system relies on several synapses
with unique properties in order to meet this task: the auditory ribbon synapses, the endbulb of
Held, and the calyx of Held. Each of these synapses develops morphological and
electrophysiological characteristics that enable the remarkably precise signal transmission
necessary for conveying the miniscule differences in timing that underly sound localization. In this
article, we review the current knowledge of how these synapses develop and mature to acquire the
specialized features necessary for the sense of hearing.

Organization of neural circuits in the cochlea and auditory brainstem

Hearing begins with the detection of sound by hair cells in the cochlea of the inner ear.
There are two types of hair cells in the sensory epithelium of the mammalian organ of Corti:
a single row of inner hair cells (IHCs) and three to four rows of outer hair cells (OHCs).
IHCs directly encode acoustic information (Nienhuys et al., 1978), whereas OHCs are
responsible for mechanical amplification of sound-induced vibration (Ashmore et al., 1994).
Both types of HCs convert the mechanical stimuli that are generated by sound waves into
electrochemical signals, which are passed on to spiral ganglion neurons (SGNs). As the sole
neurosensory link from the cochlea to the brain, SGNs transmit all sound information from
IHCs to target neurons in the central nervous system (CNS). SGNs are bipolar neurons, with
peripheral processes that project towards HCs and central processes that extend through the
eighth nerve into the auditory brainstem (Fig. 1). They are grouped into two classes
depending on their pattern of peripheral innervation: Type I neurons, which innervate IHCs
and constitute 90-95% of the total SGN population, and Type Il neurons, which form en
passant and terminal contacts with multiple OHCs and represent the remaining 5 to 10% of
SGNs (Simmons et al., 1988). HCs transmit frequency, intensity, and timing information to
the SGNs via a specialized connection called the ribbon synapse (Fig. 1). The ribbon
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synapse contains a presynaptic ribbon, which is an electron-dense multi-protein structure
tethering large clusters of synaptic vesicles (Khimich et al., 2005). It is suggested that the
presynaptic ribbon supports a large pool of readily releasable vesicles, allows synchronous
release of multiple vesicles, and promotes the replenishment of vesicles after exocytosis
(Buran et al., 2010; Frank et al., 2010; Khimich et al., 2005). Therefore, the ribbon synapse
is able to respond to graded changes in the HC membrane potential, and is capable of fast,
sustained, and precise signaling (Buran et al., 2010; Khimich et al., 2005; Safieddine et al.,
2012). These features allow us to sense sound over a dynamic range of several orders of
magnitude in intensity with high temporal acuity.

SGNs relay sound information to neurons in the auditory brainstem through their central
processes. Upon entering the brainstem, the central axon of each individual SGN bifurcates
(Fekete et al., 1984). The descending process projects through the posteroventral cochlear
nucleus (PVCN) into the dorsal cochlear nucleus (DCN), extending branches that make both
en passant and standard bouton contacts with a variety of target neurons. The ascending
process sends a major projection into the anterior ventral cochlear nucleus (AVCN) and
elaborates an extraordinarily large synaptic ending, known as the endbulb of Held, which
envelops the cell body of the bushy cell neuron (Fig. 1) (Ryugo et al., 1982). Additional
branches off the ascending process generate boutons, smaller complex terminals and up to
two additional endbulbs of Held. There are two major types of bushy cell neurons - spherical
and globular (Wu et al., 1984) — as defined by their appearance and location in the AVCN.
Spherical bushy cells (SBCs) receive the largest endbulbs of Held, whereas globular bushy
cells (GBCs) receive several smaller, modified endbulbs of Held (Rouiller et al., 1986). The
large presynaptic terminal of the endbulb of Held harbors hundreds of release sites with a
large number of synaptic vesicles (Nicol et al., 2002; Ryugo et al., 1996). These structural
features of the endbulb of Held enable high frequency firing without depletion of the vesicle
pool and facilitate rapid neurotransmission with high accuracy. These properties permit
processing of the precise timing features necessary for interaural sound localization
(Brenowitz et al., 2001) and speech perception, such as voice onset/offset, temporal gap and
syllabic stress (Blackburn et al., 1990).

Within the auditory brainstem, GBCs and SBCs are responsible for passing auditory
information from the AVCN to the superior olivary complex for additional processing
largely related to sound localization. SBC axons form excitatory synapses ipsilaterally with
neurons in the lateral superior olive (LSO) and bilaterally on neurons of the medial superior
olive (MSO). MSO neurons help determine where each sound stimulus originates by
detecting interaural time differences (ITD) between acoustic inputs from each ear
(Fitzpatrick et al., 1997; Yin et al., 1990) (Fig. 1). In parallel, GBC axons cross the midline
of the brainstem and terminate in the contralateral medial nucleus of the trapezoid body
(MNTB), signaling via another giant synaptic ending, the calyx of Held (Fig. 1). With
hundreds of active zones and a large readily releasable pool in the presynaptic ending
(Taschenberger et al., 2002), the calyx of Held, similar to its smaller analogue, the endbulb
of Held, allows signals to be relayed in the reliable and fast manner necessary for sound
localization and speech recognition. The principal neurons in the MNTB are glycinergic and
send inhibitory projections to the LSO. Therefore, the GBC-MNTB connection converts

Hear Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yu and Goodrich

Page 3

excitation originating from the contralateral cochlea into inhibition. The contralateral
inhibitory input converges with the ipsilateral excitatory input from SBCs within the LSO,
where post-synaptic neurons use these two inputs to compute interaural level differences
(ILD) and provide another cue for sound localization (Glendenning et al., 1992; Sanes,
1990).

All of these auditory synapses — the ribbon synapse, the endbulb of Held, and the calyx of
Held -- develop specialized structural and functional properties that ensure fast and high
fidelity transmission of sound information and therefore play pivotal roles in relaying
acoustic signals along the auditory pathway. In the following sections, we review what is
known about the formation and maturation of these specialized synapses. We mainly focus
on findings from mice, which currently provide the best genetic model system for human
deafness, but include results from other mammals when no corresponding data from mice
are available. Similar features are also found in the auditory circuits of birds (Kubke et al.,
2000), emphasizing the need for specialized synapses for this kind of processing throughout
the animal kingdom.

