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Abstract 
 
Endbulbs of Held are synaptic contacts between auditory nerve fibers and bushy cells in 

the cochlear nucleus (CN) and represent the first central synapses of the auditory pathway. 

Endbulbs undergo functional and structural development that allows fast and reliable 

neurotransmission with high temporal precision. Its large terminal size and number of 

individual active zones (AZs) as well as its good accessibility make the endbulb of Held 

an ideal synapse to study structure-function relationships. While morphogenesis from 

small to large, highly branched terminals needs several weeks, functional maturation is 

completed shortly after hearing onset that occurs on postnatal day (P) 12 in mice. The 

developmental process is modulated by auditory nerve activity. Loss of this activity by 

depletion of otoferlin, an indispensable protein for synaptic transmission at inner hair cell 

ribbon synapses, results in smaller endbulbs. Synaptic transmission at endbulbs is further 

mediated by a plethora of proteins. Development from pre-hearing to adult stages in 

wild-type (wt) mice, the lack of auditory nerve activity and the lack of presynaptic proteins, 

such as Rab-interacting molecule (RIM)-binding protein 2 (BP2) and Mover are 

presumably reflected in structural changes at endbulb AZs. In my thesis, I addressed the 

ultrastructural consequences of these functional changes by using high-pressure freezing 

and freeze substitution prior to electron tomography of freshly sliced CNs. With this 

methodology, the morphological details of endbulb terminals like synaptic vesicle (SV) 

distribution and the structure of mitochondria can be examined with highest z resolution. 

I found that SV pools were unchanged upon maturation from pre-hearing (P10) to hearing 

(P21) in wt but increased mitochondrial volume and crista membrane density suggest 

higher mitochondrial performance after the hearing onset. Endbulb AZs of six-months-old 

(6M) mice exhibited larger SV pools and a clustering of SVs within 5-15 nm from the AZ 

membrane compared to P10. SV densities at endbulb AZs were comparable between mice 

lacking otoferlin (Otof-/-) and wt at P10 and P21/22. However, AZs of 6M Otof-/- mice 

contained a considerably reduced number of SV compared to wt. This decrease also 

affected morphologically docked (0-2 nm) and membrane-proximal SVs (2-40 nm away 

from the AZ membrane) that were analyzed separately. While SVs of Otof-/- mice were 

larger at P10, the docked SVs at 6M were significantly smaller than at wt. Upon RIM-BP2 

disruption, docked SVs and SVs in membrane proximity (2-20 nm) were decreased at 

endbulb AZs compared to wt. The lack of Mover resulted in reduced membrane-proximal 

SVs at endbulb AZs of adult mice and elevated numbers of docked SVs at inhibitory 

synapses.  



 xvi 

These results suggest that the maturation from pre-hearing to hearing is accompanied by 

a higher energy demand in wt. Increased SV pool sizes upon further development towards 

adulthood might be required to support the temporally precise neurotransmission at 

endbulbs. The elevated SVs within 5-15 nm from the AZ membrane might thereby 

contribute to an efficient SV recruitment. At 6M Otof-/- endbulb AZs, reliability of synaptic 

transmission might be reduced due to reduced numbers of docked and membrane-

proximal SVs. Finally, Mover and RIM-BP2 seem to be involved in recruiting SVs to 

membrane proximity at endbulb of Held AZs. RIM-BP2 is also important for SV docking at 

endbulbs, while Mover seems to prevent SV docking at inhibitory synapses.  
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1 Introduction 
The mammalian nervous system consists of the central nervous system (CNS), which is made 

up of the brain and the spinal cord, and the peripheral nervous system that connects the CNS 

with the rest of the body, including muscles and internal organs. Sensory receptors detect 

information from inside and outside the body like temperature, light, sound or changes in blood 

pressure, and levels of hormones. This sensory input is converted into electrical signals and 

transmitted to the brain where it gets integrated. The CNS responds by sending signals, for 

example, to muscles resulting in movements or to glands causing the production of secretions. 

Neurons are the fundamental units of the nervous system that are responsible for receiving 

and transmitting these signals. Neurons communicate with one another via specialized sites 

called synapses. Two types of synapses can be distinguished: electrical and chemical 

synapses. In electrical synapses, two cells are connected via gap junctions that allow a direct 

pass of ions and other molecules from one cell to the other. However, neuronal communication 

mostly occurs via chemical synapses where the release of chemical messengers known as 

neurotransmitters is required for communication. 

1.1 Chemical synapses 

Chemical synapses consist of a presynaptic membrane that is separated from the postsynaptic 

membrane by the synaptic cleft. An incoming electrical signal in form of an action potential 

depolarizes the membrane of the presynaptic cell and causes the opening of voltage-gated 

calcium channels (VGCCs). VGCCs are clustered at the active zone (AZ) membrane, which is 

a specialized region where the release of neurotransmitters takes place. The entering of 

calcium ions (Ca2+) initiates a signaling cascade that causes fusion of synaptic vesicles (SVs) 

with the presynaptic membrane, a process that is called exocytosis. The neurotransmitter 

molecules within the SVs are released into the synaptic cleft, diffuse and bind to receptor 

proteins located in the postsynaptic membrane. The receptor binding leads to changes in the 

membrane potential activating a signaling cascade in the postsynaptic cell, which can initiate 

an action potential (Kandel et al., 2012). 

Both the presynaptic and postsynaptic membranes show a highly specialized molecular 

organization important for synaptic transmission, which is described in more detail in the 

following sections. 
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1.2 Synaptic vesicle formation and cycle 

To maintain neurotransmission even with high rates of neurotransmitter release, synapses 

require a constant supply of SVs. Initially, SVs are formed as precursor vesicles by budding 

from the Golgi apparatus, where SV proteins are synthesized and inserted into the plasma 

membrane (reviewed in Hannah et al., 1999). Next, the vesicles are transported along 

microtubules down the axon by using kinesin-3 motor proteins KIF1A and KIF1Bβ (Nakamura 

et al., 2002; Okada et al., 1995). In the presynaptic nerve terminal, SVs are finally filled with 

neurotransmitter molecules (Farsi et al., 2016; Nelson & Lill, 1994). 

After SV recruitment and subsequent priming, SVs fuse, release their neurotransmitters and 

fully collapse into the AZ membrane. A subsequent clearance of the release sites from fused 

SV membranes is required. Since the AZs are located far away from the protein synthesis 

machinery, the supply of SVs is primarily ensured by SV recycling. Therefore, SVs undergo 

endocytosis, reacidification and refilling with neurotransmitters for a new round of exocytosis. 

The SV cycle is illustrated in Fig. 1.1 and exocytosis and endocytosis pathways are described 

further in the following sections. 

Figure 1.1: Synaptic vesicle cycle.  

Synaptic vesicles (SVs) undergo a cycle of exocytosis and endocytosis to maintain neurotransmitter 
release at the presynapse. SVs are filled with neurotransmitters and translocated to the active zone 
where they become docked and primed to the plasma membrane. Upon arrival of an action potential 
and the resulting Ca2+ influx, primed SVs fuse with the plasma membrane and release neurotransmitters 
into the synaptic cleft. Neurotransmitters diffuse to postsynaptic receptors to mediate channel opening 
and ion influx into the postsynaptic terminal. Different mechanisms of vesicle membrane recycling by 
endocytosis are described: (1) Clathrin mediated endocytosis, (2) Kiss-and-run, (3) Ultrafast 
endocytosis and (4) Bulk endocytosis. Illustration created with Adobe Illustrator and BioRender.com.  
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1.2.1 Exocytosis pathway 

The exocytosis of SVs occurs at the AZ membrane and is highly regulated by a plethora of 

conserved proteins. Prior to SV fusion with the AZ membrane, SVs undergo docking and 

priming. In the first step, SV docking is mediated by a loose tethering of SVs to the plasma 

membrane. Although the whole set of proteins involved in the tethering process has not been 

identified yet, it has been found that the Rab3-interacting molecule (RIM)-1a is important for 

the tether formation. Fernandez-Busnadiego et al. observed an increase in the mean tether 

length by a reduced fraction of short tethers (0-5 nm) at synapses that lack RIM-1a 

(Fernández-Busnadiego et al., 2013). The priming of SVs further involves the formation of the 

trimeric soluble N-ethylmaleimide-sensitive factor (NSF) attachment receptor (SNARE) 

complex whose main structures are highly conserved from yeast to humans (Fasshauer et al., 

1998). The inhibition of vesicle priming by overexpressing the SNARE-related protein tomosyn 

in chromaffin cells reduced vesicle immobilization, fusion and release probability (Pr; 

probability of a single vesicle to release its content in response to an action potential), 

demonstrating that immobilization of vesicles is a mandatory step to make them release 

competent (Yizhar & Ashery, 2008). The vesicular (V-) SNARE protein synaptobrevin thereby 

interacts with the target (T-) SNARE proteins syntaxin-1 and SNAP25 (synaptosome-

associated protein of 25 kDa) on the plasma membrane and forms an α-helical SNARE 

complex (Poirier et al., 1998; Sutton et al., 1998). SNARE proteins interact with several other 

proteins like the mammalian homologues of C. elegans UNC-18 (Munc18-1) and 

synaptotagmin-1 (Gerst, 1999). Munc18-1, a member of the Sec1/munc18 (SM) protein family 

interacts with the SNARE complex by binding to syntaxin-1, a process that is suggested to 

enhance the fusion efficiency (Shen et al., 2007). The neuronal vesicular protein 

synaptotagmin-1 senses the Ca2+ influx caused by an incoming action potential (Brose et al., 

1992). Upon Ca2+ binding, synaptotagmin-1 is thought to promote SV fusion by binding to 

phospholipids of the plasma membrane (Bai et al., 2002; Davis et al., 1999; Fernandez et al., 

2001). After the fusion process, the recycling of SNARE proteins is mediated by NSF. The 

interaction with its cofactor a-SNAP leads to the disassembly of SNARE complexes on the 

plasma membrane prior to endocytosis to allow another round of fusion (Littleton et al., 2001). 

On the ultrastructural level, it has also been shown that at least the partial formation of SNARE 

complexes is required for SV docking and priming (Imig et al., 2014). Imig and colleagues used 

high-pressure freezing (HPF), freeze substitution (FS), and electron tomography of 

organotypic hippocampal slice cultures from mice lacking different components of the SNARE-

complex (SNAP25, syntaxin-1 or synaptobrevin) and observed a reduction of docked SVs 

(Imig et al., 2014). SV docking was further characterized morphologically based on the 

identification of docking filaments with an average length of 22 nm that connect SVs with the 

plasma membrane (Cole et al., 2016). Electron tomography of cultures of dissociated rat 
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hippocampal neurons revealed that docked SVs have three or more docking filament 

connections that can vary in their orientation (Cole et al., 2016). 

1.2.2 Endocytosis pathway 

Fundamental research in the field of endocytosis over the last 50 years proposed different 

endocytic pathways (Fig. 1.1): (1) Clathrin-mediated endocytosis (CME) was first visualized in 

mosquito oocytes with electron microscopy (Roth & Porter, 1964) and is the oldest and best 

understood endocytic process in mammalian cells (reviewed in Mettlen et al., 2018). Clathrin 

molecules are recruited to the plasma membrane, form triskelia and induce invagination and 

formation of pits (Royle, 2006). The subsequent fission of the pits by dynamin and uncoating 

of clathrin results in the formation of new SVs. In contrast to CME that acts relatively slow with 

a range between 10 to 30 seconds (Milosevic, 2018), (2) kiss-and-run is a mechanism that 

supports fast kinetics of SV recycling (<1-2 seconds). In this process, SVs do not fully collapse 

into the plasma membrane and the fusion pore may reclose after transmitter release (Wen et 

al., 2017). (3) During ultrafast endocytosis, the membrane invaginates to form large endocytic 

vesicles that are delivered to endosomes. This process is suggested to occur after brief 

neuronal activity and during high-frequency stimulation (Soykan et al., 2017; Watanabe et al., 

2013). Stimulation of clathrin knock-down hippocampal neurons in the presence of cationized 

ferritin, to mark internalization, resulted in the formation of ferritin-filled endosomes. However, 

these endosomes did not form coated pits suggesting that although membrane retrieval 

functions clathrin independently, the final step of the new SV generation from endosomes 

occurs in a clathrin dependent manner (Watanabe et al., 2014). (4) Activity-dependent bulk 

endocytosis is triggered by strong synaptic activity and is characterized by the internalization 

of large membrane areas (Clayton et al., 2008; Nguyen et al., 2012). The lack of dynamin1 

and -3 in primary cortical neurons is associated with perturbed CME (Raimondi et al., 2011), 

but bulk endocytosis and the formation of new SVs from bulk endosomes have been observed 

upon stimulation with high potassium (K+) concentrations suggesting that both processes run 

in a clathrin independent manner (Wu et al., 2014). 

1.3 The cytomatrix of the active zone 

In addition to the proteins important for exocytosis and endocytosis, a network of proteins is 

located at the cytomatrix of the AZ (CAZ; Schoch & Gundelfinger, 2006). Utilizing electron 

microscopy of chemically fixed synapses, the CAZ can be identified as an electron dense area 

close to the AZ. CAZ proteins comprise of multi-domain protein families involved in SV docking 

and priming as described above, such as RIMs, RIM binding proteins (RIM-BPs) and Munc13. 

Munc13 proteins are activated by RIMs (Deng et al., 2011) and are essential for SV priming 
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by enabling syntaxin-1 to form SNARE complexes as demonstrated in C. elegans or mice 

lacking Munc13 (Augustin et al., 1999; Richmond et al., 2001). By regulating this priming 

activity, Munc13 is involved in mediating short-term plasticity (Rosenmund et al., 2002). 

Furthermore, liprin-α, CAST (CAZ associated structural protein)/ELKS (glutamate (E), leucine 

(L), lysine (K), and serine (S) rich protein) as well as the large scaffold proteins piccolo and 

bassoon interact with each other to maintain the structural organization of the AZ and this way 

regulate the SV cycle (reviewed in Schoch et al., 2006; Schoch & Gundelfinger, 2006). Liprin-α 

family proteins interact with ELKS and RIMs as reported from conventional synapses (Stryker 

& Johnson, 2007; Wei et al., 2011; Zürner et al., 2011; Zürner & Schoch, 2009). The disruption 

of the liprin-α homologue Dliprin in Drosophila revealed abnormal AZ morphology and impaired 

synaptic transmission (Kaufmann et al., 2002) demonstrating a crucial role of liprin-α proteins 

in the assembly and organization of AZs. 

The CAST/ELKS proteins interact with RIMs, piccolo, and bassoon and indirectly with Munc13 

through RIM (Hida & Ohtsuka, 2010; Ko et al., 2003; Ohtsuka et al., 2002) whereby regulating 

the density of VGCCs (Dong et al., 2018). 

Piccolo and bassoon are the largest members of the CAZ proteins showing functions in e.g. 

assembly of AZ scaffolds (Gundelfinger et al., 2015), SV clustering (Mukherjee et al., 2010), 

and presynaptic protein ubiquitination and degradation (Waites et al., 2013). Both proteins 

have been shown to promote SV replenishment, which affects the pool size of SVs that are 

available for immediate release, the so-called readily releasable pool (RRP) at endbulb of Held 

(Butola et al., 2017; Mendoza Schulz et al., 2014) and calyx of Held synapses (Parthier et al., 

2018). Bassoon interacts with autophagy protein 5, an E3-like ligase, and plays a role in the 

regulation of presynaptic autophagy (Okerlund et al., 2017). Another interaction partner of 

bassoon is Mover, a vertebrate-specific phosphoprotein of SVs (Ahmed et al., 2013; Kremer 

et al., 2007).  

1.3.1 The role of RIM and RIM-BP at synapses 

RIMs are essential for SV docking and priming by forming a heterotrimeric complex with 

Munc13 and the small G-protein Rab3 or Rab27 (Gracheva et al., 2008; Kaeser et al., 2011; 

Koushika et al., 2001). They are important for dynamic changes in the strength of synaptic 

responses, termed short-term plasticity of neurotransmitter release (Schoch et al., 2002). 

Deletion of RIMs at the calyx of Held synapse results in reduced VGCC density and a smaller 

RRP that goes along with a reduced number of docked SVs (Han et al., 2011). Thus, Han and 

colleagues concluded that RIMs regulate SV release by recruiting VGCCs to AZs (Han et al., 

2011). In addition to a direct binding of RIMs and VGCCs (Kaeser et al., 2011), VGCCs are 

linked to RIMs via RIM-BPs (Hibino et al., 2002). 
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RIM-BPs are involved in recruiting and organizing the topography of VGCCs (Grauel et al., 

2016; Krinner et al., 2017). This function has been shown to depend on the interaction of 

RIM-BPs with bassoon (Davydova et al., 2014). Three isoforms exist in vertebrates, RIM-BP1, 

-2 and -3 (Mittelstaedt & Schoch, 2007; Wang et al., 2000). Although lack of the neuron specific 

RIM-BP1 and RIM-BP2 did not affect the Ca2+ current at the calyx of Held (Acuna et al., 2015), 

the absence of RIM-BP1 and RIM-BP2 reduced the number of VGCCs at ribbon-type AZs in 

the murine cochlea and retina (Krinner et al., 2017; Luo et al., 2017). Synaptic transmission is 

only slightly impaired by RIM-BP deletion at mammalian synapses (Acuna et al., 2015; Grauel 

et al., 2016; Krinner et al., 2017; Luo et al., 2017), while at Drosophila larval neuromuscular 

junctions Ca2+ influx is impaired, which results in strongly reduced Pr (Liu et al., 2011).  

1.3.2 The vertebrate-specific protein Mover 

In contrast to most other presynaptic proteins, Mover is not expressed in all species and 

synapses (Kremer et al., 2007; Wallrafen & Dresbach, 2018) suggesting its role in increasing 

functional heterogeneity of synapses. For the mouse calyx of Held it has been shown that 

Mover depletion results in a reduced Pr of selectively superprimed SVs (Pofantis et al., 2021). 

This contrasts with a study in the rat calyx of Held showing that Mover negatively regulates Pr 

by decreasing the Ca2+ sensitivity of the release machinery (Körber et al., 2015). In both 

studies, Pr  was calculated by the ratio of the amplitude of an excitatory postsynaptic current 

(EPSC) and the size of the RRP, which in turn was determined from the intersection of the 

y axis and the regression fit of cumulative EPSCs induced by a 100-Hz train stimulation 

(Schneggenburger et al., 1999).  

It is thought that Mover acts differently on synaptic transmission in different synapse types, 

which is supported by the fact that the expression of Mover strikingly differs between brain 

areas, within individual brain areas and between synapse types (Wallrafen & Dresbach, 2018). 

1.4 Synaptic vesicle pools at conventional synapses 

Despite their distance to the AZ membrane, SVs seem to form a homogeneous population 

since they appear identical under an electron microscope. Furthermore, no biochemical 

differences have been recognized that might identify different classes of SVs in a resting 

terminal. However, the idea that SVs differ functionally is around 70 years old (Birks & 

MacIntosh, 1961). Since then, various models of distinct functional and morphological SV 

pools were described. Three major functional SV pools were identified: a RRP, a recycling- 

and a reserve pool (reviewed in Denker & Rizzoli, 2010; Rizzoli & Betz, 2005). The classical 

model of the pool structure is based on the SV localization within the presynaptic terminal. The 

RRP is formed by SVs primed for immediate release upon stimulation. After tethering, SVs 
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dock and prime to the AZ membrane and represent the respective morphological, and 

functional correlate of the same process (Imig et al., 2014; Kaeser & Regehr, 2017; Schikorski 

& Stevens, 1997). While SV priming can be measured electrophysiologically by quantifying the 

RRP size (Rosenmund & Stevens, 1996), SV docking can just be evaluated morphologically. 

These SVs are in physical contact with the AZ membrane. Cole and colleagues suggest that 

a uniformly horizontal orientation of all docking filaments between SV and the presynaptic 

membrane could be indicative of fusion-competent primed SVs, which would allow the 

morphological distinction between docked and primed SVs (Cole et al., 2016). 

The recycling pool is located adjacent to the RRP and consists of SVs whose release is 

maintained and continuously recycled under physiological stimulation. Finally, SVs of the 

reserve pool are thought to be located farther away from the AZ and are only released under 

high-frequency stimulation. However, ultrastructural studies in Drosophila larval 

neuromuscular junctions revealed a strong spatial intermixing of the recycling and the reserve 

pool (Denker et al., 2009). 

A new model, introduced by Denker and Rizzoli, propose a further refinement of the pool model 

where recycling and reserve pool SVs have different mobilities. The highly mobile recycling 

pool contains SVs that undergo cycles of release several times till they eventually mature into 

reserve pool SVs that are bound to scaffolding molecules (Denker & Rizzoli, 2010).  

Nowadays, also the RRP is no longer considered as a uniform pool of primed SVs. Instead, 

these SVs can switch between a more loosely and a more tightly primed state (Neher & Brose, 

2018). Another subpool, the superprimed SV pool has been identified (Schlüter et al., 2006) 

and although both primed and superprimed SVs are docked at the AZ membrane and are 

release-competent, they show different kinetics of SV release (Schlüter et al., 2006; 

Taschenberger et al., 2016; Xue et al., 2018). At calyces of Held, Taschenberger and co-

workers found that normally primed SVs have a low Pr of around 0.1 and are rapidly 

regenerated after SV depletion. Superprimed SVs show a higher Pr (around 0.5), but they 

regenerate slowly upon fusion (Taschenberger et al., 2016). Superpriming was reported to be 

enhanced upon high-frequency activity to regulate synaptic strength and plasticity. Further, 

this subpool of primed SVs is suggested to be responsible for the variance in synaptic strength 

between individual synapses (Taschenberger et al., 2016).  



Introduction 

 8 

1.5 The role of presynaptic mitochondria in synaptic activity 

Next to SVs, mitochondria are often found near AZs. This is not surprising since synaptic 

transmission is the main energy consumer in the CNS and mitochondria, known as the 

powerhouses of cells, serve as primary energy generators (Verstreken et al., 2005). They are 

known to regulate neurotransmission by Ca2+ buffering (Billups & Forsythe, 2002; David & 

Barrett, 2003; Jonas et al., 1999; Medler & Gleason, 2002; Tang & Zucker, 1997) and 

contribute to signaling processes, the regulation of cell proliferation, cell migration, cell viability, 

and neuronal morphology (Chandel, 2014). Mitochondria consist of an outer and an inner 

membrane that enclose the intermembrane space and the matrix (Fig. 1.2). Inner membranes 

possess the inner boundary membrane and the crista membranes (CMs) that form deep 

invaginations (Fig. 1.2; Vogel et al., 2006). The two functional domains of the inner membrane 

are connected by crista junctions, small neck-like membrane structures that are proposed to 

form barriers between the intracristal and the intermembrane space (Frey et al., 2002; 

Mannella et al., 1994, 2001). 

Figure 1.2: The architecture of mitochondria. 

(A) Electron micrograph showing the compartments of a mitochondrion. (B) The same electron 
micrograph as in (A) showing the segmented mitochondrion. Mitochondria have a smooth outer 
membrane and a highly convoluted inner membrane with numerous invaginations, termed cristae. The 
crista membranes (CMs) point into the matrix of the organelle. Crista junctions connect the CMs with 
the inner boundary membrane. The mitochondrial outer and inner membrane are separated by an 
intermembrane space. Scale bars: 100 nm. 

 
This compartmentalization reflects the functional specializations of the mitochondrial 

membranes. Protein import machineries e.g., are located at the outer and inner boundary 

membrane and makes them responsible for the communication with the cytosol. The CMs are 

specialized for oxidative phosphorylation and therefore harbor the protein complexes for the 

respiratory chain and the ATP (adenosine triphosphate) synthase (Gilkerson et al., 2003; 

Wiedemann & Pfanner, 2017; Wurm & Jakobs, 2006). Mitochondria are hallmark structures of 

nerve terminals, and their positioning seems to be important for synaptic function. It has been 
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found that the presence of presynaptic mitochondria at axonal AZs correlates with the size of 

synapses and SV density (Smith et al., 2016). The presence of mitochondria further maintains 

synaptic transmission during prolonged stimulation, while absence of a mitochondrion results 

in depletion of SV release (Sun et al., 2013). In addition, the mobilization of reserve pool SVs 

has been demonstrated to be disturbed at synapses that lack mitochondria due to an 

insufficient ATP supply (Verstreken et al., 2005). Given that, it seems surprising, that just 

roughly half of hippocampal presynaptic boutons have a mitochondrion nearby (Kang et al., 

2008; Shepherd & Harris, 1998; Smith et al., 2016). A similar observation has been made for 

cultured cortical neurons (Chang et al., 2006). However, since neuronal morphology as well 

as synaptic strength changes in an activity-dependent manner, also the demand for 

mitochondrial supply can alter. Mitochondria form a rapidly changing, dynamic network that, 

dependent on local needs, involves fusion and fission events as well as bidirectional 

movements and anchoring at specific positions (reviewed in Rube & van der Bliek, 2004). In 

hippocampal neurons, around one third of axonal mitochondria are motile (Kang et al., 2008), 

but it has been proposed that the proportion of motile mitochondria can be modulated by 

changes in synaptic activity (Chang et al., 2006; Li et al., 2004; Macaskill et al., 2009). 

However, the effect of synaptic activity on mitochondrial movement and recruitment to 

synapses on the one hand differs between axons and dendrites (Chang et al., 2006) and on 

the other hand leads in contrary results. For instance, enhanced neuronal activity results in 

more stationary mitochondria at synapses of cortical neurons (Chang et al., 2006; Rintoul et 

al., 2003) and hippocampal dendrites (Li et al., 2004; Macaskill et al., 2009), whereas blocking 

action potential firing using the sodium channel blocker tetrodotoxin increases mitochondrial 

motility (Li et al., 2004). Further, developmental maturation of the nervous system that is 

associated with an increase in neuronal activity has been shown to decrease mitochondrial 

motility in cortical neurons (Lewis et al., 2016; Silva et al., 2021), which is paralleled by an 

increasing expression of syntaphilin, an axonal mitochondrial docking protein (Zhou et al., 

2016). In contrast, there are also studies that demonstrate no affect in mitochondrial motility 

upon activity changes (Beltran-Parrazal et al., 2006; Faits et al., 2016; Smit-Rigter et al., 2016). 

This suggests that changes in mitochondrial motility are not the only mechanism to adjust to 

changes in the local need for energy supply or enhanced calcium signaling.  
There is evidence that volume and ultrastructure of mitochondria are coupled to synaptic 

performance (Cserép et al., 2018; Ivannikov et al., 2013; Smith et al., 2016; Thomas et al., 

2019). In hippocampal synaptosomes e.g., a higher presynaptic mitochondrial level is 

associated with higher levels of SV release (Ivannikov et al., 2013), which is consistent with a 

developmental increase in synaptic localization and mitochondrial volume to support the rise 

in firing rates at calyx of Held synapses (Thomas et al., 2019) as well as at CA1 hippocampal 

boutons (Smith et al., 2016). The comparison of high-performance and low-performance 
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neurons of glutamatergic as well as GABAergic boutons within the hippocampal formation has 

revealed that high-performance neurons show larger mitochondria with a higher CM density 

(CM surface area/mitochondrial volume) at axonal AZs (Cserép et al., 2018). A larger CM 

surface can harbor a higher number of respiratory chain and ATP synthase proteins resulting 

in an enhanced oxidative phosphorylation at high-performance neurons. Furthermore, the CM 

arrangement of high-performance mitochondria is more lamellar (Cserép et al., 2018), which 

has been shown to be beneficial for the assembly of respiratory chain supercomplexes 

(Cogliati et al., 2013) and results in an increased proton motive force, leading to higher ATP-

producing capacity (Song et al., 2013). 

1.6 The auditory system 

The mammalian auditory system is responsible for the sense of hearing and is subdivided into 

the peripheral auditory system, which consists of the outer, middle and inner ear, and the 

central auditory system that is made up by different brain regions from the cochlear nuclei (CN) 

to the auditory cortex. Synapses of the auditory system are specialized for fast signal 

transmission with high temporal fidelity (Kopp-Scheinpflug & Tempel, 2015; Moser et al., 2006; 

Trussell, 1999; Wichmann, 2015). To master this challenge, they rely on a fast and efficient 

SV cycle. Due to their good accessibility, the synapses of the early auditory pathway, the 

ribbon-type synapse, the endbulb and calyx of Held (Fig. 1.3) are ideal models to study CAZ 

proteins and structure-function relationships. 

1.6.1 The early auditory pathway 

Sound waves travel through the air-filled outer and middle ear to the liquid-filled inner ear 

containing the spiral shaped cochlea. The pressure waves cause vibrations of the extracellular 

fluid inside the cochlea, named perilymph, whose movement is further transmitted to the 

basilar membrane inside the cochlear duct, where the receptor organ for hearing is localized - 

the organ of Corti. Subsequently, these vibrations are detected by mechanosensory auditory 

hair cells (HCs), which are embedded into the tonotopically organized basilar membrane 

responding to certain frequencies. Due to its physical characteristics, different sound 

frequencies reach maximum amplitudes at specific positions. High-frequency sounds are 

transduced at the narrow and stiff base of the cochlea, while the more flexible apex is tuned 

for low frequencies (Liberman, 1982; Oghalai, 2004). This tonotopic organization is maintained 

throughout the auditory system, with each cell being maximally responsive for a characteristic 

frequency (Kandler et al., 2009). 

Two types of auditory HCs are described, 3-4 rows of outer hair cells (OHCs) and one row of 

inner hair cells (IHCs). Both types are characterized by several rows of stereocilia at their 
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apical pole. The movement of this ‘hair bundle’ leads to opening of mechanoelectrical 

transduction channels that in turn results in HC depolarization. In OHCs, the depolarization 

causes a synchronized electromotile contraction through which they can amplify the sound-

induced vibrations of the basilar membrane (Brownell, 1990; Liberman et al., 2002; Zheng et 

al., 2000). OHC function can be measured by distortion-product otoacoustic emissions 

(DPOAEs; reviewed in Kim, 1986). In IHCs, depolarization leads to Ca2+ influx through VGCCs, 

resulting in SV fusion and glutamate release at ribbon synapses (Fig. 1.3). The exocytosis of 

neurotransmitters activates postsynaptic AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors on afferent boutons of the spiral ganglion neurons (SGNs) 

of the auditory nerve (Glowatzki & Fuchs, 2002; Schnee et al., 2011). SGNs are bipolar 

neurons and transmit the sound information to neurons of the CN in the auditory brainstem via 

their central processes, which are called auditory nerve fibers (ANFs). From there, the signals 

are further processed in different auditory brain regions including olivary nuclei, lateral 

lemniscus, inferior colliculus, medial geniculate nuclei, and auditory cortex. In order to study 

the auditory function of the cochlea as well as the brain pathway, auditory brain stem 

responses (ABRs) are used. Auditory stimuli with different sound pressure levels and 

frequencies are tested resulting in a pattern of ABR waves that are believed to be generated 

by different auditory structures (Hall, 2007). 

