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ABSTRACT OF THE THESIS 

 

Pinball Wizard, or WRB is Required for Large Secretion Capacity  

in the Synapse of the Mechanosensory Hair Cell 

 

by  

 

Sara J. Mangosing 

 

Master of Science in Biology 

University of California, San Diego, 2013 

Professor Allen Ryan, Chair 

Professor Eduardo Macagno, Co-Chair 

 

Mechanosensory hair cells (HCs), key components for hearing and balancing in 

the auditory and vestibular systems, function by rapid and continuous synaptic vesicle 

release in their ribbon synapse, a specialized synapse found in some sensory cells 

characterized by the presence of an electron-dense structure called the synaptic ribbon. 

However, the molecular mechanisms underlying this characteristic function are largely 

unknown. In this thesis, using zebrafish as a model organism, I have investigated a protein 



 xi 

that may play an important role in regulating hair cell synaptic function.  Zebrafish Pinball 

Wizard (pwi) mutants are deficit of pinball or WRB (in mice and humans), a receptor that 

is presumably important in the processing and membrane insertion of tail-anchored (TA) 

proteins, such as the vesicle SNARE proteins and a deafness gene, Otoferlin. In the 

zebrafish insertional pwi mutant, the Ca2+ response in the post-synaptic afferent neurons 

originating from HC ribbon synapse activation and the acoustic-induced startle reflex is 

smaller and fatigued quickly. By using immunofluorescence, transmission electron 

microscopy (TEM), and a transgenic fluorescent ribbon-binding protein, I have found that 

the number of synaptic vesicles in the reserved pool surrounding the ribbon and the 

number of synaptic ribbons in mutant HCs are significantly reduced by half. These results, 

together with physiological and behavioral phenotypes, strongly suggest that pinball is 

required for the formation of a large reserve pool of vesicles to allow for a large secretion 

capacity and normal synaptic development in the HC. 
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Table 1. Glossary of Commonly-Used Terms. The following contains terms used 
throughout the thesis that are commonly used to describe features and phenomena in the 
field of hair cell and auditory research.  
 

TERM DEFINITION 
Active Zone Area at the synaptic terminal membrane where synaptic vesicles 

fuse and the neurotransmitter is released. In the hair cell, the 
active zone is located at the basolateral region where the ribbons 
are anchored (Pangrsic et al., 2012). 

Canal Hair Cells Hair cells located in the semicircular canal, concerned with 
equilibrium (Nicolson, 2005). 

Capacitance 
Change (ΔCm) 

The change in membrane capacitance (Cm) over a baseline 
membrane capacitance. Because of the ability of the plasma 
membrane lipid bilayer to store charge (act as a capacitor), this 
characteristic is used as a proxy for the change in membrane 
surface area and is usually recorded over a period of time, making 
it useful to study events such as exocytosis and, in some cases, 
endocytosis (Neher, 1998; Pangrsic et al., 2012).  

Cav1.3 channels  L-type (“long-lasting” activation time) calcium channels found in 
the hair cell ribbon synapse, that are opened upon depolarization 
(activated at around 60 mV) (Oliver et al., 2003; Robertson and 
Paki, 2002). They are usually clustered at the active zones 
(ribbons) and are required in hair cell exocytosis (Frank et al., 
2010). Also called Cav1.3α1D channels. 

Docked Vesicles Vesicles that are directly adjacent to the plasma membrane 
(Nouvian et al., 2006). In an electron micrograph, these vesicles 
are usually classified as those in which space could not be seen 
between the vesicle and the plasma membrane and may or may 
not be associated with the synaptic ribbon. Docked vesicles need 
to undergo priming before they are fusion-competent. 

Docking In the conventional synapse, when neurotransmitter-loaded 
synaptic vesicles approach/are trafficked to the plasma membrane 
and become localized directly adjacent to it, they are considered 
“docked” (Nouvian et al., 2006; Uthaiah and Hudspeth, 2010).  
Many of these docked vesicles that eventually become fusion 
competent (“primed”) are at the active zone, where clusters of 
calcium channels are located. Mechanisms of docking in the 
ribbon synapse are not clearly understood.  

Endocytosis Re-uptake of vesicles from plasma membrane after exocytosis 
(Saheki and De Camilli, 2012). 

!
!
!
!
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!
Table 1. Glossary of Commonly-Used Terms, continued.!
!
Excitatory Post-
synaptic current 
(EPSCs) 

A current, or flow of ions, that causes an excitatory post-synaptic 
potential, a temporary depolarization of the post-synaptic 
membrane as a result of an influx of cations from the opening of 
ligand-gated ion channels, such as AMPA glutamatergic receptors 
on afferent spiral ganglion neurons downstream of HCs. These 
ligand-gated channels usually open as a result of binding of 
neurotransmitters released from the pre-synaptic cell. (Purves et 
al., 2001) 

Exocytosis The release of cellular content into the extracellular space via 
vesicles packaged with chemical contents, such as neuro-
transmitters (Sollner, 2003). Vesicles undergo several steps to 
complete exocytosis: trafficking to the active zone, docking, and 
fusion. For our purposes, only regulated exocytosis is discussed. 
Regulated exocytosis requires vesicle priming prior to calcium-
dependent fusion events.   

Fast-component 
of exocytosis 

One of two kinetic components of exocytosis commonly 
discriminated in mouse cochlea HC membrane capacitance 
recordings following HC stimulation/ depolarization (Nouvian et 
al., 2006). This component is characterized by a rapid, initial rise 
in membrane capacitance and mediates exocytosis at very high 
rates, although exhausts after a few milliseconds. It is considered 
to be a result of exocytosis of a small, finite group of vesicles, the 
RRP. 

Flash Photolysis Ca2+ uncaging or fast addition Ca2+ via flash photolysis allows 
processes of membrane fusion to be studied with high temporal 
resolution in combination with capacitance measurements from 
patch clamp (Neher, 1998). 

Fusion After synaptic vesicles have been docked and been rendered 
fusion-competent (“primed”), an influx of calcium triggers the 
synaptic vesicles to fuse with the plasma membrane to release  
neurotransmitter (Pangrsic et al., 2012). In the conventional 
synapse, this step is mediated by the complex. In the HC, 
Otoferlin is a possible player in this step of exocytosis (Roux et 
al., 2006). 

Lateral Line System of epithelial and canal /neuromast HCs along the trunk of 
some teleost fish that detect low-frequency signals such as from 
water movement (Nicolson, 2005). 

Measurements of 
Ca2+ current 

Measurements of Ca2+ current as a result of Ca2+ influx from the 
opening of voltage-gated Ca2+ channels in the presynaptic cell 
(hair cell) (Pangrsic et al., 2012).  

!
!
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Table 1. Glossary of Commonly-Used Terms, continued.!
!
Neuromast Hair 
Cells 

Group of HCs arranged in a cluster at the surface of the skin in some 
teleost fish (Nicolson, 2005). Many of these cells are located at the 
lateral line. 

Patch-clamp  An electrophysiological technique commonly used to study HC 
pre-synaptic function through measurements of membrane 
capacitance and Ca2+ currents (Pangrsic et al., 2012). Patch clamp 
uses a single glass micropipette as an electrode (other parts of 
patch clamp), which is sealed with the membrane with high 
resistance. The electrode is connected to an amplifier, which can 
clamp cell membrane potential and measure the resulting current 
though an ion channel opening or closing in a ‘whole cell’ or 
‘membrane patch’ (Neher, 1998). Capacitance can also be 
measured. 
 
Commonly-used configurations for HC studies include the whole 
cell configuration, in which the electrode is attached to the cell in 
an area where the membrane is ruptured “patch” so it may 
measure changes throughout the whole cell. In the perforated 
patch configuration, a variation of the whole cell configuration, 
small holes in the membrane are made at the site of the electrode 
instead of rupturing the membrane (Neher, 1998).   

Priming After vesicles are docked at the active zone, protein complexes 
render them “primed” to be ready for fusion with the plasma 
membrane after an influx of calcium at the active zone (Pangrsic 
et al., 2012). The RRP are considered to be primed. Although 
Otoferlin has been identified as a possible player in HC synaptic 
vesicle priming, most players involved have yet to be identified 
(Pangrsic et al., 2010). In addition, it is not clearly understood if 
vesicles that are tethered to the ribbon that are not directly 
adjacent to the plasma membrane are primed.  

Readily-
releasable pool 
(RRP) 

Vesicles that are primed and ready to fuse at the active zone when 
the intracellular concentration of calcium increases (Pangrsic et 
al., 2012). These vesicles appear docked to the plasma membrane 
at the active zone and are also located under the ribbon in a ribbon 
synapse. 

Reserved Pool In HCs, vesicles that are located outside of the ribbon-tethered 
and docked population of vesicles (Lenzi et al., 1999). 

Saccular Hair 
Cells 

HC located in the saccule, which is coupled to a calcium-
carbonate structure, the otolith, which deflects the HC bundles 
upon movement (Nicolson, 2005). In fish, some of these cells are 
involved in hearing and can use them to detect frequencies 
between 10-4000 Hz. 

!
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!
Table 1. Glossary of Commonly-Used Terms, continued.!!
!
Spikes/spike rate  Electrical pulses, usually the action potentials (rising and falling 

of membrane potential that propagates signal across axons) that 
are observed as “spikes” in electrophysiological recordings, which 
are generated in response to a stimulus (Moore, 2003). Spikes are 
sometimes recorded as currents.  
 
The spike rate is the average number of spikes within a given 
amount of time.   