Development of the auditory ribbon synapse

Outgrowth, pathfinding, and innervation of IHCs by SGN peripheral projections

The first step in forming a synaptic contact is the growth of neuronal processes toward their
target cells. We only briefly summarize early cochlear wiring events here, since they have
been discussed extensively elsewhere (Appler et al., 2011; Coate et al., 2013; Defourny et
al., 2011; Yang et al., 2011a). Around embryonic day (E) 9 in mice, neuroblasts begin to
delaminate from the otocyst and form the cochlear-vestibular ganglion (Carney et al., 1983;
Ma et al., 1998), which subsequently separates into distinct spiral and vestibular ganglia.
SGNs exit the cell cycle along a base-to-apex gradient between E9.5 to 13.5 in mice
(Koundakjian et al., 2007; Matei et al., 2005). Shortly after undergoing their final mitoses,
SGNs become bipolar and extend their peripheral processes toward the developing sensory
epithelium (Farinas et al., 2001). By E12.5, most SGNs have extended complex and
branched peripheral processes towards the edge of the nascent spiral lamina. Over the next
few days, these branches are lost, resulting in an orderly array of single peripheral processes
terminating at the level of the immature hair cells (Koundakjian et al., 2007). In the
developing sensory epithelium, hair cells are born later than SGNs, becoming post-mitotic
around E11.5 to 14.5, in an apex-to-base progression (Matei et al., 2005). The initial
guidance of SGN neurites to their pre-synaptic targets does not require differentiated HCs,
as the afferent fibers still grow to the sensory epithelium in mice lacking Atohl, a master
transcription factor for HC differentiation (Fritzsch et al., 2005). It has been proposed that
the earliest delaminated neuronal precursors project their axons back to their delamination
site (Carney et al., 1983), providing a trail for later growing axons (Webber et al., 2006).
However, little is known about the cues that regulate these early wiring events, though
several neurotrophins, classical guidance molecules, and extracellular matrix proteins are
clearly involved (Appler et al., 2011; Coate et al., 2013; Defourny et al., 2011; Yang et al.,
2011a). In addition, intrinsic factors act in SGNs to influence these wiring events, with the
transcription factor Gata3 playing a major role in the initiation and coordination of SGN
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differentiation (Appler et al., 2013; Duncan et al., 2013; Luo et al., 2013) and Prox1
ensuring that Type 1l SGN fibers are oriented toward the base of the cochlea (Fritzsch et al.,
2010). Indeed, Type Il afferents can be recognized as early as E16.5, based on their
morphology, consistent with the idea that these initial guidance events are intrinsically
controlled (Koundakjian et al., 2007).

As the gross wiring pattern of the cochlea is established, SGN afferent fibers arborize and
send out temporary collateral branches towards both IHCs and OHCs (Echteler, 1992;
Huang et al., 2007; Huang et al., 2012). At this early stage, some immature ribbon synapses
are formed, but many of these contacts are subsequently eliminated during synaptic pruning
and refinement steps (Huang et al., 2012; Sobkowicz et al., 1982). Over time, the arbors of
individual SGN afferent fibers are refined, resulting in IHC innervation by Type | SGNs and
OHCs by Type Il SGNs. The molecular cues that establish this segregation of afferent
innervation remain elusive, but a recent study suggests that Ephrin A5 in hair cells and
EphA4 receptor in SGNs are involved (Defourny et al., 2013). In mice lacking Ephrin A5 or
EphA4, a subset of type | SGNs aberrantly innervate the OHC region even after the onset of
hearing, i.e. when the ear canal first opens, which is around postnatal day 12 in most mouse
strains.

The auditory ribbon synapse

Hair cells are the primary detectors for sound information, yet lack an axon, underscoring
the need for efficient signaling to the SGNs in order to capture biologically important
features of the original sound stimulus. Hence, the synapses connecting IHCs and SGNs are
morphologically and physiologically distinct from conventional synapses. At the
morphological level, the defining characteristic is the presence of a prominent presynaptic
ribbon in the IHC. The ribbon is an electron-dense, multi-protein structure that tethers ~10
to 20 synaptic vesicles to the active zone in mice (Frank et al., 2010) and is thought to
provide a large pool of readily releasable vesicles for synchronous and sustained signaling
(Buran et al., 2010; Khimich et al., 2005; Safieddine et al., 2012). The major protein
component of the synaptic ribbon is RIBEYE, which is composed of a unique, ribbon-
specific A domain and a B domain that is also present in the transcriptional co-repressor
CtBP2 (Schmitz et al., 2000). The A domain is required for assembly of RIBEYE into a
large complex, whereas the B domain binds NAD* with high affinity and is proposed to
mediate membrane fusion and fission during synaptic vesicle turnover through enzymatic
activity. Because the B domain is shared with CtBP2, anti-CtBP2 immunostaining detects
both RIBEYE (in synapses) and CtBP2 (in the nucleus) and is therefore frequently used to
visualize the pre-synaptic machinery in hair cells. The ribbons are anchored to the active
zone by Bassoon, which is also present in conventional synapses (Dick et al., 2003; Khimich
et al., 2005). In Bassoon-deficient mice, ribbons are no longer properly localized to the
active zone of the mouse IHC and have a diminished readily releasable pool of synaptic
vesicles, leading to asynchronous synaptic transmission and hearing impairment (Khimich et
al., 2005).

In addition to the unusual presence of a pre-synaptic ribbon, IHC ribbon synapses also rely
on an unconventional combination of proteins for synaptic transmission. Like other types of
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synapses, ribbon synapses use several SNARE complex proteins, including syntaxin 1,
SNAP-25 and synaptobrevin 1, to assemble the molecular machinery triggering vesicular
fusion and exocytosis (Safieddine et al., 1999). However, mature ribbon synapses lack
synaptotagmin 1 and 2, the two major calcium sensors found in typical CNS synapses
(Safieddine et al., 1999; Uthaiah et al., 2010). Several other molecules important for
neurotransmission at other synapses, such as synaptophysins, synapsins, and complexins are
also missing from IHC ribbon synapses (Safieddine et al., 1999; Strenzke et al., 2009;
Uthaiah et al., 2010). Interestingly, recent results suggest that exocytosis at the IHC ribbon
synapse may operate without neuronal SNAREs (Nouvian et al., 2011). Instead, the IHC
ribbon synapse seems to employ a specific calcium sensor, otoferlin (Roux et al., 2006), to
mediate exocytosis, with Cay/1.3 L-type Ca2* channels controlling transmitter release
(Platzer et al., 2000). Otoferlin is a multi C2-domain protein and has been identified as the
genetic cause of a recessive, nonsyndromic form of human deafness, DFNB9 (Yasunaga et
al., 1999). In otoferlin null IHCs, Ca2* triggered exocytosis is almost completely abolished,
and the mutant mice are profoundly deaf (Roux et al., 2006). Vesicular glutamate transporter
3 (Vglut3) is the principal glutamate transporter acting at the IHC ribbon synapse (Seal et
al., 2008). Hence, glutamate release is impaired in Vglut3 null IHCs, which develop
abnormally thin and elongated ribbons and are unable to elicit synaptic activity in the SGN
afferent terminals.

To accommodate the peculiar signaling abilities of the presynaptic complex, SGN afferent
terminals elaborate an unusually large and concave postsynaptic density (PSD). This PSD
usually extends beyond the boundaries of the presynaptic active zone (Sobkowicz et al.,
1982). It contains abundant clusters of AMPA-type receptors, including GluR2, GIuR3 and
GluR4, which are highly concentrated at the periphery of the PSD (Matsubara et al., 1996).
The large number of receptors ensures rapid and sustained response to glutamate with
minimal receptor saturation (Glowatzki et al., 2002), thereby enabling accurate transmission
of the initial signal. To avoid the possible excitotoxic effects of glutamate accumulation in
the synaptic cleft, glutamate is scavenged by glutamate transporters (GLAST) present in the
surrounding supporting cells (Furness et al., 1997; Furness et al., 2003). The PSD of the IHC
ribbon synapse also contains several molecules common to other synapses, such as PSD95,
PSD93, and Shank (Davies et al., 2001; Huang et al., 2012). Several kainate (GIuR5,6 and
KA1,2) and NMDA (NR1 and NR2A-D) receptor subunits are also present (Niedzielski et
al., 1995), but do not play a major role here (Glowatzki et al., 2002).