1.6.2 Otoferlin, a hair cell-specific protein involved in SV exocytosis 

Otoferlin, encoded by the OTOF gene, is a member of the ferlin protein family, that consists of 

six C2 domains (C2A-F) and a C-terminal transmembrane domain (Pangršič et al., 2012). It is 

localized at SVs associated with the ribbon (Roux et al., 2006) and at the membrane (Strenzke 

et al., 2016; Vogl et al., 2015) of mature IHCs. Mutations in the OTOF gene are associated 

with a genetic auditory synaptopathy called autosomal recessive nonsyndromic deafness 

(DFNB9; Rodríguez-Ballesteros et al., 2008; Yasunaga et al., 1999, 2000). More than 200 

pathogenic OTOF mutations have been identified whereby most of them lead to profound 

deafness (Vona et al., 2020). 

The functions of otoferlin at IHCs have been investigated using otoferlin knockout (Otof-/-) or 

mutant mice. These mouse models are deaf as they do not show electrical activity in ABR 

measurements, but normal initial DPOAE levels (Reisinger et al., 2011; Roux et al., 2006; 

Wright et al., 2014). Otoferlin is crucial for late steps of exocytosis at IHCs since Ca2+ 

dependent SV release at IHCs is almost abolished, while they show normal numbers of SVs 

at their ribbon synapses (Roux et al., 2006). In addition, it has been reported that otoferlin is 

involved in SV tethering and priming (Pangrsic et al., 2010; Vogl et al., 2015) as well as 

clearance of the AZ (Jung et al., 2015; Pangrsic et al., 2010). Up to P3, exocytosis at IHCs, 

which results from non-sensory spontaneous activity is comparable between Otof-/- and control 
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mice, but from P4 on it decreases and becomes undetectable at Otof-/- IHCs. This is paralleled 

with a drastic decrease in synaptotagmin-2 expression (Beurg et al., 2010). An age-dependent 

degeneration of IHCs and OHCs has been shown that is more pronounced in Otof-/- compared 

to wild-type (wt) mice. This goes along with a reduction in DPOAE amplitudes from 24 weeks 

of age on (Stalmann et al., 2021). Whereas the number of ribbon synapses is initially greater 

at Otof-/- IHCs compared to wt littermates, their number decreases markedly in the third and 

fourth postnatal week (Al-Moyed et al., 2019; Roux et al., 2006; Stalmann et al., 2021). 

However, only after 48 weeks, a decrease in the number of SGNs is observed (Stalmann et 

al., 2021). In contrast to IHCs, exocytosis at the endbulb of Held and other conventional 

synapses does not depend on otoferlin, but rather on synaptotagmin as Ca2+ sensor (Brose et 

al., 1992). However, the two proteins cannot simply replace each other's functions as 

demonstrated by Reisinger et al.: Exocytosis at IHCs lacking otoferlin could not be restored by 

overexpression of synaptotagmin-1. (Reisinger et al., 2011). Analog, synaptic transmission at 

chromaffin cells and hippocampal neurons lacking synaptotagmin-1 cannot be rescued by 

overexpression of otoferlin (Reisinger et al., 2011). In Otof-/- mice the molecular composition at 

endbulb synapses is not altered and the auditory pathway is shaped until P3 by spontaneous 

activity, but auditory input is missing when the system is matured. Otof-/- mice are therefore an 

appropriate model system to investigate how the lack of auditory input affects the function of 

the downstream auditory pathway.  

1.6.3 The cochlear nucleus 

Coming from the cochlea, each ANF bifurcates upon entering the CN (Fekete et al., 1984): 

The descending process projects to the dorsal CN (DCN), while the ascending process 

converge onto two cell types, stellate cells and bushy cells (BCs) within the anteroventral CN 

(AVCN; Fig. 1.3; Wu & Oertel, 1984). Stellate cells receive bouton-like glutamatergic inputs 

(Cant, 1981), while BCs are contacted by large synaptic endings, the so-called endbulbs of 

Held (Cant & Morest, 1979; Held, 1893; Ryugo & Fekete, 1982). Based on cytologic criteria 

established for cats, BCs can be subdivided into large spherical, small spherical and globular 

BCs (SBCs and GBCs; Brawer et al., 1974; Cant & Morest, 1979; Osen, 1969). SBCs are 

contacted by the largest endbulbs of Held, whereas GBCs receive several smaller so called 

“modified endbulbs” (Harrison & Irving, 1965; Rouiller et al., 1986). The number of these 

modified endbulbs has been shown to be highly variable with an average number of 22.7 per 

BC in cats (Spirou et al., 2005). SBCs and GBCs also differ in their projection pattern and due 

to the tonotopy by encoding different sound frequencies: SBCs innervate the medial superior 

olive (MSO) on both sides, the ipsilateral lateral superior olive (LSO) as well as the contralateral 

ventral nucleus of the lateral lemniscus and specifically for the large SBCs it has been shown 

that they encode mainly low frequencies (Smith et al., 1993). GBCs encode sounds of higher 
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frequencies and project to the contralateral medial nucleus of the trapezoid body (MNTB) to 

form the very large calyces of Held (Fig. 1.3; Brownell, 1975; Sento & Ryugo, 1989; Smith et 

al., 1991; Tolbert & Morest, 1982). By passing auditory information to these auditory nuclei, 

BCs are responsible for auditory processing and sound localization. Since MSO neurons 

receive information from both CNs, they can detect interaural time differences (ITD) to 

determine the origin of sound stimuli (Fitzpatrick et al., 1997; Yin & Chan, 1990). The LSO 

neurons not only receive excitatory input from the ipsilateral SBCs, but also inhibitory 

projections from MNTB neurons to detect interaural level differences (ILD; Glendenning et al., 

1992; Sanes, 1990). 

In mice, little low-frequency hearing (Ehret, 1974) and just few large SBCs (Willard & Ryugo, 

1983; Webster & Trune, 1982) have been reported. Moreover, it has been shown that murine 

BCs cannot be clearly distinguished on cell body characteristics (Lauer et al., 2013), but 

morphological differences in inputs are described: SBCs receive input from 1-3 ANFs while 

GBCs are contacted by more than 3 ANFs (Cao & Oertel, 2010). 

Figure 1.3: The auditory pathway highlighting the first three synapses. 

Spiral ganglion neurons (SGNs) receive input from inner hair cells (IHCs) in the cochlea of the inner ear 
via their ribbon synapses. The central processes of SGNs, called auditory nerve fibers bifurcate upon 
entering the cochlear nucleus: The descending process projects to the dorsal cochlear nucleus (DCN), 
while the ascending process converges onto bushy cells (BCs) within the anteroventral cochlear nucleus 
(AVCN) and forms the endbulb of Held. Spherical BCs (SBCs) project to neurons of the ipsilateral lateral 
superior olive (LSO) as well as the contralateral and ipsilateral medial superior olive (MSO) and are 
important for interaural time differences (ITD). Globular BCs (GBCs) innervate neurons in the  
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(Figure 1.3 continued): contralateral medial nucleus of the trapezoid body (MNTB) where they form the 
calyx of Held synapse. The neurons of the MNTB are inhibitory and project to the LSO. LSO neurons 
use this inhibition and ipsilateral excitation from SBCs to compute interaural level differences (ILD). Blue 
axons indicate excitatory action, red indicates inhibitory action. 
 

1.6.4 Developmental maturation of auditory synapses 

Due to their functions in auditory processing, which are important not only for sound 

localization but also for sound perception (Zeng et al., 1999), a high precision of synaptic 

transmission at auditory synapses is required. The first three synapses of the auditory 

pathway, the IHC ribbon synapse, the endbulb as well as the calyx of Held, fulfill these 

requirements. Due to their accessibility and recognizability they represent ideal models to 

understand functional and dysfunctional auditory processing and the relationship between 

function and morphology. All three synapse types are known to undergo developmental 

maturation to evolve structural and functional properties that ensure a fast and reliable 

neurotransmission. A very important step in the maturation process is the onset of hearing, 

which occurs in mice around postnatal day (P)11/12 (Mikaelian & Ruben, 1965). Before that, 

non-sensory spontaneous activity already shapes the pathway (Babola et al., 2018; Sonntag 

et al., 2009; Tritsch et al., 2010) that undergoes functional and structural refinement around 

the onset of hearing. For IHCs it has been shown, for example, that coupling between 

Ca2+ influx and exocytosis is getting more tightly, indicated by a switch from 

Ca2+-microdomains to Ca2+-nanodomains (Wong et al., 2014). Morphologically, ribbon size 

and SV numbers increase, while SV diameters decrease during maturation (Michanski et al., 

2019). Moreover, the expression of synaptotagmins, which are important for Ca2+ dependent 

SV release (also see section 1.2.1), vanishes during the first postnatal week, while a gradual 

increase of the HC-specific protein otoferlin is shown (Beurg et al., 2010; Reisinger et al., 2011; 

Safieddine & Wenthold, 1999; Uthaiah & Hudspeth, 2010). Otoferlin likely acts as the 

Ca2+ sensor and is believed to take over this function of synaptotagmin (Johnson & Chapman, 

2010; Michalski et al., 2017; Roux et al., 2006). 

For the calyces of Held it has also been observed that Ca2+ sensitivity increases upon 

maturation due to changes in VGCC type and modality (Fedchyshyn & Wang, 2005; Iwasaki 

& Takahashi, 1998). Calyx terminals from P7 rats express a mixture of P/Q-, N- and R-type 

VGCCs, in contrast to calyces from P13 rats that express nearly exclusively P/Q-type channels 

(Iwasaki et al., 2000; Iwasaki & Takahashi, 1998). After hearing onset, calyces exhibit higher 

action potential kinetics as well as EPSC kinetics (Taschenberger & von Gersdorff, 2000). 

These changes go along with a decrease in Pr (Iwasaki & Takahashi, 2001; Taschenberger et 

al., 2002), but an unchanged quantal size (Iwasaki & Takahashi, 2001). In addition, it has been 

shown that the size of the RRP increases (Iwasaki & Takahashi, 2001; Taschenberger et al., 
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2002; Taschenberger & von Gersdorff, 2000), while AZ sizes decrease upon maturation 

(Taschenberger et al., 2002).  

For endbulbs of Held, it has been demonstrated that already at the pre-hearing stage P/Q 

channels reflect the dominant Ca2+
 current. These channels are associated with the 

nanodomain modality indicating an efficient SV release (Lin et al., 2011; Oleskevich & 

Walmsley, 2002). Moreover, Yang and Xu-Friedman investigated delayed release that could 

affect auditory processing by disrupting the timing of evoked spikes. Using current clamp 

recordings from BCs and stimulation of ANFs, they observed spikes after ending the 

stimulation that were driven by delayed release of immature synapses. After the onset of 

hearing, delayed release occurred as well, but did not result in late spiking. The upregulation 

of K+ conductance upon hearing onset was causing this effect, suggesting that postsynaptic 

activation of K+ channels during spiking suppresses the subsequent effects of delayed release 

in hearing mice (Yang & Xu-Friedman, 2010). Further, a developmental switch of the glutamate 

receptor from NMDA (N-methyl-D-aspartate) to AMPA receptor mediated neurotransmission 

(Bellingham et al., 1998; Isaacson & Walmsley, 1995), as well as a switch in AMPA receptor 

subunits with a decrease in the GluR2 subunit is described (Gardner et al., 1999, 2001; 

Lawrence & Trussell, 2000; Wang et al., 1998).  

1.6.5 Synapses on bushy cells 

Two categories of chemical synapses were identified based on the morphological appearance: 

type I or asymmetric (later shown to be excitatory), and type II or symmetric (later shown to be 

inhibitory; Colonnier, 1968; Gray, 1959). Both synapse types can also be found in the AVCN 

contacting BCs. Synaptic terminals can also be categorized ultrastructurally into two groups 

based on the size of SVs within the AVCN (Lenn & Reese, 1966). Each of these groups in turn 

contains morphologically distinct types of synaptic terminals contacting BCs as described by 

Cant and Morest for cats using electron microscopy of chemically fixed tissue (Cant & Morest, 

1979). The first group contains terminals with large, spherical SVs. These include endbulbs of 

Held and smaller bouton-like endings that form asymmetric contacts with BCs. The large 

endbulbs are irregular shaped and have multiple dome-shaped AZs within the same terminal. 

The second group, which contains terminals with small SVs, is further classified into subtypes 

based on the size and distribution of the terminals as well as on the shape of SVs. The most 

common subtype within this group has large terminals that form symmetrical (inhibitory) 

contacts with BCs and contain flattened SVs. Another subtype has small terminals that form 

symmetrical contacts and are filled with small pleiomorphic SVs. The last subtype contains 

small spherical SVs and forms asymmetrical contacts, but rather with dendrites than the soma 

of BCs (Cant & Morest, 1979). 
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Details of cell and specifically synapse structure are strikingly different after rapid freezing and 

freeze-substitution (Tatsuoka & Reese, 1989) or cryo-electron microscopy (Tao et al., 2018) 

from those in chemically fixed tissue. Membranes are shown to be smoother, and the electron 

density of cytoplasm, organelles and extracellular space appear to be greater (Korogod et al., 

2015; Rostaing et al., 2006; Tatsuoka & Reese, 1989). In all synaptic terminals, SVs are round 

and have different diameters. The postsynaptic density (PSD), which appears as an electron-

dense, fuzzy structure at asymmetric synapses in fixed tissue, appears as a fine filamentous 

structure in frozen tissue that differ in size and distribution between different types of synaptic 

terminals. Moreover, AZ membranes are flattened in frozen tissue (Fig 1.4, Tao et al., 2018; 

Tatsuoka & Reese, 1989). 

Figure 1.4: Endbulb of Held AZs after HPF/FS and conventional embedding. 

(A) Chemical fixation, which is part of the conventional embedding protocol (see section 2.3.2) results 
in a crosslinking of proteins at the membrane of the postsynapse. This in turn leads to good visibility of 
the dome-shaped postsynaptic density (PSD; in yellow) at excitatory synapses. (B) With HPF/FS, PSDs 
(yellow) appear less electron-dense and flattened. (C) At inhibitory synapses of conventional embedded 
tissue, SVs appear flattened, and the PSD is less thick and electron-dense compared to that of excitatory 
synapses. (D) Using HPF/FS, SVs at inhibitory synapses are spherical and no fuzzy material at the 
postsynaptic membrane can be seen. Scale bars: 100 nm. 
 

1.6.5.1 The structure of endbulbs 

Next to the functional changes during maturation described in section 1.6.4, the 

morphogenesis of the endbulb of Held terminals is intensively studied in cats (Ryugo & Fekete, 
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1982) and mice (Limb & Ryugo, 2000). Endbulbs initially develop as a small and simple 

swelling at the end of an ANF that have contacted a BC. They gradually grow and develop 

branches and filipodia-like extensions to evolve a complex tree-like structure (Limb & Ryugo, 

2000; Ryugo & Fekete, 1982). The morphogenesis is accompanied by ultrastructural changes 

of endbulbs that are described in detail for the cat (Ryugo et al., 2006). Early contacts between 

SBCs and endbulbs are characterized by a very irregular surface of the endbulb and somatic 

evaginations. In addition to PSDs, numerous puncta adherentia are found that represent short 

symmetrical membrane thickenings not associated with SVs. By the time when the ear canal 

opens (between P23 and P26 in cats; Ryugo et al., 2003), the membranes between SBCs and 

endbulbs flatten and puncta adherentia diminish. PSDs become larger, but decrease in 

number, which is accompanied by a developmental transformation of endbulbs into 

progressively smaller swellings and finer fibers by sequential branching. The progressive 

increase in SV density per µm2 continues into adulthood (Ryugo et al., 2006).  

The number and size of individual AZs per endbulb in cats and rats is highly variable: Serial-

section reconstruction of endbulbs in P25 rats has revealed that each endbulb contains on 

average 155 AZs with a mean PSD size of 0.066 ± 0.12 μm2 (Nicol & Walmsley, 2002). 

Furthermore, the mean number of SVs per AZ, especially the mean number of docked SVs 

has been shown to differ between endbulbs, but the density of SVs is similar (Nicol & 

Walmsley, 2002). Ryugo et al. estimated the number of AZs per endbulb in the cat AVCN that 

varies between around 200 to 2000 (Ryugo et al., 1996). However, this study demonstrates 

that this variability can at least partially be explained by differences in neuronal activity (Ryugo 

et al., 1996), which will be described in the next section.  

1.6.5.2 Influence of neuronal activity on endbulb structure 

ANFs, which are responsive for characteristic frequencies (see section 1.6.1) can be 

categorized by their spontaneous discharge rate (SR; Kiang et al., 1965; Liberman, 1982). 

Endbulbs from low SR fibers have complex terminals with smaller swellings and project to 

smaller SBCs compared to endbulbs from high SR fibers (Ryugo et al., 1996; Ryugo & Sento, 

1991; Sento & Ryugo, 1989). On the ultrastructural level, endbulbs from low SR fibers have 

been found to contain fewer, but larger AZs with a lower number of SVs per AZ compared to 

endbulbs from high SF fibers. Nevertheless, the size of SVs has been shown to be similar in 

endbulbs from low and high SR fibers (Ryugo et al., 1996). 

Interestingly, the effect of neuronal activity on endbulb morphology has also been addressed 

using deafness models. Endbulbs from deaf cats (Baker et al., 2010; Ryugo et al., 1997; Ryugo 

et al., 1998) and mice (Lee et al., 2003; Limb & Ryugo, 2000; McGuire et al., 2015; Wright et 

al., 2014; Youssoufian et al., 2008) are smaller and less branched. In the studied cats, 

congenital deafness results from a collapsed Reissner’s membrane that usually separates 
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scala media from scala vestibuli in the cochlea (Ryugo et al., 2003). Baker and co-workers 

found larger but fewer PSDs in newborn deaf kittens compared to normal hearing kittens 

(Baker et al., 2010). At the age of 30 days, they observed that AZ numbers of deaf and hearing 

cats have equalized, but PSD length continued to increase into adulthood (Baker et al., 2010). 

Moreover, PSDs at endbulbs from deaf animals appear flattened compared to the dome-

shaped PSDs from normal hearing cats (Baker et al., 2010; Ryugo et al., 1997). The SV density 

at endbulb AZs is higher in deaf cats throughout development (Baker et al., 2010) but the total 

number of SV per AZ is strikingly reduced in adult deaf cats compared to age-matched hearing 

cats (Ryugo et al., 1997). Ryugo and colleagues additionally obtained data from hearing 

impaired cats that are not profoundly deaf. These cats have intermediate endbulbs in terms of 

size and complexity compared to endbulbs from hearing and totally deaf cats, which further 

indicates a correlation of neuronal activity and endbulb structure in cats (Ryugo et al., 1998).  

In addition, congenitally deaf mice were analyzed regarding their endbulb structure and 

properties in several studies (Lee et al., 2003; McKay & Oleskevich, 2007; Oleskevich & 

Walmsley, 2002; Wright et al., 2014). Deafness mutant mice have a recessive mutation in the 

transmembrane cochlear-expressed gene 1, which manifests in morphological abnormalities 

of HCs and SGNs at early postnatal ages. When the ear canal opens, both, HCs and SGNs 

start to degenerate, while central connections remain intact (Keats et al., 1995; Pujol et al., 

1983). Electrophysiological recordings and variance–mean analysis from deafness mice 

before hearing onset reveal a higher synaptic strength due to a higher quantal amplitude 

(average amplitude of the postsynaptic response to the transmitter content of an SV) compared 

to normal hearing mice (McKay & Oleskevich, 2007). After ear canal opening, synaptic 

transmission is enhanced due to an increase in Pr. However, the number of individual AZs and 

the RRP size are comparable between deaf and wt mice at both ages (McKay & Oleskevich, 

2007; Oleskevich & Walmsley, 2002). Another model for congenital deafness is the shaker-2 

mouse that exhibits a recessive point mutation within the MYO15 gene that encodes the 

unconventional myosin (Liang et al., 1999; Probst et al., 1998). As a result, HCs within the 

inner ear have abnormally short stereocilia with disrupted actin organization (Anderson et al., 

2000; Beyer et al., 2000; Probst et al., 1998). The shaker-2 mice exhibit larger PSDs and a 

reduction of SVs compared to normal hearing wt mice (Lee et al., 2003). 

Otoferlin mutant mice also serve as a model of congenitally deafness. Mice lacking a normal 

copy of the OTOF gene show reduced cross-sectional areas of ANFs and smaller VCNs, but 

the tonotopic organization appears normal (Wright et al., 2014). Wright and colleagues also 

found smaller and less branched endbulbs in otoferlin mutant mice compared to hearing 

control mice (Wright et al., 2014). These findings could indicate that, as in deaf cats of shaker-2 

mice, changes also occur at the level of individual endbulb AZs. However, this has not been 

investigated so far.  
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1.7 Hypotheses and Aims 

This study aimed to understand how functional changes of the endbulb of Held, a conventional 

central synapse, affect its morphology on the level of individual AZs. In order to do so, a 

systematic ultrastructural analysis was performed using electron tomography of high-pressure 

frozen tissue. Thereby, different aspects underlying functional changes of endbulbs were 

considered including development, lack of activity and disruption of presynaptic proteins. 

Structural parameters of AZs include SV densities and the size of AZs that were previously 

shown to negatively correlate with synaptic activity (Baker et al., 2010; Murthy et al., 2001; 

Redd et al., 2000; Ryugo et al., 1996). SVs docked to the AZ membrane represent the 

morphological correlate of the RRP and could indicate for the Pr of individual synapses (Maus 

et al., 2020; Murthy et al., 2001).  

Mitochondria are characteristic organelles in endbulb terminals and their localization, size and 

structure near AZs may indicate increased energy consumption due to increasing neuronal 

activity upon maturation. At the calyx of Held, mitochondrial volume increase upon the onset 

of hearing (Thomas et al., 2019), but it is unknown so far if this is also reflected by changes of 

the mitochondrial ultrastructure.  

 

The following objectives were addressed in this thesis: 

 

1. In a first step I used wt mice at the age of P10 and P21 and compared their 

morphological SV pools in order to understand how maturation of the auditory system 

is reflected in the morphology of individual endbulb AZs. Functionally, this maturation 

process is associated with increased neuronal activity, thus a decrease in the AZ area 

and an increase of the number of SVs can be assumed, which was previously observed 

for the calyx of Held (Taschenberger et al., 2002; Thomas et al., 2019). 

2. In addition to SV pools at individual AZs, I focused on presynaptic mitochondria and its 

compartments at excitatory synapses within the AVCN including endbulbs of Held upon 

maturation. The ultrastructure of neuronal mitochondria was previously shown to 

depend on neuronal activity (Cserép et al., 2018; Ivannikov et al., 2013; Smith et al., 

2016; Thomas et al., 2019) and subsequently I aspired to elucidate if the transition from 

pre-hearing towards hearing also affect mitochondrial structure. Developmental gain in 

mitochondrial volumes and cristae density might support high firing rates required for 

auditory processing. 

3. Endbulb AZs of mice lacking the HC-specific protein otoferlin were examined to 

understand how the lack of auditory input affects their ultrastructure while the molecular 

composition at these AZs is unaltered. In addition to Otof-/- mice with comparable ages 
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to the wt mice (P10 and P22), I investigated if synaptic organization changes upon 

adulthood by analyzing endbulb AZs of 6-months-old (6M) wt and Otof-/- mice.  

4. In the next part of my thesis, I analyzed the effects of the CAZ protein RIM-BP2 on the 

organization of SV pools at endbulb AZs. At IHC ribbon synapses, RIM-BP2 was shown 

to facilitate SV release positively by regulating the number of VGCCs at IHCs (Krinner 

et al., 2017), while Ca2+ currents were unaltered at the calyx of Held lacking RIM-BP2 

(Acuna et al., 2015). This project is part of a published study that aimed to characterize 

the function of RIM-BP2 at endbulbs by combining electrophysiological and 

ultrastructural analysis (Butola et al., 2021). 

5. Finally, the role of the vertebrate-specific protein Mover at synapses projecting on BCs 

was investigated. Mover was shown to be present at a subset of synapses at different 

brain regions (Kremer et al., 2007; Wallrafen & Dresbach, 2018) and its function is not 

completely enlightened. In the AVCN, Mover was shown to be expressed more at 

inhibitory synapses contacting BCs compared to endbulbs. However, the amount of 

Mover per SV was higher in endbulbs than in inhibitory synapses (Wallrafen, 2019). 

Therefore, I investigated the role of Mover in the organization of SVs at both synapse 

types. 
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2 Materials and Methods 

2.1 Animals 

For this thesis, C57BL6/J (wild-type, wt) and otoferlin knockout (Otof-/-) mice in a C57BL6/N 

background (Reisinger et al., 2011) at postnatal day (P) 10, and P21/22, as well as six-months-

old animals (6M) of either sex were used to study ultrastructural changes of endbulb active 

zones (AZs) upon developmental maturation and lack of activity. To characterize the role of 

Rab-interacting molecule (RIM)-binding protein 2 (BP2) on the endbulb ultrastructure, 

RIM-BP2-deficient mice with a C57BL6/N background (Grauel et al., 2016), as well as their wt 

littermates of either sex, were used at the age of P22. The effect of Mover was investigated 

using male E2a-Mover knockout mice (Akula et al., 2019) and their wt littermates at the age of 

4M. All mice used for this thesis were housed at the Central Animal Facility of the University 

Medical Center in Göttingen (C57BL6/J wt, E2a-Mover-/- and wt littermates) or the animal 

facilities of the Max Planck Institutes for Experimental Medicine (Otof-/-) or Biophysical 

Chemistry (RIM-BP2-/- and wt littermates). Mice were accommodated in groups in individually 

ventilated cage racks with ad libitum access to food and water. All experiments were performed 

in compliance with the national animal care guidelines and were approved by the animal 

welfare of the University of Göttingen and the State of Lower Saxony.  

Details about the mouse lines are listed in Table 2.1. 

Mouse line Results shown 
in section  Age Number of 

animals Reference 

C57BL6/J (wild-
type, wt) 

3.1/3.2/3.3 P10 4 available at 
Jackson’s 
Laboratory 

3.1/3.2/3.3 P21 3 
3.3 6M 3 

Otof-/- mice 3.3 
P10 3 

Reisinger et al., 
2011 P22 3 

6M 3 
RIM-BP2-/- mice 
and 

3.4  P22 
3 

Grauel et al., 2016 littermate control 
mice (wt) 4 

E2a-Mover-/- mice 
and 3.5 4M 

5 
Akula et al., 2019 

littermate control 
mice (wt) 5 

Table 2.1: Used mouse lines. 
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2.2 Materials 

2.2.1 Chemicals 

Product Company Cat. No 

10 nm gold particles Plano EM.GC10_4 

1-hexadecene Sigma-Aldrich 52276-5ML 

Acetone, glass distilled Carl Roth 5025.2 

Calcium chloride (CaCl2) Carl Roth CN93.2 

Chloroform Sigma-Aldrich 288306-100ML 

Disodium hydrogen phosphate dihydrate 

(Na2HPO4*2H2O) 
Sigma-Aldrich 71643-250G 

EPON Agar pre-mix kit Plano R1140 

Ethanol Roth T171.3 

Formvar/ Vinylec Plano R1202 

Glucose Sigma-Aldrich G8270-1KG 

Glutaraldehyde Sigma-Aldrich G7651 

Magnesium chloride (MgCl2) Honeywell M0250-500G 

Molecular sieve (0.3 nm, type 564, beads) Carl Roth 8487.2 

Myo-inositol Sigma-Aldrich I7508-50MG 

Osmium tetroxide, 4 % aqueous solution EMS 19170 

Osmium tetroxide, christalline EMS 19132 

Paraformaldehyde (PFA) Carl Roth 0335.1 

Phosphate buffered saline (PBS) tablet Sigma-Aldrich P4417-100TAB 

Potassium chloride (KCl) Sigma-Aldrich P5405-250G 

Sodium cacodylate trihydrate Carl Roth 5169.1 

Sodium chloride (NaCl) Sigma-Aldrich S5886-500G 

Sodium dihydrogen phosphate 

monohydrate (NaH2PO4*H2O) 
Sigma-Aldrich 71507-250G 

Sodium hydrogen carbonate (NaHCO3) AppliChem 141638 

Sodium L-ascorbate Sigma-Aldrich A4034-100G 

Sodium L-lactate Sigma-Aldrich 71718-50G 

Sodium pyruvate Sigma-Aldrich P2256-25G 

Sucrose Sigma-Aldrich S0389-500G 

Tannic acid Sigma-Aldrich 403040 

UranyLess EMS 22409 
 

Table 2.2: Chemicals used for the experiments. 
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2.2.2 Equipment 

Product Company 

Blades (for trimming) Plano 

Blades (for vibratome) Campden Instruments 

Copper slot (3.05 mm Ø) and 100 mesh (3.05 mm Ø) grids Plano 

Cryotrim 45° DiAtome 

EM AFS2 Leica Microsystems 

EM UC7 ultramicrotome  Leica Microsystems 

Embedding molds Plano 

Glass slides  Th. Geyer 

Grid boxes  Plano  

HPM100 Leica Microsystems 

Incubator INCU-line VWR 

Instant adhesives (LOCTITE 401) Henkel 

JEM-1011 JEOL 

JEM-2100 JEOL 

Magnetic hot plate stirrer  Stuart 

Micro scale CP124S  Sartorius 

Orius SC1000 CCD camera  GATAN  

pH-meter 1000L  VWR 

Rotating wheel  UMG workshop 

Sample holder half cylinder and middle plate Leica Microsystems 

Specimen carriers Type A and B Leica Microsystems 

Ultra 35° diamond knife  DiAtome 

Vapor pressure osmometer Wescor 

VT 1200S vibratome Leica microsystems 

Table 2.3: Equipment used for this thesis.  
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2.2.3 Solutions 

Solution Concentration and treatment conditions 

Anhydrous ethanol  

 

Anhydrous beads are filled up to the level of 200 ml, volume 

further filled till 1000 ml, stored airtight under hood. 

Cutting solution (in mM) 50 NaCl, 26 NaHCO3, 120 sucrose, 1.25 

NaH2PO4*H2O, 2.5 KCl, 20 glucose, 0.2 CaCl2, 6 MgCl2, 0.7 

sodium L-ascorbate, 2 sodium pyruvate, 3 myo-inositol, and 3 

sodium L-lactate. Osmolarity: around 310 mOsm, pH 

adjusted to 7.35. 

Fixative 2 (for 

conventional embedding) 

2 % glutaraldehyde (v/v) in 0.1 M cacodylate buffer. Used 

under the hood. 

Formvar solution 1 % in water free chloroform (w/v), light protected (under the 

hood at room temperature) 

Karlsson-Schultz buffer 4 % PFA, 2.5 % glutaraldehyde, 0.5 % NaCl in 0.1 M 

phosphate buffer, pH 7.4. Used under the hood. 