Sustained- 
Component of 
exocytosis 

One of two kinetic components of exocytosis commonly 
discriminated in the HC membrane capacitance recordings 
following HC stimulation/depolarization (Nouvian et al., 2006). 
The second, slower component of membrane capacitance rise, 
which largely reflects the resupply of vesicles into the RRP and 
their subsequent fusion with the plasma membrane (Pangrsic et 
al., 2012). This slower component is prominent during a sustained 
stimulation. In the HC, this component or vesicle resupply can 
last for seconds and minutes without exhaustion. 

Synaptic Ribbon An electron-dense body that is composed of different scaffold 
proteins and surrounded by a halo of tethered vesicles localized at 
the active zone of the cell, hence the term “ribbon synapse” 
(Pangrsic et al., 2012). It is usually found in HCs and in a few 
other types of sensory receptors of vertebrates. Also referred to as 
“synaptic body” in other studies.  

Tethered Vesicles Halo of vesicles that are tethered/attached to the synaptic ribbon. 
The tethered vesicles under the ribbon (directly adjacent to the 
plasma membrane at the active zone) include docked/readily-
releasable vesicles (Lenzi et al., 1999). These vesicles are also 
referred to as “synaptic-body associated” or “ribbon-
associated” vesicles in other studies. 

Tethering In the ribbon synapse, the process of vesicles becoming “tethered” 
by filaments to the synaptic ribbon (Matthews and Fuchs, 2010).  

Utricular Hair 
Cells 

HCs located in the utricle, which is coupled to a calcium-
carbonate structure, the otolith, which deflects the HC bundles 
upon movement. In fish, these cells are involved in balance 
(Nicolson, 2005).  
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From our ability to appreciate Beethoven’s Fifth to a prey’s instinct to run away 

from its predator at the detection of feet approaching, evolution has given many 

organisms the ability to sense the world around them through hearing and 

mechanosensation. An essential component to the perception of sound in these organisms 

is the hair cell, a mechanosensory cell found in the auditory and vestibular organs of 

many vertebrates and also in the lateral line of many species of fish, which converts 

mechanical energy provided by different frequencies of sound into a signal that can be 

transmitted from the downstream afferent neuron to the brain (Roberts et al., 1991).  

 

Overview of Hair Cell Mechanotransduction and Synaptic Transmission 

Hair cells have apical hair bundles consisting of stereocilia, actin-rich hairs that 

are hexagonally-arranged, graded in height, and arranged in a bilaterally symmetric 

fashion, with the microtubular kinocilium, the tallest cilium in the center of the bundle 

(Pickles and Corey, 1992). The cilia are connected by filamentous “tip links” made of 

Cadherin 23 and Protocadherin 15 that connect adjacent rows of cilia together and allow 

for coordinated movement of these cilia in response to a mechanical stimulus (Ahmed et 

al., 2006; Siemens et al., 2004). These tiplinks have been shown to transmit mechanical 

force causing the opening and closing of the “gates” of mechanotranducer channels 

located at the apex of the stereocilia (Assad and Corey, 1992). At resting potential (~60 

mV, depending on the extracellular ionic compositions; (Hudspeth, 1983), a small 

number of these channels are opened.  Depending on the intensity or length of a 

mechanical stimulus, stereocilia, when moved so as to stretch the tiplinks, resulting in the 

opening or closing of these cation-permeable mechanotransducer channels. The hair 
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bundles are located in an endolymph full of potassium and other cations in the cochlear 

organ of mammals and in the otolith organ of teleost fish (Corey and Hudspeth, 1979; 

Corwin and Warchol, 1991). As more of these channels are opened, more cations from 

the endolymph are able to enter the cell down their electrochemical gradient, since the 

voltage of the endolymph is much more positive than inside, when these channels are 

closed, the cell becomes more polarized. These ion movements result in graded signaling.  

An influx of cations depolarizes the hair cell, which leads to the opening of 

voltage-gated calcium channels located at the basolateral region of the hair cell near the 

electron-dense structures called the synaptic ribbon. (Pickles and Corey, 1992). The 

opening of these channels leads to a local surge of calcium ion concentration near the 

synaptic ribbon that triggers synaptic vesicle exocytosis and glutamatergic 

neurotransmitter release (Kataoka and Ohmori, 1996; Starr and Sewell, 1991). The K+ 

from the cations that accumulate in the cell from the opening of channels exits the cell via 

Ca2+-gated K+ channels located near the voltage-gated Ca2+ channels (Robitaille and 

Charlton, 1992) into the perilymph fluid, which is low in K+ concentration (Corey and 

Hudspeth, 1979). This contributes to repolarizing and restoring the resting potential in the 

hair cell. Together, these mechanisms mediate the transmission of sensory signals 

between hair cells and the adjacent afferent neurons, and then onto the brain.  

 

Synaptic Transmission in the Hair Cell: The Ribbon Synapse 

In conventional neuron-neuron synapses, each axon terminal has a single active 

zone in its terminal that only releases a small number of vesicles in response to an action 

potential (Auger and Marty, 2000). In order to elicit a post-synaptic response in a target 
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post-synaptic cell, in many cases, multiple neurons synapse onto one target and summate 

to illicit an action potential in the post-synaptic cell (Trussell, 2002). Because each 

cochlear neuron is contacted by only one cell, and is required to faithfully transmit 

auditory and vestibular signals, a mechanism for rapid and continuous neurotransmitter 

supply is needed. Contrasting with neurons, hair cells are frequency- and sensitivity-

tuned, activated through graded potentials resulting from mechanical stimuli, as 

mentioned previously, and are able to sense even the smallest changes in mechanical 

displacement (Matthews and Fuchs, 2010; Roberts et al., 1991). The perception of 

different levels of sound stimuli is encoded in these graded-receptor potentials, which 

transform into rates of neurotransmitter release at the ribbon synapse. In addition, tonic 

release of neurotransmitter plays a part in the hair cell’s function in hearing (Matthews 

and Fuchs, 2010). This means that hair cells are constantly able to transmit information 

across a range of varying graded potentials from different stimuli for long periods of time 

and require specialized transmitter release machinery to maintain this function.  

L-typeα1D (“long-lasting” activation time) calcium channels (Cav1.3) in the hair 

cell ribbon synapse are activated at around -60 mV near the resting potential of the hair 

cell (Oliver et al., 2003; Robertson and Paki, 2002). This voltage-dependent property 

allows them to respond rapidly to small changes close to membrane potential and 

inactivate slowly, which allows them to continuously let calcium into the ‘microdomain’ 

near the ribbons, where synaptic vesicles are located, during prolonged depolarization 

(Matthews and Fuchs 2010). Longer stimuli cause longer calcium influx and continuous 

release of synaptic vesicles (Trussell, 2002).  
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“Synaptic ribbons” are large, electron-dense structures sometimes referred to as 

the “synaptic body” in the basolateral region of the hair cells. Synaptic ribbons, whose 

morphology is characteristic of the ribbon shape they have in the other sensory receptors 

in which they are found, are located in the active zones of the pre-synaptic terminal of 

auditory hair cells, retinal photoreceptor and second-order bipolar cells, pineal 

photoreceptors, electroreceptors, and hair cells of vestibular organs and lateral line 

systems (Matthews and Fuchs, 2010). They are flattened ellipsoid/ovular 

(photoreceptors/bipolar cells) and spherical (hair cell) electron-dense structures 100-1000 

nm in diameter that filamentously tether a large number of synaptic vesicles (Roberts et 

al., 1991). The mechanisms for how synaptic ribbons are thought to facilitate rapid and 

continuous neurotransmitter release are still not known, but a few models have been 

proposed to explain this phenomenon. It may be that vesicles that are docked under the 

ribbon (termed the “readily-releasable pool”, RRP) may fuse with the membrane 

synchronously to allow for multiple vesicles to release neurotransmitters at the same time 

(Neef et al., 2007). Alternatively, tethered-vesicles may fuse with docked vesicles 

sequentially to create larger vesicles which release more neurotransmitters (Matthews and 

Fuchs, 2010). Experiments have shown the importance of ribbons in synaptic 

transmission in the visual and auditory systems. Morpholino knockdown experiments in 

zebrafish against Ribeye, the main protein component in synaptic ribbons, have shown a 

reduction in ribbons or in ribbon size, which resulted in defective visual response (Wan et 

al., 2005) and reduction in post-synaptic activity in posterior lateral line neurons after 

neuromast hair cell stimulation (Sheets et al., 2011). Similarly, when retinal bipolar cell 

ribbons are acutely damaged, the neurotransmitter release at this synapse is severely 
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reduced, implying that they are indeed necessary for normal synaptic transmission at the 

ribbon synapse (Snellman et al., 2011). In addition, it has been shown in mouse bassoon 

mutants, which lack or are defective for the cytomatrix protein (bassoon), which is 

required for normal anchoring of ribbons to the hair cell synaptic terminal membrane, 

that there is a decrease in normal synaptic response (Frank et al., 2010; Jing et al., 2013). 

Using tandem mass spectrometry, immunofluorescence, immunoprecipitation, 

and immunoblotting techniques, Uthaiah and Hudspeth found that the hair cell synaptic 

ribbon is associated with proteins such as Ribeye, C-terminal binding protein 2 (CtBP2), 

Bassoon, Munc13, Munc18, Rab3-interacting molecule 1 (RIM-1), and RIM-2, as well as 

other proteins that are conventionally found in neurons, such as SNARE proteins 

(Uthaiah and Hudspeth, 2010). Currently, the details of how these components of the 

ribbon play into the function of the hair cell ribbon and synaptic transmission are still 

unknown.  