The composition and function of the OHC afferent synapse is poorly understood. Glutamate
is also the primary neurotransmitter (Weisz et al., 2009), but Type 11 SGN terminals contain
far fewer AMPA receptor subunits at the PSD than Type | SGN terminals (Huang et al.,
2012; Matsubara et al., 1996). Accordingly, strong acoustic stimulation is required to
produce a response in these neurons (Weisz et al., 2009). Additionally, Type 1l SGNs can be
excited by ATP (Weisz et al., 2009). The molecular mechanism underlying auditory
neurotransmission from the OHC afferent synapse may be fundamentally different from the
IHC afferent synapse and remains to be clarified.
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Formation and maturation of ribbon synapses

The precise onset of ribbon synapse formation in the mouse cochlea is still not clear.
Physiologically, SGNs acquire action potential-generating capacity at E14 (Marrs et al.,
2012) and membrane capacitance changes induced by evoked exocytosis can be recorded in
IHCs as early as E16.5 (Johnson et al., 2005). Morphologically, immature afferent synapses
containing presynaptic ribbon structures positioned opposite a PSD can be observed in the
basal coil of the mouse cochlea at birth (Shnerson et al., 1981). Consistent with these
observations, in newborn rats, spontaneous spiking activity in immature IHCs can trigger
action potentials in apical SGNs (Tritsch et al., 2010a). Although these findings hint that
synapse development initiates during late embryogenesis, it is generally agreed that afferent
synaptogenesis in the mouse cochlea happens mainly postnatally (Sobkowicz et al., 1982).

Ultrastructural analyses of the developing organ of Corti in the intact mouse and in culture
have shown that the initial formation of an individual IHC ribbon synapse can be broadly
divided into two stages (Fig. 2A) (Sobkowicz et al., 1986): assembly of the presynaptic
complex followed by development of the synaptic cleft and PSD. Presynaptic development
appears to initiate autonomously in hair cells, with ribbons and the associated synaptic
vesicles assembling in the cytoplasm independent of the presence of SGN terminals
(Sobkowicz et al., 1986). As SGN neurites arrive and begin to form contacts during late
embryonic to early postsynaptic stages (Fig. 2B), the pre-formed ribbons subsequently move
toward the basolateral membrane of the IHC. Here, the ribbon is anchored by two filaments
to a presynaptic thickening that forms in the IHC membrane, due in part to the activity of
dense-core vesicles that transport essential building materials here (Pfenninger et al., 1969).
The presynaptic thickening becomes straight and electron-dense, invaginating slightly to
accommodate the ribbon. Once the entire presynaptic complex is built, the synaptic cleft
begins to be filled with a dense filamentous matrix. At the same time, the postsynaptic
membrane in the adjacent SGN becomes straight and electron-dense, gradually forming a
PSD that enlarges over time. In the mature ribbon synapse, the presynaptic complex is
attached to the active zone by a single curved density that fits over a concave PSD that
extends beyond the presynaptic active zone (Sobkowicz et al., 1982). The developmental
sequence of the OHC ribbon synapse is similar to that of the IHC, but lags behind the IHC
by several days (Sobkowicz et al., 1986).

The emergence of the proper number of functional ribbon synapses is dynamic, with many
changes in the structure and organization of contacts as the animal matures. When contacts
first form, the synapses are immature, with multiple ribbons clustered in large active zones
(Sendin et al., 2007; Sobkowicz et al., 1982). On the post-synaptic side, GIuR2/R3 AMPA
receptors are present in the terminals at birth (Huang et al., 2012). As development
progresses, both the number of ribbons and the level of AMPA receptors increase, peaking
at the end of the first postnatal week and progressively declining to adult levels by the onset
of hearing. Hence, there is a ~50% reduction in synapse number during the second postnatal
week (Huang et al., 2012; Nemzou et al., 2006; Sendin et al., 2007; Sobkowicz et al., 1982).
This reduction is likely a result of the pruning, retraction, and refinement of immature
branched SGNs projections (Huang et al., 2007; Huang et al., 2012) together with the
consolidation of multiple round ribbons into a single elongated ribbon at the presynaptic
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active zone (Fig. 2B) (Sendin et al., 2007). Similarly, whereas the immature ribbon synapse
exhibits a diffuse pattern of AMPA receptor patches near the basolateral pole of the IHC
(Sendin et al., 2007), in the mature SGN ending, AMPA receptors aggregate and cluster to
form well-defined puncta (Khimich et al., 2005; Sendin et al., 2007). OHC synapses
undergo even more profound pruning, initially forming a similar number of ribbons as each
IHC over the first postnatal week, but losing most of them before the onset of hearing. This
phenomenon probably results from the retraction of Type | fibers from the OHCs (Huang et
al., 2012) and apoptosis of supernumerary Type Il SGNs (Barclay et al., 2011).

Along with these morphological changes come a number of changes in the biophysical
properties of the IHC ribbon synapse (see (Bulankina et al., 2012; Safieddine et al., 2012)
for details). In mice, from the late embryonic stage up to the onset of hearing, immature
IHCs are able to fire action potentials (Marcotti et al., 2003), which are generated from
depolarization of the IHCs through voltage-gated Cav1.3 calcium channels and
repolarization by voltage-gated delayed rectifier potassium channels (Kros et al., 1998;
Marcotti et al., 2003). The amplitudes of both calcium and potassium currents increase
during the first postnatal week. These calcium-based action potentials can generate
sufficient calcium influx to trigger exocytosis at young IHC ribbon synapses (Beutner et al.,
2001; Johnson et al., 2005) and evoke sodium-based action potentials in SGNs at birth
(Tritsch et al., 2010a). In vivo recordings have confirmed that there are highly irregular
patterns of activity in the pre-hearing pathway (Jones et al., 2007; Sonntag et al., 2009;
Tritsch et al., 2010b) that likely originate in the cochlea, since firing ceases after cochlear
ablation (Tritsch et al., 2010b). By analogy with other developing sensory systems, this early
activity may be essential for the maturation of IHC innervation as well as the maintenance
and refinement of central auditory projections (Friauf et al., 1999; Kandler et al., 2009;
Kennedy, 2012).

Although it is well established that IHCs fire calcium-based action potentials before the
onset of hearing, the mechanisms that promote IHC membrane depolarization and action
potential firing are not fully understood. It is currently unclear whether pre-hearing IHCs in
vivo are depolarized enough at rest to fire action potentials spontaneously (Johnson et al.,
2013; Johnson et al., 2011), or whether their spiking requires an external depolarizing
stimulus, such as ATP released from supporting cells in Kolliker’s organ (Tritsch et al.,
2010a; Tritsch et al., 2007). The effects of ATP on IHCs are complex as nanomolar
concentrations have been reported to hyperpolarize IHCs through activation of small-
conductance Ca?*-activated K* (SK2) channels, which may fine tune the IHC’s resting
potential (Johnson et al., 2011). In addition, IHC discharge can also be modulated by
acetylcholine (Johnson et al., 2011), which is released by the olivocochlear efferent fibers
that form transient contacts with IHCs during early development (Simmons et al., 1996;
Sobkowicz et al., 1994). Understanding how regulation of IHC firing by any of these cues
influences the wiring of auditory circuits remains to be determined.