Osmium tetroxide 2 % in acetone (w/v) (for freeze substitution) and 1 % (v/v) in 

cacodylate buffer (for conventional embedding). Used under 

the hood. 

Phosphate buffer 0,36 g NaH2PO4*H2O, 3,1 g Na2HPO4*2H2O in distilled water, 

pH 7.4 

Sodium cacodylate buffer 0.1 M in distilled water, pH 7.2-7.4. Used under the hood. 

Tannic acid 0.1 % (w/v) tannic acid in acetone 

Uranyl acetate 1 % (v/v) in distilled water. Under the hood. 

Water free chloroform 500 ml glass bottle filled up to the 100 ml mark with CaCl2 

powder and with Chloroform (w/v), till the 500 ml mark, stirred 

once well (stored airtight and light protected under the hood 

at room temperature 

Table 2.4: Solutions used in this study. 
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2.3 Sample preparation for electron microscopy 

2.3.1 High-pressure freezing (HPF) and freeze-substitution (FS) 

HPF and FS of freshly prepared slices of the anteroventral cochlear nucleus (AVCN) were 

used to study synaptic vesicle (SV) pools at individual endbulb of Held AZs in a near-to-native 

state. The following sections describe the single steps of this workflow. 

2.3.1.1 Vibratome slice preparation 

After anesthetization with carbon dioxide, animals were sacrificed by decapitation for 

immediate dissection of the brains. Parasagittal slices (150 μm) of AVCN were prepared as 

described previously (Butola et al., 2017; Mendoza Schulz et al., 2014; Yang & Xu-Friedman, 

2008). Brains were immersed in ice-cold cutting solution containing 50 mM NaCl, 26 mM 

NaHCO3, 120 mM sucrose, 1.25 mM NaH2PO4*H2O, 2.5 mM KCl, 20 mM glucose, 0.2 mM 

CaCl2, 6 mM MgCl2, 0.7 mM sodium L-ascorbate, 2 mM sodium pyruvate, 3 mM myo-inositol, 

and 3 mM sodium L-lactate, continuously aerated with carbogen (95 % O2, 5 % CO2). The 

meninges were removed from the ventral part of the brainstem and a midsagittal cut separated 

hemispheres. After that, the forebrain was removed at the pons-midbrain junction. Brain blocks 

containing the brainstem and the cerebellum were glued onto the specimen plate of a VT 1200 

S vibratome (Leica Microsystems) with the lateral sides facing upwards and the ventral side 

facing the blade. The specimen plate was then transferred to the buffer tray containing ice-

cold cutting solution. Sections were cut at a blade feed rate of 0.02 mm/s with an amplitude of 

1.50 mm. Slices containing the AVCN were trimmed and prepared for HPF (Fig. 2.1).  

2.3.1.2 High-pressure freezing (HPF) 

The slices of the AVCN were mounted onto type A specimen carriers (Leica Microsystems) 

with a diameter of 3 mm and a depth of 0.2 mm, filled with cutting solution. The flat side of the 

type B carriers (Leica Microsystems) was dipped in 1-hexadecene (Sigma-Aldrich) and placed 

onto the type A carrier (Fig. 2.1). Samples were frozen immediately using a HPM100 (Leica 

Microsystems) and transferred into liquid nitrogen for storage or further processing. 

2.3.1.3 Freeze-substitution (FS) 

FS was performed in an EM AFS2 (Leica Microsystems) as described previously (Chakrabarti 

et al., 2018; Wong et al., 2014) according to the program described in Table 2.5.  
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Temperature (°C) Duration (h) Solution 

-90 92 0.1 % (w/v) tannic acid in acetone 

-90 3 washing in acetone (3 times) 

-90 7 

2 % (w/v) osmium tetroxide in 

acetone 

-90 à -20 14 

-20 17 

-20 à +4 2.4 

+4 3 washing in acetone (3 times) 

Table 2.5: Program for freeze substitution (FS). 

During the last washing step, samples were brought to room temperature, infiltrated in epoxy 

resin (Table 2.6) and embedded in fresh 100 % epoxy resin, put in embedding molds and 

polymerized at 70 °C for 48 h. The whole workflow is visualized in Fig. 2.1. 

Duration (h) Condition Epoxy concentration (v/v) 

0.5 

On a rotating wheel at room 

temperature 

1:1 epoxy resin in acetone 

1.5 1:1 epoxy resin in acetone 

Overnight 100 % epoxy resin 

3-6 100 % epoxy resin 

Table 2.6: Epoxy-acetone infiltration series. 

Figure 2.1: Experimental workflow. 
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(Figure 2.1 continued): After dissection of the brains, 150 μm parasagittal slices of brain blocks 
containing the brainstem and cerebellum were prepared with a vibratome. Slices containing the AVCN 
were trimmed and prepared for high-pressure freezing by assembling a sandwich with specimen 
carriers. Samples were frozen immediately and stored in liquid nitrogen until freeze substitution (FS) 
was performed. During FS samples were brought slowly to room temperature while incubated with 0.1 % 
tannic acid and 2 % (w/v) osmium tetroxide. At room temperature, slices were infiltrated in epoxy resin, 
put in embedding molds and polymerized at 70 °C for 48 h. AFS2 was prepared in Adobe Illustrator and 
the illustration was created with BioRender.com. 
 

2.3.2 Conventional embedding 

Conventional embedding was performed to study SV pools at endbulb AZs and inhibitory 

synapses of E2a-Mover-/- and their wt littermate control (E2a-Mover+/+) mice (section 3.5). Mice 

were euthanized by CO2 inhalation and transcardially perfused with 0.9 % saline followed by 

perfusion with Karlsson-Schultz buffer (Karlsson & Schultz, 1965) by Dr. Rebecca Wallrafen 

(Institute of Anatomy and Embryology, University Medical Center Göttingen). Brains were 

removed and fixed for an additional hour in Karlsson-Schultz buffer. After preparation of the 

brainstem, 200 μm thick parasagittal slices containing the AVCN were prepared in PBS using 

the vibratome as described in section 2.3.1.1. Slices were fixed further overnight at 4 °C using 

fixative 2 (2 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) and washed in 

sodium cacodylate buffer. Post-fixation was performed in 1 % osmium tetroxide for 1 h on ice, 

followed by washing steps in sodium cacodylate buffer, distilled water, and en bloc staining 

with 1 % uranyl acetate in water for 1 h on ice. After three washing steps in distilled water, 

slices were dehydrated in increasing ethanol concentrations on ice (Table 2.7). Finally, slices 

were infiltrated with epoxy resin (Table 2.8) and embedded in molds where the resin 

polymerized for 48 h at 70 °C.  

 

Duration (min) Ethanol concentration (v/v) 

5 30 % 

5 50 % 

10 70 % 

10 95 % 

10 95 % 

12 100 % (anhydrous ethanol) 

12 100 % (anhydrous ethanol) 

12 100 % (anhydrous ethanol) 

Table 2.7: Dehydration series of increasing ethanol concentration. 

 
 
 



Materials and Methods 

 28 

Duration (h) Condition Epoxy concentration (v/v) 

0.5 

On a rotating wheel at room 

temperature 

1:1 epoxy resin in ethanol 

1.5 1:1 epoxy resin in ethanol 

Overnight 100 % epoxy resin 

3-6 100 % epoxy resin 

Table 2.8: Epoxy-ethanol infiltration series. 

 

2.4 Trimming of embedded samples 

After polymerization, the epoxy blocks containing the samples were trimmed with a fine file 

(DiAtome, Switzerland) to remove the empty resin and to expose the region of interest within 

the tissue. Afterward, excess of epoxy resin at the sides was removed with the file and then 

carefully with a razor blade to get a small trapeze-shaped block face (Fig. 2.2). 

2.5 Formvar coating of slot and mesh grids 

Copper slot (3.05 mm Ø; Plano) and mesh (3.05 mm Ø; Plano) grids were coated with 1 % 

formvar in water-free chloroform as described previously (Chakrabarti, 2017) before they can 

be used for collecting slides of the trimmed samples. Therefore, a glass cylinder equipped with 

a tap at the bottom was filled with formvar solution and a clean glass object slide was placed 

into the cylinder. The tap was opened quickly and entirely to ensure an optimal drag force so 

that a thin layer of formvar was coated onto both sides of the slide. Afterwards, the edges of 

the slides were scratched on both sides using a razor blade. The slide was carefully immersed 

into a beaker filled with distilled water so that the cut formvar film floats onto the water surface. 

A silver to light yellow color represents a ~ 80-90 nm thick formvar film which was used for 

coating the grids. Using forceps, grids were placed on the formvar film with the shiny side 

facing up, and a little pressure was applied to ensure proper attachment of formvar with the 

grids. Formvar films covered with slot grids were picked up with a piece of parafilm, while for 

films with mesh grids the paper of the parafilm was used. Finally, the formvar films were placed 

onto petri dishes for drying and small holes were made in the grid-free areas of the films to 

release air bubbles.  

2.6 Sectioning and post-staining 

The surface of the trimmed samples was smoothed prior sectioning using a 45° cryotrim knife 

(DiAtome). To check the region and the structural preservation of the tissue, 70 nm ultrathin 

sections were cut with a 35° diamond knife (DiAtome) using an EM UC7 ultramicrotome (Leica 
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Microsystems) and collected on formvar-coated copper slot grids (3.05 mm Ø, 1 mm x 2 mm 

slot; Plano). For electron tomography, 250 nm semi-thin sections were prepared and collected 

on formvar-coated 100 mesh grids (3.05 mm Ø; Plano; Fig. 2.2).  

Post-staining was performed with UranyLess (EMS) for 20 minutes. After that, grids were 

washed 6 times on droplets of distilled water and dried with filter paper. Additionally, 10 nm 

gold particles (Plano) were applied on both sides of the mesh grids with the semithin sections 

that act as fiducial markers (Fig. 2.2). 

Figure 2.2: Preparation of sections for electron tomography. 

Epoxy blocks were trimmed to remove excessive epoxy resin. After smoothening the block face, 70 (not 
shown) and 250 nm slices were prepared with an ultramicrotome, and sections were put on formvar-
coated grids. Post-staining was performed with UranyLess and mesh grids were incubated with 
nanogold particles. After prescreening the samples (not shown), single tilt series of AZs were recorded 
mostly from −60° to +60°. Tomograms were generated using the IMOD package etomo and 
segmentation was done using 3dmod (Kremer et al., 1996). Illustration created with BioRender.com. 

2.7 Transmission electron microscopy (TEM) 

To check the presence of BCs with contacting endbulb terminals within the sections, 2D 

electron micrographs were taken at 80 kV using a JEM1011 TEM (JEOL, Freising, Germany) 

equipped with a Gatan Orius 1200A camera (Gatan, Munich, Germany) using the Digital 

Micrograph software package. In addition, the tissue quality was checked which included the 

preservation of the tissue and the absence of freezing artefacts like tissue distortion due to ice 

crystal formation or poor freezing. 
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2.7.1 Electron tomography 

After prescreening the grids, endbulb of Held AZs of the AVCN were chosen by the appearance 

of a large presynaptic terminal contacting a BC with an asymmetric (denoted as postsynaptic 

density (PSD)) synaptic site. In high-pressure frozen samples, PSDs appear less electron-

dense compared to chemical fixed synapses (see also section 1.6.5). Thus, only asymmetric 

synapses with a clearly visible synaptic cleft at 0° and a clearly identifiable PSD were analyzed. 

Moreover, just tomograms of AZs within large synaptic terminals that are typical for endbulbs 

of Held as shown in Fig. 2.3 and 2.4 were generated. 

Figure 2.3: Electron micrograph of an endbulb of Held terminal. 

Electron micrograph obtained from an ultrathin section of the AVCN of a P10 wt mouse. The big terminal 
represents an endbulb of Held (eb) that contacts a bushy cell (BC). Black boxes highlight potential active 
zones. Scale bar: 500 nm. 
 

Electron tomography was essentially performed as described previously (Chakrabarti et al., 

2018; Wong et al., 2014). Large synaptic terminals on bushy cells (Fig. 2.3, 2.4) were identified, 

and single tilt series from endbulb AZs were acquired at 200 kV using a JEM2100 TEM (JEOL, 

Freising, Germany) mostly from −60° to +60° with a 1° increment at 15,000× magnification, 

using the Serial-EM software package (Mastronarde, 2005). In rare cases, a grid bar came 

into the visual field at higher angles and the tilt series were acquired only from -40° or to -40°. 

When the quality of these tomograms, described in section 2.7.3 was sufficient, they were 

included into the analysis. 
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2.7.2 Generation of tomograms 

Tomograms were generated using the IMOD package etomo (Kremer et al., 1996). For 

detailed introduction and tutorial see https://bio3d.colorado.edu/imod/doc/tomoguide.html. The 

raw tilt series were saved as *.mrc file that was loaded into etomo as a single stack. Pre-

processing steps recognized and removed X-rays and other camera artifacts that produced 

very low or high values and negatively influenced the contrast. Next, a course alignment step 

was performed to pre-align the images for the following generation of the fiducial model. For 

this, gold beads that were applied to the grids as described in section 2.6, were marked on a 

view near zero tilt that were traced by the program Beadtrack through the entire stack. The 

fine alignment step resolved tilt displacements between the images and refined the projection 

angles. The tomogram positioning aimed to flatten the reconstruction. The sample tomogram 

thickness was thereby set to 1,000, and three sample tomograms were created (near the top, 

middle, and bottom of the stack), in which the top and bottom boundaries of the biological 

tomogram were defined. In the next steps, the final aligned stack was made, and the tomogram 

was generated. Finally, the tomogram was trimmed in z-plane to exclude blurry virtual sections. 

The workflow of trimming, sectioning, post-staining, electron tomography and tomogram 

generation is illustrated in Fig. 2.2. 

2.7.3 Quality assessment of tomograms 

In order to assess whether the tomograms could be used for quantification, they were 

subjected to a further quality control (Fig 2.4). (i) Although the freezing quality of the sample 

was checked already before (see section 2.7), minor freezing artefacts were only identified in 

the tomograms. (ii) Only tomograms with parallel pre- and postsynaptic membrane were 

considered to allow the distance measurements of SVs to the AZ membrane. (iii) To distinguish 

between excitatory and inhibitory AZs, the presence or absence of a PSD throughout the 

tomogram was examined. 



Materials and Methods 

 32 

Figure 2.4: Single virtual sections of tomograms with different qualities.  
(A) Tomogram of an endbulb terminal with a good structural preservation. No distortion of the tissue 
due to freezing artifacts can be observed and the pre- and postsynaptic membrane are parallel. The 
active zones (black boxes) were defined due to the PSDs, that are difficult to recognize in a single virtual 
section but could be identified in the tomogram. This tomogram was used for quantification. (B) The 
structural preservation in this tomogram is good, but the membranes do not run parallel which prevents 
a reliable quantification of distances. (C) The bright, large, round structures in the endbulb terminal 
indicate a bad structural preservation. In addition, the postsynaptic membrane is missing which makes 
demarcation of the active zone impossible. eb, endbulb of Held; BC, bushy cell. Scale bars: 100 nm. 
 

2.7.4 Model rendering and three-dimensional (3D) analysis 

Tomograms were segmented semi-automatically using 3dmod (Kremer et al., 1996),  

with a pixel size of 0.95 nm. For a detailed introduction, see also 

https://bio3d.colorado.edu/imod/doc/3dmodguide.html. The presynaptic AZ membrane was 

defined as part of the presynaptic membrane that was opposed to the PSD, and the PSD was 

determined along a clear synaptic cleft. Previous studies did comparable approaches on 

conventionally embedded endbulbs of Held (Butola, 2017) and calyces of Held 

(Taschenberger et al., 2002), demonstrating that the measurement of the membrane along the 

PSD extent is a valid approximation for the presynaptic AZ size. The AZ membrane of an AZ 

was assigned as a closed object and manually segmented every 15 virtual sections for five 

consecutive virtual sections using the sculpt drawing tool and then interpolated across the 

Z-stack using the interpolator tool of 3dmod. The AZ area was generated by meshing the 

contours (Helmprobst et al., 2015), and the total surface area of this object was then divided 

by two to calculate the presynaptic AZ area.  
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SVs were reconstructed using “scattered” objects at its maximum projection, and the sphere 

size was adjusted for each SV. The number of SVs was presented as the total number per AZ 

as well as SV density by normalizing the SV number to the size of the respective AZ area. The 

smallest distances from the outer leaflet of the SV membrane to the inner leaflet of the AZ 

membrane were measured, and SVs in physical contact with the AZ membrane were defined 

as morphological docked SVs (0-2 nm distance) and were annotated in a different color to 

distinguish them from the rest of the SV pool. All SVs within 200 nm perpendicular to the AZ 

membrane were quantified and divided into bins. To analyze the SV distribution upon 

maturation and further development in wt and upon lack of activity on endbulb AZs (sections 

3.1 and 3.3), 5 nm bins were used up to 40 nm, and 40 nm bins were used for SVs farther 

away from the AZ membrane (40-80 nm; 80-120 nm; 120-160 nm; 160-200 nm). To analyze 

the effect of RIM-BP2 disruption, 20 nm bins were used (section 3.4), and the effect of knocking 

out Mover, 40 nm bins were used (section 3.5). The number of SVs in the respective bins was 

normalized to the AZ area, or in the case of the Mover study, the relative SV number per AZ 

was calculated. The radii of the SVs were determined with the program imodinfo of the IMOD 

software package, and the average diameter per tomogram was calculated.  

The effect of Mover disruption was not just investigated on the ultrastructure on endbulb AZs, 

but also on AZs of inhibitory terminals contacting BCs. At inhibitory AZs, SVs appeared to be 

flattened and were annotated as closed objects using the sculpt drawing tool and segmented 

manually. The analyzed parameters for all the mouse models used in this thesis are 

summarized in Table 2.9. 

2.7.5 Electron tomography of presynaptic mitochondria 

For section 3.2, I performed electron tomography of presynaptic mitochondria at the endbulb 

of Held terminals and at other excitatory synapses within the AVCN. I used the samples 

prepared for the project described in section 3.1. Dependent on the size of the endbulb 

terminal, single tilt series were recorded at 8,000 to 12,000x magnification that resulted in pixel 

sizes of 1.648-1.188 nm. The mitochondrial outer membranes were manually segmented every 

15 virtual sections using the sculpt drawing tool and then interpolated across the Z-stack using 

the interpolator tool of 3dmod. Similarly, the crista membranes (CM) were manually segmented 

on every 5th virtual section, and when they split up, two objects were created, and the combine 

tool was used to allow precise measurement of their surface area. Mitochondrial volumes, the 

individual CM surface areas and CM inner volumes were measured using the info tool. The 

individual surface areas and inner volumes were summed up to determine the total area and 

inner volume of the cristae. The CM density was calculated by dividing the total CM surface 

area by the mitochondrial volume. The crista shape factor, which measures the lamellarity of 
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CMs, was calculated by dividing the total CM surface area by the total inner volume of the 

cristae. 

 C57BL6/J (wt) Otof-/-  
RIM-BP2-/- and 
littermate 
controls (wt) 

E2a-Mover-/- and 
littermate controls 
(wt) 

 P10 P21 6M P10 P22 6M wt KO 
exc. inh. 

wt KO wt KO 
Color code 
used in figures             

AZ area ü ü ü  
SV number ü ü ü ü 
SV density ü ü ü  
Rel. SV 
number    ü 

Docked SVs 0-2 nm 0-2 nm 0-2 nm 0-2 nm 
Membrane-
proximal SVs 2-40 nm 2-40 nm 2-20 nm 2-40 nm 

SV 
distribution 
(bins) 

5 nm (until 40 nm) 
40 nm  

5 nm (until 40 nm) 
40 nm 20 nm 40 nm 

SV diameter ü ü ü ü  
Mitochondrial 
ultrastructure ü ü     

Table 2.9: Color code and analyzed parameters of the different investigated mouse models.  
 

2.8 Statistical analysis 

The sample size analyzed in section 3.1 and 3.3 was the following (N, number of mice; 

n, number of AZs/SVs:   

wt P10: N = 4, n = 24 AZs; wt P21: N = 3, n = 22 AZs; wt 6M: N = 3, n = 29 AZs;   

Otof-/- P10: N = 3, n = 22 AZs; Otof-/- P22: N = 3, n = 23 AZs; Otof-/- 6M: N = 3, n = 23 AZs  

All SVs:   

wt P10: N = 4, n = 1101 SVs; wt P21: N = 3, n = 1190 SVs; wt 6M: N = 3, n = 1842 SVs; 

Otof-/- P10: N = 3, n = 1078 SVs; Otof-/- P22: N = 3, n = 1508 SVs; Otof-/- 6M: N = 3, 

n = 911 SVs 

Docked SVs:   

wt P10: N = 4, n = 85 SVs; wt P21: N = 3, n = 67 SVs; wt 6M: N = 3, n = 86 SVs;  

Otof-/- P10: N = 3, n = 60 SVs; Otof-/- P22: N = 3, n = 56 SVs; Otof-/- 6M: N = 3, n = 42 SVs 
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Membrane-proximal SVs:   

wt P10: N = 4; n = 292 SVs; wt P21: N = 3; n = 283 SVs; wt 6M; N = 3; n = 420 SVs;   

Otof-/- P10: N = 3, n = 195 SVs; Otof-/- P22: N = 3, n = 354 SVs; Otof-/- 6M: N = 3, n = 248 SVs 

For investigating presynaptic mitochondria (section 3.2), the sample size was the following 

(N, number of mice; n, number of tomograms):  

wt P10: N = 3, n = 19 tomograms of non-endbulb terminals with 20 AZs and 31 mitochondria 

(24 mitochondria for analyzing the ultrastructure) and n = 12 tomograms of endbulb terminals 

with 18 AZs and 82 mitochondria (23 mitochondria for analyzing the ultrastructure); 

wt P21: N = 3, n = 13 tomograms of non-endbulb terminals with 15 AZs and 34 mitochondria 

(23 mitochondria for analyzing the ultrastructure) and n = 15 tomograms of endbulb terminals 

with 18 AZs and 65 mitochondria (29 mitochondria for analyzing the ultrastructure) 

To investigate the role of RIM-BP2 at endbulb AZs (section 3.4) the sample size was the 

following:  

RIM-BP2+/+ (wt): N = 4, n = 26 AZs;   

RIM-BP2-/-: N = 3, n = 28 AZs 

The role of Mover (section 3.5) was investigated using the following sample size:  

E2a-Mover+/+ (wt): N = 5, n = 34 endbulb AZs and n = 9 inhibitory synapses;   

E2a-Mover-/-: N = 5, n = 33 endbulb AZs and n = 13 inhibitory synapses 

 

Data were analyzed using Excel, Igor Pro 8.1 (Wavemetrics), and GraphPad Prism 9.3.1 

(GraphPad Software). Normal distribution was assessed with the Jarque-Bera test and equality 

of variances was assessed with the F-test in normally distributed data. For normally distributed 

data, two-tailed unpaired t-test (T), or, when not normally distributed, the Wilcoxon rank test 

(W) was used for two-sample tests. For more than two datasets, one-way ANOVA with post-

hoc correction by Tukey’s test was used to detect differences for normally distributed data. For 

not normally distributed data, Kruskal-Wallis (KW) test followed by Dunn’s test was used. For 

analyzing SV diameters, the mean of the averaged SV diameters per AZ were compared. To 

compare variances in Fig. 3.13D and 3.14E, F-test was performed by Prof. Dr. Mehmet Gültas 

(Department of Animal Sciences, Georg-August-University Göttingen) using R version 4.0.3 

and the corresponding p-values were corrected for multiple comparisons. Statistical 

significance of correlations was determined using the Spearman non-parametric correlation 

test. Statistically significant differences are reported as *p < 0.05, **p < 0.01, ***p < 0.001 and 

****p < 0.0001. 
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In section 3.3, data from wt and Otof-/- were compared for each age group by two-sample tests. 

In addition, the different age groups were compared separately for wt and Otof-/- using ANOVA 

or KW test with the respective post-hoc correction. In sections 3.1, 3.2, 3.4, 3.5 just two-sample 

tests were used. 

Graphs were created with GraphPad Prism 9.3.1 (GraphPad Software) and figures were 

assembled with Adobe Illustrator or with Biorender.com.  
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3 Results 
Endbulbs of Held represent one of the largest synaptic terminals in the CNS and contain 

several hundred AZs (Nicol & Walmsley, 2002; Ryugo et al., 1996). They are formed by 

auditory nerve fibers (ANFs) that transmit auditory information to bushy cells (BCs) in the 

anteroventral cochlear nuclei (AVCN). Upon maturation from pre-hearing to hearing, endbulbs 

undergo functional refinement to evolve a reliable and temporal precise neurotransmission 

(see section 1.6.4).  

How does these changes translate into morphology at the individual AZ? Structural changes 

that go along with this functional refinement have not been investigated so far and were subject 

of the first part of my thesis (section 3.1) which is based on the following paper:  

 

Hintze A, Gültas M, Semmelhack EA, Wichmann C. Ultrastructural maturation of the endbulb 

of Held active zones comparing wild-type and otoferlin-deficient mice.  

iScience. 2021 Mar 8;24(4):102282. doi: 10.1016/j.isci.2021.102282. 

 

In the second part (section 3.2), I focused on presynaptic mitochondria at endbulb terminals 

and other excitatory synapses within the AVCN and compared ultrastructural parameters 

between pre-hearing and young hearing mice.  

In a next step (section 3.3), I included adult mice and deaf otoferlin-deficient (Otof-/-) mice into 

the analysis in order to investigate synaptic vesicle (SV) pool changes of individual endbulb 

AZs upon adulthood and lack of auditory input. As the first part, this part of the thesis is based 

on Hintze et al., 2021.  

In the fourth part of this thesis, I performed electron tomography to understand the role of 

RIM-BP2 on the AZ organization at endbulbs of Held. The results are presented in section 3.4. 

and I contributed with the data depicted in Figure 18 of the publication: 

 

Butola T, Alvanos T, Hintze A, Koppensteiner P, Kleindienst D, Shigemoto R, Wichmann C, 

Moser T. RIM-Binding Protein 2 Organizes Ca2+ Channel Topography and Regulates 

Release Probability and Vesicle Replenishment at a Fast Central Synapse.  

 J Neurosci. 2021 Sep 15;41(37):7742-7767. doi: 10.1523/JNEUROSCI.0586-21.2021. 

 

I mainly focused on the excitatory endbulbs of Held, that similarly to other central synapses, 

show a clear postsynaptic density (PSD; Fig. 3.1; García-Hernández et al., 2017; Nicol and 

Walmsley, 2002; O’Neil et al., 2011; Redd et al., 2000). In order to determine the number and 

distribution of SVs at individual AZs as well as the ultrastructure of presynaptic mitochondria 

in a near-to-native state, high-pressure freezing and freeze substitution (HPF/FS) of acutely 

sliced AVCN followed by electron tomography was performed. 
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In addition to endbulbs, BCs receive inhibitory input (Gómez-Nieto & Rubio, 2011; Keine & 

Rübsamen, 2015; Kuenzel, 2019; Lauer et al., 2013; Spirou et al., 2005, see also section 1.6.5) 

whose presynaptic terminals are considerably smaller (Gulley & Reese, 1981; Spirou et al., 

2005) and AZs do not exhibit an elaborate PSD (Colonnier, 1968; Harris & Weinberg, 2012; 

Tao et al., 2018). After chemical fixation, inhibitory synapses contain a mixture of round and 

flattened SVs (Lauer et al., 2013; Spirou et al., 2005; Tolbert and Morest, 1982), whereby the 

proportion of flattened SVs correlates with the osmolarity of the buffer that was used for fixation 

(Valdivia, 1971). However, after rapid freezing and cryo-electron microscopy (Tao et al., 2018) 

or FS (Tatsuoka & Reese, 1989), this effect is not observed and SVs stay spherical. This is 

also the case in my samples of the AVCN (Fig. 1.4). Consequently, all tomograms were 

subjected to rigorous quality checks before quantification to determine the freezing quality and 

the presence or absence of a PSD in order to distinguish between excitatory and inhibitory 

AZs. Furthermore, only AZs from large terminals were considered and the presence of parallel 

pre- and postsynaptic membranes with a regular synaptic cleft served as a required criterion 

to enable a reliable quantification of SV distances to the AZ membrane (Fig. 3.1, see also 

section 2.3.7). 

Figure 3.1: Electron micrograph of a bushy cell (BC) and excitatory and inhibitory AZs. 

(A) Electron micrograph of a BC with several presynaptic contacts (*). The large terminal represents an 
endbulb of Held (**). Scale bar: 1 µm. (B) Left: Example virtual section of an excitatory AZ with a PSD 
appearing fuzzy in HPF/FS samples. The corresponding tomogram was included into the analysis. 
Right: Enhanced contrast of the same section, where the outline of the PSD is highlighted (yellow line). 
See also inset. Scale bars: 100 nm. (C) Left: Virtual section of an asymmetrical contact, lacking the 
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(Figure 3.1 continued): PSD. Right: Enhanced contrast of the same section as left. As also seen in the 
inset, a typical PSD is not present. This inhibitory AZ was excluded from the study after inspection of 
the whole tomogram. Scale bars: 100 nm. Figure modified from Hintze et al., 2021. 

In the last part of my thesis, I present ultrastructural investigations of adult mice lacking the 

presynaptic protein Mover (section 3.5). In contrast to the other parts, electron tomography of 

chemically fixed tissue was performed. Endbulb AZs and inhibitory synapses contacting BCs 

were analyzed, which were easy to distinguish from the excitatory terminals due to chemical 

fixation.  

3.1 Ultrastructural changes at endbulb active zones upon 
maturation from pre-hearing to hearing 

Maturation of synapses results in functional changes that I assume to be reflected also on the 

level of SV pool organization. To investigate this, individual AZs of endbulb of Held synapses 

of pre-hearing (P10) and young hearing (P21) wt mice were analyzed. I analyzed parameters 

that describe the morphology of these AZs including their size (measured by the AZ area), and 

the number and size of SVs. Moreover, I evaluated the distribution of SVs with a specific focus 

on morphologically docked and membrane-proximal SVs. Most of the data obtained in this part 

is published in Hintze et al., 2021. 