 

“That deaf and blind kid can sure play a mean game of pinball:” Pinball Wizard in 

Zebrafish  

Defects in the auditory system have been studied through the use of discovery of 

mutants with deafness phenotypes. Zebrafish (Danio rerio) have been widely used as a 

tool for studying auditory function due to the ease of observation of the transparent ear 

during development and the development of mutagenic screening (Golling et al., 2002; 

Nicolson, 2005). Two such examples in zebrafish are Gemini mutants, in which deafness 

phenotypes were found to have loss-of-function mutations in the L-type Ca2+ channel, 

Cav1.3, important for synaptic vesicle fusion in the auditory hair cells (Sidi et al., 2004) 
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and ru920 mutants, which are deficient in functional myosin 6b (human myosin VI 

ortholog), a protein important for normal hair cell mechanotransduction (Kappler et al., 

2004). Through a large-scale mutagenesis screen in zebrafish we have obtained and 

studied one such mutant that has a deaf and blind phenotype (Golling et al., 2002). This 

mutant is deficient in a zebrafish gene we call Pinball Wizard (pwi) that encodes for a 

small endoplasmic reticulum (ER) transmembrane protein that we refer to as pinball. 

Through a BLAST search, this zebrafish protein has been shown to be homologous to ER 

proteins, Get1 in yeast and WRB in mammalian cells, with about a 70% homology in 

amino acid sequence (NCBI). The mutation of this gene in the pinball wizard line was 

confirmed by RT-PCR, linkage analysis, and morpholino injections against the pwi gene. 

Pinball is composed of 172 amino acids, encoding for an N-terminal transmembrane 

domain that faces the lumen of the ER, followed by a cytosolic coiled-coiled domain, and 

two C-terminal transmembrane domains.  

Our previous results have shown that, compared to other zebrafish auditory 

mutants like the previously mentioned gemini and ru920 mutants, loss-of-function 

pinball mutants have distinct defects in the auditory system as first observed by their 

decreased movement and fast-fatigued response to consecutive dish taps or 100 ms, 60-

100 Hz tone pips of constant amplitude, which usually elicits a startle-response in normal 

wild-type (WT) larvae.  

Pinball mutants did not exhibit auditory hair cells that had significant 

morphological defects, which are apparent in zebrafish mutants such as mariner and 

sputnik that have hair bundles in which the splayed stereocilia are detached from the 

kinocilium and from each other (Nicolson et al., 1998). There was also no significant 
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decrease in hair cell numbers, in comparison to mutants that show behaviors 

characteristic of vestibular defects, like ty85e mutants that affect hair cell patterning and 

numbers (Whitfield et al., 1996). The otoliths (ear stones) were also intact. 

After observations have indicated that pinball mutant hair cells are not affected 

morphologically or in number, further testing was done to deduce if the mutant 

phenotype was due to a mechanotransduction or synaptic transmission defect in the hair 

cells. Unlike the previously mentioned myosin6b-deficient ru920 mutants (Kappler et al., 

2004), pinball mutants did not exhibit obvious failure in auditory and vestibular hair cell 

FM1-43 fluorescent label loading. Normally, FM1-43 is permeable to and enters through 

the mechanotransduction channels at the tips of the stereocilia (Meyers et al., 2003). 

Mutants that have severe deficits in the transduction process and/or trafficking and 

assembly of transduction components exhibit failure to load this dye. However, hair cells 

in the mutant auditory and vestibular organs were able to load this dye, indicating that 

some mechanotransduction machinery is still functional. This was confirmed later by 

microphonic potential measurements in the otocyst of the zebrafish ear, which were 

reduced in size in pinball mutants, but not eliminated.  

To assess hair cell synaptic transmission, the calcium-response to sound stimulus 

in the afferent neuron located in the statoacoustic ganglion was previously investigated in 

the lab using a transgenically-introduced fluorescently-tagged GCaMP3, a genetically-

encoded calcium indicator, in the afferent neurons downstream to hair cells (Tian et al., 

2009). After successfully introducing GCaMP3 into the sound-sensitive afferent neurons 

in the statoacoustic ganglion, the change in the intensity of fluorescence response from 

the baseline fluorescence was measured to assess hair cell ribbon synaptic activity in the 
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afferent neuron after stimulation by repetitive 200 ms, 400 Hz tone pips at 3-second 

intervals. Mutant hair cells exhibited decreased sound-evoked calcium response in 

afferent neurons and only responded to 65% of stimuli, compared to the WT 98% 

response. This is reminiscent of the startle-response deficit observed previously, and may 

indicate a malfunction in synaptic transmission in the upstream hair cell. Together, these 

prior experiments suggest that pinball may play an important role in the normal 

functioning of hair cell synaptic transmission that merits further investigation.  

 

The Role of Pinball in Processing of Tail-anchored Proteins 

In yeast and vertebrate cell lines, pinball/WRB/Get1 has been shown to be 

important in the processing of tail-anchored (TA) proteins. TA proteins are integral 

membrane proteins in which the transmembrane domain, which is located near the C-

terminus, emerges from the ribosome lastly (Kutay et al., 1995). Like all transmembrane 

proteins, TA proteins have a hydrophobic domain that only stabilizes while residing in a 

lipid bilayer and requires targeting to the ER before they are ultimately sorted into their 

target membranes (Hegde and Keenan, 2011).  

More commonly, the majority of destined transmembrane proteins, like secretive 

proteins, are processed co-translationally through the SRP (signal recognition particle) 

pathway (Shao and Hegde, 2011). A majority of membrane proteins destined for most 

membranes, during translation by a cytosolic ribosome, contain a nascent polypeptide 

chain with a signal recognition sequence that binds to the SRP (High and Dobberstein, 

1991). The SRP also binds to the ribosome during translation of the membrane protein, 

shuttles the ribosome to the ER, and binds to an SRP receptor on the ER allowing the 
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ribosome to also bind to the ER and shield the transmembrane domain of the protein 

before ER insertion (Gilmore et al., 1982). The protein, during mid-translation, is passed 

through the Sec61 translocon and is integrated into the ER membrane as it completes 

being translated (Becker et al., 2009; Menetret et al., 2000). This mechanism is thought to 

help protect and stabilize the hydrophobic domain of the protein from effects that could 

occur in the aqueous cytosol and transport it to the ER to be integrated (Hegde and 

Keenan, 2011).   

As noted above, however, TA proteins are structured in such a way that has their 

transmembrane domain located close to the carboxyl-terminus of the protein (Kutay et 

al., 1993). This is problematic because the transmembrane domain ends up inside the 

ribosomal tunnel during termination, which would require protection of the 

transmembrane domain to occur when translation is complete (Hegde and Keenan, 2011). 

In lieu of the SRP and ribosome’s role in shielding and targeting the membrane protein, it 

has been found in yeast (Saccharomyces cervisiae) that Get 3, an ATPase chaperone 

protein, forms a complex with and delivers post-translated TA proteins to Get1 

(pinball/WRB) and Get2, transmembrane proteins/receptors on the ER (Wang et al., 

2011). Similarly, in mammals, the WRB (Get1) receptor in the ER binds with the TRC40 

(Get3) to facilitate TA protein insertion into the membrane (Vilardi et al., 2011). The 

necessity of the Get1/WRB/pinball receptor in TA protein insertion has been confirmed 

by experiments with Get1 deletion mutants, as it has been shown that Get3 or Get3-TA 

protein complex fails to localize to the ER in Get1 deletion mutants in yeast (Auld et al., 

2006; Mariappan et al., 2011).  
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There have been hundreds of TA proteins identified that have shown to be 

involved in a range of cellular functions such as apoptosis and protein degradation, but 

probably the most well-known of them includes members of SNARE proteins 

Synaptobrevins and Syntaxins, proteins that are necessary for calcium-dependent 

exocytosis in conventional synapses (Sollner, 2003). Synaptobrevin, for example, is a 

vesicle-bound protein (V-SNARE) that is localized to synaptic vesicles with its tail 

anchored onto the lipid bilayer and N-terminal facing the cytosol so that it may interact 

with a target protein, such as syntaxin, to facilitate membrane exocytosis (Hegde and 

Keenan, 2011; Kutay et al., 1995).  

Although it had originally been thought that hair cells shared the same 

mechanisms for neurotransmitter release as conventional CNS neurons, it has been shown 

that some SNARE proteins are not present in the hair cell, namely Synaptobrevin 1,2 and 

syntaxin1 (Nouvian et al., 2011; Safieddine and Wenthold, 1999). This implies that there 

is a different mechanism that hair cells utilize for vesicle exocytosis/ neurotransmitter 

release.  Recently, the deafness gene Otoferlin, encoding a multi-C2 domain TA protein 

that has been identified in hair cells, has been implicated in the priming and fusion of 

synaptic vesicles in the hair cell. This protein, which binds Ca2+, has been shown to 

interact with syntaxin-1a, SNAP-25, and Cav1.3 channels in a Ca2+-dependent manner 

(Ramakrishnan et al., 2009). Mutations in the human gene, OTOF, which encodes for this 

protein, have been found in patients with severe hearing loss and auditory neuropathy 

(Migliosi et al., 2002). In addition, otoferlin knock-out (Otof -/-) mice have exhibited 

deafness phenotypes in mouse models due to a near loss of exocytosis in the hair cell 

ribbon synapse (Roux et al., 2006). The importance of the SNARES and Otoferlin in 
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vesicle trafficking and exocytosis suggests that an adequate supply of TA proteins may 

play an important role in facilitating synaptic vesicle transport and cycling between 

different membranes.   

To date, it has been shown from our previous observations that pinball mutants 

exhibit a reduced startle reflex and sound-evoked Ca2+ response in the postsynaptic 

neuron with a high failure rate, indicating that synaptic transmission in the hair cell is 

possibly compromised. In addition, published research has shown that pinball orthologs 

in other systems are involved in a pathway that seems to be important for targeting TA 

proteins to the ER, such as some key SNARE proteins and hair cell protein Otoferlin. 