Around the onset of hearing, the expression of big potassium (BK) channels terminates this
period of spontaneous spiking by preventing regenerative depolarization (Kros et al., 1998)
and establishing a graded membrane potential in the mature IHC. The number of Cay1.3

Ca?* channels also decreases, but at the same time, smaller Ca2* currents are able to induce
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larger amounts of exocytosis in the mature IHC (Beutner et al., 2001; Brandt et al., 2005;
Johnson et al., 2005). This increased release efficiency results from tighter association
between Ca2* channels and the synaptic machinery. Indeed, the majority of Ca* channel
clusters are co-localized with presynaptic ribbons in the mature IHC (Brandt et al., 2005;
Frank et al., 2010). Moreover, immature mouse IHCs switch from otoferlin-independent to
otoferlin-dependent calcium-evoked exocytosis at P4 (Beurg et al., 2010). Concomitantly,
synaptotagmins 1 and 2, the two most common calcium sensors of CNS fast synapses, are
developmentally down-regulated before the second postnatal week and absent in the mature
IHC after the onset of hearing (Beurg et al., 2010).

Although we still know little about the pathways that initiate and coordinate ribbon synapse
development, a few key players have been identified. The overall maturation of the ribbon
synapse appears to be under the control of thyroid hormone (Rusch et al., 1998; Sendin et
al., 2007). In Pax8 null mice, which lack thyroid follicular cells, synapse elimination fails
and synapse number therefore remains elevated after the onset of hearing. In addition, IHCs
maintain their immature properties, with multiple ribbons anchored to a single active zone
and large calcium currents with low calcium-evoked release efficiency (Sendin et al., 2007).
A more specific function during the final steps of ribbon synapse development has been
identified for Myosin VI, which is present in the active zone and interacts with otoferlin
(Heidrych et al., 2009; Roux et al., 2009). Myosin VI mutant IHCs fail to transport BK
channels to the membrane and show immature exocytotic calcium efficiency and reduced
ribbon number. Understanding how thyroid hormone exerts its effects and whether Myosin
VI is involved in these events are important challenges for the future.

Development of the post-synaptic SGN terminals is inherently linked with formation and
maturation of the pre-synaptic ribbons in the IHCs. For instance, when SGN afferents are
removed from cochlear explants, ribbons no longer localize properly to the basolateral
surface of the hair cell (Sobkowicz et al., 1986). Nevertheless, pre-synaptic complexes still
form, indicating that the ability to make a ribbon is under intrinsic control in the hair cells.
Conversely, when ribbon formation is disrupted in zebrafish hair cells, the number of post-
synaptic terminals is reduced (Sheets et al., 2011). Additionally, the size of the PSD
correlates inversely with the size of the ribbon, with large ribbons apposed to small PSDs
and vice versa. In cats, the larger ribbons form on the modiolar side, likely signaling to
fibers with higher thresholds and lower spontaneous firing rates (SR). The smaller ribbons
on the pillar side, on the other hand, correlate with innervation by fibers with lower
thresholds and higher SR (Liberman et al., 2011). Thus, variation in synapse morphology
may contribute to the functional heterogeneity of SGN signaling. How IHCs and SGNs
interact to establish this systematic pattern is not known.

Although it has long been appreciated that pre-synaptic ribbons can form in IHCs without
innervation of SGN fibers, how post-synaptic development is intrinsically controlled has
only recently been investigated. One important player is the basic leucine-zipper
transcription factor Mafb, which acts in SGNs to direct differentiation of the unusually large
PSD at the IHC ribbon synapse (Yu et al., 2013). In Mafb mutant mice, SGN afferents fail to
develop normal PSDs. Although Mafb is present only in SGNs, indirect effects on the
presynaptic cell are also evident: IHC ribbons are smaller and reduced in humber. These
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results suggest that pre- and post-synaptic development are initiated autonomously, but that
subsequent signaling between IHCs and SGNs is necessary for formation of a
morphologically normal synapse. Indeed, overall synapse number is reduced in mutant
animals, which therefore exhibit impaired auditory responses.

Consistent with the idea that Mafb serves as a master regulator for PSD differentiation,
overexpression of Mafb is sufficient to accelerate afferent synapse development (Yu et al.,
2013). The onset of Mafb expression depends on the activity of Gata3, which serves as an
upstream master regulator for SGN differentiation (Appler et al., 2013; Duncan et al., 2013;
Luo et al., 2013; Sendin et al., 2007). Hence, as in Mafb mutants, ribbon synapse number is
severely reduced in Gata3 mutant mice. Remarkably, restoration of Mafb significantly
rescues the ribbon synapse defect in Gata3 mutants. Therefore, SGNs employ a Mafb-Gata3
transcriptional network to direct post-synaptic differentiation in afferent terminals.
Identification of Mafb downstream genes in SGNs may shed some light on how the PSD is
assembled at the IHC ribbon synapse.

Development of the endbulb of Held

Axon outgrowth and pathfinding of SGN central projections

At the same time that SGN peripheral processes are growing out towards the organ of Corti,
the central axons of Type | SGNs project along the eighth nerve, first reaching the hindbrain
around E11.5 and bifurcating one day later (Lu et al., 2011). Similar to what happens in
peripheral branches, the outgrowth of central processes also occurs in a basal to apical
progression (Angulo et al., 1990). By E15.5, central projections of SGNs from all regions of
the cochlea are present in the cochlear nucleus and organized into coarse tonotopic maps,
with apical and basal projections segregated along the dorsal-ventral axis of the cochlear
nucleus (Fekete et al., 1984; Koundakjian et al., 2007). The descending branches of the
central processes project to the PVCN and DCN and innervate several different kinds of
target neurons via standard axodendritic boutons. In contrast, the ascending branches
terminate in the anteroventral cochlear nucleus (AVCN) and give rise to a large axosomatic
ending, the endbulb of Held (Ryugo et al., 1982), on the postsynaptic SBC. Smaller,
medium-sized complex endings, which are categorized as modified endbulbs of Held, also
make axosomatic contacts with GBCs near the posterior region of AVCN of the cat
(Rouiller et al., 1986). In this review, we will focus mainly on the endbulb of Held received
by SBCs.

Very little is known about the guidance cues that lead auditory nerve fibers to the cochlear
nucleus. Several Eph receptors and Ephrin ligands are expressed in the eighth nerve of the
chicken embryo, suggesting this signaling pathway may play a role in target selection and
the emergence of topographic maps of the developing auditory projections (Huffman et al.,
2007; Miko et al., 2007; Siddiqui et al., 2005). Normal auditory experience and neural
activity are also essential, as the tonotopic organization of SGN axon terminals is
significantly degraded in the cochlear nuclei of deafened animals (Leake et al., 2006).
Interestingly, similar to the peripheral projection, the presence of target cells seems to be
unnecessary for the initial guidance of central projections towards the AVCN. Genetic fate-
mapping has demonstrated that neurons from AVCN are derived from the rhombic lip at the
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r2—r3 level (Farago et al., 2006), with GBCs originating exclusively from r3 (Renier et al.,
2010). Most neurons of the ventral cochlear nucleus (VCN) are generated from an Atohl-
dependent cochlear extramural stream of the caudal rhombic lip between E11.5 to E13.5
(Wang et al., 2005). Mice with conditional disruption of Atohl lose most VCN neurons but
SGN processes still project to the cochlear nuclei and bifurcate (Maricich et al., 2009).
Identification of additional guidance cues and further analysis of available mutant mouse
strains will help provide some clarity for how central wiring of SGNs is established.