3.1.1 The density, size and distribution of synaptic vesicles are unaltered at 
endbulb of Held AZs  

The morphological parameters assessed at individual endbulb AZs of P10 and P21 wt mice 

are visualized in Fig. 3.2A,B. As described in section 2.7.4, the AZ membrane was defined due 

to the visibility of the opposing PSD. I found that the reconstructed AZ areas were highly 

variable, but not different between the age groups (Fig. 3.2C). Surprisingly, the total number 

of SVs within 200 nm from the AZ membrane was just slightly, but not significantly higher after 

the onset of hearing (Fig. 3.2D; wt P10: 45.88 ± 4.25 SVs vs. wt P21: 54.09 ± 5.94 SVs; 

p = 0.2608). Since tomograms were generated from 250 nm semithin-sections, which do not 

include the whole endbulb AZ, I normalized the SV numbers to the respective AZ area within 

each tomogram and found that the SV densities (SV numbers per µm2 AZ) were comparable 

between P10 and P21 (Fig. 3.2E). All details about values and statistics can be found in 

Table S1. Since both, the AZ area and the SV numbers are highly variable, I checked if there 

is a relationship between these parameters. However, the number of SVs did not correlate with 

the AZ area, neither for P10 nor for P21 endbulbs of Held (Fig. 3.2F; wt P10: r = 0.3246; 

p = 0.1217; wt P21: r = 0.1937; p = 0.3878, Spearman test). This finding is in line with a lack 

of correlation between SV number and AZ size in electron tomograms of cultured hippocampal 
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neurons (Siksou et al., 2007), but contrasts with studies of endbulbs in rats where the slope of 

the linear regression fit revealed a density of 144 SVs per μm2 PSD area (Nicol and Walmsley, 

2002). 

In the classical model (see section 1.4), SV pools are determined via their distance to the AZ 

membrane, assuming that the distance correlates to the availability of a vesicle to fuse with 

the AZ membrane upon an incoming signal. This approach is commonly used in morphological 

studies of synapses (Fernández-Busnadiego et al., 2013; Imig et al., 2014; Maus et al., 2020; 

Sätzler et al., 2002; Thomas et al., 2019). To resolve the spatial distribution of SVs in 

membrane proximity, I used 5 nm bins (0-40 nm). For SVs farther from the AZ membrane, 

40 nm bins were used (Fig. 3.2B,G). As shown in Fig. 3.2G, I found an accumulation of SVs 

near the AZ membrane (0-5 nm), although the SV density was comparable between P10 and 

P21. However, the SV density was significantly higher within 5-10 nm from the AZ membrane 

after the onset of hearing (Fig 3.2G; wt P10: 13.00 ± 3.04 SVs/µm2 vs. 

P21: 29.83 ± 6.18 SVs/µm2, **p = 0.0021), while within 35 and 40 nm, the SV density was 

lower at P21 compared to P10 (Fig 3.2G; wt P10: 19.69 ± 3.00 SVs/µm2 vs. 

P21: 12.66 ± 2.94 SVs/µm2, *p = 0.0454). The SV density within the other bins was not 

significantly affected upon maturation (Fig 3.2G). All values and statistics can be found in 

Table S1. 

SV sizes have been shown to change upon synapse development and a wide range of SV 

diameters might argue for a defective SV formation or immaturity as shown e.g. for cochlear 

ribbon (Strenzke et al., 2016) and hippocampal (Imig et al., 2014) synapses as well as for 

Drosophila neuromuscular junctions (Stevens et al., 2012). Therefore, I measured the sizes of 

SVs and compared the mean diameters at individual AZs but did not find a significant change 

between P10 and P21 (Fig. 3.2H; Table S1).  



   Results 
 

 41 

Figure 3.2: SV pools at endbulbs of Held remain unaltered upon maturation in wild-type.  

(A) The segmentation of SVs (green) within 200 nm from the AZ membrane (blue) and docked SVs 
(gray) is shown on top of a virtual section of the tomogram of an endbulb AZ. The outline of the PSD is 
highlighted in yellow. Scale bar: 100 nm. (B) The scheme of an AZ depicts the bins used to analyze the 
distribution of SVs. SVs outside of this area (transparent green) were excluded. (A) and (B) are taken 
from Hintze et al., 2021. The data for the remaining panels are taken from Hintze et al. but were 
evaluated separately for this thesis. (C) The size of the AZ area does not change upon maturation from 
pre-hearing to young hearing mice. (D) The total number of SVs per AZ stays constant from P10 to P21. 
(E) Normalized to the size of AZ area, the SV number is unaltered upon maturation of endbulbs. (F) The 
number of SVs does not correlate to the AZ area neither at P10 nor at P21 (see text for details). The 
continuous line is the linear regression fit to the data. (G) The SV distribution at individual AZs reveals 
that the density of SVs within 5-10 nm from the AZ membrane is higher, while the density within 35 to 
40 nm is lower after the onset of hearing. In all other bins, the SV density remains unaltered between 
the age groups. Data are presented as box and whisker plots that indicate median, lower/upper quartiles, 
10–90th percentiles (C-F) or as bar graph that represent mean ± SEM (G). (H) Upon maturation at 
wt endbulbs, the SV size, measured by their diameter does not change. ns, not significant; *p < 0.05; 
**p < 0.01. wt P10 (N = 4; n = 24) in black, wt P21 (N = 3; n = 22) in gray (N, number of animals; 
n, number of AZs). For all values and statistics, see Table S1.  
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3.1.2 Refinement of the SV pool 

Analogous to previous studies performing HPF/FS and electron tomography (Imig et al., 2014; 

Maus et al., 2020; Watanabe et al., 2013), two sub-populations of SVs were analyzed 

separately, whose definitions are based on different properties of the SVs. (1) Morphologically 

docked SVs (0-2 nm from the presynaptic AZ membrane) reduce upon stimulation, as 

demonstrated for example in experiments that combined optogenetic stimulations with rapid 

freezing and electron tomography (Watanabe et al., 2013). They represent the morphological 

correlate of the RRP (see section 1.4; Schikorski & Stevens, 2001, Imig, 2014, reviewed in 

Kaeser & Regehr, 2017), and are in focus of research as a correlate for synapse strength 

(Murthy et al., 2001). (2) Membrane-proximal SVs (2-40 nm from the presynaptic AZ 

membrane) were identified as a specific population of SVs connected to the AZ membrane via 

a single long tether with a maximum length of 45 nm (Cole et al., 2016; Fernández-Busnadiego 

et al., 2010, 2013; Siksou et al., 2007, 2009).  

3.1.2.1 The density of docked SVs is unaffected from the transition to hearing 

First, I focused on morphological docked SVs (Fig. 3.3A). At wt endbulbs of Held, the total 

number of docked SVs (Fig. 3.3B) as well as their density (Fig. 3.3C) remained unaltered 

during maturation from pre-hearing to young hearing mice. The mean diameters of the docked 

SVs were comparable between P10 and P21 (Fig. 3.3D). The values and statistics can be 

found in Table S1. I generated top views of the tomogram models showing only the AZ 

membrane and docked SVs and found that docked SVs were located in the center, but also 

near the end of the reconstructed AZ membrane (Fig. 3.3E). Consistent with previous findings 

for rat endbulb AZs, the number of docked SVs was highly variable (between 0 and 14; 

Fig. 3.3B,F; Nicol & Walmsley, 2002). At P10, most endbulb AZs had two (26 %) to three 

(21 %) docked SVs, while the majority of AZs at P21 (around 27 %) showed zero docked SVs 

(Fig. 3.3F). However, the comparison of variances, done by Prof. Dr. Mehmet Gültas 

(Department of Animal Sciences, Georg-August University Göttingen) revealed no difference 

between the two age groups (Table S1; p = 0.5117; F-test). 

Using serial sectioning, Nicol and Walmsley observed an excellent linear correlation of the 

number of docked SVs and the PSD area as well as of docked and undocked SVs and rat 

endbulb AZs (Nicol & Walmsley, 2002). Similar to the number of all SVs, the number of docked 

SVs did not scale with the area of the AZ in my study (Fig. 3.3G; P10: r = 0.1006; p = 0.6400; 

P21: r = 0.0086; p = 0.9698, Spearman test). However, the density of docked SVs correlated 

well with the density of all SVs within 200 nm from the AZ membrane (Fig. 3.3H; 

P10: r = 0.7545; ****p < 0.0001; P21: r = 0.6690; ***p = 0.0007, Spearman test), 

demonstrating that the density of docked SVs scaled to the overall SV density. 
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Figure 3.3: No difference in the number or density of morphologically docked SVs between P10 
and P21. 

(A) Scheme highlighting the morphologically docked SVs. (B) The number of docked SVs per AZ is 
comparable between P10 and P21. (C) The number of docked SVs normalized to the AZ area is similar 
before and after the hearing onset. (D) SV diameters are comparable between the groups. See also 
Table S1. Data are presented as box and whisker plots that indicate median, lower/upper quartiles, 
10-90th percentiles. (E) Top views of representative tomogram models of endbulb AZ membranes with 
docked SVs from pre-hearing and young hearing mice. Scale bars: 100 nm. (F) Frequency distribution 
showing the number of docked SVs. (G) Plot showing that the number of docked SVs does not correlate 
with the AZ area. (H) The density of docked SVs correlates with the density of all SVs at the AZ (see 
text for details). The continuous line in G and H represents the linear regression fit to the data. (A) and 
(E) and the data for the graphs (B-D) and (F-H) are taken from Hintze et al., 2021 but were evaluated 
separately for this thesis. ns, not significant.  
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3.1.2.2 The pool of membrane-proximal synaptic vesicles is comparable between P10 
and P21. 

The membrane-proximal pool comprises SVs within 2-40 nm from the AZ membrane 

(Fig. 3.4A). Although I observed significant differences of SV numbers in some bins in 

membrane proximity (Fig. 3.2G), the overall number and density of the membrane-proximal 

SVs were comparable between P10 and P21 (Fig. 3.4B,C). Also, the mean diameters of these 

SVs were similar (Fig. 3.4D). All values and statistical details are listed in Table S1. According 

to the slight right shift in the frequency distribution in Fig 3.4E, it seems that more AZs contain 

more SVs within 2-40 nm at P21. However, the comparison of variances showed that there is 

no significant difference (Table S1; p = 0.6716; F-test).  

Figure 3.4: The size of the membrane-proximal SV pool is comparable between P10 and P21. 
(A) Scheme highlighting the membrane-proximal SVs. (B) The number of membrane-proximal SVs per 
AZ is similar between P10 and P21. (C) The density of membrane-proximal SVs is comparable before 
and after the hearing onset. (D) SV diameters of this pool are comparable between the groups. See also 
Table S1. Data are presented as box and whisker plots that indicate median, lower/upper quartiles, 
10-90th percentiles. (E) Frequency distribution showing the number of membrane-proximal SVs per AZ. 
(F) Plot showing that the density of docked SVs does not correlate with the density of membrane-
proximal SVs (see text for details). The continuous line represents the linear regression fit to the data. 
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(Figure 3.4 continued): (G) The ratio of docked and membrane-proximal SVs is unaltered between the 
age groups. (A) and the data for the graphs (B-G) are taken from Hintze et al., 2021 but were evaluated 
separately for this thesis. ns, not significant. 
 

Surprisingly, the density of docked and membrane-proximal SVs did not correlate 

(P10: r = 0.3122; p = 0.1374; P21: r = 0.2230; p = 0.3185, Spearman test) as shown in 

Fig. 3.4F, suggesting that SVs of the membrane- proximal pool did not form a simple substitute 

for the docked SVs, which fuse after arrival of an action potential. Furthermore, the ratio of 

docked and membrane-proximal SVs remained the same before and after the onset of hearing 

(Fig. 3.4G). 

3.1.3 Summary 

Although the onset of hearing is a substantial step in the maturation process where non-

sensory spontaneous activity is refined towards sensory driven activity, this process is not 

reflected morphologically at individual endbulb of Held AZs. The AZ areas, the SV densities 

as well as the SV sizes of P10 and P21 mice were comparable. Also, the density of 

morphologically docked and membrane-proximal SVs did not change from P10 to P21. Only 

SVs within two specific distances in membrane proximity showed age-dependent changes. 

While the density of SVs within 5-10 nm from the AZ membrane increased upon hearing onset, 

the SV density within 35-40 nm decreased. I conclude that already shortly before the hearing 

onset, the early auditory system is well trained and prepared for the auditory input that the 

organization of endbulbs AZs can retain upon maturation. The SV density seems to be 

sufficient to pass on the signals reliably. The main findings of this part are illustrated in Fig. 3.5. 

Figure 3.5: Endbulb of Held AZ organization in pre-hearing and young hearing wild-type mice.   
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3.2 Presynaptic mitochondria within the AVCN 

In a second step, I questioned whether the maturation of the auditory system has broader 

effects on synapse attributes. The increase in neuronal activity during the transition from pre-

hearing to hearing might come along with a higher energy demand, which could be manifested 

in ultrastructural changes of presynaptic mitochondria. This is part of a collaborative study with 

Dr. Felix Lange and Prof. Dr. Stefan Jakobs (Research Group Mitochondrial Structure and 

Dynamics, Max Planck Institute for Multidisciplinary Sciences).  

As already described in section 1.5, it has been shown that in comparison to neurons with low 

activity, highly active neurons contain larger mitochondria with a higher crista membrane (CM) 

density and a more lamellar arrangement of the cristae, which is suggested to be beneficial for 

oxidative phosphorylation (Cogliati et al., 2013; Song et al., 2013). To date, it is not clear 

whether similar changes occur during hearing onset in the AVCN. Therefore, I used the 

samples from wt P10 and wt P21 mice prepared for the analysis of the AZs and recorded new 

tomograms at 8,000 to 12,000× magnification that allowed me to reconstruct mitochondria 

located in vicinity to endbulb AZs. In addition, I generated tomograms from other excitatory 

synapses within the AVCN to analyze if potential findings on ultrastructural changes of 

mitochondria are specific for endbulb of Held synapses or rather a general feature of the 

maturation process within the early auditory pathway. In addition to the comparison between 

P10 and P21 at endbulbs and smaller bouton-like terminal synapses that I termed non-endbulb 

synapses, I also compared the synapse types within the age groups. 

3.2.1 Mitochondria are highly variable in size and shape 

Mitochondrial networks at synapses are highly dynamic and can change depending on local 

needs. This includes changes in shape and size by fission and fusion as well as anchoring to 

specific positions or movements of mitochondria (Rube & van der Bliek, 2004). 

My tomograms revealed that mitochondria were highly variable in their size and shape, 

especially in the endbulb terminals (Fig. 3.6). Here one needs to consider that with tomograms 

of 250 nm slices, only portions of mitochondria could be recorded instead of whole 

mitochondria. Therefore, changes in the shape might simply be a result of different cutting 

planes throughout the mitochondria. Nonetheless, with this method I collected data about the 

relation of the recorded mitochondrial volumes and their distance to the AZ membranes, 

questioning whether mitochondria are located closer to AZs after the onset of hearing. 

Therefore, I also reconstructed the corresponding AZ areas. For some of the mitochondria, I 
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was able to clearly identify and segment the single CMs. Crista junctions (Fig. 1.2) were not 

analyzed since I could only very rarely identify them with certainty. 

Figure 3.6: Mitochondria are variable in size and shape. 

(A,B) 3D model with the z-view of a tomogram showing presynaptic mitochondria (red) within an endbulb 
terminal of a P10 (A) and a P21 (B) wt mouse. The AZ membrane is shown in blue. Both images show 
the diversity of mitochondrial sizes and shapes and illustrates that just a portion of the mitochondria can 
be analyzed with electron tomography of 250 nm slices. Scale bars: 100 nm. 
 

3.2.2 Presynaptic mitochondria are larger after the onset of hearing at endbulbs 
of Held 

First, I focused on presynaptic mitochondria within endbulb terminals and investigated their 

ultrastructure in P10 and P21 mice. The comparison of all reconstructed mitochondria 

(Fig. 3.7A,B) revealed that mitochondria had significantly larger volumes at endbulbs of young 

hearing mice compared to pre-hearing mice (Fig. 3.7C; eb P10: 5.18 ± 0.30*106 nm3 vs. 

eb P21: 11.61 ± 0.80*106 nm3; ****p <0.0001). Consistent with the results in section 3.1, the 

AZ areas at endbulbs were comparable between the age groups (Fig. 3.7D). In a next step, I 

determined the mean shortest distance of the reconstructed mitochondria to the AZ. In calyx 

terminals, mitochondria were sometimes found to be arranged in mitochondrion-associated 

adherens complexes (MACs) and anchored to the plasma membrane on average 200 nm from 

synapses (Rowland et al., 2000). This complex formation was also described for endbulb 

terminals in chemically fixed tissue (Cant & Morest, 1979; Lauer et al., 2013; Tolbert & Morest, 

1982b). In the high-pressure frozen tissue used in this study, the contrast is lower compared 

to chemically fixed tissue and the identification of MACs was not possible. However, a close 

distance of mitochondria to AZs could indicate their presence. A closer distance could further 

point to a higher and more reliable ATP supply that is particularly important to maintain SV 

release upon stimulation (Sun et al., 2013). The distances of mitochondria to the AZ membrane 

were highly variable in endbulb terminals but not significantly different between P10 and P21 
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mice (Fig. 3.7E). The surface area and density of CMs as well as a lamellar organization of 

cristae were shown to correlate with respiratory and ATP generating capacity of mitochondria 

(Cogliati et al., 2013; Song et al., 2013). Thus, changes in these parameters would indicate 

altered energy demands at AZs. Fig. 3.7F,G show higher magnifications of Fig. 3.7A,B with 

the reconstruction of CMs. Single CMs were not clearly identifiable in all segmented 

mitochondria. The subset of mitochondria with segmented CMs was separately analyzed to be 

able to relate their volume with the CM surface area. Despite the low number which I could 

include in this analysis, I still observed a significant increase in the volume after hearing onset 

(Fig 3.7H; eb P10: 5.97 ± 0.60*106 nm3 vs. eb P21: 11.49 ± 0.15*106 nm3; ****p < 0.0001). The 

surface area of the CMs was also significantly greater at endbulb mitochondria of the young 

hearing mice (Fig. 3.7I; eb P10: 0.19 ± 0.02*106 nm2 vs. eb P21: 0.44 ± 0.05*106 nm2; 

***p = 0.0001). The ratio of CM surface area and mitochondrial volume, which represents the 

CM density increased significantly from P10 to P21 (Fig 3.7J; eb P10: 0.0313 ± 0.0018 vs. 

eb P21: 0.0362 ± 0.0015; *p = 0.0123). The crista shape factor (CM surface area/CM lumen 

volume) that describes the lamellarity of cristae appeared similar between P10 and P21 

(Fig. 3.7K). Taken together, the increase in the surface area of CMs and their density indicate 

higher needs for mitochondrial functions at endbulb AZs after the hearing onset. However, the 

crista shape factor contrasts with these findings and indicates similar lamellar shapes of cristae 

before and after hearing onset. All values and statistics can be found in Table S2.
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Figure 3.7: Mitochondrial ultrastructure changes upon maturation at endbulb synapses. 

(A,B) 3D model with the z-view of a tomogram showing AZ membranes (blue) and presynaptic 
mitochondria (red) within an endbulb terminal of a P10 (A) and a P21 (B) wt mouse. Scale bars: 100 
nm. (C) Comparing all mitochondria within the two groups, their reconstructed volume is larger after the 
onset of hearing. (D) The sizes of the AZ areas reconstructed in the tomograms are comparable 
between the age groups. (E) The shortest distance of the organelles to the AZ membrane is similar 
between endbulbs from P10 and P21 mice. (F,G) Higher magnifications of (A) and (B) showing 
examples of mitochondria in which the cristae could be reconstructed. Scale bars: 100 nm. (H) The 
volume of the mitochondria in which the CMs could be reconstructed is increased at endbulbs from P21 
compared to P10 mice. (I) The sum of surface areas of CMs is larger after the onset of hearing. (J) The 
CM density (CM surface area/ mitochondrial volume) also increases upon maturation. (K) The crista 
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(Figure 3.7 continued): shape factor (CM surface area/CM lumen volume) indicates no difference in the 
organization of the cristae. Box and whisker plots present median, lower/upper quartiles, 10–90th 
percentiles. ns, not significant; *p < 0.05; ***p < 0.001, ****p <0.0001. wt P10 (N = 3; n = 82/23) in black 
wt P21 (N = 3; n = 65/29) in gray. (N: number of animals; n: number of mitochondria (all/with 
segmentation of CMs). For details about values and statistics, see Table S2. 

3.2.3 Mitochondrial volumes increase at non-endbulb synapses from pre-
hearing to young hearing mice  

To understand if the findings on changes in mitochondrial structure are specific to endbulb 

terminals, I analyzed the same mitochondrial parameters in excitatory, non-endbulb terminals. 

Therefore, tomograms of bouton-like terminals contacting dendrites within the AVCN were 

recorded and AZs were identified based on the presence of a PSD (Fig. 3.8A,B). Larger 

volumes were found after the onset of hearing comparing all reconstructed mitochondria  

within these synaptic terminals (Fig 3.8C; syn P10: 7.74 ± 0.81*106 nm3 vs.  

syn P21: 9.87 ± 0.85*106 nm3; *p = 0.0167). Comparable to the results from endbulb 

synapses, the reconstructed AZ areas were similar between the age groups (Fig 3.8D). The 

shortest distance of mitochondria to the AZ membrane was also unchanged (Fig. 3.8E). Higher 

magnification of Fig. 3.8A,B are shown in Fig. 3.8F,G in which the CMs were segmented. With 

a lower number of mitochondria, the difference in mitochondrial volume did not reach statistical 

significance (Fig. 3.8H). Although I observed a significant increase in CM surface area during 

maturation at non-endbulb synapses (Fig 3.8I; syn P10: 0.23 ± 0.03*106 nm2 vs.  

syn P21: 0.30 ± 0.03*106 nm2; *p = 0.0424), the CM density was not significantly increased 

(Fig. 3.8J). The CMs of mitochondria of P10 synapses were found to be shaped similarly to 

those of P21 synapses as shown by the comparable crista shape factor (Fig. 3.8K). Taken 

together, mitochondria at non-endbulb synapses tended to increase in volume and had greater 

CM surface areas upon maturation. However, the effect was not as pronounced as in endbulb 

synapses. All values and statistical details can be found in Table S2.  
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Figure 3.8: The ultrastructure of mitochondria at non-endbulb synapses is only slightly affected 
by maturation of the auditory system. 

(A,B) 3D model showing the z-view of a tomogram to reveal AZ membranes (blue) and presynaptic 
mitochondria (red) within a non-endbulb terminal of a P10 (A) and a P21 (B) wt mouse. Scale bars: 100 
nm. (C) The volumes of all analyzed mitochondria are larger at P21. (D) The reconstructed AZ areas 
are similar between the age groups. (E) The shortest distance of the mitochondria to the AZ membrane 
is the same between P10 and P21. (F,G) Higher magnifications of (A) and (B) showing examples of 
mitochondria in which the cristae could be reconstructed. Scale bars: 100 nm. (H) The volumes of this 
subset of mitochondria is not significantly different between the groups. (I) The sum of surface areas of 
the CMs is larger after the onset of hearing. (J) The CM density (CM surface area/ mitochondrial volume) 
is comparable between P10 and P21. (K) The lamellarity of the cristae is similar as verified by the crista 
shape factor (CM surface area/CM lumen volume). Box and whisker plots present median, lower/upper 
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(Figure 3.8 continued): quartiles, 10-90th percentiles. ns, not significant; *p < 0.05; wt P10 (N = 3; 
n = 31/24) in dark blue and wt P21 (N = 3; n = 34/23) in light blue. (N: number of animals; n: number of 
mitochondria (all/with segmentation of cristae). For details about values and statistics, see Table S2. 
 

3.2.4 Mitochondria are larger at non-endbulb synapses compared to endbulb 
AZs of P10 mice 

In a last step, I compared mitochondrial parameters between endbulb synapses and non-

endbulb synapses before and after the onset of hearing, taking the data from section 3.2.2 and 

3.2.3. Interestingly, mitochondrial volumes were larger at non-endbulb synapses at the pre-

hearing stage (Fig. 3.9A; eb P10: 5.18 ± 0.30*106 nm3 vs. syn P10: 7.74 ± 0.81*106 nm3; 

***p = 0.0007). The AZs tended to be larger at endbulb terminals, but the difference did not 

reach statistical significance (Fig. 3.9B). The mean shortest distance of mitochondria to the AZ 

membrane was significantly higher at endbulbs compared to non-endbulb terminals (Fig. 3.9C; 

eb P10: 372.3 ± 25.9 nm vs. syn P10: 251.8 ± 27.3 nm; **p = 0.0018).  

Figure 3.9: Mitochondria are larger at non-endbulb synapses compared to endbulbs at P10.  

(A) Considering all analyzed mitochondria, their volumes are larger at non-endbulb synapses compared 
to endbulbs at pre-hearing mice. (B) The reconstructed AZ areas are similar between the synapse types. 
(C) The shortest distance of the mitochondria to the AZ membrane is higher at endbulb synapses. 
(D) The volume of the mitochondria in which the CM could be segmented, are not significantly different 
between endbulbs and non-endbulbs. (E) The sum of the CM surface areas is larger at mitochondria of 
non-endbulb synapses. (F) The CM density (CM surface area/mitochondrial volume) is comparable 
between the groups at the age of P10. (G) The crista shape factor (CM surface area/CM lumen volume) 
is the same between mitochondria of the two groups. Box and whisker plots present median, lower/upper 
quartiles, 10–90th percentiles. ns, not significant; **p < 0.01; ***p < 0.001. Values and statistics see 
Table S2. 
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Comparing the volumes of the mitochondria where I was able to reliably segment the cristae, 

non-endbulb mitochondria still showed a trend to increased volumes, but the difference did not 

reach significance (Fig. 3.9D). The surface area of the cristae (Fig. 3.9E) as well as their 

density (Fig. 3.9F) was found to be comparable between endbulb and non-endbulb 

mitochondria at P10. The crista shape factor was also similar between the groups (Fig. 3.9G). 

All values and statistics are listed in Table S2. 

3.2.5 Mitochondria at endbulb synapses display a higher crista membrane 
density after the onset of hearing 

At P21 mice, mitochondrial volumes (Fig. 3.10A), AZ areas (Fig. 3.10B) and the shortest 

distance of mitochondria to the AZ membrane (Fig. 3.10C) were comparable at endbulb and 

non-endbulb terminals. The low number of mitochondria in which I was able to segment the 

CMs revealed similar volumes at endbulb and non-endbulb synapses (Fig. 3.10D), which is a 

sign for the robustness of these data. The CM surface area was also comparable between 

mitochondria in endbulb and non-endbulb mitochondria (Fig. 3.10E). However, the CM density 

was found to be significantly higher at mitochondria of endbulb terminals (Fig. 3.10F; 

eb P21: 0.0362 ± 0.0015 vs. syn P21: 0.0304 ± 0.0012; **p =0.0046). Finally, the crista shape 

factor revealed that the cristae were similar in their organization (Fig. 3.10G). All values and 

statistics can be found in Table S2. 

Figure 3.10: Mitochondria at endbulb terminals have a higher density of cristae compared to non-
endbulb synapses at P21. 

(A) Comparing all mitochondria analyzed in these groups, their volumes are comparable between the 
synapse types at P21. (B) The sizes of the reconstructed AZ areas are similar between endbulb and 
non-endbulb synapses. (C) The shortest distance of the mitochondria to the AZ membrane at endbulbs 
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(Figure 3.10 continued): is comparable to that of non-endbulb synapses. (D) The volumes of the 
mitochondria in which the CM could be segmented, are the same between endbulbs and non-endbulbs. 
(E) The sum of the CM surface areas is comparable between mitochondria of both groups. (F) The CM 
density (CM surface area/mitochondrial volume) is higher at mitochondria of endbulbs compared to that 
of mitochondria of non-endbulb synapses after the onset of hearing. (G) The crista shape factor 
(CM surface area/CM lumen volume) is the same between mitochondria of the two groups. Box and 
whisker plots present median, lower/upper quartiles, 10–90th percentiles. ns, not significant; **p < 0.01. 
Values and statistics see Table S2. 
 

3.2.6 Summary 

The main findings of this part are summarized in Fig. 3.11. The reconstructed volumes of 

mitochondria at endbulb of Held synapses were considerably higher in young hearing mice 

compared to P10 mice. At non-endbulb synapses, a similar trend could be observed, but the 

effect was less pronounced. In the pre-hearing age, mitochondria were larger at non-endbulb 

synapses compared to endbulbs. However, the distinct developmental increase in 

mitochondrial volumes at endbulb terminals and the only slight increase at non-endbulb 

synapses resulted in comparable mitochondrial volumes at P21. Overall, the distances 

between mitochondria and AZ membrane were comparable between P10 and P21 at both, 

endbulb and non-endbulb synapses. However, the distances at non-endbulb synapses were 

significantly smaller at P10, which could be a result of the difference in the size of the terminal, 

since the endbulb terminals I took for analysis were considerably larger compared to the 

analyzed non-endbulb terminals. At P21, no difference in the distances was observed between 

the synapse types.  

Consistent with the larger mitochondrial volumes after the onset of hearing, the surface area 

of cristae also increased during maturation at endbulb and non-endbulb synapses. The CM 

density was only increased at mitochondria of endbulb synapses. The surface area and density 

of CMs were comparable between the synapse types at P10, while the CM density was larger 

at mitochondria of endbulbs compared to non-endbulbs at P21 despite a comparable 

mitochondrial volume and CM surface area. These differences resulted from the pronounced 

increase in the surface area of cristae during maturation at endbulbs, whereas only a slight 

increase in the CM surface area was observed for mitochondria at non-endbulb synapses. 

Finally, the crista shape factor was found to be similar in all age groups, suggesting that the 

shape of CMs was not affected by the maturation process and comparable between 

mitochondria of different excitatory synapses within the AVCN. 
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Figure 3.11: Changes of mitochondrial volume and CMs at endbulb and non-endbulb terminals 
upon maturation from pre-hearing to hearing. 
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3.3 Ultrastructural changes at endbulb active zones upon adulthood 
and lack of activity  

While mitochondrial structure appears to change from P10 to P21, I could not observe 

structural changes in the SV pool organization between these ages as described in section 

3.1. Functional maturation at murine BCs was described to be completed by P18 (Müller et al., 

2019), but structural complexity was observed to increase until the eighth postnatal week (Limb 

& Ryugo, 2000). Therefore, I assumed that structural changes on the level of endbulb AZs 

might occur upon adulthood. To approach this question, I analyzed SV pools at individual 

endbulb of Held AZs of 6-months-old (6M) wt mice.  

To understand the impact of neuronal activity on the endbulb of Held ultrastructure, I 

additionally determined the organization of individual AZs of congenitally deaf Otof-/- mice that 

do not receive auditory input from ANFs. Exocytosis at ribbon synapses of these mice was 

presented to be almost depleted (Roux et al., 2006), but otoferlin as a molecular component 

is not required at endbulb synapses. However, Otof disruption in mice was described to result 

in smaller and less branched endbulbs compared to normal hearing mice (Wright et al., 2014). 

According to the data obtained from wt mice, I determined the same morphological parameters 

from Otof-/- mice of different ages (Fig. 3.12A). Here, Esther A. Semmelhack contributed 

significantly in tomogram acquisition and analysis of the P10 and P22 Otof−/− mice. The 

parameters were compared between the age groups of the two genotypes (wt P10 vs. wt P21 

vs. wt 6M and Otof-/- P10 vs. Otof-/- P21 vs. Otof-/- 6M) and between genotypes of the same 

age (wt P10 vs. Otof-/- P10, wt P21 vs.  