From these clues, I propose that pinball plays a key role in facilitating hair cell synaptic 

transmission and hearing.  

To explore this question, I conducted experiments to further investigate if there 

are structural defects in the hair cell ribbon synapse associated with pwi mutants, through 

the observation, quantification, and analysis of the synaptic vesicle and ribbon 

populations in the hair cell. Immunostaining and confocal imaging of synaptic vesicle-

associated proteins found in hair cells was used to analyze the localization and relative 

abundance/distribution of synaptic vesicles throughout the WT and mutant hair cells. To 

take this a step further, ultrastructural imaging using transmission electron microscopy 

(TEM) and morphometric analysis of TEM micrographs were carried out to quantify 

synaptic vesicles in the tethered/readily-releasable pools and reserve pools associated 

with inner ear (saccule and utricle) hair cell synaptic ribbons to see if they were 

compromised. Finally, to analyze ribbon numbers in the hair cells, the expression of a 

fluorescent ribbon-binding protein in mutant and WT larvae under two-photon 
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microscopy was used. Through these experiments, I hope to further elucidate pinball’s 

function and potential relevance of TA protein supply to the mechanisms of hearing in 

vertebrates, namely how it contributes to facilitating rapid and continuous release in the 

hair cell ribbon synapse in the auditory system.  
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Mutant Acquisition, Zebrafish Care, WT and Mutant Embryo Collection 

Pinball mutant fish (which we refer to as line 1482) used for experiments were 

bred from 4-8 generations of the founder fish that were previously obtained through a 

wide-scale insertional mutagenesis screening, in which the process and generation of the 

fish is described in detail (Golling et al., 2002). Carriers of this mutation are genotyped 

using primers specific for the mutation in a polymerase chain reaction (PCR) using 

genomic DNA as a template. These carriers are then kept for breeding and egg collection 

of mutant embryos.  

Wild-type fish (AB fish) are crossed with each other to obtain WT embryos. For 

generating mutant embryos, we cross pinball mutant carriers with each other. Pinball 

mutant carriers are heterozygous for the gene mutation, so when they are crossed with 

each other, they generate around 25% embryos that are homozygous for the mutation and 

exhibit the characteristic behavioral phenotypes (deflated swim bladder, slightly smaller 

eyes, decreased startle response to dish tapping, resting ventral side up due to vestibular 

defects, and a lighter skin pigmentation due to the inability to adapt their skin 

pigmentation to the environment from a defect in their visual detection of light). These 

fish are then collected and isolated for experimental use. All collected embryos are then 

kept in a 28.5°C incubator in E3 media containing methylene blue to prevent 

contamination until they are 5 days post-fertilization (dpf) and then used for the 

experiments that are carried out.  

Immunocytochemistry 
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Zebrafish embryos were kept in 28.5°C incubation until they reach 5-dpf and are fixed. 

Before fixation, the embryos were anesthetized using MS22 (Tricaine Methanesulfonate) 

and their tails were cut to allow for better perfusion of the fixative into the fish. They 

were then fixed in 4% paraformaldehyde (PFA) for 90 minutes, kept in 30% sucrose for 

cryoprotection overnight, and embedded using optimal cutting temperature compound 

(OCT) the next day. The mounts were cryo-sectioned into coronal 20 μm-sections, which 

proved to be the optimal thickness to preserve the tissue.  The samples were 

permeabilized with 0.3% Triton X-100 PBS (phosphate-buffered saline) for 10 minutes, 

washed with PBST (PBS with .01% Tween-20) 3 times, and blocked with 10% NDS 

(normal donkey serum, Jackson Immunoresearch) in PBST for 1 hour. Sections were 

washed again 3 times with PBST followed by the addition of primary antibodies (mouse 

anti-Rab3 (42.1) 1:100, rabbit anti-Myosin6, 1:600 (Catalog#25-6791, Biosciences Inc.), 

and rabbit anti-CSP, 1:800 (Catalog#: AB1576, Millipore)) to the sections and incubated 

overnight at 4°C. Secondary antibodies used were Alexa Fluor 555 (red) and 488 (green) 

(Invitrogen). Concentrations of antibodies used were determined through trial and error. 

The next day, sections were then washed 5 times in 30-minute intervals and the tissues 

were then incubated with the complimentary secondary antibodies, sometimes with 

phalloidin for enhanced F-actin labeling (Alexa Fluor 488 phalloidin, Molecular Probes).  

Slides were observed in an Olympus FV1000 laser scanning confocal microscope with 

40x and 60X oil immersion lens at constant settings.  

Larvae for whole mounts were permeabilized with acetone (stored in -20�C) for 7 

minutes at -20�C and blocked with 15% NDS for 1 hour. The following addition of 
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primary and secondary antibodies was similar in process to sectioned specimens 

(concentration of antibodies varies for whole mount). Whole mounts were placed on a 

microscope slide and protected against photobleaching with Fluorogel with Tris Buffer 

(EMS) before observation using confocal microscopy. 

Rab3 and CSP (cysteine string protein) are proteins that are known to be found on 

synaptic vesicles in hair cells and were thus used as markers to visualize synaptic vesicle 

distribution in the hair cell (Greaves et al., 2008; Uthaiah and Hudspeth, 2010), while 

anti-myosin 6, which is commonly used as a hair cell body marker, was used to visualize 

the hair cell against the anti-Rab3 and CSP labeling.  

 

Molecular Biology and Plasmid Construction 

Fluorescent Ribbon Binding Protein Label  

The ribbon protein Ribeye, is a splice-variant of CtBP2, a regulatory transcription 

factor. We applied a small peptide CtBP-bp (CtBP binding protein, derived from virus 

proteins) that has been shown to bind with high affinity to the B-domain of Ribeye 

without affecting the morphology of ribbons or exocytosis at the ribbon synapse (Zenisek 

et al., 2004). This protein was codon-optimized for expression in zebrafish and 

conjugated with fluorescent proteins EGFP (enhanced-green fluorescent protein) or 

Tdtomato to be used as a marker to visualize ribbons in the hair cell synaptic terminal. 

The protein was genetically introduced into zebrafish embryos using a modified Tol2 

transposon system (Kikuta and Kawakami, 2009). The plasmid was created by ligating 

CtBPbp to Tol2 vectors containing EGFP or Tdtomato. Hair-cell specific PPV3b 
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promoter (McDermott et al., 2010) was used directly or through the Gal4 UAS system 

(placed downstream of the promoter) to drive the expression of these proteins in hair cells 

(Asakawa and Kawakami, 2008). Gal4 binds to its specific recognition sequence, UAS 

(upstream activating sequence), and activates the expression of target genes. A plasmid 

map is shown in Figure 2, to illustrate the components of the plasmid. Table 2 shows a 

list of plasmids created for ribbon analysis in WT and pinball mutant embryos. Ligations 

for plasmid components were performed using Quick Ligase Kit (New England Biolabs). 

Plasmid DNA was generated by transformation of Stellar Competent Cells (Clontech), 

isolated and purified using QIAprep Spin Miniprep Kit (QIAGEN), and verified through 

confirming sizes of digested DNA through agarose gel electrophoresis and test injections 

in zebrafish embryos.  

 

Transposon (Minitol 2) vector-mediated transgenesis 

The minimal Tol2 vector is derived from the medaka fish Tol2 element, a 

transposon identified from Oryzias latipes, a freshwater teleost fish (Kawakami, 2007). 

The vector is functional in the zebrafish model and unlike the original Tol2, does not 

contain a functional coding region for the transposase enzyme, which is required to 

transfer the transposable element from one gene to another. This prevents the gene from 

being continuously transposed in the zebrafish chromosome.  To present tranposase to the 

injected plasmid to allow for the gene of interest to initially be transposed, our MiniTol2 

plasmids are coinjected into embryos with the transposase mRNA (Kikuta and 

Kawakami, 2009). Genes of interest are cloned in and flanked between the Tol2 

insertional sequences with an upstream promoter, UAS-Gal4 amplification sequences, 
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sequences for reporter gene and gene of interest, and a terminal polyA sequence (Figure 

1). Transposase that is encoded by the co-injected mRNA cuts the plasmid at the 

insertional sequences and may move the transposon to the zebrafish chromosome before 

it degrades. From this, we have mosaic embryos with transgenic expression of our gene 

of interest in some cells as indicated by the expressed reporter gene. The Tol2 construct 

will only integrate to some cells somatically, so not all hair cells will express 

fluorescence.  

 

Vector microinjection in zebrafish embryos 

The plasmids encoding reporters or fluorescent protein-tagged synaptic proteins 

were injected into the cytoplasm of zebrafish embryos at the 1-4 cell stages using a 

pressure-controlled microinjector. By adjusting the applied pressure and the pipette tip 

diameter, 1-2 ul of the injection solution, a DNA concentration of 25-20 ng/ul was 

injected into the embryos. In addition to the plasmid DNA, the injection solution included 

25-50 ng/ul of codon-optimized Tol2 transposase from in vitro transcribed-capped 

mRNA, and 0.1 % phenol red in deionized, distilled H2O or KCl solution. 

Before plasmids containing the PPV3b promoter and Gal4 gene were constructed, 

conjugated PPV3b-Gal4 (PPVGal4) was co-injected with the UAS plasmid containing 

the target gene that we want to express in order to ensure that the plasmid was functional. 

Then, we combined the PPVGal4 sequence upstream of the UAS plasmid with the gene 

of interest, and inject it into embryos for higher efficiency of target gene expression.  