Morphogenesis of the endbulb of Held synapse

Development of the endbulb of Held synapse involves dramatic changes in the size and
shape of the endbulb and its contacts with the SBC cell body. The endbulb develops initially
as a swelling at the end of a Type | SGN axon that has contacted a SBC (Fig. 3) (Limb et al.,
2000). Much like the growth cone that navigated to the target, the ending begins with a
relatively simple structure, with no obvious branches at these early stages (first postnatal
week in mice). By P12, the ending has become 10-15 times larger and exhibits a more
diverse array of morphologies, characterized by the emergence of occasional branches and
thin filipodial-like extensions (Limb et al., 2000). The branches remain relatively confined,
so the endbulb does not cover much of the SBC surface area. Over the next two weeks, the
endbulb gradually acquires a more complex tree-like morphology, with many branches
arborizing to form a reticulated network that envelops up to half of the SBC cell soma,
similar to the appearance in adults (Fig. 3). Ultrastructural studies in the cat have shown that
the earliest contacts between endbulbs and SBCs are irregular, with a ruffled “caterpillar-
like” appearance (Ryugo et al., 2006). At these stages, the endbulbs appear to attach to the
SBC cell surface via vesicle-free symmetrical membrane thickenings called puncta
adherentia. Nascent PSDs at this stage are variable in length, with puncta adherentia often
nearby. Over time, the puncta adherentia disappear, synaptic vesicle density increases, and
the PSDs lengthen and bulge (Ryugo et al., 2006). In parallel, the apposition between the
endbulb and the SBC becomes smoother and begins to be interrupted by occasional gaps
called intermembranous cisternae (Ryugo et al., 2006), which have been proposed to play a
role in transmitter clearance in mature animals.

These morphological changes are paralleled by physiological changes that allow for
effective signaling from SGNs to SBCs in the mature animal. After the onset of hearing,
synchronous release from mature endbulbs triggers strong postsynaptic depolarization,
which in turn activates Ky/1.x and SK channels in SBCs. Activation of these potassium
channels prevents asynchronous pre-synaptic release from triggering spikes in postsynaptic
SBCs, thereby increasing temporal precision (Yang et al., 2010a). In mice, each presynaptic
endbulb terminal contains more than 1,000 readily releasable vesicles and expresses an
estimated average of 6,400 P/Q type voltage-gated Ca2* channels (Lin et al., 2011). The
presynaptic endbulb terminal also expresses VGLUT1 and VGLUT2 (Gomez-Nieto et al.,
2011) and employs complexin-1 to regulate its release probability (Strenzke et al., 2009).
Postsynaptically, SBCs produce the AMPA receptor subunits GIuR2, 3, and 4 as well as the
NMDA receptor subunit NR1 (Gomez-Nieto et al., 2011; Wang et al., 1998b). However, the
major glutamate receptor here comprises mainly GIuR3 and GluR4 subunits, which enables
fast neurotransmission owing to the calcium permeability and rapid desensitization of this
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receptor composition (Wang et al., 1998b). Importantly, individual synapses exhibit a range
of properties, indicating that subtle differences in synaptic transmission may contribute to
how sound stimuli are encoded. Indeed, each SBC can receive inputs from several endbulbs
(Nicol et al., 2002). Mature endbulbs are estimated to have 500-2000 release sites (Ryugo et
al., 1996), and both the number of synaptic vesicles at individual release sites and the size of
the apposing PSD can differ considerably (Nicol et al., 2002).

Several studies have highlighted the importance of neural activity for the emergence of the
diverse morphologies typical of the mature endbulb of Held. The first hint was the
observation that endbulb size and shape varies depending on the electrical properties of the
central auditory nerve fibers in adult animals. Endbulbs from low spontaneous firing rate
(SR) fibers have more complex terminals with smaller swellings and are apposed by larger
PSDs than those of high SR fibers (Ryugo et al., 1991; Ryugo et al., 1996; Sento et al.,
1989). Moreover, in congenitally deaf cats (Baker et al., 2010; Ryugo et al., 1997) and mice
(Lee et al., 2003; Youssoufian et al., 2008), endbulbs are smaller and develop fewer terminal
branches. In addition, the synapses that form have fewer synaptic vesicles and
intermembraneous cisterns, but are larger, likely to compensate for the reduced signaling
capabilities. These hypertrophic synapses lose their rounded shape, with longer and flatter
PSDs. In deaf mice, the amplitudes of AMPA receptor-mediated excitatory post-synaptic
currents (EPSCs) at the endbulb are also altered (McKay et al., 2007). Notably, electrical
stimulation with a cochlear implant can restore endbulb synaptic morphology back to
normal in young (3-month) but not old (6-month) deaf cats (O’Neil et al., 2010; O’Neil et
al., 2011). This restoration can even be seen in contralateral endbulbs with unilateral
cochlear implantation (O’Neil et al., 2010). Finally, bushy cells in immature mice have high
input resistances and their excitatory postsynaptic potentials show longer and more variable
latencies (Wu et al., 1987). Between P5 and P17, the input resistance lowers and timing of
synaptic responses becomes more precise. These findings suggest that acoustic stimulation
is required for the normal morphological and physiological maturation of the endbulb within
a critical period.

Although the sequence of endbulb development has been documented in detail, we know
nothing about the underlying mechanism. The remarkably close associations between the
endbulb and the SBC membranes at all stages suggest an important role for cell-cell
interactions, with the SBC promoting growth and arborization of the endbulb and the
endbulb influencing maturation of the PSD in turn. To date, no molecule has been shown to
be responsible for any of these events. However, a recent study identified bone
morphogenetic proteins (BMPs) as candidate signaling molecules to specify the large nerve
terminal size of another calyx-type synapse, the calyx of Held, in the MNTB (Xiao et al.,
2013). This finding raises the interesting possibility that BMP signaling may also be
involved in the growth of the endbulb. With the introduction of new molecular genetic tools,
it will be exciting to witness how research on this specialized synapse blossoms in the
coming years.
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Development of the calyx of Held

The calyx of Held exhibits a number of unusual features that are particularly crucial for
sound localization. First, these synapses are nearly exclusively localized to the contralateral
side of the brain, with GBC axons forming a major auditory commissure from one ear that
converges with input from the other ear. The calyx of Held is also enormous, covering up to
half of the cell surface of the target principal neurons in the MNTB. In addition, most
MNTB neurons receive only one calyceal ending (Smith et al., 1991). Hence, when a single
GBC fires, synaptic vesicles are released simultaneously from hundreds of active zones,
resulting in immediate and highly effective activation of a single principal neuron on the
opposite side of the brain. Like the endbulb of Held, the calyx of Held stands apart from
other synapses due to its size. The immature calyx of Held is one of the few central
presynaptic terminals that is accessible to electrophysiologists, so much more is known
about how growth of the synapse is coordinated with the emergence of its mature firing
properties. Since calyx development has been reviewed in detail by several elegant articles
(Borst et al., 2012; Nakamura et al., 2011; Schneggenburger et al., 2006), we will only
briefly summarize our current understanding of this process with a focus on more recent
discoveries.