Otof-/- P22 and wt 6M vs. Otof-/- 6M). The wt P10 and wt P21 data used in section 3.1 were 

reused for the comparisons in the following sections, as it was done in Hintze et al., 2021. Most 

of this part is published in Hintze et al., 2021, as individually indicated. 

3.3.1 The synaptic vesicle pool increases during development of wild-type 
active zones  

First, I focused on developmental changes in wt endbulbs. The reconstructed AZ membranes 

were equally sized, but it seemed that the variability between individual AZ areas decreased 

towards adulthood (Fig. 3.12B). As shown in section 3.1.1 and Fig. 3.2D, the total number of 

SVs within up to 200 nm away from the AZ membrane tend to increase slightly from P10 to 

P21 in wt. This tendency could further be observed towards adulthood. (Fig. 3.12C). After 

normalization to the respective AZ areas, a significant increase of the SV density could be 

observed comparing P10 and 6M wt endbulb AZs (Fig. 3.12D; wt P10: 477.4 ± 44.1 SVs/µm2 

vs. wt 6M: 801.5 ± 65.7 SVs/µm2; **p = 0.0026), indicating that morphological SV pool changes 

still proceed after hearing onset.  
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To determine the spatial distribution of SVs per AZ area, the same binning was used as in 

section 3.1.1 in order to subdivide the SV in different subpopulations. The accumulation of SVs 

within 5-10 nm from the AZ membrane that already increased from P10 to P21 was even more 

pronounced towards adulthood (Fig 3.12E; wt P10: 13.00 ± 3.04 SVs/µm2; 

wt 6M: 41.31 ± 5.71 SVs/µm2, **p = 0.0002). In addition, the SV density within 10-15 nm 

increased significantly from P10 to 6M (Fig 3.12E; wt P10: 18.01 ± 4.17 SVs/µm2; 

wt 6M: 31.66 ± 3.85 SVs/µm2, *p = 0.0171). The density of SVs within 80 to 200 nm away from 

the AZ membrane showed a steady rise towards adulthood as well (Fig 3.12E). This means 

that the overall increase in the SV density is mainly caused by SVs in membrane proximity and 

by SVs that are further away from the AZ membrane. All values and statistics can be found in 

Table S3. 

3.3.2 Synaptic vesicle numbers decline in ageing Otof-/- mice  

In a next step, I compared the morphological parameters at individual endbulb AZs from 

congenitally deaf Otof-/- mice throughout development. While the AZ areas were comparable 

between all age groups (Fig. 3.12B), the total number of SVs showed a slight increase from 

P10 to P21 but decreased significantly towards adulthood (Fig. 3.12C;  

Otof-/- P22: 66.64 ± 8.73 SVs vs. Otof-/- 6M: 39.61 ± 4.68 SVs, *p = 0.0163). Similar results 

were observed for the SV density (Fig. 3.12D). This reduction in the SV density is mainly 

resulted from SVs within 120-200 nm from the AZ membrane, since I observed a significant 

decrease of SVs within these distances between P22 and 6M mutant mice (Fig. 3.12E). 

Whereas SVs within 5-15 nm increased initially during the transition from P10 to P22, their 

density slightly decreased upon adulthood (Fig. 3.12E). All values and statistics are listed in 

Table S4. 

3.3.3 Synaptic vesicle numbers are comparable between wild-type and mutant 
mice at young ages 

The comparison of genotypes revealed that SV numbers and densities are similar at P10 and, 

surprisingly, also at P21/22, suggesting that the lack of auditory input did not affect these 

parameters at these early stages (Fig. 3.12C,D; Tables S5-S7). At adult wt and mutant mice, 

clear opposing effects could be observed that resulted in a strong decline of SV numbers and 

densities at AZs of 6M Otof-/- mice compared to AZs of age-matched wt mice (Fig. 3.12C,D; 

wt 6M: 63.52 ± 5.63 SV vs. Otof-/- 6M: 39.61 ± 4.68 SVs; **p = 0.0020 and 

wt 6M: 801.5 ± 65.7 SV/µm2 vs. Otof-/- 6M: 431.3 ± 46.4 SVs/µm2; ****p < 0.0001). Closer 

inspection of the SV pools showed that there were significant changes in the SV distribution 

comparing wt and Otof-/- at the age of P10 (within 35-40 nm and 160-200 nm; Fig. 3.12E; 
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Table S5) and P21/22 (within 25-30 nm; Fig. 3.12E; Table S6). At 6 months of age, the decline 

of SV densities was made up by SVs in close membrane proximity (0-15 nm) and by SVs within 

40-200 nm from the AZ membrane (Fig. 3.12E; Table S7). 

Figure 3.12: SV densities increase at wild-type and decline at Otof-/- endbulb AZs upon adulthood. 

(A) Single virtual sections and corresponding models of representative tomograms of AZs from P10, 
P21/22 and 6M wt and Otof-/- mice showing the AZ membrane (blue), SVs (green), and morphologically 
docked SVs (gray). Scale bars: 100 nm. (B) AZ size determined by following the PSD extent in each 
tomogram is similar in all groups. (C) The number of SVs within 200 nm of the AZ membrane are reduced 
in 6M Otof-/- mice compared to Otof-/- P22 and wt 6M. (D) The density of SVs increases from wt P10 to 
wt 6M and is decreased at 6M Otof-/- AZs compared to Otof-/- P22 and wt 6M. (E) Graph showing the 
density of SVs divided into bins of 5 and 40 nm from the AZ membrane. Data are presented as box and 
whisker plots that indicate median, lower/upper quartiles, 10–90th percentiles (B-D) or as bar graph that 
represent mean ± SEM (E). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
wt P10 (N = 4; n = 24), Otof-/- P10 (N = 3; n = 22), wt P21 (N = 3; n = 22), Otof-/- P22 (N = 3; n = 23), 
wt 6M (N = 3; n = 29) and Otof-/- 6M (N = 3; n = 23), (N, number of animals; n, number of AZs). For all 
values and statistical details, see Tables S3-S7. Figure modified from Hintze et al., 2021. 
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In section 3.1.1, Fig. 3.2F, I already showed that the overall SV number did not correlate with 

the AZ area at wt endbulbs before and shortly after hearing onset. The same was true for 

wt 6M and Otof-/- P10 AZs (Fig. S1; wt 6M: r = 0.3023; p = 0.1108; Otof-/- P10: r = 0.0300; 

p = 0.8947), while at Otof-/- P22 and Otof-/- 6M endbulb AZs, the SV number correlated with 

the size of the AZ, indicated by a p-value < 0.05 (Fig. S1; Otof-/- P22: r = 0.5599; **p = 0.0067; 

Otof-/- 6M: r = 0.4658; *p = 0.0251; Spearman test). 

3.3.4 Active zones of adult Otof-/- endbulbs contain less morphologically 
docked synaptic vesicles  

As in wt, I analyzed the morphologically docked (Fig. 3.13A) and membrane-proximal SVs 

(Fig. 3.14A) separately in order to compare their number and distribution with the wt condition. 

Even though otoferlin is not expressed at endbulb AZs, the lack of auditory input might cause 

degenerative or compensatory changes, such as adaptation of SV numbers at endbulbs. The 

lack of activity might specifically influence docked and membrane-proximal SVs. However, the 

number of docked SVs remained constant during development at both, wt and mutant AZs 

(Fig. 3.13B), which could also be observed after normalization to the AZ area (Fig. 3.13C). 

Comparing genotypes, the number and density of docked SVs was significantly lower at adult 

Otof-/- AZs compared to wt (Fig. 3.13B,C; Table S7; wt 6M: 2.97 ± 0.51 SV vs.  

Otof-/- 6M: 1.83 ± 0.56 SVs; *p = 0.0379 and wt 6M: 37.00 ± 7.15 SV/µm2 vs.  

Otof-/- 6M: 22.06 ± 6.95 SVs/µm2; *p = 0.0317). All values and statistics can be found in Tables 

S3-S7. Consistent with the observations made in the first part, also at wt 6M as well as at the 

mutant AZs, the number of docked SVs was highly variable. At Otof-/- P22 e.g., their number 

ranged from zero to 16. (Fig. 3.13B,D). However, most AZs of wt and Otof-/- endbulbs of all 

age groups contained zero to three docked SVs (Fig. 3.13D) as also shown in representative 

AZ top-views of 3D models (Fig. 3.13E). The variances of the number of docked SVs were not 

significantly different for any of the comparisons, suggesting that the frequency distribution is 

similar in all groups (Table S8). 

The number of docked SVs did not correlate with the sizes of AZ at all ages of both genotypes 

(Fig. S2). As reported in section 3.1.2.1, Fig. 3.3H, the density of docked SVs was found to 

correlate well with the density of all SVs within 200 nm from the AZ membrane at wt P10 and 

wt P21 AZs. The same was found for wt 6M and Otof-/- AZ of all ages (Fig. S3; 

wt 6M: r = 0.6158; ***p = 0.0004; Otof-/- P10: r = 0.7622; ****p < 0.0001; Otof-/- P22: r = 0.4880; 

*p = 0.0182; Otof-/- 6M: r = 0.5993; **p = 0.0025; Spearman test). This linear relationship 

indicates that the docked SV density scales the density of SVs within 200 nm in all groups. 
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Figure 3.13: Number and density of docked SVs is lower at Otof-/- AZs compared to wild-type of 
adult mice. 
(A) Scheme highlighting the docked SVs. (B) The total number of docked SVs per AZ is lower at 6M 
Otof-/- compared to 6M wt. (C) The density of docked SVs also differs between wt and Otof-/- at 6 months 
of age. Data are presented as box and whisker plots that indicate median, lower/upper quartiles, 10-90th 
percentiles. Values and statistics see Table S3-S7. (D) Histograms showing the relative frequency of 
AZs with 0 to 16 docked SVs at wt P10, P21 and 6M as well as at Otof-/- P10, P22 and 6M AZs. (E) Top 
views of representative 3D models of AZ membranes with their most frequently number of docked SVs. 
Scale bars: 100 nm. ns, not significant; *p < 0.05. Figure modified from Hintze et al., 2021. 
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3.3.5 The density of membrane-proximal vesicles initially increases but 
declines towards adulthood at Otof-/- active zones 

The total number of membrane-proximal SVs was comparable between the age groups at AZs 

of wt endbulbs (Fig. 3.14B, Table S3). Normalized to the AZ area, their number increased 

significantly from P10 to 6M (Fig. 3.14C; wt P10: 128.5 ± 16.6 SVs/µm2 vs. 

wt 6M: 184.1 ± 13.4 SVs/µm2; *p = 0.0266). At Otof-/- AZs, the total number and density of 

membrane-proximal SVs increased from P10 to P22 (Fig. 3.14B,C, Table S4;  

Otof-/- P10: 8.86 ± 1.13 SVs vs. Otof-/- P22: 15.39 ± 2.11 SVs; *p = 0.0104 and  

Otof-/- P10: 103.8 ± 14.6 SVs/µm2 vs. Otof-/- P22: 162.9 ± 14.6 SVs/µm2; **p = 0.0081), while 

the density decreased upon further development (Fig. 3.14C; Otof-/- P22: 162.9 ± 14.6 SVs/µm2 

vs. Otof-/- 6M: 117.5 ± 10.8 SVs/µm2; *p = 0.0490). Comparing both genotypes, significantly  

fewer SVs within 2-40 nm per µm2 AZ were observed at 6M Otof-/- endbulb AZs compared  

to age-matched wt (Fig. 3.14C, Table S7; wt 6M: 184.1 ± 13.4 SVs/µm2 vs.  

Otof-/- 6M: 117.5 ± 10.8 SVs/µm2; ***p = 0.0003). The ratio of docked and membrane-proximal 

SVs of wt synapses appeared to be independent of maturation, while the ratio declined during 

the transition from P10 and P22 at Otof-/- AZs with no further decrease upon adulthood 

(Fig. 3.14D, Table S3; Otof-/- P10: 0.23 ± 0.03 vs. Otof-/- P22: 0.11 ± 0.03; *p = 0.0168 and  

Otof-/- P10: 0.23 ± 0.03 vs. Otof-/- 6M: 0.12 ± 0.03; *p = 0.0308). All values and statistics can 

be found in Table S3-S7. The frequency distribution showed that wt histograms were shifted 

slightly to the right indicating that the number of AZs containing a higher number of membrane-

proximal SVs increased upon development (Fig. 3.14E), which is in line with the increase of 

this SV subpopulation during development to adulthood at endbulb AZs of wt mice. This shift 

was not visible in the histograms for the Otof-/- AZs (Fig. 3.14E). The comparison of the 

variances revealed a significantly broader distribution of membrane-proximal SVs in Otof-/- P22 

compared to P10 and 6M (Table S8). One reason for this significant difference could be the 

high variability of the SV count in this group with some AZs containing more than 

25 membrane-proximal SVs, whereas none of the other Otof-/- groups contained more than 

22 SVs within this subpopulation (Fig. 3.14E). 

As shown in section 3.1.2.2, Fig. 3.4F, the density of docked SVs did not correlate with the 

density of membrane-proximal SVs at wt P10 and wt P21 AZs. The same was observed for 

wt 6M synapses (Fig. S4). In contrast, the densities of the two SV pools showed a correlation 

at AZs of mutant endbulbs of all ages, which might indicate a simple scaling in the number of 

docked and membrane-proximal SVs (Fig. S4: Otof-/- P10: r = 0.5125; *p = 0.0147;  

Otof-/- P22: r = 0.4285; *p = 0.0414; Otof-/- 6M: r = 0.4580; *p = 0.0280; Spearman test). 
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Figure 3.14: The density of membrane˗proximal SVs is lower at adult Otof-/- endbulb AZs 
compared to wild-type.  

(A) Scheme highlighting the membrane˗proximal SVs. (B) The number of membrane˗proximal SVs per 
AZ increases during maturation of Otof-/- endbulb AZs. (C) The density of SVs within 2-40 nm from the 
AZ membrane increases during development of wt endbulb synapses while it decreases at Otof-/- AZs 
from P22 to 6M. (D) The ratio of docked and membrane-proximal SVs decreases at Otof-/- AZs. Data 
are presented as box and whisker plots that indicate median, lower/upper quartiles, 10–90th percentiles. 
Values and statistics see Tables S3-S7. (D) Histograms showing the relative frequency of AZs with 
0 to 44 SVs within 2-40 nm at wt and Otof-/- of all ages. ns, not significant; *p < 0.05; **p < 0.01; 
***p < 0.001. Figure modified from Hintze et al., 2021. 
 

3.3.6 Sizes of synaptic vesicles decrease during development at Otof-/- endbulb 
active zones 

At wt endbulbs of Held, an increase in SV sizes has been shown from P20 to P44 (Antunes 

2020) and in mice with conductive hearing loss, SVs appeared smaller compared to hearing 
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controls (Clarkson et al., 2016). Therefore, I compared SV diameters in both genotypes and 

all age groups (Fig. 3.15, Tables S3-S7). For statistical analysis, I averaged the SV diameters 

per AZ and compared the means (Fig. 3.15). For visualizing the frequency distribution of SV 

sizes, the individual SV diameters were divided into 5 nm bins (Fig. S5-S7). 

Figure 3.15: Mean diameters averaged per tomogram for each condition.  

(A) The mean diameters of all SVs decrease in Otof-/- mice from P10 to 6M. At P10, SVs are bigger at 
Otof-/- AZs than at wt AZs. (B) Docked SVs are bigger at Otof-/- AZs at P10 but smaller at 6 months of 
age compared to wt. (C) Membrane-proximal SVs are bigger at Otof-/- AZs than at wt AZs but decrease 
with age. The distributions of SV diameters of all groups are shown in Fig. S5-S7. For all values and 
statistical details, see Tables S3-S7. Data are presented as box and whisker plots that indicate median, 
lower/upper quartiles, 10–90th percentiles. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Figure 
modified from Hintze et al., 2021. 
 

In contrast to the findings from Antunes et al., SVs in this study appeared to be equally sized 

during development of wt mice (Fig. 3.15A). However, the development of Otof-/- endbulb AZs 

was accompanied by a decrease of SV diameters (Fig. 3.15A, Table S4;  

Otof-/- P10: 54.87 ± 0.90 nm vs. Otof-/- 6M: 50.63 ± 1.03; *p = 0.0128). A separate analysis of 

docked and membrane-proximal SVs revealed that this decrease appeared in both 

populations, but the docked SVs showed the strongest effect (Fig. 3.15B;  

Otof-/- P10: 54.99 ± 1.52 nm vs. Otof-/- 6M: 46.23 ± 1.03; ***p = 0.0003). When comparing both 

genotypes, significantly larger SVs were found at Otof-/- P10 compared to age-matched wt 

(Fig. 3.15A, Table S5; wt P10: 51.46 ± 0.50 nm vs. Otof-/- P10: 54.87 ± 0.90 nm; **p = 0.0022). 

Again, this change could be shown for both analyzed SV populations (Fig. 3.15B,C). Finally, 

at 6 months of age, docked SVs at Otof-/- endbulb AZs were significantly smaller compared to 

wt (Fig. 3.15B, Table S7; wt 6M: 50.29 ± 0.76 nm vs. Otof-/- 6M: 46.23 ± 1.03; **p = 0.0035). 

The frequency distributions of the individual SV diameters are shown in Fig. S5-S7. In addition 

to the histograms showing all groups, the single comparisons with a significantly different mean 

diameter are shown. These graphs show that not just the mean of the averaged diameters per 

AZ was different, but also the graphs representing all diameters were shifted towards larger or 

smaller SVs. 
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3.3.7 Summary  

Development of wt and Otof-/- endbulb AZs is accompanied by changes in SV densities. 

Whereas the maturation from pre-hearing to young hearing did not affect the SV pools 

(section 3.1), the development to adulthood result in an increase of the SV density. 

Specifically, a subpopulation of the membrane-proximal SVs within 5 to 15 nm from the AZ 

membrane increased noticeably. In addition, SVs 80 to 200 nm away from the membrane 

showed a distinct increase in their density. At Otof-/- AZ, the transition from P10 to P22 resulted 

in a slight increase of the SV density that mainly resulted from SVs within 5-20 nm from the AZ 

membrane. Upon adulthood, the overall SV density, but mainly within 120-200 nm clearly 

decreased. The opposite effects lead to the drastic ultrastructural differences between adult 

mutant AZs compared to age-matched wt, that also includes the density of docked SVs. 

Finally, SV sizes were not affected by developmental maturation of wt AZs, while SV 

diameters, especially of the docked SVs decreased at Otof-/- AZs. I can conclude that the lack 

of auditory input does not influence the ultrastructure of individual endbulb AZs of young mice, 

but the morphological SV pools in adult animals are strikingly altered. The main findings are 

illustrated in Fig. 3.16. 

Figure 3.16: SV pool changes upon development and lack of auditory input.  
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3.4 RIM-BP2 disruption alters the vesicle organization at endbulb 
active zones 

Besides developmental maturation and activity changes, also the lack of presynaptic proteins 

could impact the SV pools at endbulb AZs. As described in section 1.3, a plethora of 

presynaptic proteins is involved in the structural organization of AZs as well as in SV exocytosis 

and endocytosis. The role of some of these proteins, including piccolo (Butola et al., 2017) and 

bassoon (Mendoza Schulz et al., 2014) on endbulb AZs were already investigated. This part 

of the thesis aims to characterize the role of RIM-BP2 on the organization of endbulb AZs of 

P22 mice. Together with Theoharis Alvanos (Institute for Auditory Neuroscience, University 

Medical Center Göttingen), I performed HPF/FS of freshly sliced AVCN of RIM-BP2-deficient 

(RIM-B2P-/-) mice and their wt littermates. According to the parts before, electron tomography 

was used to obtain the morphological parameters. This part of the thesis is published in Butola 

et al., 2021. 

3.4.1 RIM-BP2-/- endbulb active zones exhibit a different distribution of synaptic 
vesicles compared to wild-type 

Electron tomograms and 3D reconstruction (Fig. 3.17A) revealed significantly larger AZ  

areas in RIM-BP2-/- endbulbs (Fig. 3.17B; wt: 0.0820 ± 0.0052 µm2 vs.  

RIM-BP2-/-: 0.1031 ± 0.0039 µm2; **p = 0.0022). The number (Fig. 3.17C) and density 

(Fig. 3.17D) of SVs per AZ were similar between the genotypes. To determine the spatial 

distribution of SVs within 200 nm from the AZ membrane, a 20 nm binning was used. Docked 

SVs (0 to 2 nm distance) were analyzed separately and showed a significantly lower density 

at RIM-BP2-/- AZs (Fig. 3.17E; wt: 27.52 ± 5.24 SVs/µm2 vs. RIM-BP2-/-: 14.64 ± 4.77 SVs/µm2; 

*p = 0.0152). A significantly lower SV density was also found for SVs within 2 to 20 nm 

(Fig. 3.17E; wt: 109.1 ± 12.8 SVs/µm2 vs. RIM-BP2-/-: 68.16 ± 9.22 SVs/µm2; **p = 0.0056) and 

for SVs within 40 to 60 nm from the AZ membrane (Fig. 3.17E; wt: 83.25 ± 8.23 SVs/µm2 vs. 

RIM-BP2-/-: 53.59 ± 5.36 SVs/µm2; **p = 0.0042). The SV density of the membrane-proximal 

pool, as defined in the previous part was significantly lower at RIM-BP2-/- compared to wt AZs 

(Table S9; wt: 167.7 ± 15.2 SVs/µm2 vs. RIM-BP2-/-: 117.8 ± 10.5 SVs/µm2; **p = 0.0041). The 

measurement of SV diameters revealed that SVs at wt and RIM-BP2-/- AZs exhibited 

comparable sizes (Fig. 3.17F). All values and statistical details can be found in Table S9.  
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Figure 3.17: RIM-BP2 disruption alters the axial SV distribution at the endbulb AZs. 

(A) Single virtual sections and corresponding 3D models of representative tomograms of wt and 
RIM-BP2-/- AZs showing the AZ membrane (blue), SVs (green), and morphologically docked SVs (gray). 
Scale bars: 100 nm. (B) The AZ area is larger at RIM-BP2-/- endbulb synapses. (C) The total number of 
SVs is the same at mutant and wt AZs. (D) The SV number normalized to the AZ area is unaffected 
from the lack of RIM-BP2. (E) The density of docked SVs (0–2 nm) and SVs within 200 nm from the AZ 
membrane divided into 20-nm bins. The density of docked as well as SVs within 2-20 and 40-60 nm is 
lower at mutant AZs, while the densities of SVs in the other bins are comparable. (F) The mean of the 
averaged SV diameter per AZ is comparable between wt and RIM-BP2-/-. Box and whisker plots present 
median, lower/upper quartiles, 10–90th percentiles. ns, not significant; *p < 0.05; **p < 0.01. wt (N = 4; 
n = 26) in blue and RIM-BP2-/- (N = 3; n = 28) in orange (N: number of animals; n: number of AZs). For 
details about values and statistics, see Table S9. Figure modified from Butola et al., 2021. 
 

3.4.2 RIM-BP2-/- active zones contain less synaptic vesicles in membrane 
proximity  

The distribution of docked SVs and SVs within 2-20 nm from the AZ membrane were analyzed 

in more detail. Fig. 3.18A depicts examples of top views of the 3D models generated from the 

tomograms showing the AZs with only their docked SVs and I quantified the percentage of AZs 
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with zero to eight docked SVs. Whereas most wt AZs (27 %) contained two docked SVs, 50 % 

of the analyzed RIM-BP2-/- AZs showed zero docked SVs (Fig. 3.18B). Further, as RIM-BP2 

is involved in the recruitment and organization of VGCCs (Grauel et al., 2016; Krinner et al., 

2017), the effects of RIM-BP2 deletion on the lateral distribution of the docked SVs was 

investigated. Although the AZ areas captured in the tomograms might not allow an exact 

definition of the AZ center, I set a central point within the generated top views and measured 

the distances of all docked SVs from the center (Fig. 3.18C). The quantification revealed that 

docked SVs were further away from the center at RIM-BP2-/- AZs, which could speak for a 

broader distribution over the AZs area (Fig. 3.18D).  

Figure 3.18: Docked and membrane-proximal SVs at endbulb AZs of wild-type and RIM-BP2-/- 
mice. 

(A) Top views of representative tomogram models of wt and RIM-BP2-/- AZs with docked SVs. Scale 
bars: 100 nm. (B) Frequency distribution of the number of docked SVs. (C) Top view of a tomogram 
model demonstrating the measurement of the lateral distances of docked SVs from the assumed AZ 
center. Scale bar: 100 nm. (D) Cumulative distribution of the lateral distances of docked SVs to the 
center of the reconstructed AZ. (E) Frequency distribution of the SV number within 2–20 nm from the 
AZ membrane. Figure modified from Butola et al., 2021. 
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To analyze SVs in membrane proximity in more detail, the proportion of SVs within 2 to 20 nm 

from the AZ membrane were quantified and a shift towards fewer SVs at mutant AZs was 

observed. Most wt AZs (15 %) contained six SVs within this distance, while most mutant AZs 

showed only two or five SVs (Fig. 3.18E). These results allow me to conclude that RIM-BP2 

could be involved in docking of SVs to the AZ at endbulb of Held synapses and in the 

recruitment of SVs to the membrane by organizing SVs in membrane proximity. The main 

findings of this part are summarized in Fig. 3.19. 

Figure 3.19: Changes at endbulb AZs upon lack of RIM-BP2.   
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3.5 The lack of Mover has differentially effects on excitatory and 
inhibitory synapses 

Mover is a vertebrate-specific protein but in contrast to other presynaptic proteins, it is present 

only in a subset of synapses (Kremer et al., 2007; Wallrafen & Dresbach, 2018). In the AVCN, 

Mover was shown to be expressed at endbulbs of Held and inhibitory synapses contacting 

BCs (Mendoza Schulz et al., 2014). In order to get more insights into the role of Mover on the 

organization of synapses, I performed electron tomography of endbulb of Held AZs as well as 

of inhibitory synapses (Fig. 3.20A). For this part of the thesis, adult male E2a-Mover+/+ (wt) and 

E2a-Mover-/- (Mover-/-) mice were perfused by Rebecca Wallrafen (Institute of Anatomy and 

Embryology, University Medical Center Göttingen) and AVCN were conventionally embedded 

as described in section 2.3.2. 
 

The total numbers of SVs within 200 nm from the AZ membrane were quantified and compared 

between wt and mutant mice for both, excitatory and inhibitory synapses. In addition, the SV 

numbers at endbulb AZs and inhibitory synapses were compared for wt and Mover-/- mice. 

Fig. 3.20B shows that the disruption of Mover did not affect the SV number, neither at endbulb 

AZs nor at inhibitory synapses. However, the SV number was significantly different at endbulb 

AZs compared to inhibitory synapses of wt mice (Fig. 3.20B; wt exc.: 31.74 ± 2.24 SVs vs. 

wt inh.: 57.44 ± 8.53 SVs; *p = 0.0169) and of Mover-/- mice (Mover-/- exc.: 36.50 ± 2.18 SVs 

vs. Mover-/- inh.: 54.77 ± 5.53 SVs; **p = 0.0065). Interestingly, the distribution of SVs at 

endbulb AZs was altered when Mover was absent. While the percentage of docked SVs 

(0-2 nm distance) was found to be unchanged, the fraction of membrane-proximal SVs  

within 2-40 nm was significantly reduced at Mover-/- AZs compared to wt (Fig 3.20C;  

wt: 31.96 ± 2.06 % vs. Mover-/-: 24.52 ± 1.72 %; **p = 0.0073). Since the percentage of SVs 

within 40 to 80 nm from the AZ was significantly increased at endbulb synapses from Mover-/- 

mice (Fig 3.20C; wt: 24.17 ± 1.13 % vs. Mover-/-: 28.57 ± 1.24 %; *p = 0.0145), the SVs seem 

to be shifted towards greater distances. The other bins were unaffected by the disruption of 

Mover. The proportion of docked SVs relative to all SVs within 40 nm of the AZ membrane was 

comparable between wt and Mover-/- mice (Fig. 3.20D). During the reconstruction of the 

tomograms, it appeared that the spherical SVs at endbulb AZs were bigger at  

Mover-/- mice compared to wt. However, the statistical comparison of the mean of the averaged 

SV diameters per tomogram showed that there was no significant difference (Fig. 3.20E).  
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Figure 3.20: SV distribution at endbulb and inhibitory synapses of wild-type and Mover-/- mice. 

(A) Single virtual sections and corresponding models of representative tomograms of wt and Mover-/- 
endbulb and inhibitory AZs showing the AZ membrane (blue), spherical SVs (green), flattened SVs 
(purple) and morphologically docked SVs (gray). Scale bars 100 nm. (B) The number of SVs per AZ in 
endbulb and inhibitory synapses is similar in wt compared to Mover-/- mice, but it is greater at inhibitory 
compared to endbulb AZs of wt as well as of Mover-/- mice. (C) The relative number of SVs of the 
membrane-proximal pool (2-40 nm distance) is lower at Mover-/- endbulb AZs, but higher within 40 to 80 
nm compared to wt. (D) The ratio of docked to membrane-proximal SVs is comparable between wt and 
mutant AZs. (E) The SVs at endbulb synapses are equally sized measured by their diameter. 
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(Figure 3.20 continued): (F) At inhibitory synapses, the relative number of docked SVs is greater in the 
mutant compared to wt. All other bins are unaffected from the lack of Mover. (G) The ratio of docked 
and membrane-proximal SVs is higher at inhibitory synapses of Mover-/- mice compared to wt. Box and 
whisker plots present median, lower/upper quartiles, 10–90th percentiles. ns, not significant; *p < 0.05; 
**p < 0.01. wt (N = 5; n = 34 endbulb AZs in light green and n = 9 inhibitory AZs in dark green);  
Mover-/- (N = 5; n = 33 endbulb AZs in light purple and n = 13 inhibitory AZs in dark purple). For details 
about values and statistics, see Table S10. 
 

At inhibitory synapses the lack of Mover resulted in a different SV distribution. While the 

fractions of all undocked SVs were similar between wt and Mover-/-, the percentage of docked 

SVs was increased at Mover-/- AZs (Fig. 3.20F; wt: 4.68 ± 1.34 % vs. Mover-/-: 9.21 ± 1.52 %; 

*p = 0.0364). This difference in the number of docked SVs resulted in a significantly higher 

ratio of docked and membrane-proximal SVs (Fig. 3.20G; wt: 0.1632 ± 0.0448 vs.  

Mover-/-: 0.3365 ± 0.0518; *p = 0.0199).  
 

These results suggest that Mover does not influence SV docking at endbulb AZs but could 

potentially be involved in recruiting SVs to the AZ to prepare them for docking. At inhibitory 

synapses, Mover potentially prevents SV docking at wt AZs. Details about values and statistics 

can be found in Table S10 and the findings are summarized in Fig. 3.21. 