 

Live Two-photon Imaging  
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An imaging chamber containing 5-dpf zebrafish larvae embedded in soft agarose 

was mounted in an Olympus Fluoview 300 or 1000 equipped with two photon-optics and 

setup. The larvae were lightly anesthetized with MS22 in E3 fish water. Following 

acquisition, the images were analyzed using NIH ImageJ.  

 

Transmission Electron Microscopy and Vesicle Quantification  

Mutant pinball and WT larvae were fixed immediately in 2.5% glutaraldehyde 

(GA) and 2% PFA in 0.15 M cacodylate buffer for 15 minutes. Their tails were then cut 

to allow the fixative to further perfuse into the organism and then placed in a fresh batch 

of fixative overnight in 4° C (refrigerator). For post fixation and embedding, the fish 

were stained with 1% osmium tetroxide in 0.15 M cacodylate buffer for 1 hour on ice, 

dehydrated in a graded series of ethanol and embedded in Durcupan resin. Transverse 

thin coronal sections (60–80 nm) through the ear were imaged on a JEOL 1200 EX II 

Transmission Electron Microscope. Sections through the ear stones (otoliths), which 

appeared as bright, opaque ovular objects under the scope, were observed as they were 

most likely to contain ribbons. Ribbons of saccular (closer to the brain) and utricular 

(towards the nasal region, closer to the jaw) hair cells were analyzed. Images of ear- and 

hair-cell ribbons were collected at 10,000–15,000 magnification. Images were acquired 

on an analog camera and negatives were scanned into Gatan Digital Micrograph 

software. I focused on analyzing ribbons that were adjacent to the plasma membrane near 

the post-synaptic density (PSD) with the plasma membrane adjacent to an afferent 

neuron.  
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In Figure 2, an example of an electron micrograph analyzed for this experiment is 

shown with annotations and areas measured using ImageJ (NIH). In analyzing the 

sections, all measurements in pictures were calibrated according to a 200 nm scale bar 

located at the lower left of all the section photographs. Pixels were then automatically 

converted to a known measurement to allow Image J to automatically calculate any 

distance or area I wanted to measure in the photographs. For each image, a circle drawn 

along the perimeter of the synaptic ribbon and the area of the ribbon was measured and 

recorded. Ribbon sections that were obviously cut off-center of the ribbon were not 

analyzed. The circle drawn was enlarged by a radius of 100 nm from the synaptic ribbon 

and its area was measured.  The area of the ribbon was then subtracted from this enlarged 

circle so that the area between the ribbon and the 100 nm perimeter could be measured. 

This area, which included the docked/readily-releasable pool under the ribbons and the 

vesicles tethered around the ribbon (“tethered pool”), was quantified for synaptic vesicle 

number. The docked vesicles under the ribbon are the vesicles that are closest to the 

plasma membrane, and thus are considered “readily-releasable” for exocytosis and fuse 

with it (Fuchs et al., 2003; Trapani et al., 2009). Synaptic vesicles were identified as 

small, clear core vesicles that range from 30 to 50 nm in diameter, as determined 

previously by other researchers using TEM synaptic vesicle ultrastructural analyses 

(Lenzi et al., 1999; Trapani et al., 2009). From previous electron tomography ultra-

structural analyses of frog saccular hair cells, the tethered pool vesicles have been shown 

to be tethered by ~20 nm long filaments (Lenzi et al., 1999). The 100 nm radius takes 

into account the length of tethering filament from the ribbon as well as the diameter of 
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the tethered vesicle attached to the filament, so that tethered vesicles are included in this 

pool.  

The 100 nm perimeter was then enlarged by 300 nm, creating the area between 

the 100 nm and 400 nm perimeter of the ribbon. The previous area within the 100 nm 

perimeter was subtracted so that the area between the 400 nm and 100 nm perimeters 

could be measured. This area, we considered as the reserve pool or outlying vesicles 

surrounding the ribbon (untethered vesicles), is similar to the area used in the previously 

mentioned TEM experiment that used zebrafish to study the ribbon synapse (Trapani et 

al., 2009). We chose 400 nm as the limit for the reserve pool due to the limitations of the 

micrograph size. The vesicles in this area were then counted using ImageJ cell counter. 

Sections that looked like they were taken from the same ribbon were not used for analysis 

and quantification.  

To account for the relative size of ribbons, vesicles were counted and compared 

not merely by comparing the average number of vesicles, but comparing the average 

number of vesicles within the measured area of the pools (density), which previous TEM 

studies have not taken into account in their analyses (Trapani, Obholzer et al. 2009). This 

is important, since ribbons vary in size and it is possible that some ribbons have been 

sectioned off-center. Finally, the distance of the bottom of ribbon that is perpendicular to 

the terminal membrane to the pre-synaptic terminal membrane was measured, averaged, 

and compared between WT and mutant hair cells. Statistical calculations and graphs were 

generated using Kaleidagraph.  
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Table 2. Plasmids Constructed for Synaptic Ribbon Quantification experiments.  
Listed below are plasmids that were used for experiments in this thesis. For each plasmid, 
the purpose is outlined along with it. The plasmid nomenclature is named such that the 
components are in order from most upstream at the beginning to the most downstream at 
the end. Figure 1 further illustrates the main components of all plasmids constructed for 
these experiments. *NOTE: Tdtomato was used as an alternative reporter gene to EGFP 
to make sure different fluorescent tags do not affect ribbon binding, and so Tdtomato 
versions of these plasmids were also created and tested. 
 

Name of Plasmid Purpose 
PPV3b- Gal4 pA (PPVGal4) PPV3b promoter conjugated to Gal4 

gene. Co-injected with UAS Minitol2 
plasmids without PPVGal4 to check 
functionality of UAS Minitol2 plasmids 
before construction of combination 
plasmid 

Minitol2 UAS Elb EGFP ctbpbp pA  Co-injected with PPVGal4 to check for 
functionality before construction of 
combination plasmid 

Minitol2 PPVGal4 UAS Elb EGFP ctbpbp 
pA  

To label hair cell synaptic ribbons 

Minitol2 UAS Elb Tdtomato ctbpbp pA Co-injected with PPVGal4 to check for 
plasmid functionality for construction 
of combination plasmid, used for 
comparison to EGFP reporter 

Minitol2 PPVGal4 UAS Elb Tdtomato 
ctbpbp pA 

For comparison to EGFP reporter 
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Figure 1. Example of plasmid construct in Minitol2 vector. Plasmid includes 1.) Tol2 
insertional sequences flanking the transpositional element, 2.) PPV3b promoter for 
expression of plasmid in hair cells, 3.) Upstream activating sequence (UAS) that binds to 
Gal4 protein, 4.) Gal4 gene, 5.) E1b regulatory region, 6.) coding region for reporter 
gene/Fluorescent protein, 7.) coding region for target gene (CTBP (c-terminal binding 
protein) in diagram), and 8.) PolyA tail for transcription termination. Image was generated 
using A plasmid editor program (aPE). The numbers next to each feature indicate the 
number of base pairs that make up the gene sequence of that feature. The ampicillin 
resistance gene (Ampr) is used to select for E.coli colonies that have replicated the 
plasmid when cloning. 
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Figure 2. Example of sections analyzed for hair cell synaptic ribbon transmission 
electron micrographs (TEM). All TEM images were analyzed and quantified within 
the areas shown. Synaptic vesicles (~40 nm diameter) within 100 nm of synaptic 
ribbon (indicated by the dark blue dots within the first yellow circle) were counted as 
vesicles that are tethered or docked/readily-releasable. Synaptic vesicles between 100 
nm and 400 nm (indicated by the cyan dots between the first and second yellow circles) 
were counted as the non-tethered/reserve pool vesicles. Measurements of these regions 
were made calibrated to the 200 nm scale bar shown on the lower left using ImageJ 
(NIH). (AC = Post-synaptic/afferent cell, HC = Hair cell,  R = synaptic ribbon, T/DP = 
Tethered and Docked/Readily-releasable pool (within 100 nm perimeter), RP = 
Reserved/non-tethered pool (within 100-400 nm perimeter) 
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Expression of Synaptic Vesicle Proteins Rab3 and CSP is Diminished in Pinball 

Mutant Embryos  

In studying the role of pinball and its role in synaptic transmission in the hair cells 

through looking at its ultrastructure, I wanted to investigate if a lack of pinball receptor 

would affect the distribution of synaptic vesicles in mutant hair cells. To do this, I used 

antibodies against synaptic vesicles proteins Rab3 and CSP to detect the relative 

distribution of synaptic vesicles in WT and pinball mutant hair cells. Rab3 is a member of 

the Rab GTPase family of proteins that are essential for regulating membrane identity 

and vesicle trafficking through the recruitment of effector proteins, such as adaptors, 

tethering factors, kinases, phosphatases, and motors (Stenmark, 2009). Rab3a, a small 

rab-GTPase, has been shown to be a major component in synaptic vesicles in the central 

nervous system (Vonmollard et al., 1990) and in the hair cell and photoreceptor ribbon 

synapse (Tian et al., 2012; Uthaiah and Hudspeth, 2010).  