Axon outgrowth and pathfinding of GBCs

A key feature of the calyx of Held is its strictly contralateral localization. To reach their final
destinations, GBC axons must extend from the AVCN toward the midline and then cross to
terminate on the contralateral MNTB. Importantly, the axons pass by the ipsilateral MNTB
as they navigate, yet do not stop here to form a synapse (Tolbert et al., 1982). Efforts to
understand how this important pattern of innervation is established have confirmed roles for
canonical axon guidance molecules, and have raised the interesting possibility that these
early wiring events may set the stage for subsequent synapse formation and maturation
(Michalski et al., 2013).

Like other commissural neurons, GBCs rely on a combination of attractive and repulsive
cues to send axons to and across the midline. Shortly after GBCs are born at E13, their
axons project toward the midline, with many crossing over by E14.5 (Howell et al., 2007).
Around the same time, netrin-1 is expressed in cells of the brainstem midline, and VCN
axons are immunopositive for the netrin receptor DCC. In both netrin-1 and DCC mutant
mice, VCN axons fail to reach the midline, suggesting that midline attraction is mediated by
Netrin/DCC signaling (Fig. 4A) (Howell et al., 2007). As in the spinal cord, Netrin appears
to act together with a Slit/Robo system here. Robol, 2, and 3 are expressed in neurons of the
cochlear nucleus, and all three Slit ligands are secreted by midline cells (Howell et al., 2007;
Renier et al., 2010). Whereas Netrins provide an attractive cue, Slits are highly repellent and
function to drive axons out of the midline so they can continue along their trajectory. This
raises a conundrum: how can the midline be simultaneously attractive and repulsive to the
GBC axons? The solution relies on the activity of Robo3, which prevents axons from
sensing Slit cues until after they have reached the midline (Sabatier et al., 2004). Hence, in
Robo3 mutant mice, GBC axons are prematurely repelled from the midline, resulting in
ipsilateral mistargeting (Fig. 4B) (Renier et al., 2010). Remarkably, despite projecting to the
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wrong side of the brainstem, the misrouted axons in Robo3 mutant mice still form calyces of
Held on the ipsilateral MNTB neurons. However, these synapses do not mature properly
(Michalski et al., 2013), indicating that the act of crossing the midline is somehow necessary
for the ability to form a mature synapse. Contact with the midline is known to affect
production of proteins in spinal commissural neurons (Nawabi et al., 2010). Similarly, GBC
axons may be exposed to signals at the midline that alter expression of proteins required for
subsequent maturation of the calyx of Held.

While crossing the midline, GBC axons must also ignore analogous targets in the ipsilateral
MNTB in order to form uniquely contralateral contacts. This important feature of auditory
wiring depends on Eph/Ephrin signaling, with EphB2 in VCN axons and the Ephrin-B2
ligand in MNTB (Hsieh et al., 2010). In mice with null mutations of EphB2/B3 or Ephrin-
B2, VCN axons cross the midline as they should and form normal contacts in the
contralateral MNTB. However, axons also elaborate additional calyceal contacts with
neurons in the ipsilateral MNTB. Eph-Ephrin signaling can be bidirectional, with forward
signaling characterized by a response of the Eph receptor-expressing cell to Ephrin ligand
binding, and reverse signaling referring to a response of the Ephrin-expressing cell to Eph
binding. Interestingly, the aberrant ipsilateral calyces occur only in mice with impaired
Ephrin-B2 reverse signaling and not in mice lacking EphB2 forward signaling (Fig. 4B)
(Hsieh et al., 2010). How EphrinB2 activation in the post-synaptic targets stabilizes
abnormal projections from the GBCs remains unclear.

Formation and early structural maturation of the calyceal contact

Upon reaching the MNTB, GBC axons initiate a rapid program of synapse growth and
pruning to form a single large and powerful calyx synapse on each target neuron. In mice,
the earliest contacts between GBC axons and MNTB principal neurons are established by
E17 (Hoffpauir et al., 2010) and are dendritic (Hoffpauir et al., 2006; Rodriguez-Contreras
et al., 2008). The contacts gradually shift to the cell bodies (Fig. 4C) and quickly grow into
large pre-synaptic endings called protocalyces, which extend multiple, dynamic collaterals
(Rodriguez-Contreras et al., 2008). During these early neonatal stages in mice, many MNTB
neurons are contacted by multiple large endings (Fig. 4D) (Hoffpauir et al., 2006), which
can originate either from the same GBC axon (Rodriguez-Contreras et al., 2006) or from
different parent axons (Holcomb et al., 2013). By P4, almost all MNTB neurons are
contacted by young calyces, which form cup-shaped terminals that can cover over one-half
of the cell body surface. As the calyces grow, they appear to compete with each other, with
smaller contacts being eliminated in favor of one large input (Holcomb et al., 2013). Hence,
by P9, nearly all MNTB neurons are innervated by a single calyx (Fig. 4E) (Bergsman et al.,
2004; Holcomb et al., 2013; Rodriguez-Contreras et al., 2006).

Like the endbulb of Held, the calyx of Held gradually transforms from a simple cup-shape
into an elaborate, highly branched structure. Around the end of the first postnatal week, the
number of collaterals diminishes and openings begin to appear, a process known as
fenestration (Fig. 4E) (Ford et al., 2009). Over time, more and more branches extend from
the primary ending, forming a complex network that wraps around the soma of the MNTB
neurons. This occurs in a gradient across the medial-lateral axis of MNTB, with calyces in
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the medial half acquiring their mature morphologies (Fig. 4F) a week before those in located
more laterally, which do not fully mature until the end of the third postnatal week. This
developmental gradient is disrupted after loss of afferent activity by cochlear removal (Ford
et al., 2009), but calyces with normal morphologies can still form in the absence of sound
stimulation. An important consequence of these structural changes is that astrocyte
processes are able to fill in the spaces between the many branches of the mature calyx,
where they are perfectly positioned to clear glutamate from the synaptic cleft at each active
zone and thereby increase temporal precision of neurotransmission (Ford et al., 2009).

The final steps in calyx morphogenesis are accompanied by a refinement of the synaptic
contacts with the MNTB neurons. At birth, the earliest axosomatic contacts consist of both
puncta adherentia and immature synapses (Hoffpauir et al., 2006). The protocalyces
gradually develop presynaptic terminals filled with densely packed vesicles and clusters of
mitochondria, juxtaposed to large and long PSDs on the surface of the MNTB neuron
(Hoffpauir et al., 2006; Rowland et al., 2000). As the protocalyces grow, the number of
active zones, puncta adherentia, and PSDs increases accordingly (Hoffpauir et al., 2006),
with each mature calyx ultimately signaling via ~400-1000 active zones opposite well-
defined PSDs (Taschenberger et al., 2002). However, the active zones and PSDs tend to be
smaller in mature animals, probably due to the splitting of larger active zones and PSDs into
several smaller ones as the calyx becomes more and more branched. Similarly, within each
active zone, the average number of docked vesicles decreases by half, so the total number of
docked vesicles per calyx increases only slightly by the onset of hearing (Taschenberger et
al., 2002). In the adult calyx of Held, synaptic vesicles form rings around mitochondrial
networks (Wimmer et al., 2006), which are proposed to help calyces meet their high energy
requirements (Rowland et al., 2000).