Figure 3.21: Differences in SV pools at endbulb of Held AZs and inhibitory AZs of wild-type and 
E2a-Mover-/- mice.  
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3.6 Summary 

This is the first study that systematically investigated the ultrastructure of murine endbulb of 

Held AZs using electron tomography in order to examine the morphology of endbulbs due to 

functional changes. These functional changes include the normal maturation from pre-hearing 

to young hearing mice and further development to adult stages by analyzing wt mice. While 

the SV organization at endbulb AZs was largely unaffected by maturation from pre-hearing to 

hearing, I observed significant changes in presynaptic mitochondria. A higher mitochondrial 

volume and CM density indicate higher mitochondrial performance at P21 compared to P10. 

These maturation-related changes in mitochondrial structure occurred not only in endbulb 

terminals but also in smaller excitatory synapses in the AVCN, albeit to a smaller degree.  

The development to adulthood is accompanied by increased SV pools at endbulb AZs. This 

increase was mainly caused by SVs within 5-15 nm of the AZ membrane and SVs within 

80-200 nm, whereas the density of docked SVs remained unchanged during the development 

of endbulb AZs in wt 
  

The consequences of a lack of auditory input on the organization of endbulb AZs were studied 

using Otof-/- mice. During the transition from P10 to P22, the density of membrane-proximal 

SVs increased, while the overall SV density was not affected, even compared to age-matched 

wt mice. Upon adulthood, SV densities and SV sizes significantly decreased. Most dramatic 

changes were revealed by comparing adult endbulb AZs of wt and Otof-/- mice, including 

reduced numbers and sizes of morphologically docked SVs. These results suggest a less 

reliable neurotransmission at endbulbs of adult Otof-/- mice. 
 

The absence of the presynaptic proteins RIM-BP2 and Mover significantly impaired the number 

of SVs in membrane proximity, suggesting that both proteins are involved in recruiting and 

tethering SVs to the AZ membrane of endbulbs. RIM-BP2 seems further be involved in SV 

docking at endbulb AZs, while Mover seems to prevent docking at inhibitory synapses on BCs.  
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4 Discussion 
Synapses represent the key element for signal transduction and plasticity in the brain via their 

function in synaptic transmission. To better understand the underlying processes of synaptic 

transmission, a quantitative morphological analysis of synaptic structures is required. 

Furthermore, a detailed description of synaptic morphology helps to define structural correlates 

of functional aspects of synaptic transmission.  

The organization and size of synaptic vesicles (SVs), the key organelles of synaptic 

transmission, are two structural parameters that allow to draw conclusions about synaptic 

function. SVs can be categorized in different pools based on their location at active zones 

(AZs) or their mobilities (Denker & Rizzoli, 2010). With purely morphological analyses, only the 

morphologically docked SVs (defined as SVs within zero to two nm from the AZ membrane in 

the present study) can be clearly correlated to a distinct functional pool, the readily releasable 

pool (RRP; Imig et al., 2014; Kaeser & Regehr, 2017; Schikorski & Stevens, 1997). In addition, 

non-docked SVs within 40 nm from the AZ membrane (membrane-proximal SVs) were shown 

to be connected to the AZ membrane via tethers of a maximum length of 45 nm (Cole et al., 

2016; Fernández-Busnadiego et al., 2010, 2013; Siksou et al., 2007, 2009).  

Synapse function is further influenced by mitochondria and vice versa. Synaptic terminals with 

or without mitochondria differ in synapse size, density and release of SVs (Smith et al., 2016; 

Sun et al., 2013). By producing ATP and buffering Ca2+, mitochondria maintain synaptic 

transmission and they were shown to be involved in mobilizing SVs (Verstreken et al., 2005).  

In this thesis, I focused on AZs of the endbulb of Held synapse, a classical conventional 

excitatory synapse. I performed a comprehensive structural analysis in order to investigate the 

morphological consequences of (i) the maturation process from pre-hearing (P10) to young 

hearing (P21) mice, (ii) the effect of ageing and (iii) lack of activity due to missing auditory input 

as well as the disruption of the presynaptic proteins (iv) RIM-BP2 and (v) Mover.  

4.1 Methodology 

A major part of this thesis deals with the structure of individual AZs and the organization of the 

SV pool with a particular focus on morphologically docked and membrane-proximal SVs. In 

order to analyze these structural parameters under close-to-physiological conditions and with 

a high z-resolution, I used high-pressure freezing (HPF) and freeze substitution (FS) of freshly 

sliced tissue prior to electron tomography. To compare my data with results from earlier studies 

that investigated the structure of synapses using different experimental approaches, some 

methodological aspects need to be considered including the sample preparation for electron 

microscopy, the image acquisition mode as well as different quantifications of morphological 

SV pools.  
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4.1.1 Sample preparation 

Investigating the ultrastructure of synapses including endbulbs of Held has a long tradition, 

especially using chemically fixed tissue followed by electron microscopy (e.g. Cant & Morest, 

1979; Clarkson et al., 2016; García-Hernández et al., 2017; Nicol & Walmsley, 2002; Ryugo 

et al., 1996, 1997, 2006). Studies comparing aldehyde fixation and rapid freezing of brain 

tissue demonstrate that chemical fixation can cause tissue shrinkage and distortion. These 

effects depend on the fixative composition and concentration (Hillman & Deutsch, 1978) and 

on the brain region (Kalimo, 1976). On the level of individual synapses, chemical fixation was 

shown to influence SV shape and distribution: SVs of chemically fixed inhibitory synapses 

appeared flattened while they are round after rapid freezing and FS (Fig. 1.4; Korogod et al., 

2015; Tatsuoka & Reese, 1989). The combination of HPF/FS and electron tomography of 

hippocampal neurons revealed larger presynaptic terminals with a resulting lower SV density 

compared to perfusion or immersion fixed samples (Rostaing et al., 2006). Albeit, the overall 

SV density and AZ size were found to be comparable between chemically fixed and high-

pressure frozen synapses of the murine somatosensory cortex, the distribution of SVs was 

different: The density of SVs within 30 nm from the presynaptic membrane was shown to be 

higher, while the density between 30 and 60 nm was lower in high-pressure frozen compared 

to chemically fixed synapses (Korogod et al., 2015). This finding might be a consequence of 

aldehyde-induced SV release as suggested by Smith and Reese (Smith & Reese, 1980). The 

use of different aldehydes for perfusion fixation resulted in an increase of spontaneous quantal 

release and exocytosis of SVs at the frog neuromuscular junction (Smith & Reese, 1980). 

However, in hippocampal neurons, fast fixation with 2 % glutaraldehyde did not deplete the 

RRP significantly (Rosenmund & Stevens, 1997). This finding indicates that the speed of 

fixation and the resulting immobilization of synaptic structures influences the effect of 

aldehydes on synaptic SV pools, in particular on morphologically docked SVs. In addition to 

the presynaptic changes, also the PSDs appear different depending on the fixation protocol. 

After HPF/FS they exhibited fine filamentous structures rather than a thick electron dense 

structure (Fig. 1.4; Rostaing et al., 2006; Tatsuoka & Reese, 1989).  

Taken together, aldehyde fixation is a very useful tool to preserve synaptic structures for light 

and transmission electron microscopy as well as to gain beautiful overviews of larger cellular 

structures with large volume 3D reconstructions of data obtained from serial imaging, focused 

ion beam (FIB)- or serial block face (SBF)- scanning electron microscopy (SEM; e.g. Denk & 

Horstmann, 2004; Michanski et al., 2019; Thomas et al., 2019). Moreover, it induces changes 

on the shape of SVs, the crosslinking of proteins and the curvature of AZ, simplifying the 

distinction between excitatory and inhibitory synapses and the definition of the borders of the 

AZ membrane. However, to capture the distribution of SVs in a near-to native state, especially 
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the docked and membrane-proximal SVs, chemical fixation can only give a rough idea and 

might not reveal the full picture.  

HPF followed by FS allows a more natural view of synaptic ultrastructure and different SV 

pools can be distinguished due to their distance to the AZ membrane more reliably. However, 

difficulties of preserving large volumes of brain tissue were described resulting in structural 

alterations and the formation of ice crystals comparing regions at the border and in the center 

of brain slices (Korogod et al., 2015; Rostaing et al., 2006). To exclude such problems, the 

tomograms I used for the analysis underwent a rigorous quality check to ensure the following 

criteria (see also section 2.7.3): a good structural preservation without freezing artefacts, the 

presence of a PSD to distinguish between excitatory and inhibitory synapses and the 

distinction between endbulbs and other excitatory synapses on BCs. To assure the last point, 

just tomograms of AZs of big synaptic terminals were recorded.  

4.1.2 The advantages of 3D electron tomography 

In order to study the distribution of SVs at AZs, a 3D approach is of advantage and will give 

an accurate overview of the synapse morphology. In previous studies, serial EM images were 

used to analyze the ultrastructure and the density of docked SVs at endbulb of Held (Nicol & 

Walmsley, 2002) and calyx of Held synapses (Han et al., 2011; Sätzler et al., 2002; 

Taschenberger et al., 2002; Thomas et al., 2019). With this technique, a large field of view can 

be imaged that allows volume measurements of the presynaptic terminal and postsynaptic 

cells, organelles like mitochondria and the determination of the number and distribution of 

individual AZs. However, EM images represent 2D projections through a volume that is 

determined by the section thickness. Sections are typically between 50 and 70 nm thick, 

therefore a precise analysis of SV sizes and distances to the AZ membrane is not possible. 

The z-resolution in electron tomography is depending on the minimum and maximum tilt angle, 

the tilt increment, the resulting number of images in the tilt series, and the magnification used 

for image acquisition (Koster et al., 1997). Since the lack of presynaptic proteins resulted in 

different SV densities within very specific distances from the AZ membrane (Imig et al., 2014; 

Siksou et al., 2009), it is important to analyze the SV organization as precise as possible. The 

comparison of SV distributions at AZs of the different groups analyzed in this thesis revealed 

e.g., that particularly SVs within 5 to 15 nm from the AZ membrane were elevated upon 

development of wt endbulb of Held synapses and decreased upon the lack of activity 

(Fig. 3.12E). These differences in the nanometer range would most likely not have been 

resolvable with serial imaging. On the other hand, with electron tomography of 250 nm slices, 

it was not possible to image entire AZs. The reconstructed AZ areas measured in this study 

were therefore only used to determined SV densities.  
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4.1.3 The model system 

The structure of endbulbs has been studied in several species including mice (García-

Hernández et al., 2017; Lauer et al., 2013; Limb & Ryugo, 2000), rats (Clarkson et al., 2016; 

Nicol & Walmsley, 2002), monkeys (Gómez-Nieto & Rubio, 2011) and cats (Baker et al., 2010; 

Cant & Morest, 1979; Ryugo et al., 1996, 1997, 2006; Sento & Ryugo, 1989). However, to 

understand relationships between structure and function, it is important to investigate both 

species by species, since different species not just differ in size of the respective brain 

structure, but also in their hearing range. As described in chapter 1.6.1, the auditory pathway 

is organized in a tonotopic manner and different bushy cells (BCs) are responsive to different 

frequencies. Spherical BCs (SBCs) mainly encode sound of low frequencies, while globular 

BCs (GBCs) encode sounds of higher frequencies (Smith et al., 1991, 1993). In mice, (i) the 

subtypes of BCs cannot be definitely identified based in cell body characteristics as described 

for cats (Lauer et al., 2013) and (ii) just a few large SBCs can be found (Webster & Trune, 

1982; Willard and Ryugo, 1983) since they have little low-frequency hearing (Ehret, 1974). 

Structure-function relationships were investigated for cats throughout development (Ryugo et 

al., 2006) and in rats upon maturation from pre-hearing to hearing (Taschenberger et al., 

2002). In mice, the morphogenesis of endbulb during development (Limb & Ryugo, 2000) and 

functional changed upon hearing onset (McKay & Oleskevich, 2007) were well described, but 

structural investigations on the level of endbulb AZs are missing to date. 

In addition, different murine deafness models including synaptopathy and ear-plugging were 

used to reveal structural and functional changes at endbulbs due to lack of auditory input. In 

the following, I will compare data I obtained from deaf mice lacking otoferlin (Otof-/-; Reisinger 

et al., 2011) with these other models. It is important to keep in mind that the onset of deafness 

and the underlying deafness mechanisms are diverse and might potentially lead to different 

results. Another important factor that needs to be considered is the possibility of age-related 

degeneration of auditory nerve fibers (ANFs) and ribbon synapses in the 6-months-old (6M) 

mice I used in this study. C57BL6 mice show progressive hearing loss from three months of 

age, initially affecting the basal and middle regions of the cochlea (Kujawa & Liberman, 2019; 

Stamataki et al., 2006). This age-related hearing loss results from a mutation in the gene 

encoding cadherin23, a protein of tip-links that connect adjacent stereocilia of HCs  

(Noben-Trauth et al., 2003).  

Finally, I will relate my results to a very similar synapse, the calyx of Held, which is comparable 

to the endbulb of Held in several structural and functional aspects. Both synapses are part of 

the auditory pathway and therefore tuned for highly precise, fast and efficient firing (Lin et al., 

2011). Morphologically, they share the huge presynaptic terminal that carries hundreds of 

individual AZs, resembling typical central synapses (Nicol & Walmsley, 2002; Ryugo et al., 

1996; Wichmann, 2015). However, one important difference between endbulbs and calyces is 
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their respective number of terminals projecting on the postsynaptic cell. BCs receive auditory 

input from several endbulbs (Spirou et al., 2005), meaning that synaptic integration is 

necessary (Golding & Oertel, 2012). MNTB principal cells are mono-innervated (Hoffpauir et 

al., 2006) suggesting a purely sign-inverting relay where firing properties of the GBCs are 

transmitted with high speed and fidelity to the LSO (Joris & Trussell, 2018). 

4.2 The onset of hearing is not reflected by morphological changes 
on the level of individual endbulb of Held active zones 

Comparing P10 and P21 wt mice, I wanted to understand how maturation of the auditory 

system affects structural changes at endbulb synapses. Functionally, maturation was shown 

to be completed by P18 in murine BCs as processing of auditory information was mature-like 

at this age (Müller et al., 2019). It is characterized by enhanced reliability and improvement of 

timing of signal transmission (Bellingham et al., 1998; Wu & Oertel, 1987) due to a 

developmental switch from NMDA to AMPA receptor mediated neurotransmission (Bellingham 

et al., 1998; Isaacson & Walmsley, 1995), and a switch in AMPA receptor subunits (Gardner 

et al., 1999, 2001; Lawrence & Trussell, 2000; Wang et al., 1998). 

Surprisingly, the hearing onset did not have an impact on the SV pool within a distance of 

200 nm across the AZ area as shown by the unaltered SV number and density per AZ 

(Fig. 3.2D,E). These findings are inconsistent with observations of endbulbs in the nucleus 

magnocellularis (nMag), the CN analogue in the chick (Brenowitz & Trussell, 2001). Brenowitz 

and Trussell reported an improvement of reliable and temporal accurate neurotransmission 

after hatching partly due to a larger SV pool (Brenowitz & Trussell, 2001). The maturation of 

the rat calyx of Held was described to be accompanied with a decrease in SV numbers 

(Thomas et al., 2019). However, normalized to the also decreasing AZ areas, the SV densities 

were found to increase from P7 to P21 (Thomas et al., 2019). 

The number and density of docked SVs at endbulb AZs from pre-hearing mice were similar to 

those of young hearing mice. This is in line with results from Thomas and colleagues who 

compared calyx of Held synapses of P7 and P21 mice (Thomas et al., 2019), but contrasts 

findings from Taschenberger et al.: Comparing calyces of P5 and P14 rats, they found a 

decreasing number of docked SVs (Taschenberger et al., 2002). In addition, the latter study 

showed a positive correlation of the AZ area and the number of docked SVs for both ages 

(Taschenberger et al., 2002), which was also described for endbulbs of P25 rats (Nicol & 

Walmsley, 2002). Nicol and Walmsley used serial reconstructions of fixed tissue to reconstruct 

whole AZs of a single endbulb (Nicol & Walmsley, 2002). In my analysis, I could not observe 

a linear relationship between the overall SV number within 200 nm from the AZ membrane and 

the AZ area or the number of docked SVs and the AZ area. Electron tomography of 
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hippocampal AZs also revealed a lack of correlation between overall SV number and AZ size 

(Siksou et al., 2007), suggesting that an explanation for the missing correlation might be the 

method I used. HPF/FS in combination with electron tomography provides a high z-resolution, 

which allows to determine SV docking in an unbiased way (Chakrabarti et al., 2018; Imig et 

al., 2014; Maus et al., 2020; Siksou et al., 2007, 2009; Watanabe et al., 2013), but lacks the 

capability to reconstruct whole AZs due to a limited section thickness of 250 nm (Chakrabarti 

et al., 2018; Imig et al., 2014; Maus et al., 2020). In addition, I analyzed AZs from different 

endbulb terminals and pooled data of three to four mice, which might result in a high variability 

of the parameters and a lack of correlation between AZ size and number of (docked) SVs. For 

the density of docked SVs and the density of all SVs within 200 nm, I observed a linear 

relationship, which could argue for a simple scaling of these parameters although not whole 

AZs with the complete SV pool can be analyzed.  

Consistent with findings from Nicol and Walmsley comparing different endbulb terminals (Nicol 

& Walmsley, 2002), a high variability of the number of docked SVs per AZ was found in the 

present study. To assess the variability in SV docking in more detail, the frequency distribution 

of AZs with the respective number of docked SVs was analyzed. I did not find a difference in 

the frequency distribution between the two age groups, but I could show that most P21 AZs 

did not contain a docked SV, although they had an associated SV cluster. This finding could 

indicate that multivesicular release occurs less likely after the onset of hearing. This hypothesis 

was raised by Taschenberger et al. who also observed a lack of docked SVs at some calyx 

AZs of hearing P14 rats (Taschenberger et al., 2002). In line with this, the probability for SV 

release (Pr) was found to decrease during maturation (Iwasaki & Takahashi, 2001; 

Taschenberger et al., 2002; Taschenberger & von Gersdorff, 2000) and calculation according 

to a binomial model (Oertner et al., 2002) revealed that 62 % of the release events were 

multivesicular in the pre-hearing rats, but only 14 % after the hearing onset (Taschenberger et 

al., 2002). These findings raise the general question, whether the number of docked SVs is a 

direct readout for Pr. 

4.3 Structure of presynaptic mitochondria changes according to 
energy demands 

The SV distribution seemed not to be altered, but I hypothesize that metabolic activity in 

endbulbs might change during maturation. Therefore, I analyzed mitochondria, which are 

essential organelles for cellular processes including synaptic transmission due to their ATP 

production. Mitochondria were observed to be anchored in nerve terminals near AZs from 

various CNS regions including hippocampus (Spacek & Harris, 1998), thalamic nuclei 

(Lieberman & Spacek, 1997) and auditory brainstem (Cant & Morest, 1979; Lauer et al., 2013; 
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Perkins et al., 2010; Rowland et al., 2000; Tolbert & Morest, 1982b). Therefore, it is not 

surprising that mitochondrial function, positioning and architecture was studied in regard to 

synaptic function and changes in activity (Cserép et al., 2018; Ivannikov et al., 2013; Smith et 

al., 2016; Sun et al., 2013; Verstreken et al., 2005). Ca2+ buffering was described to positively 

impact short-term plasticity like post-tetanic potentiation in crayfish neuromuscular junctions 

(Tang & Zucker, 1997), rat calyx of Held (Billups & Forsythe, 2002) and rat hippocampal 

neurons (Lee et al., 2007). However, stimulation of murine hippocampal neurons revealed that 

mitochondria did not affect the basal and evoked Ca2+ concentrations and blocking of 

mitochondrial Ca2+ buffering did not impair SV release. Instead, mitochondrial ATP supply was 

required to maintain synaptic transmission (Sun et al., 2013). Consistent with these 

observations, Ivannikov and colleagues presented that inhibition of mitochondrial function in 

hippocampal synaptosomes decreased SV release due to reduced presynaptic ATP levels 

(Ivannikov et al., 2013).  

4.3.1 Mitochondria become larger during maturation of the auditory system 

The maturation from pre-hearing to hearing was discussed to be associated with an increase 

in mitochondrial volume at calyces of Held and minor terminals contacting MNTB principal cells 

(Thomas et al., 2019). The analysis of stalks and swellings, two compartments of the calyx 

that differ in coupling rate of SVs and Ca2+ buffering (Fekete et al., 2019), revealed no 

difference in mitochondrial volumes, suggesting that mitochondrial volumes increased as a 

result of development (Thomas et al., 2019). This increase in total mitochondrial volume per 

calyx resulted from larger mitochondria as determined by measuring mitochondrial diameters. 

An increase in mitochondrial number could also contribute to the observed higher total 

mitochondrial volume at P21, but due to fission and fusion of the organelles, absolute numbers 

were difficult to determine (Thomas et al., 2019). Thomas and colleagues performed SBF-SEM 

on transcardially perfused samples that allowed the reconstruction of whole calyx terminals 

with their containing mitochondria. Electron tomography of 250 nm slices used in the present 

study does not allow the reconstruction of whole mitochondria. Thus, individual volumes of 

reconstructed parts of mitochondria were compared between wt P10 and P21 as well as 

between endbulb terminals and non-endbulb terminals. In line with the observations for the 

calyx, the reconstructed volumes of mitochondria in endbulbs of Held were significantly larger 

at P21 compared to P10 (Fig. 3.7C). At non-endbulb synapses, the same effect was detected 

(Fig. 3.8C), suggesting that the increase in mitochondrial volumes is not specific for the large 

synaptic terminals like the endbulb or calyx of Held. These non-endbulb synapses project on 

dendrites within the AVCN, but their origin and target were not specified. Several smaller inputs 

from various sources on e.g. SBCs were described including small bouton-like inputs from 

ANFs and inputs from other parts of the CN (reviewed in Kuenzel, 2019). Not just ANFs, but 
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also intrinsic connections within the CN were described to follow the tonotopic organization 

(Wickesberg & Oertel, 1988), indicating that also the non-endbulb synapses depend on the 

activity of the auditory system. Surprisingly, and similar to the findings for the minor terminals, 

representing calyceal collaterals described by Thomas et. al., mitochondria at non-endbulb 

synapses had greater individual volumes compared to those of endbulbs at the age of P10 

(Fig. 3.9A). The strong increase in mitochondrial volumes at endbulbs and the relative slight 

increase at non-endbulb terminals, resulted in comparable mitochondrial volumes at P21 

(Fig. 3.10A). An increase in mitochondrial volumes was also shown during the development of 

hippocampal neurons that was accompanied with an increase in the abundance of 

mitochondria at synaptic boutons (Smith et al., 2016). In endbulbs from cats, the average 

mitochondrial size did not change, but an increase in mitochondrial volume fraction was 

observed with age (Ryugo et al., 2006). The comparison of high- and low-performance 

glutamatergic and GABAergic hippocampal neurons revealed higher individual volumes of 

mitochondria at synapses with higher activity (Cserép et al., 2018), indicating, that not just the 

development per se, but also neuronal activity influences mitochondrial size. This is consistent 

with findings from cats: Ryugo and colleagues estimated that endbulbs from high SR fibers 

contained 50 % greater mitochondria compared to endbulbs from low SR fibers (Ryugo et al., 

1996).  

4.3.2 Developmental maturation is associated with ultrastructural remodeling 
of mitochondria in endbulbs of Held 

The CM morphology of chemically fixed mitochondria was described to depend on the 

metabolic state of mitochondria. When respiratory activity and ADP concentration were low, 

mitochondria showed the orthodox configuration with homogenously narrow cristae and a low 

intracristal volume. Mitochondria were found in the condensed state with wider cristae and a 

smaller matrix volume under fast respiratory conditions and high ADP levels (Hackenbrock, 

1966; Mannella, 2006; Smith et al., 2016). 

With SBF-SEM and a used section thickness of 50-70 nm, as Thomas and colleagues have 

done, it is not possible to analyze mitochondrial inner architecture. Here, electron tomography 

provides the advantage of a high resolution of 1.188 to 1.648 nm (dependent on the 

magnification I used for the tomogram recording), which allows the accurate visualization and 

segmentation of crista membranes (CM). With this technique, structural aspects like crista 

junctions were recognized for the first time (Mannella et al., 1994). Using high-pressure frozen 

tissue further allows to analyze mitochondria without possible fixation artifacts. Although 

Perkins et al. found that inner architecture of cryofixed mitochondria in brown adipocytes was 

similar to that of chemically fixed mitochondria, crista volumes were more sensitive to chemical 

fixation than the surface area (Perkins et al., 1998). 
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Cristae are described as pleomorphic membranes, ranging from tubular structures to sheet-

like lamellae and it is supposed that tubular cristae merge to form large lamellae (Perkins et 

al., 1997). In contrast to Perkins and colleagues, who noticed both, tubular and lamellar 

compartments of cristae in mitochondria from different brain regions (Perkins et al., 2001), I 

only observed lamellar organized cristae. However, synaptic mitochondria were described to 

have fewer tubular segments compared to mitochondria of other neuronal compartments 

(Perkins et al., 2001). The shape of CMs was described to regulate respiratory chain 

supercomplex stability and assembly, impacting the respiratory efficiency (Cogliati et al., 

2013). A high grade of lamellarity is expressed by a high crista shape factor that represents 

the ratio of CM surface area and crista lumen volume (Cserép et al., 2018). In simulation 

experiments, a higher surface-to-volume ratio was shown to induce a high proton motive force 

that represents the driving force for ATP synthesis, while the rate of ATP synthesis was 

dependent on the surface area of CMs only (Song et al., 2013). The ATP synthase was found 

to be arranged in rows of dimers that were specifically enriched at strongly curved rims of 

cristae (Davies et al., 2011). Taken together these findings indicate that compared to tubular 

cristae, lamellar cristae with their increased surface area and greater surface-to-volume ratio 

are beneficial for a high energy demand. Cellular compartments where a higher capacity for 

ATP generation and respiration is required, CMs of mitochondria might therefore be more 

lamellar organized, such as in synapses.  

Cserép and colleagues indeed described that CMs in mitochondria of high-performance 

synapses were more lamellar organized compared to that of low-performance synapses. In 

addition, highly active synapses contain mitochondria with a higher CM density (Cserép et al., 

2018). The surface area of CMs increased clearly upon maturation from pre-hearing to hearing 

at endbulb synapses. In relation to the mitochondrial volume, the difference was smaller, but 

still significant (Fig. 3.7). In non-endbulb synapses, the surface area of cristae was higher after 

the onset of hearing indicating increased mitochondrial function. However, the CM density was 

comparable between P10 and P21 due to the only minor difference in mitochondrial 

volume (Fig. 3.8). These differences in the mitochondrial ultrastructure indicate that excitatory 

synapses contacting BCs have a higher capacity for respiration and ATP generation after the 

onset of hearing, which might be required for a higher synaptic activity and a reliable 

neurotransmission. The differences were more pronounced at endbulb synapses where the 

energy demand might be higher to sustain high-frequency firing due to sound-evoked activity. 

Synaptic inputs on dendrites of BCs were suggested to modulate auditory processes (Koert & 

Kuenzel, 2020). The minor changes on mitochondrial structure in the dendritic inputs could 

indicate that their modulatory function is less dependent on increasing mitochondrial function. 

However, the aim of the present study was to analyze if changes in mitochondrial structure is 

specific for endbulbs. Therefore, the non-endbulb terminals on dendrites were not specified 
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and contain most likely a mixture of excitatory inputs of various sources and targets leading to 

variable structural parameters. Surprisingly, I did not observe differences in the crista 

morphology between the age groups and synapse types; already before the onset of hearing 

CMs were found to be organized in lamellae. 
 

Changes in mitochondrial sizes and their CM density could be a result of an exchange of 

mitochondria e.g. by retrograde transport of small mitochondria and the anterograde transport 

of larger mitochondria with a higher CM density. However, this mechanism would result in a 

lack of mitochondrial support including ATP supply and Ca2+ buffering during the time of 

mitochondrial trafficking and is therefore rather unlikely. As described in section 1.5, 

mitochondria are highly motile and could move to regions where the energy demand increases. 

Studies investigating the correlation between mitochondrial motility and neuronal activity 

provide contrasting results: While increased neuronal activity due to developmental maturation 

or pharmacological manipulations resulted in more stationary mitochondria in axonal synapses 

(Chang et al., 2006; Lewis et al., 2016), mitochondrial motility increased in dendritic synapses 

of cortical neurons (Chang et al., 2006). Although anchoring of mitochondria to the plasma 

membrane near AZs is described in endbulbs Held (Cant & Morest, 1979; Tolbert & Morest, 

1982a), mitochondrial motility alone is possibly not sufficient to adjust to local energy demands. 

The other mechanism that could underlie the change in mitochondrial structure is the 

remodeling of mitochondrial shape in response to the local needs. This dynamic remodeling 

dependent on cellular functions and activity was described for non-neuronal tissue (reviewed 

in Cogliati et al., 2016) and different excitatory and inhibitory neurons (Cserép et al., 2018).  
 

As mentioned earlier, mitochondria are sometimes anchored to the plasma membrane. 

Thereby, they are arranged in so-called mitochondria-associated adherens complexes (MACs; 

Spirou et al., 1998) that were initially described in the spinal cord (Gray, 1963). Besides the 

mitochondrion positioned near the presynaptic membrane, a MAC consists of an electron 

dense mitochondrial plaque that is linked to a punctum adherens by filaments and a vesicular 

chain interposed among the filaments. CMs of MAC mitochondria were found to be lamellar 

organized and were often oriented roughly perpendicular to the mitochondrial plaque (Perkins 

et al., 2010; Spirou et al., 1998). In comparison to non-MAC mitochondria, MAC mitochondria 

showed a higher CM density and a higher density of crista junctions at calyx terminals (Perkins 

et al., 2010). These findings, together with the observation that MACs are located adjacent to 

synapses (Rowland et al., 2000), suggest that especially MAC mitochondria are important for 

synaptic function through ATP synthesis and Ca2+ buffering. MACs were identified and 

described using serial sectioning (Rowland et al., 2000) or electron tomography (Perkins et al., 

2010) of chemically fixed tissue. In the high-pressure frozen tissue, it was not possible to 

identify these structures due to a lower contrast, but it would be interesting to analyze if the 

presence of MACs is developmentally regulated in endbulb terminals.  
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4.4 Spontaneous activity shapes the auditory pathway 

Spontaneous activity influences neuronal connectivity and synaptic development and shapes 

neuronal pathways during maturation (reviewed in Kerschensteiner, 2014). In the auditory 

system, this spontaneous non-sensory activity is generated by supporting cells located near 

inner hair cells (IHCs; Tritsch et al., 2007). The release of ATP initiates the release of K+ which 

in turn depolarize groups of IHCs, inducing glutamate release and excitation of SGNs (Tritsch 

et al., 2007; Wang et al., 2015). In the present study, deaf Otof-/- mice were used to investigate 

how sensory deprivation affects endbulb of Held AZs. At mouse IHCs, exocytosis is dependent 

on otoferlin from P4 on (Beurg et al., 2010; see chapter 1.6.2). However, the maturation 

process might still occur since in immature mice lacking the vesicular glutamate transporter 3 

(VGLUT3), spontaneous activity is preserved (Babola et al., 2018). As Otof-/- mice, Vglut3-/- 

mice are profoundly deaf, and exocytosis is abolished at their IHCs. SGNs of Vglut3-/- mice 

showed enhanced excitability enabling them to get directly activated by K+ released by 

supporting cells (Babola et al., 2018). Deletion of otoferlin reduced, but not fully abolished the 

frequency of spontaneous and high K+-induced excitatory postsynaptic currents (EPSCs), as 

measured in P9 mice using single bouton recordings at IHC afferent fibers (Takago et al., 

2019). Assuming that these functional changes are reflected morphologically, the lack of 

otoferlin might result in structural deficits on subsequent centers of the auditory pathway after 

the onset of hearing.  
 