I observed that in WT 5-dpf larva anti-Rab3a staining colocalizes with anti-

Myosin6, an antibody that labels the hair cell body, and was concentrated in the 

basolateral domain of hair cells (for both WT and mutant samples, n= 12 to 15 fish for 

whole mount; for cross-sections, n=6 fish, 12 sections; Figure 3A). In contrast, I found 

that in mutant hair cells, the Rab3 staining had diminished along the basolateral region of 

the hair cell and was only concentrated in a spotty manner without Myosin 6 co-

localization. In saccular hair cells, which are involved in hearing, anti-Rab3 staining 

yielded similar results, with Rab3 localizing around hair cell nuclei in a spotty manner 

(micrograph not shown).  
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To compare to Rab3 distribution, anti-CSP antibodies were used to immunostain 

WT and pinball mutant larvae. Unlike Rab3, which utilizes prenylation/C-terminal 

geranyl-geranyl moiety to bind synaptic vesicles (Johnston et al., 1991), CSP binds to 

synaptic vesicles through the palmitoyl residues of cysteine strings near the center of 

vesicles (Greaves et al., 2008). It interacts with SNARE protein SNAP-25 by acting as a 

chaperone that assists with the construction of the SNARE complex (Sharma et al., 

2011). Similar to Rab3 expression in neuromast and saccular hair cells, CSP is 

diminished in the basolateral regions of hair cells (for both WT and mutant samples, n= 

12 to 15 fish for whole mount; for cross-sections, n=6 fish, 12 sections; Figure 3B). The 

diminished expression of both proteins in the basolateral domain in pinball mutants 

indicates a decrease in the amount of synaptic vesicles aggregated at the basolateral 

domain of the hair cell. No interaction between Rab3 and CSP has been reported, so I do 

not expect either protein to co-regulate each other. In addition, both vesicle-binding 

mechanisms are independent of the TA protein and SRP pathway, so I do not expect the 

lack of pinball to affect their expression and vesicle membrane insertion.  

 

Synaptic Vesicle Quantification and Hair Cell Ribbon Synapse Ultrastructural 

Analysis by Transmission Electron Microscopy 

Since the resolution of optical microscopes is limited, to further examine any 

potential defects in the mutant hair cell ribbon synapse, I used TEM to analyze the 

ultrastructure of 5-dpf WT and pinball mutant zebrafish. We quantified the synaptic 

vesicles into two categories: 1) the tethered/docked pool, within 100 nm of the ribbon 

perimeter, and 2) the reserve pool, the non-tethered/non-docked vesicles between 100-
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400 nm of the ribbon perimeter. The size of the synaptic ribbon and the distance between 

the plasma membrane and the ribbon was also measured, since it has been shown in 

mouse bassoon mutants that there is a decrease in normal synaptic transmission as a 

result of misanchoring of the ribbon from an absence/misexpression of this scaffolding 

protein at the active zone (Frank et al., 2010; Jing et al., 2013). Lastly, the length of the 

PSD on the afferent auditory neuron was measured and compared between WT and 

pinball mutants since it may be likely that a structural change in the PSD, which is 

involved in organizing components of the post-synaptic response, such as AMPA 

receptor insertion into the post-synaptic membrane, may be contributing to the defects in 

the post-synaptic response observed in pinball mutants (Dosemeci et al., 2001).  

As shown in a TEM micrograph example representative of all the micrographs 

analyzed (Figure 4A), there seemed to be no obvious difference in the number of vesicles 

in the docked/tethered pool between the WT and mutant larvae (additional micrographs 

of WT and mutant ribbons are shown on Figure 5). However, within the reserve pool, 

there seemed to be a significant difference in the vesicle numbers. After normalizing the 

vesicle numbers with the ribbon sizes, we found no statistical differences between the 

tethered/docked pool of ribbons (Figure 4B, 100 nm perimeter, WT: 11.9±0.8/0.1 μm2 , 

n=65 ribbons from 6 WT larva; mutant: 11.7±1.9/0.1μm2, n=42 mutant ribbons from 6 

mutant larva.) In contrast, the vesicle density in the reserve pool (between 100-400 μm of 

the ribbon perimeter) in the mutant synapse (3.3±0.4/0.1μm2) was significantly lower by 

almost half than the vesicle density in the WT reserve pool (6.0±0.4/0.1μm2). In addition, 

there were no significant differences in ribbon sizes (Figure 4C; WT: 6.1 × 104 ± 8.5 × 

103 nm2 , n=65 ribbons, mutant: 5.1 × 104 ± 5.3 × 103 nm2, n=41 ribbons), distances 
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between the ribbon and plasma membrane (Figure 4D; WT: 62.1± 6.2 nm, n=65 ribbons, 

mutant: 69.6 ± 6.4 nm, n=41 ribbons), and PSD length (Figure 6; WT: 543.2±22.6 nm, 

n=28 ribbons, mutant: 611.5±45.9, n=15 ribbons) . The ± symbol denotes standard error.  

There are some areas of uncertainty that should be of note during the quantifying 

of synaptic vesicles on TEM sections. Ribosomes, which are ubiquitous throughout the 

cytoplasm, may block the visibility of some synaptic vesicles as they are small, highly 

dense structures. They can be seen on sections shown on Figure 4A (cyan arrows). The 

density of these ribosomes may have caused an overall underestimation of the vesicles 

present on the section. In addition, there were some large-coated vesicles and endosomes 

in many of the sections (red arrows on Figure 4A), both of which are slightly larger than 

synaptic vesicles and are usually seen on TEM sections as larger vesicles (synaptic 

vesicles are usually around 30-50 nm in diameter). Although there are usually less of 

these vesicles present, they may have been counted as synaptic vesicles if they happened 

to be cut at an end of the large vesicle with a smaller diameter. Although both inner ear 

(saccule and utricle) and neuromast hair cells were observed in the immunofluorescence 

experiments, because ultra-thin sectioning of zebrafish neuromast hair cells is 

challenging due to the difficulty of finding approximate areas to cut sections along the 

lateral line and the varying positions and orientations of hair cells in the neuromast, only 

saccular and utricular hair cells were quantified for TEM.   

 

Visualization of Hair Cell Synaptic Ribbons in-vivo through Transgenic Expression 

of Fluorescent Ribbon-binding Protein.  
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It has been shown in previous studies that a decrease in synaptic ribbons, or the 

loss of synaptic ribbons in the hair cell synapse results in a reduction of membrane 

proximal vesicles and a reduction in rapid, sustained exocytosis (Frank et al., 2010). In 

order to check if pinball mutants exhibit this defect, we coinjected WT and pinball 

mutant zebrafish embryos with Tol2 transposase mRNA and DNA-encoding ribbon-

binding peptide CtBP-binding protein, which has been shown to a be a useful marker for 

studying synaptic ribbons (Francis et al., 2011) that have been tagged with a fluorescent 

marker (EGFP or Tdtomato) and conjugated to a Tol2 based vector with a hair cell 

specific promoter (PPV3b). The plasmids were combined with a Gal4-UAS amplification 

system to drive expression of the target gene. The plasmids with CtBP-bp marker were 

confirmed to work in our zebrafish larvae through the visualization of bright spots at the 

basolateral surface of hair cells co-localizing with the PSD, as shown by antibody 

(MAGUK) and Tg(NeuroD::EGFP) fish in which hair cell afferent neurons are labeled 

with EGFP.  

Using live two-photon microscopy, fluorescent spots were observed in both 

lateral line and inner ear canal hair cells in-vivo (Figure 7A). I found that the ribbon 

number per hair cell was significantly lower in the pinball mutants (neuromast: 1.2±0.2, 

n=15, canal: 1.9±0.4, n=29) than in WT larvae (neuromast: 3.1±0.3, n=30, canal: 3.8±0.5, 

n=18; Figure 7B). Both EGFP and TdTomato plasmids worked and labeled the ribbons, 

confirming that the fluorescent reporter did not affect the CtBPbp ribbon-binding. 

Utricular and saccular hair cells were difficult to visualize because of decreased 

resolution due to tissue diffraction, so were not quantified for this experiment. The ± 

symbol denotes standard error.  
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Figure 3. Synaptic vesicle proteins Rab3 and CSP are diminished basolaterally in 
pinball mutants.  
(A) Immunostaining using antibodies against Myosin 6 (green) and Rab3 (red) was used 
to visualize and compare the localization and distribution of Rab3 in the lateral line 
neuromast hair cells of wild-type (WT, top panels) and pinball mutant (pwi, bottom 
panels) 5-dpf zebrafish larva. Whole mount pictures are shown. (For both WT and mutant 
samples, whole mounts: n=12-15 fish; cross-sections: n=6 fish, 12 sections) 
(B) Immunostaining of another synaptic vesicle protein, cysteine string protein (CSP) in 
WT vs pinball mutants. Star on mutant panel represents a distal hair cell that is immature 
or has not fully differentiated. Cross-sections of saccular hair cells are shown (For both 
WT and mutant samples, n=6 fish, 12 sections) 
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Figure 4. Reserve pool synaptic vesicles decrease in pinball mutants.  
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Figure 4. Reserve pool synaptic vesicles decrease in pinball mutants, continued.   
(A) Transmission electron microscopy sections of synaptic ribbons in auditory hair 
cells of wild-type (WT, left panels) and pinball mutant (pwi, right panels) 5-dpf 
zebrafish. The lower panels highlight synaptic vesicle populations using circles. 
Tethered/docked vesicles (within 100 nm of vesicle perimeter) are white and reserve 
pool vesicles (between 100 and 400 nm of ribbon perimeter) are yellow. Upper 
panels show ribbon sections without the highlighted vesicles. Note the decrease of 
reserve pool vesicles in the pinball mutant. Large endosomes are indicated by the red 
arrows.  Ribosomes are the dark spots indicated by the cyan arrows. Scale bar 
represents a distance of 200 nm. (B) Quantification of synaptic vesicles within the 
area of the tethered/docked pool and reserved pool.  (WT indicated by black bars, 
n=65 ribbons from 6 WT larva; pwi mutants indicated by white bars, n=42 ribbons 
from 6 mutant larva.) For more information on how vesicles and areas were 
quantified, refer to Figure 2 in Materials and Methods. (C) Comparison of ribbon 
size (area) between WT (n=65) and mutant (n=41) ribbons. (D) Comparison of 
distance between ribbon and plasma membrane between WT (n=65) and mutants 
(n=41). Error bars denote standard error.   
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WT 

pwi 

Figure 5. Transmission electron microscopy micrographs of WT and pinball mutant 
ribbons. Additional micrographs of synaptic ribbons in auditory hair cells of wild-type (WT, 
top) and pinball mutant (pwi, bottom) 5-dpf zebrafish.   
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Figure 6. Post-synaptic density length is unchanged in the afferent auditory 
neurons of pinball mutants. Comparison of the PSD length between WT (black, n=28) 
and mutant (white, n=15) ribbons. Error bars denote standard error.   
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Figure 7. Synaptic ribbon numbers are diminished in pinball mutants. (A) Hair cell 
ribbons from WT (left) and pinball (pwi) mutant (right) 5-dpf (days post-fertilization) 
zebrafish ear canal (top) and lateral line neuromast (bottom) labeled with CtBP-EGFP. (B) 
Quantification of canal (left) and neuromast (right) hair cell ribbon numbers in WT (black 
bars) and pwi mutants (white bars). (Canal HC: WT, n=18, mutant, n=29; Neuromast HC: 
WT: n=30, mutant: n=15). For column graphs, standard error is indicated by error bars.   
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Figures 3, 4, and 7, in part, are to be included in a paper currently being prepared 

for submission, of which the thesis author is a co-author. The publication will be Lin, 