Functional maturation of the calyx of Held synapse

The physiological properties of the calyx and MNTB neurons evolve in parallel to these
morphological changes, ensuring that synaptic transmission is sufficiently fast and reliable
to relay faithfully the timing of firing of GBCs to their MNTB targets (Borst et al., 2012;
Nakamura et al., 2011; Schneggenburger et al., 2006; von Gersdorff et al., 2002). During
maturation, the duration of presynaptic action potentials becomes shorter and faster (Fig. 4F)
(Taschenberger et al., 2000), brought about mainly by developmental changes affecting both
Na* and K* channels (Leao RM, 3724, 2005; Takahashi, 1101, 2007; Ishikawa et al., 2003;
Elezgarai et al., 2003; Nakamura et al., 2007). As the action potentials become faster, fewer
voltage-gated calcium channels open, thereby reducing the amount of presynaptic calcium
influx and decreasing the probability of release (Iwasaki et al., 2001; Taschenberger et al.,
2000). To compensate for these changes, the size of the readily releasable pool increases
(Fig. 4F) (lwasaki et al., 2001; Taschenberger et al., 2000; Taschenberger et al., 2002) and
the synaptic vesicles become larger, thereby increasing the quantal size within the mature
calyx (Satzler et al., 2002; Taschenberger et al., 2002). Accordingly, the expression level of
VGLUT1 is greatly upregulated during postnatal development (Billups, 2005).

Although less calcium enters the terminal, the Ca%*-secretion coupling becomes more
efficient, due in part to increased use of P/Q type channels (Fedchyshyn et al., 2005; Iwasaki
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et al., 1998; Iwasaki et al., 2000). The channels also become more tightly associated with
synaptic vesicles at the release sites, creating “nanodomains” capable of more restricted
signaling (Fedchyshyn et al., 2005; Kochubey et al., 2009; Wang et al., 2008). The
filamentous protein Septin 5 is involved in regulating this developmental transformation
(YYang et al., 2010b). As a result of these coordinated changes, a briefer calcium influx can
still cause the same number of vesicles to be released, thereby ensuring effective
transmission at high frequencies (Yang et al., 2006). Calcium also decays more rapidly in
the mature calyx of Held (Chuhma et al., 2001), probably due to increase levels of the Ca%*-
binding protein parvalbumin (Felmy et al., 2004). The consequence of this accelerated decay
is to decrease the amount of short-term facilitation and to reduce calcium channel
inactivation, which in turn helps to minimize the effects of short-term depression. The
decreased release probability, increased vesicle pool size and better Ca2*-secretion coupling
prevent depletion of the readily releasable pool during high frequency transmission
(Taschenberger et al., 2000; Taschenberger et al., 2002). These properties, together with the
faster clearance of glutamate from the synaptic cleft to relieve AMPA receptor
desensitization, are proposed to diminish the impact of short-term plasticity and thereby
improve temporal precision after hearing onset (Crins et al., 2011; Wong et al., 2003).
Interestingly, many of these events seem to be independent of cochlear nerve activity, as
neurotransmission at the calyx of Held is largely unaffected in congenitally deaf mice
(Erazo-Fischer et al., 2007; Youssoufian et al., 2005).

These changes in the presynaptic terminal are accompanied by similar changes in the
properties of the post-synaptic response. First, after hearing onset, NMDA receptor levels
are downregulated and NMDA receptor-mediated EPSCs decline (Futai et al., 2001; Joshi et
al., 2002) such that synaptic transmission at the calyx is mediated mainly by fast AMPA-
type currents in mature animals. At the same time, both AMPAR- and NMDAR-type
currents become faster (Joshi et al., 2002; Taschenberger et al., 2000). For instance, AMPA
receptors gate more rapidly due to increased use of the flop splice variant of GIuR4 (Joshi et
al., 2004; Koike-Tani et al., 2005). This shift in receptor subunit composition is critical for
the rapid transmission typical of the calyx synapse, as deletion of GluR4 significantly slows
the time course of AMPAR-type EPSCs, reduces the current amplitude, and exacerbates
receptor desensitization (Yang et al., 2011b). Additionally, PSD-95 and Homer-1 may help
to concentrate AMPA receptors within PSDs, further contributing to fast and precise
neurotransmission (Hermida et al., 2010; Soria Van Hoeve et al., 2010).

These changes in synaptic transmission not only prepare the calyx of Held for its role as a
relay neuron, but may also influence the synaptic competition events that drive
monoinnervation. In mice, MNTB neurons can generate evoked action potentials as early as
E17, with even more action potential-competent neurons present by P1 (Hoffpauir et al.,
2010). During this time, MTNB neurons are quite excitable owing to their high input
resistance (Hoffpauir et al., 2010; Rusu et al., 2011), such that each depolarizing current can
evoke several action potentials. MNTB neurons at this stage therefore show a tonic firing
pattern at the beginning of calyx growth. However, the input resistance of MNTB neurons
progressively decreases during the first postnatal week (Hoffpauir et al., 2010). During this
time, resting membrane potentials become more hyperpolarized and the thresholds for
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evoked action potentials increase. The MNTB neurons therefore become less excitable and
convert to a phasic firing pattern, typically firing only one to three action potentials at the
onset of depolarizing current steps (Hoffpauir et al., 2010). In addition, expression of high
threshold Ky,3 channels shortens action potential duration (Brew et al., 1995; Wang et al.,
1998a). The decreased excitability of MNTB neurons makes it progressively more difficult
for non-calyceal or small calyceal inputs to trigger action potentials (Hoffpauir et al., 2010;
Rusu et al., 2011). As a consequence, small calyceal inputs are gradually eliminated during
development, leaving the strongest to take over as the only input on the MNTB neuron
(Holcomb et al., 2013).

The molecules that drive the morphological and functional maturation of the calyx of Held
are largely unknown. One early acting player is the neural recognition molecule NB-2,
which seems to affect the initial formation of contacts between GBC axons and a subset of
MNTB neurons. In NB-2 mutant mice, 8% of MNTB neurons lack calyces of Held at P6,
followed by apoptosis of MNTB and VCN neurons between P10 to P15 (Toyoshima et al.,
2009). More recently, efforts to understand how the calyx of Held becomes so large
uncovered a role for BMP signaling (Xiao et al., 2013). In mutant mice lacking key BMP
receptors, calyces remain small and synaptic competition is impaired, with many MNTB
neurons still innervated by multiple small nerve terminals at P10. These synaptic contacts
also exhibit less mature transmitter release properties with decreased precision. Disruption
of BMP signaling does not affect development of small excitatory synapses in the LSO,
suggesting that the BMP signal has a specific role promoting growth and hence competition
to create the uniquely large calyx of Held (Fig. 4D—F). Intriguingly, similar defects occur in
Robo3 conditional knock-out mice, where calyces of Held form exclusively on the wrong
side of the brainstem (Renier et al., 2010). As in BMP signaling mutants, Robo3 mutant
mice develop small calyces that fail to be pruned and retain immature transmitter release
properties (Michalski et al., 2013; Xiao et al., 2013). Robo3’s primary role is to direct GBC
axons to the contralateral side of the brainstem (Renier et al., 2010), suggesting that the act
of crossing the midline prepares the nascent synaptic endings to become responsive to
maturation signals in the environment (Michalski et al., 2013), such as BMP (Fig. 4E and F)
or BMP-regulated trophic factors (Ji et al., 2012). These findings emphasize the impact that
pathfinding can have on synaptogenesis, as well as the tight relationship between the
morphological and physiological maturation of each synapse.