Although CN volumes were found to be reduced by 46 % in otoferlin mutant mice, the circuits 

were well established and showed their normal pattern of connectivity (Wright et al., 2014). 

Similar observations were made in mice lacking Vglut3 (Babola et al., 2018) as well as jerker 

mice (Cao et al., 2008) that have a mutation in the ESPN gene which encodes the actin-

bundling protein espin of stereocilia in HCs (Zheng et al., 2000). In humans, mutations in this 

gene cause non-syndromic deafness and vestibular disorders (Donaudy et al., 2006; Naz et 

al., 2004). Homozygous jerker mice are deaf and show circling and head-shaking behavior 

(Grüneberg et al., 1941; Steel & Bock, 1983). In all three mouse models, the tonotopic 

organization of the auditory pathway was preserved (Babola et al., 2018; Cao et al., 2008; 

Wright et al., 2014) indicating that it develops independently of activity before or after the onset 

of hearing. 

4.4.1 Endbulb active zones of young wild-type and Otof-/- mice display a similar 
synaptic vesicle organization 

Despite the residual activity in Otof-/- mice reported by Takago et al., it seems surprising at first 

glance that I could not observe differences in the overall organization of AZs between endbulbs 

of wt and Otof-/- mice shortly after hearing onset. However, at second glance, the findings made 
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by Wright et al. could explain this puzzle. They investigated functional properties like 

spontaneous miniature (m) EPSCs of BCs of deaf otoferlin mutant mice and hearing controls 

at the age of P16-22. mEPSCs result from transmitter release due to spontaneous SV fusion 

and their frequency measures presynaptic function. Therefore, the similar mEPSC frequencies 

at BCs from otoferlin mutant and hearing control mice suggest similar properties of endbulb 

terminals (Wright et al., 2014). Also, the shapes of the mEPSCs were comparable indicating 

similar subunit compositions and kinetics of AMPA receptors. On the other hand, mEPSCs 

amplitudes were larger in the mutant that might speak for postsynaptic strengthening due to a 

higher number of AMPA receptors in BCs of the deaf mice (Wright et al., 2014). At endbulbs 

of deafness mice lacking spontaneous auditory nerve activity due to a mutation in the 

transmembrane cochlear-expressed gene 1, mEPSC frequency was also not significantly 

different between P7-11 and P13-16.  

4.4.2 Alterations of synaptic vesicle pools at endbulb of Held active zones of 
adult wild-type and Otof-/- mice 

While in young hearing animals the SV density was unaltered compared to pre-hearing mice, 

I observed an increase in SV density towards adulthood in wt (Fig. 3.12D). This is consistent 

with findings from cats (Ryugo et al., 2006). My data showed that two SV populations were 

mainly affected from this increase, membrane-proximal SVs and SVs 80 to 200 nm away from 

the AZ. Besides the morphologically docked SVs, several studies also put specific focus on 

membrane-proximal SVs, which are potentially tethered to the AZ membrane. Within this pool, 

a clustering of SVs was detected near the AZ at a distance of 5-10 nm after the onset of 

hearing. This clustering further increased towards adulthood. Similarly, SVs within 10-15 nm 

were also observed to increase from P10 to 6M (Fig. 3.12E). According to the idea that loosely 

docked or tethered SVs can be converted into tightly docked and primed SVs (Chang et al., 

2018; Neher & Brose, 2018), these SVs near the AZ might be available for priming to sustain 

the high-frequency firing due to sound evoked activity.  
 

My data show that the development of endbulb AZs in Otof-/- mice is accompanied by a decline 

in the overall number and density of SVs from P22 to 6M (Fig. 3.12C,D). This decrease is 

mainly caused by SVs of the membrane-proximal pool and SVs within 120-200 nm from the 

AZ membrane (Fig. 2.12E and 3.14C).  

In comparison to all wt and P10 Otof-/- AZs, the number of SVs correlated with the respective 

AZ areas at Otof-/- P22 and Otof-/- 6M endbulb AZs. This correlation might indicate that 

complete AZs were smaller and therefore greater parts of AZs with their number of SV were 

reconstructed at Otof-/- P22 and Otof-/- 6M endbulbs AZs.  
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The opposing effect on SV densities during development of wt and Otof-/- endbulb AZs result 

in the drastic decrease of SVs in adult Otof-/- animals compared to wt, which is consistent with 

studies on 7-months-old shaker-2 mice (Lee et al., 2003). Depletion of SVs was found in the 

docked and membrane-proximal pool, whereby mainly SVs within 0 and 15 nm from the AZ 

membrane were decreased at mutant AZs (Fig. 3.12E, 3.13, 3.14). But also SVs farther away 

from the AZ (40-200nm) were depleted at 6M Otof-/- AZs compared to age-matched wt. 

Together with the functional impairment in endbulbs of otoferlin mutant mice at the age of P11 

to P60 with most animals aged P16-22 having a stronger depression and higher synaptic 

failure rates (Wright et al., 2014), these results indicate that synaptic transmission might be 

less reliable at endbulbs of Otof-/- mice.  

4.5 SV sizes differ between endbulbs of wild-type and Otof-/- mice 

Developmental maturation is accompanied by a decline in SV sizes at IHCs as shown by 

random section analysis of conventionally embedded organs of Corti (Michanski et al., 2019). 

Similar results were obtained from neuromuscular junctions of zebrafish using HPF/FS and 

electron tomography (Helmprobst et al., 2015) and motor-sensory neocortex synapses of rats 

(Markus et al., 1987). However, at endbulbs of Held of normal hearing mice, SV sizes 

increased from P20 to P100 (Antunes et al., 2020) while in the present study no developmental 

change in SV sizes could be observed at endbulb AZs of wt mice, neither for all, nor for docked 

and membrane-proximal SVs (Fig. 3.15). However, at endbulb AZs from Otof-/- mice, SVs 

decreased in size upon development. The phenomenon is not fully understood, but there are 

a few ideas that might explain the developmental decrease is SV sizes. The SV size is one 

factor that determines the amount of neurotransmitters and this correlation was demonstrated 

by overexpressing VGLUT1 in Drosophila that resulted in an increased amount of 

neurotransmitters and SV size (Daniels et al., 2004, 2006). However, a chronic blockade of 

NMDA receptors, which was shown to increase the neurotransmitter concentration via an 

elevated expression of VGLUT1 (Wilson et al., 2005) was shown to result in smaller SV sizes 

in cultured hippocampal neurons (Hu et al., 2008). A possible explanation for this contrasting 

result could be a compensatory response to unusually elevated neurotransmitter 

concentrations or regulatory mechanisms specific for NMDA receptors (Qu et al., 2009). 

However, at endbulb synapses, the expression of NMDA receptors decrease upon maturation 

as evoked EPSCs were largely mediated by NMDA receptors in P10 mice, but mediated by 

AMPA receptors in P18 mice (Cao & Oertel, 2010). Further, endbulb synapses of P30 rats lack 

immunolabeling for the NMDA receptor subunit GluN1 after freeze fracturing (Rubio et al., 

2014). It is not known if this downregulation of NMDA receptors also happens in BCs of Otof-/- 

mice or if a NMDA receptor specific mechanism could explain the differences in SV sizes 

during the development of wt and mutant mice.  
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Different proteins were also discussed in regulating SV sizes. For instance, in Drosophila 

mutants lacking the clathrin adapter protein AP180, endocytosis of SVs is impaired but SVs 

were found to be larger (Zhang et al., 1998). Further, in P15-P16 mice with reduced otoferlin 

levels, larger SVs were observed at IHCs (Strenzke et al., 2016). As exocytosis at IHCs is 

independent from otoferlin up to P3 (Beurg et al., 2010), it could be suggested that otoferlin 

might be involved in developmental changes of SVs at IHCs. The present study shows that 

considering all SVs, immature endbulb AZs of Otof-/- mice contain larger SVs compared to age-

matched wt, while shortly after hearing onset and at 6M, SVs were comparable in size between 

mutant and wt mice (Fig. 3.15A). Although these results partially match those of Strenzke et 

al. (2016), SV size differences cannot be explained by the lack of otoferlin since endbulbs do 

not express otoferlin.  
 

There are hints that SV diameters at endbulb synapses change upon activity changes. A mild 

and reversible form of reduced neuronal activity, by occluding the ear canal demonstrated 

different effects on SV sizes: Endbulbs from monaurally-occluded rats contained smaller SVs 

compared to hearing rats and after earplug removal, the SV size increased again (Clarkson et 

al., 2016). Further, the lack of the AMPA receptor subunit GluA3 resulted in impaired ABRs 

and ultrastructural changes of endbulb synapses (García-Hernández et al., 2017), including 

smaller SVs (Antunes et al., 2020). These changes in SV sizes were found throughout 

development from P20 to P100 indicating an important role of GluA3 for the normal 

developmental increase in SV sizes (Antunes et al., 2020). In contrast, an earlier study 

reported a negative correlation between SV size and neuronal activity: When afferent activity 

of electroreceptor nerve of gymnotid fish was blocked by tetrodotoxin injection, an enlargement 

of SVs was observed with a decline of SV densities adjacent to the membrane (Maler & 

Mathieson, 1985). Qu and colleagues observed that activity changes due to AMPA receptor 

blockade or increased K+ concentrations did not affect SV sizes in cultured rat hippocampal 

neurons (Qu et al., 2009).  
 

Speculatively, larger SVs found at immature synapses of Otof-/- mice result from an increased 

amount of glutamate or the expression of SV size-regulatory proteins as a compensatory 

mechanism which gradually diminishes due to the persistent absence of IHC-driven activity. 

The larger SVs at mutant AZs do not seem to negatively affect the recruitment to the AZ 

membrane, as the number and density of docked SVs was comparable between immature wt 

and Otof-/- AZs. 

The decrease in SV size observed at endbulbs from Otof-/- mice was most prominent for 

docked SVs, which were found to be significantly smaller at 6M compared to age-matched wt 

(Fig. 3.15B). Karunanithi et al. reported a linear relationship between quantal size and SV 

volume at different glutamatergic synapses in Drosophila (Karunanithi et al., 2002), indicating 
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that smaller SVs account for a smaller quantal size. However, quantal contents of wt and deaf 

otoferlin-mutant mice were similar at the age of P16-P22 and mEPSC analyses revealed a 

potential upregulation of AMPA receptors at the postsynaptic membrane of mutant mice 

(Wright et al., 2014). These functional parameters were not studied in older animals, thus it is 

not known whether they change upon adulthood. 

4.6 Endbulb active zones contain a variable number of docked 
synaptic vesicles 

In the present study, a highly variable number of docked SVs was observed that could 

contribute to the variability in Pr observed at endbulb synapses by Oleskevich and colleagues. 

They reported a moderately high mean Pr of 0.6, but it ranged from 0.3 to almost 1.0 

(Oleskevich et al., 2000). However, this variability might also be a result of different activities 

of the auditory nerve. Differences in ANF activity result in morphological differences between 

endbulbs as presented by Ryugo et al. for cats. Endbulbs arising from low SR fibers contain 

less, but larger AZs with a lower number of SVs compared to endbulbs from high SF ANFs 

(Ryugo et al., 1996). In the present study the distinction between low and high SR fibers was 

not possible and tomograms were sampled over large AVCN areas. Thus, it is likely that 

endbulbs arising from ANFs of different activities were included, which in turn might contribute 

to a higher variability in SV numbers. 

4.6.1 The relationship between release probability and number of docked 
synaptic vesicles 

The correlation of Pr and the number of docked SVs was described for cultured hippocampal 

neurons (Murthy et al., 2001). This correlation was confirmed using electron tomography after 

HPF/FS by comparing cultured mossy fiber synapses and Schaffer collateral synapses (Maus 

et al., 2020). Synapses of mossy fibers, which exhibit a lower Pr (Lawrence et al., 2004) 

compared to Schaffer collateral synapses have a lower density of docked SVs (Maus et al., 

2020). This relationship seems not to be a general rule for central synapses as demonstrated 

by Xu-Friedman et al.: The comparison of two types of synapses that contact cerebellar 

Purkinje cells revealed that climbing fiber synapses with a high Pr had the same number of 

docked SVs as synapses of parallel fibers with a low Pr (Xu-Friedman et al., 2001). This 

suggests that the number of SVs released per AZ is not only defined by the number of 

morphologically docked SVs.  
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4.6.2 Changes of release probability during development of endbulb AZs and 
lack of activity? 

By investigating Pr at endbulb AZs of mice in different acoustic conditions, Zhuang et al. 

observed a dependency of Pr on activity for endbulbs and concluded that changes in Pr are 

rather a process to adapt to acoustic environments than a developmental process (Zhuang et 

al., 2020). In the mentioned study, mice of different ages after the hearing onset (from P12 on) 

were tested, but the Pr was not compared to that of mice of a pre-hearing age. However, McKay 

and Oleskevich revealed that Pr and RRP size at endbulbs of CBA wt mice were not changed 

upon onset of hearing (McKay & Oleskevich, 2007), which supports the statement of Zhuang 

et al. and might further explain the consistent number of docked SVs during maturation of wt 

mice found in this thesis.  
 

The constant Pr and RRP size between P7-11 and P13-16 deafness mice (McKay & 

Oleskevich, 2007) could further explain the unchanged density of docked SVs that I detected 

at P10 and P22 Otof-/- AZs. In line with my observations comparing P10 wt and Otof-/- AZs, the 

comparison to wt CBA mice revealed normal presynaptic functions of deafness mice at the 

age of P7-11, indicated by similar numbers of AZs, Pr and RRP size (McKay & Oleskevich, 

2007). At the age of P13-P16, endbulbs of deafness mice revealed a higher Pr compared to 

age-matched wt mice (McKay & Oleskevich, 2007; Oleskevich & Walmsley, 2002). This is 

consistent with observations by Zhuang and colleagues who observed higher Pr at endbulb 

AZs from binaural-occluded CBA/CaJ mice (Zhuang et al., 2017). However, the RRP size was 

not significantly different between deafness and wt mice (McKay & Oleskevich, 2007), which 

matches comparable numbers of docked SVs at P21/22 wt and Otof-/- AZs. These findings 

support the idea, that the Pr is generally not only defined by the number of docked SVs. So far, 

there are no such functional studies for adult mice to which the structural findings observed in 

this study can be compared. 

4.6.3 Release probability at endbulbs lacking presynaptic proteins  

The relationship between Pr and the structure and organization of AZs at endbulbs of Held was 

previously investigated using mutant mice. Absence of the large scaffold protein piccolo 

(Fenster et al., 2000) resulted in a reduced RRP size and fewer SVs at the AZ membrane, 

while the Pr remained largely unchanged at endbulb synapses (Butola, 2017). In contrast, 

disruption of bassoon (tom Dieck et al., 1998) resulted functionally in an increased Pr at 333 

Hz stimulation, while the RRP size decreased. Morphologically, larger AZs with a higher 

number of SVs within zero to 40 nm from the AZ membrane (normalized to the PSD length) 

were found. The number of SVs in direct contact to the AZ membrane was unaltered (Mendoza 

Schulz et al., 2014). RIM-BP2 and Mover are binding partners of bassoon (Davydova et al., 
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2014; Kremer et al., 2007) and their roles in the organization of endbulb AZs will be discussed 

in the following section. 

4.7 RIM-BP2 and Mover mediate tethering and docking of synaptic 
vesicles 

Deletion of the CAZ protein RIM-BP2 resulted in an impairment of sound encoding as shown 

by elevated ABR thresholds and reduced amplitudes of wave I and wave III (Krinner et al., 

2017) that are generated by firing of ANFs and neurons within the CN, respectively (Hall, 

2007). At endbulbs, a reduced peak onset firing rate and a reduction in evoked EPSC 

amplitude was found, illustrating that the temporal precision of synaptic transmission was 

impaired (Butola et al., 2021). In contrast to RIM-BP2, Mover is vertebrate-specific and 

heterogeneously expressed across brain areas, within brain regions and between synapse 

types, as shown for e.g. hippocampus, amygdala and cerebellum (Wallrafen & Dresbach, 

2018). In the auditory pathway, Mover was found to be expressed in the calyx of Held (Körber 

et al., 2015) and at excitatory and inhibitory synapses contacting BCs in the AVCN (Mendoza 

Schulz et al., 2014; Wallrafen, 2019). The functional role of Mover was studied in the calyx of 

Held of rats (Körber et al., 2015) and mice (Pofantis et al., 2021), where it was found to 

modulate synaptic transmission by regulating Pr. Its functional role within the AVCN is not 

known so far, but since disruption of bassoon resulted in a downregulation of Mover in endbulb 

terminals (Mendoza Schulz et al., 2014), a role of Mover in regulating synaptic transmission 

can be suggested.  
 

While Ca2+ currents in RIM-BP2-/- endbulbs were comparable to that of wt endbulbs (Butola et 

al., 2021), RIM-BP2 seem to contribute to the organization of VGCCs at endbulb AZs; The 

number of VGCCs was found to be reduced at RIM-BP2-deficient AZs and the distance of 

VGCCs to AZs, marked by bassoon clusters in freeze-fracture replica immunolabeling was 

increased (Butola et al., 2021). The altered topography of VGCCs was suggested to cause the 

reduced Pr at endbulb AZs of mice lacking RIM-BP2 (Butola et al., 2021).  
 

Similar to maturation from pre-hearing to hearing, the lack of neither RIM-BP2 nor Mover did 

affect overall SV numbers at endbulb AZs (Fig. 3.17C,D and 3.20B). In contrast to Mover, 

RIM-BP2 disruption resulted in a lower density of docked SVs at endbulb AZs (Fig. 3.17E), 

which might contribute to the lower Pr. The reduction of SV docking might also indicate a role 

of RIM-BP2 in SV priming via its interaction with Munc13-1 (Brockmann et al., 2020). The level 

of Munc13 was not affected by the disruption of RIM-BP2 (Butola et al., 2021), but the severe 

deficits in SV docking observed in C. elegans (Weimer et al., 2006) and mice (Imig et al., 2014; 

Siksou et al., 2009) lacking UNC-13/Munc13 might partially depend on the interaction with 

RIM-BP2. Inconsistent with the reduced number of docked SVs at RIM-BP2-/- AZs, no 
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difference in the RRP size could be observed (Butola et al., 2021). Only a trend towards a 

smaller RRP was found when presynaptic Ca2+ influx was elevated that in turn restored Pr. 

However, the first evoked EPSC amplitude was still lower in the absence of RIM-BP2 

suggesting a deficit in superprimed or tightly docked SVs (Butola et al., 2021). The remaining 

docked SVs seem to localize more randomly at the AZ membrane of RIM-BP2-/- endbulbs since 

they tend to be further away from the estimated AZ center (Fig. 3.18D), possibly due to the 

missing RIM-BP2-mediated interaction with VGCCs. Besides docked SVs, also the density of 

membrane-proximal SVs (Table S9) and SVs within 2-20 nm from the AZ membrane were 

reduced at RIM-BP2-/- AZs (Fig. 3.17E). This contrasts the findings on synapses lacking 

Munc13, in which an increase in SV numbers within 5–20 nm was observed (Imig et al., 2014). 
  

Interestingly, I observed a decline of membrane-proximal SVs at Mover-/- endbulb AZs 

(Fig. 3.20C). It needs to be considered that the AVCN of Mover-/- mice were chemically fixed, 

but these findings seem to be quite robust, since similar observations were made at endbulbs 

of mice that lack the Mover-interaction partner bassoon (Mendoza Schulz et al., 2014). 
 

At inhibitory synapses on BCs, the deletion of bassoon did not affect the expression of Mover 

(Mendoza Schulz et al., 2014) suggesting a rather bassoon-independent function of Mover. In 

general, SV numbers at inhibitory synapses were higher than at endbulb AZs, but their number 

was not dependent on the expression of Mover. Surprisingly, the SV distribution at endbulb 

AZs and inhibitory synapses was differently affected upon deletion of Mover. In contrast to 

endbulb AZs, a higher fractions of docked SVs and a higher ratio of docked and membrane-

proximal SVs was found at inhibitory synapses of Mover-/- mice (Fig. 3.20F,G). This suggests 

a synapse-specific function of Mover. 
 

These findings imply that both, Mover and RIM-BP2, might regulate Pr and contribute to its 

variability at endbulb AZs. While Mover might function as an adapter protein between SVs and 

bassoon keeping or recruiting SVs in membrane proximity, RIM-BP2 seems to be involved in 

tethering and docking of SVs to the AZ membrane. In addition, RIM-BP2 might contribute to a 

tight coupling of VGCCs and the release machinery at endbulbs as shown before for 

Drosophila larval neuromuscular junctions (Liu et al., 2011; Petzoldt et al., 2020) and murine 

hippocampal as well as calyx of Held synapses (Acuna et al., 2015). At inhibitory synapses, 

my results suggest a role of Mover in modulating SV docking, but this hypothesis needs to be 

confirmed with functional studies on inhibitory synapses. 

Taken together, the lack of presynaptic proteins disturbs the structural integrity of the release 

machinery at endbulbs, which might per se have an impact on the Pr. For future studies it 

would be interesting to investigate if Pr changes upon adulthood and depletion of otoferlin. 

Further, the expression and composition of pre- and postsynaptic proteins and the location of 
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VGCCs at the AZ membrane might determine the maturation of endbulb AZs that allows high-

frequency firing with high temporal fidelity.  
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5 Conclusion and Outlook 
In the present thesis, I used HFP/FS followed by electron tomography of freshly sliced AVCN 

to investigate ultrastructural changes at endbulb synapses in a near-to-native state.  
 

Early maturation of the auditory system from pre-hearing to hearing was not found to be 

characterized by morphological changes on the level of individual endbulb of Held AZs. Two 

scenarios are conceivable: (i) The structure of AZs is already so well prepared for sound-

evoked activity at the age of P10. (ii) Functional maturation is not reflected by morphological 

changes. Since it has been shown that functional maturation is completed by P18 (Müller et 

al., 2019), I would rather exclude the possibility, that morphological changes primarily due to 

maturation happens after P21. I would suggest that the observed changes in the ultrastructure 

upon adulthood in wt are not related to the onset of hearing, but rather to advancing auditory 

experience. To further evaluate the reason for the lack of morphological changes between P10 

and P21, the endbulb AZs should be investigated at younger ages. At the calyx of Held, 

maturation was investigated using immature rats at the age of P5 (Taschenberger et al., 2002) 

and mice at P7 (Thomas et al., 2019). Although McKay and Oleskevich did not find differences 

in functional synaptic properties within the P7-11 or the P13-16 age group (McKay & 

Oleskevich, 2007), differences in the ultrastructure cannot be excluded.  
 

In contrast to the missing changes in SV pools between wt P10 and P21, I detected clear 

differences in the structure of mitochondria at endbulb terminals that indicate higher energy 

demands after the hearing onset. A higher ATP production might be necessary for improved 

temporal fidelity of endbulbs. For future studies it would be interesting to analyze if 

mitochondrial structure is different in the Otof-/- mice. The lack of auditory input might alter 

neuronal metabolism that might be reflected by decreased CM densities and mitochondrial 

volumes. This analysis may uncover changes between the P10 and P22 mice that do not show 

differences regarding their AZ organization. 

Similar to the findings on the development of Otof-/- mice upon adulthood in the present study, 

endbulbs of deaf cats were shown to exhibit variable SV densities with some comparable to 

hearing cats and some with considerably fewer SVs (Ryugo et al., 1997). In addition, distinctly 

large mitochondria were observed in some endbulbs of deaf cats (Ryugo et al., 1997), although 

their average size was comparable between deaf and normal hearing cats throughout 

development (Baker et al., 2010). In endbulbs of deaf 7-months-old shaker-2 mice, the mean 

mitochondrial volume fraction was smaller compared to hearing control mice, indicating 

decreased metabolic activity upon prolonged deafness. For a better understanding of long-

term consequences of the absent neuronal activity and deafness on metabolic activity at 

endbulbs, it is important to investigate mitochondrial ultrastructure also in adult Otof-/- mice in 

comparison to hearing wt mice. Mitochondrial disorders are often associated with hearing 
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impairments (Chinnery et al., 2000; Scarpelli et al., 2012). Conversely, a disturbed 

mitochondrial structure could also be a consequence of the lack of activity in the deaf Otof-/- 

mice that in turn could indicate degenerative processes. 
 

To complete the morphological studies, it would be important for future studies to examine the 

changes during development and the absence of auditory input at the level of complete 

endbulb terminals. This way, changes on the ultrastructural level reported in this thesis could 

be related to changes on the overall endbulb morphology. Large volume 3D imaging like 

FIB- or SBF-SEM would be required to image whole BCs with all their contacting endbulb 

terminals. FIB-SEM allows a great z-resolution but is limited in x and y dimensions. The 

imaging of the big BCs with all branches of endbulb was not possible. With SBF-SEM, larger 

areas can be imaged, but the z-resolution, which is determined by the section thickness, does 

not allow e.g. segmentation of the SV pool or the mitochondrial CMs. Ideally, the methods 

need to be combined to get the whole picture of the endbulb morphology, but both, recording 

and segmentation are expensive and time-consuming processes. There is a lot of effort to 

improve auto-segmentation based on machine learning, but until now, this does not work 

reliably for segmentation of different cellular and subcellular structures in tissues. 
 

To understand the reason for the findings on endbulb morphology due to development and 

lack of auditory activity it would be interesting to move towards more functional investigations. 

Important questions are for instance if the level and distribution of VGCCs and presynaptic 

proteins like Munc13, piccolo and bassoon changes throughout development in wt and Otof-/- 

mice. Also, if e.g. the distribution of AMPA receptors in the postsynaptic membrane differs 

between wt and Otof-/- mice at different ages. Immunolabelling techniques like confocal 

imaging, SDS–freeze-fracture replica immunolabeling or immunogold labeling could help to 

answer these kinds of questions.  

To gain more insights into the structure-function relationship at endbulb terminals, a 

combination of acute activity induction, immediate freezing and ultrastructural investigations is 

needed. With the use of channelrhodopsin2 (ChR2), synaptic activity can be induced precisely 

by light and tissue can be stimulated inside the HPM and frozen immediately afterwards 

(Watanabe, 2016). This methodology was established by Dr. Rituparna Chakrabarti (Institute 

for Auditory Neuroscience, University Medical Center Göttingen) for the cochlea. The duration 

and intensity of the stimulation can be controlled and the freezing timepoint can be calculated. 

A possible model of this approach is the Ai32xNeurogenin1-Cre mouse that shows ChR2 

expression in SGNs (shown by Christian Vogl, Institute for Auditory Neuroscience, University 

Medical Center Göttingen). 
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7 Supplemental Figures and Tables 

Figure S1: Overall SV numbers do not correlate with the AZ areas. Related to section 3.3.3. 

The number of all SVs per AZ within 200 nm distance does not correlate with the AZ area at wt AZs of 
all ages and at AZs of Otof-/- P10 mice. wt P10: r = 0.3246; p = 0.1217; wt P21: r = 0.1937; p = 0.3878; 
wt 6M: r = 0.3023; p = 0.1108; Otof-/- P10: r = 0.0300; p = 0.8947; Spearman test). At Otof-/- P22 and 
Otof-/- 6M endbulb AZs, the SV number correlates with the size of the AZ (Otof-/- P22: r = 0.5599; 
**p = 0.0067; Otof-/- 6M: r = 0.4658; *p = 0.0251; Spearman test). The continuous line is the linear 
regression fit to the data. 
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Figure S2: The number of docked SVs and the size of the AZ area do not correlate. Related to 
section 3.3.4. 

Plots demonstrating that the number of docked SVs per AZ and the AZ size do not correlate in any of 
the analyzed groups. wt P10: r = 0.1006; p = 0.6400; wt P21: r = 0.0086; p = 0.9698; wt 6M: r = 0.3579; 
p = 0.0566; Otof-/- P10: r = -0.2189; p = 0.3276; Otof-/- P22: r = 0.1897; p = 0.3859; Otof-/- 6M: 
r = -0.1066; p = 0.6282; Spearman test. The continuous lines are the linear regression fits to the data.  



Supplemental Figures and Tables 

 116 

Figure S3: Correlation between the density of all SVs and the density of docked SVs. Related to 
section 3.3.4. 

Plots showing that the density of all SVs within 200 nm from the AZ membrane correlate with and density 
of docked SVs at AZs from wt and mutant endbulbs of Held of all investigated ages. wt P10: r = 0.7547; 
****p < 0.0001; wt P21: r = 0.6690; ***p = 0.0007; wt 6M: r = 0.6158; ***p = 0.0004; Otof-/- P10: 
r = 0.7622; ****p < 0.0001; Otof-/- P22: r = 0.4880; *p = 0.0182; Otof-/- 6M: r = 0.5993; **p = 0.0025; 
Spearman test. The continuous lines show the linear regression fits to the data.  
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Figure S4: The density of membrane-proximal SVs correlates with the density of docked SVs at 
mutant AZs. Related to section 3.3.5. 

At wt endbulb AZs the densities of membrane-proximal SVs and docked SVs do not correlate. wt P10: 
r = 0.3122; p = 0.1374; wt P21: r = 0.2230; p = 0.3185; wt 6M: r = 0.2049; p = 0.2862; Spearman test. 
In Otof-/- mice of all ages, the density of membrane-proximal SVs a weak correlation with the density of 
docked SVs is found. Otof-/- P10: r = 0.5125; *p = 0.0147 Otof-/- P22: r = 0.4285; *p = 0.0414; Otof-/- 6M: 
r = 0.4580; *p = 0.0280; Spearman test. The continuous lines show the linear regression fits to the data.  
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Figure S5: The frequency distributions of individual SV diameters. Related to Fig. 3.15A. 