S.Y., Vollrath, MA., Mangosing, S., Shen, J., Cardenas, E., Corey, D. P. “The zebrafish 

pinball wizard gene encodes WRB, a putatative tail-anchored protein receptor required 

for proper devopment and function of inner-ear hair cells and retinal photoreceptors.” 
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In this work, I have investigated the role of pinball (Get1/WRB), a protein 

receptor encoded by the Pinball Wizard gene that is involved in TA protein processing 

and membrane insertion presumably at the ER, which may be important for synaptic 

transmission in the hair cell (Vilardi et al., 2011). Overall, my main findings have shown 

that without pinball, 1) the basolateral distribution of synaptic vesicle proteins, and thus 

synaptic vesicles in mutant hair cells, is compromised (Figure 3), 2) the number of 

vesicles in the reserve pool at the hair cell ribbon synapse is significantly reduced in 

pinball mutants (Figure 4), and 3) synaptic ribbon numbers in pinball mutant hair cells 

are reduced (Figure 7).  

In addition, my lab has previously observed that pinball mutants exhibit: 1) a 

decreased sound-evoked startle response, and 2) a decreased sound-evoked post-synaptic 

Ca2+-response measured by fluorescence intensity change of genetically-encoded Ca2+ 

indicator GCaMP3 before and after the sound stimuli after subsequent, continuous 

auditory stimulation to the hair cell. By using 200 ms, 400 Hz repetitive acoustic stimuli, 

we previously demonstrated that the auditory afferent neuron exhibits robust response to 

virtually all the stimuli. However, in the pinball mutant, the amplitude and rising slope of 

the response were significantly decreased and only responded to about 65% of the stimuli 

as compared to about 98% in the WT. This reduction of responsiveness in the hair cell 

synapse correlates well with the startle-reflex behavioral phenotype observed in pinball 

mutants, which responded once or twice to a tone pip or dish tap, but not from 

consecutive stimuli. From here, I will discuss the implications of my results, in 

conjunction with the previous results observed in my lab, and the possible functions of 

pinball in the mechanosensory hair cell.  
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Pinball and Reserve Pool Vesicles 

As shown in Figure 3, synaptic vesicle proteins Rab3 and CSP both exhibit a 

strong basolateral concentration in the WT ribbon synapse, while there was decreased 

basolateral distribution in pinball mutant hair cells. This implies that the aggregation of 

synaptic vesicles to the basolateral domain of the hair cell is compromised. Rab3 utilizes 

prenylation using Rab geranyl-geranyl transferase to bind synaptic vesicles (Johnston et 

al., 1991), while CSP binds to synaptic vesicles through the palmitoyl residues of 

cysteine strings near the center of vesicles (Greaves et al., 2008). Both post-translational 

vesicle binding mechanisms of Rab3 and CSP are independent on the TA protein and 

SRP pathway, so I do not expect the lack of pinball to affect their expression and vesicle 

membrane insertion. In addition, no interaction between Rab3 and CSP has been 

reported, so we do not expect either protein to co-regulate each other. The distribution of 

synaptic vesicle proteins in WT embryos (with a strong basolateral gradient) is similar to 

the distribution of another hair cell synaptic vesicle protein, vGLUT3, which is a synaptic 

vesicle marker used by other groups (Obholzer et al., 2008; Pangrsic et al., 2010), 

indicating that the pattern of these proteins that I have observed in my results is reliable. 

Although these results were not presented quantitatively, the difference between the WT 

and mutants is quite obvious and consistent with the TEM results in Figure 4B, which 

showed that about half of the vesicles at the reserve pool decreased in pinball mutants. 

Together, these results suggest that the vesicle biogenesis and/or trafficking in the hair 

cell are dependent on pinball and TA protein insertion.  

What is the importance of these reserve pool vesicles in synaptic transmission in 

the hair cell? And, how might a decrease in the number of these vesicles contribute to the 
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decreased acoustic startle response and sound-evoked Ca2+ response that we observed in 

pinball mutants? Electron tomography studies in frog saccular hair cells that recreated a 

3D model of the hair cell ribbon synapse have previously confirmed the existence of 

numerous vesicles around the ribbon when the hair cell is at rest (Lenzi et al., 1999). The 

area around the ribbon is densely packed with vesicles, estimating up to 200,000 to 

600,000 small, clear-core vesicles (Lenzi et al., 1999). In their later electron tomography 

study, Lenzi et al. had shown what happens to the synaptic vesicles around the ribbon 

during induced depolarization and inhibition of hair cell synaptic transmission (Lenzi et 

al., 2002). They manipulated membrane potential of the hair cells by exposing them to 

either saline, with a high potassium content to enhance, or 0-Ca2+ saline which contains 

the calcium chelator, EGTA, to inhibit Ca2+-dependent neurotransmitter release for 30 

minutes before fixation. Quantification of vesicle numbers from the micrographs of the 

ribbon during continuous depolarization showed that stimulation depleted the 

docked/tethered vesicle pool (in this study, docked vesicles included vesicles that were 

not tethered to the ribbon) by 46% and reserved pool by 78% as a percentage of vesicles 

depleted compared to the number of vesicles present in these pools during inhibition.  

After stimulation, the density of docked vesicles, including those that are under 

the ribbon (readily-releasable for exocytosis; Moser and Beutner, 2000), decreased 

throughout the 700 nm distance from the synapse center, whereas during inhibition, the 

vesicle density is tightly packed closer to the ribbon. Depolarization was also shown to 

reduce the density of vesicles tethered around the ribbon and the density of vesicles up to 

800 nm from the plasma membrane in equal proportion. They also observed that the 

vesicle density from the basolateral plasma membrane towards the apical pole of the hair 
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cell formed a gradient with the highest density nearest to the plasma membrane and 

ribbon center. In showing that most of the reserve vesicles (up to 78%) within 800 nm 

from the plasma membrane are depleted after depolarization, these results showed strong 

evidence that the reserved vesicle pool is tightly coupled to continuous vesicle release 

upon strong and long lasting-stimuli in the hair cell. The presence of this gradient of 

vesicles and the similar proportion of depleted ribbon-associated/docked vesicles and 

reserve vesicles suggests that the vesicle populations in these two pools are in a constant 

equilibrium to keep continuous neurotransmitter release maintained. Therefore, if fewer 

vesicles were available in the reserve pool vesicles at the ribbon synapse, the vesicles in 

the readily-releasable vesicle pool (associated/docked) would be depleted quicker. This 

could cause the post-synaptic response to fatigue after stimulation as a result of the 

vesicle pools being more rapidly exhausted. This suggests that the reduction of vesicles in 

the reserve pool of pinball mutant hair cells is likely the cause of the deficits in post-

synaptic Ca2+ response previously observed.  

To support this, as previously demonstrated through another study, compromising 

the numbers of these reserve pool vesicles results in decreased post-synaptic response, as 

shown in synaptojanin1(Synj1) mutants (comet; Trapani, Obholzer et al. 2009). Synj1 is 

a lipid phosphatase that is important for retrieving membrane, and has been implicated to 

have a role in endocytosis in neurons. Through recordings of post-synaptic spike rate, 

which is the rate of spikes or excitatory post-synaptic currents that appear in consecutive 

bursts in response to a pre-synaptic stimulus, in the posterior lateral line ganglion after 

neuromast hair cell stimulation at 20 Hz for 1 minute, it was shown that spike rates in 

comet mutants were similar to those in WT fish. However, when the frequency of 
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stimulation was raised to 60 Hz or if prolonged for 15 minutes, fewer spikes per second 

were observed. These results implied that higher frequency or prolonged stimulation 

caused fatigue at the hair cell synapse in the comet mutant. To see if the difference in 

spike rates between the comet mutants and WT zebrafish was a result of a deficit in the 

ribbon synapse ultrastructure, they performed TEM on neuromast hair cells that were 

stimulated at 60 Hz for 15 minutes. In accordance with the decrease in spike rate 

observed from post-synaptic recordings, the number of tethered vesicles decreased by a 

fourth and reserved vesicles decreased by about half in comet mutants (Trapani et al., 

2009). 