Conclusion

Over the past decade, we have made tremendous progress in understanding how auditory
synapses develop, especially from a functional perspective. As for other synapses, it is clear
that interactions between the pre- and post-synaptic neurons play a critical role at each of
these synapses. In addition, in each case, changes in structure seem tightly paired with
changes in physiology. With these discoveries have come many new questions regarding the
molecular mechanisms that control these developmental events. For instance, we still have
no idea what kinds of signals are produced by SGNs and IHCs to coordinate anchoring of
the ribbon with assembly of the PSD, let alone how the size of the pre-synaptic ribbon and
PSD are coordinated with each other and along the modiolus-to-pillar gradient of the
cochlea. In addition, striking rearrangements occur in the developing cochlea, with synapse
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number increasing during the first week and then declining to adult levels at the onset of
hearing. How are these pruning events controlled along the tonotopic axis of the cochlea,
such that more synapses are retained in the most sensitive mid-frequency regions of the
cochlea? Moreover, it is unclear whether the transiently present synapses hold any
physiologically significance. This is of particular interest for the OHCs, which are initially
well-innervated, but ultimately retain very few, weak synapses. Might the early synapses
somehow influence the maturation of the SGN neurites or the hair cells themselves? Indeed,
the development and functional maturation of OHC ribbon synapses remains largely
unexplored. Another area for future studies will be to investigate why these highly
specialized synapses form only between specific pre- and post-synaptic partners. For
instance, SGN central axons interact with many post-synaptic partners, but only the contacts
with SBCs go on to form endbulbs of Held. What is special about this interaction?
Identification of the intrinsic regulators that specify each of these cell types during
development may provide useful starting places for unraveling these mechanisms. With the
identification of BMP as an important cue for calyx of Held development, it will be
interesting to see whether the same type of pathway is at work in the endbulb of Held and
whether additional molecules may be involved. Given the parallels between the BMP and
Robo3 phenotypes, it will also be important to determine how midline crossing influences
BMP responsiveness and how other cues contribute, including those that may promote
parallel changes in physiology. With the introduction of high resolution and high-throughput
optical imaging, newly developed electrophysiological recording approaches, large genome-
wide screen and novel mouse genetic tools, we are now in a better position to tackle these
questions.
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Fig. 1. Overview of the synapses that are specialized for transmission of signals along the
auditory pathway
Peripheral processes of spiral ganglion neurons (SGN) receive input from inner hair cells in

the cochlea via the ribbon synapse. Central projections of SGNs bifurcate upon entering the
brainstem. The ascending branch extends toward the anterior ventral cochlear nucleus
(AVCN) and forms an endbulb of Held synaptic contact on spherical bushy cells (SBC) or
smaller, modified endbulbs of Held on globular bushy cells (GBC). SBCs send bilateral
projections to terminate on neurons of the contralateral and ipsilateral medial superior olive
(MSQ), which forms a pathway crucial for determining interaural time differences (ITD).
Axons of GBCs project contralaterally to the medial nucleus of the trapezoid body (MNTB)
and elaborate the calyx of Held synapse on principal neurons. The principal neurons of the
MNTB provide glycinergic inhibitory inputs to neurons in the lateral superior olive (LSO),
converging with excitatory inputs from SBCs of the ipsilateral AVCN. LSO neurons use
contralateral inhibition from GBCs by way of the MNTB and ipsilateral excitation from
SBCs to compute interaural level (intensity) differences (ILD). Computation of ITD and
ILD permits binaural sound localization.
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Fig. 2. Development of the mouse inner hair cell (IHC) ribbon synapse
A. Presynaptic ribbon complexes are formed in IHCs and descend toward the basal cell

membrane. Presynaptic densities are anchored by two rodlets to the membrane thickening.
Synaptic clefts begin to be filled with a dense filamentous matrix. Subsequently,
postsynaptic densities (PSDs) are assembled at sites apposing presynaptic active zones
(Sobkowicz et al., 1986). In the mature ribbon synapse, the presynaptic complex is attached
to the active zone by a single curved density and the PSD forms a concave shape that
exceeds the territory of the presynaptic active zone (Sobkowicz et al., 1982). During early
development, ribbons are round and tend to occur in clusters. Mature ribbon synapses are
elliptical, and each individual afferent is juxtaposed to a single ribbon. This maturation
process depends on thyroid hormone. B. Ribbons are gradually localized to the basolateral
surface of the IHC in response to the innervation of SGN neurites during perinatal stages.
After the first postnatal week, pruning, retraction and refinement of afferent fibers result in
reduction of ribbon synapse number. Concurrently, clusters of ribbons consolidate. After
hearing onset, each individual afferent terminal is apposed to a single ribbon.
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Fig. 3. Morphological changes in the endbulb of Held in normal developing or deaf adult mice
(adapted from (Limb et al., 2000) with permission)

The endbulb of Held in mice is initially small and simple but gradually grows to form a
highly branched and intricate structure. Endbulb complexity is severely reduced in adult
mice that are congenitally deaf.
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Fig. 4. Major stages in the development of the calyx of Held synapse in mice
A. Around E13 to E14.5, GBC axons are attracted to the midline by Netrin-1/DCC

signaling. B. By 14.5, the majority of GBC axons have crossed the midline of the brainstem
due to the expression of Robo3, which prevents premature Slit responsiveness in pre-
crossing axons. In parallel, EphB2/Ephrin-B2 signaling suppresses the formation of aberrant
ipsilateral VCN-MNTB projections and is required for strictly contralateral VCN-MNTB
projections. C. By E17, the earliest synaptic contacts between GBC axons and MNTB
principal neurons are established. At PO and P1, only a few small axosomatic contacts are
formed on MNTB neurons. During this time, the presynaptic action potential (AP) has a
long duration and small amplitude. D. Around P2-P3, presynaptic endings have formed large
cup-shaped swellings called protocalyces, which contain many collaterals and are
structurally dynamic. MNTB neurons receive inputs from several calyces at this stage. E.
During the first and second postnatal weeks, collaterals are retracted and parts of the calyx
become thinner and more intricate. Synaptic competition between multiple calyceal inputs is
largely resolved, such that the strongest calyceal input wins, with monoinnervation of nearly
all MNTB neurons by this stage. F. Adult calyx of Held synapses show a highly elaborate
structure. Presynaptic AP Kinetics are faster, with a shorter duration and larger amplitude. In
addition, the readily releasable vesicle pool (RRP) size is increased and release probability
(Pr) is decreased. Both the morphological and functional maturation of the calyx of Held
require BMP signaling and Robo3-mediated axon midline crossing. The timeline is
indicated as embryonic and postnatal ages in mice.
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