(A) SV diameters were divided in 5 nm bins and the frequency distribution of diameters from all SVs 
within 200 nm from the AZ membrane is shown as histogram. (B,C) For a better overview, the groups 
whose averaged diameters were significantly different (see section 3.3.6, Table S3-S7), are depicted in 
additional graphs showing a clear right shift of SV sizes at Otof-/- P10 compared to Otof-/- 6M 
(B). Comparing P10 mice, just a slight shift towards greater SVs can be observed in the mutant (C), 
although the averaged SV diameters per tomogram were significantly different (Table S4). 

 

Figure S6: The frequency distributions of individual diameters of morphologically docked SVs. 
Related to Fig. 3.15B. 

(A) Histogram showing the frequency distribution of diameters from just the docked SVs. SV diameters 
were divided in 5 nm bins. (B-D) Graphs showing the frequency distribution of the groups whose 
averaged diameters were significantly different (see section 3.3.6, Table S3-S7). The graph of mutant 
P10 SVs is shifted clearly towards greater SV diameters compared to Otof-/- P22 (B) and wt P10 (C). At 
Otof-/- 6M, the graph is shifted to the left compared to age-matched wt (D) illustrating the significant 
smaller docked SVs at mutant endbulbs.  
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Figure S7: The frequency distributions of individual diameters of membrane-proximal SVs. 
Related to Fig. 3.15C. 

(A) SV diameters were divided in 5 nm bins and the histogram shows the frequency distribution of 
diameters from membrane-proximal SVs. (B-D) Frequency distributions of groups whose averaged 
diameters per tomogram were significantly different, are illustrated separately (see section 3.3.6, Table 
S3-S7). Membrane-proximal SVs of Otof-/- P10 are significantly greater compared to that of Otof-/- P22 
(B), Otof-/- 6M (C) and wt P10 (D) which is also reflected by the right shift of the graphs.  



Supplemental Figures and Tables 

 120 

Parameter  wt P10 wt P21 Statistical 
test p-value 

AZ area 
(µm2)  0.1040 ± 0.0089 

(0.0892) 
0.1044 ± 0.0090 
(0.1036) W 0.8961 (ns) 

No. of SVs all SVs 45.88 ± 4.25 (43.00) 54.09 ± 5.94 (48.50) T 0.2675 (ns) 

 docked SVs 3.54 ± 0.70 (2.50) 3.05 ± 0.63 (2.50) W 0.5897 (ns) 

 membrane-
proximal SVs 12.17 ± 1.32 (12.00) 12.86 ± 1.51 (11.00) W 0.9045 (ns) 

No. of SVs 
per µm2 AZ all SVs 477.4 ± 44.1 (445.6) 594.2 ± 89.7 (480.4) W 0.7111 (ns) 

 docked SVs 36.83 ± 6.64 (26.88) 35.19 ± 8.93 (21.24) W 0.5416 (ns) 

 membrane-
proximal SVs 128.5 ± 16.55 (112.8) 135.6 ± 16.18 (111.7) W 0.6790 (ns) 

 0-5 nm 60.22 ± 9.79 (42.35) 51.89 ± 10.37 (37.00) W 0.4195 (ns) 

 5-10 nm 13.00 ± 3.04 (9.17) 29.83 ± 6.18 (21.09) W 0.0022 (**) 

 10-15 nm 18.01 ± 4.17 (13.03) 17.70 ± 3.23 (16.37) W 0.5709 (ns) 

 15-20 nm 10.14 ± 2.49 (7.34) 15.94 ± 4.01 (8.47) W 0.4322 (ns) 

 20-25 nm 15.57 ± 3.70 (12.98) 16.84 ± 3.67 (14.41) W 0.5273 (ns) 

 25-30 nm 15.10 ± 3.61 (8.11) 12.88 ± 3.20 (7.65) W 0.6790 (ns) 

 30-35 nm 13.64 ± 2.52 (13.24) 13.04 ± 2.55 (12.87) W 0.8446 (ns) 

 35-40 nm 19.69 ± 3.00 (17.15) 12.66 ± 2.94 (9.16) W 0.0459 (*) 

 40-80 nm 115.1 ± 11.2 (99.4) 142.5 ± 17.2 (135.2) W 0.3478 (ns) 

 80-120 nm 89.10 ± 10.28 (82.06) 114.6 ± 20.4 (82.8) W 0.6317 (ns) 

 120-160 nm 68.29 ± 11.34 (68.50) 88.30 ± 16.71 (69.24) W 0.4322 (ns) 

 160-200 nm 39.61 ± 8.66 (27.61) 78.09 ± 25.73 (35.87) W 0.2744 (ns) 

Ratio 0-2/0-40 nm 0.23 ± 0.04 (0.15) 0.19 ± 0.04 (0.16) T 0.5241 (ns) 

Diameter 
(nm) all SVs 51.46 ± 0.50 (51.65) 50.03 ± 0.74 (50.28) T 0.1187 (ns) 

 docked SVs 50.32 ± 0.72 (50.37) 48.15 ± 1.08 (48.04) T 0.1074 (ns) 

 membrane-
proximal SVs 51.58 ± 0.63 (51.57) 49.73 ± 0.72 (49.99) T 0.0579 (ns) 

Table S1: Quantitative analysis of tomograms of wild-type P10 P21. Related to Fig. 3.2-3.4. 

Data are presented as mean ± SEM (median in brackets). Normal distribution was assessed with the 
Jarque-Bera test and equality of variances was assessed with the F-test in normally distributed data. 
Unpaired t-test (T) was used to determine statistical significance of normally distributed data. For non-
normally distributed data Wilcoxon Rank test (W) was used. p-value > 0.05: not significant (ns), 
*p-value < 0.05, **p-value < 0.01.  



   Supplemental Figures and Tables 
 

 121 

Parameter eb P10 eb P21 Statistical 
test p-value 

Mitochondrial volume 
(all; *106 nm3) 5.18 ± 0.30 (4.50) 11.61 ± 0.80 (11.45) W < 0.0001 (****) 

AZ area (µm2) 0.0573 ± 0.0049 
(0.0552) 

0.0643 ± 0.0044 
(0.0652) T 0.2977 (ns) 

Distance 
(Mitochondrion – AZ 
membrane; nm) 

372.3 ± 25.9 (348.2) 380.1 ± 30.2 (331.8) W 0.8611 (ns) 

Mitochondrial volume 
(*106 nm3) 5.97 ± 0.63 (4.80) 11.49 ± 1.15 (9.99) W < 0.0001 (****) 

CM surface area  
(*106 nm2) 0.19 ± 0.02 (0.14) 0.44 ± 0.05 (0.36) W 0.0001 (***) 

CM density (1/nm) 0.0313 ± 0.0018 
(0.0302) 

0.0362 ± 0.0015 
(0.0351) W 0.0123 (*) 

Crista Shape Factor 0.1937 ± 0.0038 
(0.1930) 

0.1927 ± 0.0044 
(0.1892) W 0.7771 (ns) 

 

Parameter non-eb P10 non-eb P21 Statistical 
test p-value 

Mitochondrial volume 
(all; *106 nm3) 7.74 ± 0.81 (6.31) 9.87 ± 0.85 (8.65) W 0.0167 (*) 

AZ area (µm2) 0.0469 ± 0.0037 
(0.0444) 

0.0546 ± 0.0043 
(0.0521) T 0.1825 (ns) 

Distance 
(Mitochondrion – AZ 
membrane 

251.8 ± 27.3 (212.3) 294.2 ± 25.9 (237.5) T 0.2638 (ns) 

Mitochondrial volume 
(*106 nm3) 7.96 ± 0.96 (6.56) 10.27 ± 1.14 (8.50) W 0.0577 (ns) 

CM surface area  
(*106 nm2) 0.23 ± 0.03 (0.19) 0.30 ± 0.03 (0.26) W 0.0424 (*) 

CM density (1/nm) 0.0286 ± 0.0010 
(0.0276) 

0.0304 ± 0.0012 
(0.0311) T 0.2782 (ns) 

Crista Shape Factor 0.1852 ± 0.0035 
(0.1843) 

0.1957 ± 0.0041 
(0.1966) T 0.0606 (ns) 

 

Parameter eb P10 non-eb P10 Statistical 
test p-value 

Mitochondrial volume 
(all; *106 nm3) 5.18 ± 0.30 (4.50) 7.74 ± 0.81 (6.31) W 0.0007 (***) 

AZ area (µm2) 0.0573 ± 0.0049 
(0.0552) 

0.0469 ± 0.0037 
(0.0444) T 0.0987 (ns) 

Distance 
(Mitochondrion – AZ 
membrane 

372.3 ± 25.9 (348.2) 251.8 ± 27.3 (212.3) TW 0.0018 (**) 

Mitochondrial volume 
(*106 nm3) 5.97 ± 0.63 (4.80) 7.96 ± 0.96 (6.56) W 0.0772 (ns) 

CM surface area  
(*106 nm2) 0.19 ± 0.02 (0.14) 0.23 ± 0.03 (0.19) W 0.2806 (ns) 

CM density (1/nm) 0.0313 ± 0.0018 
(0.0302) 

0.0286 ± 0.0010 
(0.0276) W 0.1681 (ns) 

Crista Shape Factor 0.1937 ± 0.0038 
(0.1930) 

0.1852 ± 0.0035 
(0.1843) W 0.0972 (ns) 

Continued on next page 
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Parameter eb P21 non-eb P21 Statistical 
test p-value 

Mitochondrial volume 
(all; *106 nm3) 11.61 ± 0.80 (11.45) 9.87 ± 0.85 (8.65) W 0.2034 

AZ area (µm2) 0.0643 ± 0.0044 
(0.0652) 

0.0546 ± 0.0043 
(0.0521) T 0.1221 (ns) 

Distance 
(Mitochondrion – AZ 
membrane 

380.1 ± 30.2 (331.8) 294.2 ± 25.9 (237.5) W 0.1983 (ns) 

Mitochondrial volume 
(*106 nm3) 11.49 ± 1.15 (9.99) 10.27 ± 1.14 (8.50) W 0.3747 (ns) 

CM surface area (*106 
nm2) 0.44 ± 0.05 (0.36) 0.30 ± 0.03 (0.26) W 0.1115 (ns) 

CM density (1/nm) 0.0362 ± 0.0015 
(0.0351) 

0.0304 ± 0.0012 
(0.0311) T 0.0046 (**) 

Crista Shape Factor 0.1927 ± 0.0044 
(0.1892) 

0.1957 ± 0.0041 
(0.1966) T 0.6241 (ns) 

Table S2: Quantitative analysis of tomograms of mitochondria at presynaptic AZs of P10 and 
P21 mice. Related to Fig. 3.7-3.10. 

Presynaptic mitochondria of endbulb terminals (eb) and of other excitatory, non-endbulb synapses (non-
eb) within the AVCN were compared between wt P10 and wt P21. Further, for both age groups, 
mitochondrial parameters were compared between endbulbs and non-endbulbs. Data are presented as 
mean ± SEM (median in brackets). Normal distribution was assessed with the Jarque-Bera test and 
equality of variances was assessed with the F-test in normally distributed data. Unpaired t-test (T) was 
used to determine statistical significance of normally distributed data with equal variances, for normally 
distributed data with unequal variances, unpaired t-test with Welch’s correction (TW) was used. For non-
normally distributed data, Wilcoxon Rank (W) test was used. p-value > 0.05: not significant (ns), 
*p-value < 0.05, **p-value < 0.01, *** p-value < 0.001, ****p-value < 0.0001.   
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Parameter  wt P10 Otof-/- P10 Statistical 
test p-value 

AZ area 
(µm2)  0.1040 ± 0.0089 

(0.0892) 
0.0944 ± 0.0077 
(0.0890) W 0.8107 (ns) 

No. of SVs all SVs 45.88 ± 4.25 (43.00) 49.00 ± 6.38 (39.00) T 0.6860 (ns) 

 docked SVs 3.54 ± 0.70 (2.50) 2.73 ± 0.46 (3.00) W 0.7224 (ns) 

 membrane-
proximal SVs 12.17 ± 1.32 (12.00) 8.86 ± 1.13 (7.50) T 0.0631 (ns) 

No. of SVs 
per µm2 AZ all SVs 477.4 ± 44.1 (445.6) 579.5 ± 81.6 (453.6) TW 0.2790 (ns) 

 docked SVs 36.83 ± 6.64 (26.88) 34.89 ± 6.40 (35.94) W 0.8961 (ns) 

 membrane-
proximal SVs 128.5 ± 16.56 (112.8) 103.8 ± 14.6 (90.8) W 0.2943 (ns) 

 0-5 nm 60.22 ± 9.19 (42.35) 42.58 ± 7.85 (36.33) T 0.1514 (ns) 

 5-10 nm 13.00 ± 3.04 (9.17 12.05 ± 5.32 (0.00) W 0.2744 (ns) 

 10-15 nm 18.01 ± 4.17 (13.03) 12.12 ± 3.09 (10.05) W 0.4650 (ns) 

 15-20 nm 10.14 ± 2.49 (7.34) 14.98 ± 2.93 (12.24) W 0.2123 (ns) 

 20-25 nm 15.57 ± 3.70 (12.98) 14.17 ± 2.96 (10.12) W 0.9479 (ns) 

 25-30 nm 15.10 ± 3.61 (8.11) 15.42 ± 3.11 (11.98) W 0.6950 (ns) 

 30-35 nm 13.64 ± 2.52 (13.24) 16.19 ± 3.80 (13.69) W 0.7357 (ns) 

 35-40 nm 19.69 ± 3.00 (17.15) 11.23 ± 2.42 (10.62) W 0.0187 (*) 

 40-80 nm 115.1 ± 11.2 (99.4) 129.1 ± 16.1 (120.5) T 0.4794 (ns) 

 80-120 nm 89.10 ± 10.28 (82.06) 122.5 ± 18.3 (93.1) TW 0.1210 (ns) 

 120-160 nm 68.29 ± 11.34 (68.50) 106.1 ± 19.4 (66.7) TW 0.5737 (ns) 

 160-200 nm 39.61 ± 8.66 (27.61) 83.14 ± 17.60 (52.28) W 0.0497 (*) 

Diameter 
(nm) all SVs 51.46 ± 0.50 (51.65) 54.87 ± 0.90 (55.15) TW 0.0022 (**) 

 docked SVs 50.32 ± 0.72 (50.37) 54.99 ± 1.52 (56.10) TW 0.0104 (*) 

 membrane-
proximal SVs 51.58 ± 0.63 (51.57) 55.36 ± 1.14 (55.35) TW 0.0066 (**) 

Ratio 0-2/0-40 nm 0.23 ± 0.04 (0.15) 0.23 ± 0.03 (0.27) T 0.9011 

Table S5: Quantitative analysis of tomograms of P10 wild-type and Otof-/- mice. Related to Fig. 
3.12-3.15. 

Data are presented as mean ± SEM (median in brackets). Normal distribution was assessed with 
Jarque-Bera test and equality of variances was assessed with F-test in normally distributed data. 
Unpaired t-test (T) was used to determine statistical significance of normally distributed data with equal 
variances, for normally distributed data with unequal variances, unpaired t-test with Welch’s correction 
(TW) was used. For non-normally distributed data, Wilcoxon Rank test (W) was used. p-value > 0.05: 
not significant (ns), *p-value < 0.05, **p-value < 0.01.  
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Parameter  wt P21 Otof-/- P22 Statistical 
test p-value 

AZ area 
(µm2)  0.1045 ± 0.0090 

(0.1036) 
0.0919 ± 0.0079 
(0.0831) W 0.2496 (ns) 

No. of SVs all SVs 54.09 ± 5.94 (48.50) 66.64 ± 8.73 (66.00) T 0.2423 (ns) 

 docked SVs 3.05 ± 0.63 (2.50) 2.44 ± 0.84 (1.00) W 0.2216 (ns) 

 membrane-
proximal SVs 12.86 ± 1.51 (11.00) 15.39 ± 2.11 (12.00) W 0.5578 (ns) 

No. of SVs 
per µm2 AZ all SVs 594.2 ± 89.7 (480.4) 726.0 ± 76.14 (725.2) W 0.1474 (ns) 

 docked SVs 35.19 ± 8.93 (21.24) 24.66 ± 7.39 (13.25) W 0.2591 (ns) 

 membrane-
proximal SVs 135.6 ± 16.2 (111.7) 162.9 ± 14.6 (145.5) W 0.1234 (ns) 

 0-5 nm 51.89 ± 10.37 (37.00 33.87 ± 9.19 (23.80) W 0.0655 (ns) 

 5-10 nm 29.83 ± 6.18 (21.09) 30.68 ± 4.45 (34.05) W 0.4109 (ns) 

 10-15 nm 17.70 ± 3.23 (16.37) 29.81 ± 7.31 (16.16) W 0.6692 (ns) 

 15-20 nm 15.94 ± 4.01 (8.47) 19.05 ± 3.93 (13.34) W 0.5286 (ns) 

 20-25 nm 16.84 ± 3.67 (14.41) 20.79 ± 3.85 (19.82) W 0.3919 (ns) 

 25-30 nm 12.88 ± 3.20 (7.65) 23.84 ± 3.83 (26.69) W 0.0379 (*) 

 30-35 nm 13.04 ± 2.55 (12.87) 13.37 ± 2.23 (12.57) W 0.8573 (ns) 

 35-40 nm 12.66 ± 2.94 (9.16) 16.13 ± 2.95 (14.95) W 0.3211 (ns) 

 40-80 nm 142.5 ± 17.2 (135.2) 158.9 ± 16.3 (138.9) W 0.4174 (ns) 

 80-120 nm 114.6 ± 20.4 (82.79) 156.6 ± 22.7 (171.7) W 0.1350 (ns) 

 120-160 nm 88.30 ± 16.71 (69.24) 124.9 ± 18.58 (109.0) W 0.0931 (ns) 

 160-200 nm 78.09 ± 25.73 (35.87) 92.32 ± 16.93 (62.86) W 0.1976 (ns) 

Diameter 
(nm) all SVs 50.03 ± 0.74 (50.28) 52.23 ± 1.11 (52.28) T 0.1079 (ns) 

 docked SVs 48.15 ± 1.08 (48.04) 51.00 ± 1.83 (49.70) T 0.1937 (ns) 

 membrane-
proximal SVs 49.73 ± 0.72 (49.99) 51.28 ± 0.98 (51.65) T 0.2073 (ns) 

Ratio 0-2/0-40 nm 0.19 ± 0.04 (0.16) 0.11 ± 0.03 (0.07) W 0.1646 (ns) 

Table S6: Quantitative analysis of tomograms of P21/22 wild-type and Otof-/- mice. Related to Fig. 
3.12-3.15. 

Data are presented as mean ± SEM (median in brackets). Normal distribution was assessed with the 
Jarque-Bera test and equality of variances was assessed with the F-test in normally distributed data. 
Unpaired t-test was used to determine statistical significance of normally distributed data. For non-
normally distributed data, Wilcoxon Rank test was used. p-value > 0.05: not significant (ns), 
*p-value < 0.05.  
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Parameter  wt 6M Otof-/- 6M Statistical 
test p-value 

AZ area 
(µm2)  0.0816 ± 0.0042 

(0.0813) 
0.0932 ± 0.0057 
(0.0933) T 0.1980 (ns) 

No. of SVs all SVs 63.52 ± 5.63 (55.00) 39.61 ± 4.68 (37.00) T 0.0020 (**) 

 docked SVs 2.97 ± 0.51 (3.00) 1.83 ± 0.56 (1.00) W 0.0379 (*) 

 membrane-
proximal SVs 14.48 ± 1.18 (13.00) 10.78 ± 1.09 (12.00) W 0.0695 (ns) 

No. of SVs 
per µm2 AZ all SVs 801.5 ± 65.67 

(765.5) 
431.3 ± 46.38 
(438.2) TW < 0.0001 (****) 

 docked SVs 37.00 ± 7.15 (30.30) 22.06 ± 6.95 (12.51) W 0.0317 (*) 

 membrane-
proximal SVs 184.1 ± 13.4 (189.6) 117.5 ± 10.8 (105.1) T 0.0003 (***) 

 0-5 nm 71.81 ± 11.68 
(49.23) 32.30 ± 7.15 (21.43) W 0.0036 (**) 

 5-10 nm 41.31 ± 5.71 (39.50) 20.83 ± 4.82 (13.33) W 0.0110 (*) 

 10-15 nm 31.66 ± 3.85 (28.60) 18.02 ± 3.52 (14.96) T 0.0117 (*) 

 15-20 nm 18.13 ± 2.55 (18.42) 17.91 ± 4.28 (12.91) W 0.4929 (ns) 

 20-25 nm 11.79 ± 2.10 (12.31) 14.28 ± 2.73 (16.15) W 0.5104 (ns) 

 25-30 nm 18.29 ± 3.29 (11.83) 13.74 ± 3.28 (10.44) W 0.3364 (ns) 

 30-35 nm 15.05 ± 2.57 (16.15) 11.54 ± 2.23 (10.09) T 0.3071 (ns) 

 35-40 nm 13.1 ± 2.68 (10.56) 12.53 ± 2.45 (12.57) W 0.8623 (ns) 

 40-80 nm 152.3 ± 13.4 (145.3) 108.4 ± 12.1 (85.7) W 0.0231 (*) 

 80-120 nm 154.0 ± 12.6 (165.8) 92.95 ± 13.17 
(77.47) T 0.0016 (**) 

 120-160 nm 153.2 ± 18.8 (130.4) 63.03 ± 8.99 (62.64) TW < 0.0001 (****) 

 160-200 nm 120.9 ± 16.6 (98.5) 33.19 ± 8.12 (16.15) W < 0.0001 (****) 

Diameter 
(nm) all SVs 50.62 ± 0.66 (50.37) 50.63 ± 1.03 (49.94) T 0.9924 (ns) 

 docked SVs 50.29 ± 0.76 (50.28) 46.23 ± 1.03 (47.70) T 0.0035 (**) 

 membrane-
proximal SVs 50.72 ± 0.76 (50.22) 50.87 ± 1.09 (49.91) W 0.8194 (ns) 

Ratio 0-2/0-40 nm 0.16 ± 0.02 (0.13) 0.12 ± 0.03 (0.08) W 0.1713 (ns) 

Table S7: Quantitative analysis of tomograms of 6M wild-type and Otof-/- mice. Related to Fig. 
3.12-3.15. 

Data are presented as mean ± SEM (median in brackets). Normal distribution was assessed with 
Jarque-Bera test and equality of variances was assessed with F-test in normally distributed data. 
Unpaired t-test (T) was used to determine statistical significance of normally distributed data with equal 
variances, for normally distributed data with unequal variances, unpaired t-test with Welch’s correction 
(TW) was used. For non-normally distributed data, Wilcoxon Rank test (W) was used. p-value > 0.05: 
not significant (ns), *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.  
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Docked SVs Adjusted p-value 
wt P10 vs. wt P21 p = 0.6397 
wt P10 vs. wt 6M p = 0.4507 
wt P21 vs. wt 6M p = 0.7755 
 
Otof-/- P10 vs. Otof-/- P22 p = 0.0809 
Otof-/- P10 vs. Otof-/- 6M p = 0.4507 
Otof-/- P22 vs. Otof-/-6M p = 0.2475 
 
wt P10 vs. Otof-/- P10 p = 0.2475 
wt P21 vs. Otof-/- P22 p = 0.4232 
wt 6M vs. Otof-/- 6M p = 0.8987 
 
Membrane-proximal SVs  
wt P10 vs. wt P21 p = 0.7749 
wt P10 vs. wt 6M p = 0.9717 
wt P21 vs. wt 6M p = 0.7297 
 
Otof-/- P10 vs. Otof-/- P22 *p = 0.0300 
Otof-/- P10 vs. Otof-/- 6M p = 0.9717 
Otof-/- P22 vs. Otof-/-6M *p = 0.0300 
 
wt P10 vs. Otof-/- P10 p = 0.5343 
wt P21 vs. Otof-/- P22 p = 0.3084 
wt 6M vs. Otof-/- 6M p = 0.5343 

Table S8: Comparison of the number of docked and membrane-proximal SVs. Related to Fig. 3.13 
and 3.14.  

Variances of the AZ containing 0 to 16 docked SVs, or 0 to 44 membrane-proximal SVs were compared 
using F-test. The corresponding p-values were corrected for multiple comparisons. p-value > 0.05: not 
significant, *p-value < 0.05.  
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Parameter  wt  RIM-BP2-/- Statistical 
test p-value 

AZ area 
(µm2)  0.0820 ± 0.0052 

(0.0809) 
0.1031 ± 0.0039 
(0.0981) T 0.0022 (**) 

No. of SVs all SVs 49.81 ± 4.49 (46.50) 51.57 ± 4.63 (41.00) T  0.7857 (ns) 

No. of SVs 
per µm2 AZ all SVs 662.3 ± 77.4 (543.1) 523.7 ± 53.4 (443.2) W 0.1374 (ns) 

 docked SVs 27.52 ± 5.24 (18.58) 14.64 ± 4.77 (1.72) W 0.0152 (*) 

 
membrane-
proximal 
SVs 

167.7 ± 15.2 (167.4) 117.8 ± 10.5 (113.4) W 0.0041 (**) 

 2-20 nm 109.1 ± 12.8 (98.4) 68.16 ± 9.22 (59.32) W 0.0056 (**) 

 20-40 nm 58.59 ± 7.14 (45.26) 49.68 ± 5.40 (45.20) W 0.6063 (ns) 

 40-60 nm 83.25 ± 8.23 (82.21) 53.59 ± 5.36 (53.69) W 0.0042 (**) 

 60-80 nm 79.81 ± 10.62 (64.31) 55.80 ± 6.26 (48.54) W 0.0899 (ns) 

 80-100 nm 70.43 ± 10.52 (54.67) 59.51 ± 7.92 (43.09) W 0.3898 (ns) 

 100-120 nm 61.41 ± 11.08 (43.38) 51.56 ± 9.16 (36.31) W 0.5137 (ns) 

 120-140 nm 50.51 ± 10.47 (41.23) 48.79 ± 7.41 (41.68) W 0.6428 (ns) 

 140-160 nm 55.12 ± 11.25 (42.14) 47.62 ± 6.21 (38.58) W 0.8234 (ns) 

 160-180 nm 37.59 ± 7.70 (25.56) 40.12 ± 8.33 (27.80) W 0.9178 (ns) 

 180-200 nm 29.68 ± 8.40 (15.05) 33.26 ± 4.97 (31.13) W 0.1958 (ns) 

Diameter 
(nm) all SVs 50.99 ± 0.59 (51.68) 52.14 ± 0.68 (52.44) T 0.7324 (ns) 

Table S9:  Quantitative analysis of tomograms of P22 wild-type and RIM-BP2-/- mice. Related to 
Fig. 3.17. 

Data are presented as mean ± SEM (median in brackets). Normal distribution was assessed with the 
Jarque-Bera test and equality of variances was assessed with the F-test in normally distributed data. 
Unpaired t-test (T) was used to determine statistical significance of normally distributed data. For non-
normally distributed data, Wilcoxon Rank test (W) was used. p-value > 0.05: not significant (ns), 
*p-value < 0.05, **p-value < 0.01.  
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Parameter  wt exc. Mover-/- exc. Statistical 
test p-value 

No. of SVs all SVs 31.74 ± 2.24 (29.00) 36.50 ± 2.18 (38.50) T  0.1309 (ns) 

Rel. SV 
number per 
AZ (%)  

docked SVs 8.06 ± 1.37 (4.71) 7.05 ± 1.15 (6.25) W 0.8905 (ns) 

 2-40 nm 31.96 ± 2.06 (28.64) 24.52 ± 1.72 (22.22) T 0.0073 (**) 

 40-80 nm 24.17 ± 1.13 (23.75) 28.57 ± 1.24 (28.57) W 0.0145 (*) 

 80-120 nm 17.04 ± 1.21 (18.14) 17.41 ± 1.27 (18.42) T 0.8338 (ns) 

 120-160 nm 10.58 ± 1.35 (9.88) 12.57 ± 1.02 (12.50) T 0.2439 (ns) 

 160-200 nm 8.20 ± 1.21 (7.79) 10.32 ± 1.34 (9.52) W 0.2243 (ns) 

Ratio 0-2/0-40 nm 0.1874 ± 0.0269 
(0.1429) 

0.2131 ± 0.0318 
(0.2000) T 0.5407 (ns) 

Diameter 
(nm) all SVs 51.73 ± 0.40 (51.61) 52.58 ± 0.39 (52.09) W 0.2352 (ns) 

 

Parameter  wt inh. Mover-/- inh. Statistical 
test p-value 

No. of SVs all SVs 57.44 ± 8.53 (61.00) 54.77 ± 5.53 (53.00) T 0.7709 (ns) 
Rel. SV 
number per 
AZ (%)  

docked SVs 4.68 ± 1.34 (4.35) 9.21 ± 1.52 (9.09) T 0.0364 (*) 

 2-40 nm 22.80 ± 2.71 (22.22) 18.19 ± 2.89 (16.98) T 0.3364 (ns) 

 40-80 nm 25.00 ± 2.16 (25.00) 20.16 ± 1.70 (20.97) T 0.0965 (ns) 

 80-120 nm 19.59 ± 1.96 (21.74) 22.33 ± 1.44 (20.83) T 0.2759 (ns) 

 120-160 nm 18.09 ± 2.76 (19.15) 15.64 ± 1.60 (16.67) T 0.4556 (ns) 

 160-200 nm 9.84 ± 2.83 (10.00) 13.77 ± 2.09 (13.51) T 0.2811 (ns) 

Ratio 0-2/0-40 nm 0.1632 ± 0.0448 
(0.2000) 

0.3365 ± 0.0518 
(0.3000) T 0.0199 (*) 

 

Parameter  wt exc. wt inh. Statistical 
test p-value 

No. of SVs all SVs 31.74 ± 2.24 (29.00) 57.44 ± 8.53 (61.00) TW 0.0169 (*) 
 

Parameter  Mover-/- exc. Mover-/- inh. Statistical 
test p-value 

No. of SVs all SVs 36.50 ± 2.18 (38.50) 54.77 ± 5.53 (53.00) TW 0.0065 (**) 

Table S10: Quantitative analysis of tomograms of adult wild-type and Mover-/- mice. Related to 
Fig. 3.20. 

Excitatory endbulb AZs (exc.) and inhibitory synapses on BCs (inh.) were compared between Mover-/- 
mice and their wt littermates. In addition, SV numbers were compared between exc. and inh. AZs within 
the genotypes. Data are presented as mean ± SEM (median in brackets). Normal distribution was 
assessed with Jarque-Bera test and equality of variances was assessed with F-test in normally 
distributed data. Unpaired t-test (T) was used to determine statistical significance of normally distributed 
data with equal variances, for normally distributed data with unequal variances, unpaired t-test with 
Welch’s correction (TW) was used. For non-normally distributed data, Wilcoxon Rank test (W) was used. 
p-value > 0.05: not significant (ns), *p-value < 0.05, **p-value < 0.01. 
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