The functional and structural assays done by Trapani et al. on Synj1  comet 

mutants demonstrate that reduction of the available synaptic vesicles during high 

frequency and prolonged stimuli can cause deficits in post-synaptic response. The 

reduced post-synaptic spike rates observed in comet mutants are reminiscent of the 

decreased sound-evoked Ca2+-response we observed in pinball mutants after subsequent, 

continuous auditory stimulation to the hair cells and the correlating reduction in the 

startle-reflex response, in which pinball mutants responded once or twice to a tone pip or 

dish tap but not from consecutive stimuli. More importantly, similar to their TEM results 

in which they observed a decrease in the reserve pool of vesicles in the comet mutant 

neuromast hair cell ribbon synapse, I observed that the pinball mutants exhibited a 

decreased reserve pool of vesicles by about half, which correlates with the deficit in the 

post-synaptic Ca2+ responses. Although experiments done on comet mutants were 

performed on neuromast hair cells, Trapani et al. observed behavioral phenotypes in 

comet mutants that were mediated by saccular and utricular hair cells, which suggests that 
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the deficits observed in neuromast hair cells should be similar to saccular and utricular 

hair cells. In accordance with results found by Trapani et al. on comet Synj1 mutants, the 

reduced startle-reflex and post-synaptic Ca2+ response, in addition to the observed 

structural deficits in the ribbon synapse of the pinball mutant, indicate that pinball plays a 

role in hair cell synaptic transmission.  

 

Pinball and Synaptic Ribbons 

As shown in Figure 7, the number of synaptic ribbons decreases by about half per 

hair cell in pinball mutants. Although we do not fully understand the function of synaptic 

ribbons in the hair cell, there is a strong case for the ribbons’ role in facilitating synaptic 

transmission, as briefly mentioned in the introduction. This has implications for why a 

reduction in ribbon numbers in the hair cell contributes to the deficits in post-synaptic 

response, including what we observe in pinball mutants.  

Mouse bassoon partial-deletion mutants (Bsn(ΔEx4/5)), mutants in which 

cytomatrix protein bassoon is non-functional, have been observed to have a loss of 

Cav1.3 channel clustering, which normally occurs within the vicinity of ribbons (Frank et 

al., 2010). Recordings through the patch-clamp technique, an electrophysiological 

technique commonly used to study hair cell pre-synaptic function through measurements 

of membrane capacitance and Ca2+ currents, have shown that the hair cells of these 

mutants exhibited a decrease in capacitance change (ΔCm) after induced depolarization, 

indicating a reduction in exocytic activity. Measurements in capacitance change are used 

as a proxy for the change in membrane surface area because of the ability of the plasma 

membrane lipid bilayer to store electrical charge (and therefore act as a capacitor), 
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making it useful to study events such as exocytosis (Neher, 1998; Pangrsic et al., 2012). 

In addition, these mutants were shown to exhibit an overall lower number of Cav1.3 

channels along with a decreased Ca2+ influx in inner hair cells, and about half the number 

of vesicles decreased in existing ribbons. This study strongly suggested that the ribbon 

synapse and the presence of the ribbon are important for organizing and creating multiple 

active zones/release sites to facilitate rapid exocytosis. Their results also suggest that 

without the ribbon, vesicles docked at the plasma membrane may not have an immediate 

calcium influx/supply from Cav1.3, which slows down the efficiency of vesicle release.  

In a later study, these Bsn(ΔEx4/5) mutants have been demonstrated to have 

about an 88% loss of ribbons throughout the synapse (Jing et al., 2013). With this 

substantial decrease in ribbon number, through patch-clamp recordings, these mutants 

exhibited impaired hair cell exocytosis and a correlating decrease in frequency and 

amplitude of excitatory post-synaptic currents EPSCs in the afferent auditory neuron 

upon induced hair cell stimulation despite normal numbers of post-synaptic glutamate 

(AMPA) receptors (Jing et al., 2013). The normal number of AMPA receptors on mutant 

post-synaptic cells indicates that the reduced post-synaptic response is more likely 

attributed to deficits in presynaptic activity.  

In studies using Otoferlin knockout mice (Otof -/-), it has been shown through 

CtBP2 antibody immunostaining and TEM that Otof -/- mice have a decreased number of 

synaptic ribbons in their hair cells by about half (Roux et al., 2006). Similar to 

Bsn(ΔEx4/5) mutants, patch clamp recordings of Otof -/- mice have exhibited an 

impairment of exocytosis and reduced EPSC frequency (Pangrsic et al., 2010; Roux et 

al., 2006) Together, these Bassoon and Otoferlin mutants demonstrate that the number of 
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ribbons in the hair cell is important for normal synaptic transmission in the hair cell. This 

suggests that the decrease in ribbon numbers in pinball mutants likely contributes to the 

reduced sound-evoked startle response and post-synaptic Ca2+-response observed in our  

previous laboratory experiments and that, perhaps, pinball has a role in ribbon 

development. 

 

Tail-Anchored Proteins and Hair Cell Synaptic Transmission 

After taking account of other works as well as our previous laboratory 

experiments, I propose that the decreased post-synaptic response and deficit in the startle 

response of pinball mutants is likely to be attributed to the decrease in the number of 

vesicles in the reserve pool observed in the TEM micrographs and the decreased number 

of synaptic ribbons. Given the function of pinball/WRB as the receptor that binds to the 

TA protein-chaperone complex for the insertion of the TA protein into the ER (Hegde 

and Keenan, 2011), the synaptic deficits of pinball mutants is therefore likely due to the 

mis-insertion of TA proteins into the ER membrane, which may affect vesicle biogenesis 

or targeting to the synaptic region. In human genome, 325 TA proteins were identified by 

bioinformatics (Kalbfleisch et al., 2007). By cross-referencing these TA proteins with a 

mouse hair cell gene expression database (https://shield.hms.harvard.edu), my laboratory 

identified 130TA proteins that are potentially expressed in hair cells. Among those that 

are the most relevant for the hair cell and vesicle cycling involved in synaptic 

transmission are some members of the SNARE protein family and Otoferlin, as briefly 

discussed in the introduction.  
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The SNARE (“Soluble NSF (N-ethylmaleimide-sensitive fusion protein) 

attachment protein receptor”) proteins have been studied extensively in the conventional 

synapse and have been shown to be important for calcium-dependent exocytosis during 

synaptic transmission (Sollner, 2003). Of the SNARE protein family, those that classified 

as TA proteins are syntaxins and synaptobrevins (vesicle-associated membrane proteins, 

VAMP). In the rat and guinea pig cochlea, Safieddine and Wenthold’s group detected 

syntaxin 1, 5, and 6 and synaptobrevin1 using RT-PCR and Western blotting, as well as 

in-situ hybridization and immunocytochemistry to confirm mRNA and protein expression 

(Safieddine and Wenthold, 1999). In addition, Uthaiah and Hudspeth’s group has 

detected 7 isoforms of syntaxin (1, 3, 4, 6, 7, 8, and 12) and 4 isoforms of synaptobrevin 

(1, 2, 3, and 7) in the chicken cochlea through mass spectrometry, immunofluorescence, 

and/or immunoblotting (Uthaiah and Hudspeth, 2010). Together with the other SNARE 

proteins, namely SNAP-25 (which have been confirmed by both groups to be found in 

hair cells), these proteins form a complex that facilitates docking, fusion, and exocytosis 

of vesicles in the conventional synapse (Sollner, 2003).  

It has been shown through experiments that utilized botulinum toxin to target 

SNARE complex formation in the hair cell that the SNARE proteins involved in 

exocytosis in the neuron, including TA proteins synaptobrevin1 and 2 and syntaxin1, may 

not be needed for exocytosis to occur in the hair cell, as exocytotic activity, assessed by 

capacitance measurements, was still functional after application of the toxins (Nouvian et 

al., 2011). The toxins are also known to affect synaptobrevin3, syntaxin2 and 3, and 

SNAP-25, which are also found in the hair cell and had no significant effect on 

exocytosis after addition of the toxin. To confirm the effects of the botulinum toxin, they 
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looked at mice or organotypic cultures of the organ of Corti with loss of function 

mutations in synaptobrevins and SNAP-25 and found that synaptobrevin1 and 

synaptobrevin2/3 double-knockout mutants exhibited no significant difference in 

exocytosis from WT mice. SNAP-25 mutants had functioning exocytosis but exhibited 

some reduction of amplitude in capacitance change. As opposed to the previously 

mentioned studies, through immunofluorescence, they were not able to detect obvious 

expression of synaptobrevin1 and 2, SNAP-25, and syntaxin1 in the hair cell (although 

they were detected in the efferent nerve terminals). In addition, Ca2+-sensors 

synaptotagmin1 and 2 have not been detected in the cochlea through different detection 

techniques (Safieddine and Wenthold, 1999; Uthaiah and Hudspeth, 2010). This suggests 

that the players involved in facilitating exocytosis in the hair cell may be a whole set of 

different players from that in the conventional synapse.  

Although the study by Nouvian et al. argue against a conventional SNARE 

complex formation required for exocytosis in the hair cell, it is possible that the SNARE 

proteins may have been protected/shielded by proteins that interact with them, which may 

have prevented detection by immunofluorescence or cleaving by botulinum toxin. In 

addition, it is possible that syntaxin, synaptobrevin, or other SNARE complex protein 

isoforms functionally compensate for each other. From this, we cannot rule out that 

SNARE proteins may play a significant role in synaptic transmission in the hair cell.  

One of the likely TA protein candidates important in hair cell synaptic 

transmission is Otoferlin, which has been detected in hair cells and has been implicated in 

hair cell synaptic transmission relating to hearing and deafness (Yasunaga et al., 1999). 

Otoferlin is a protein from the Ferlin family of proteins such as Dysferlin, which are 
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strongly implicated in vesicle fusion events (Posey et al., 2011) that have 6 C2-domains 

(β-sandwich domains that consist of four-stranded β-sheets; (Pangrsic et al., 2012). C2-

domains from other proteins such as synaptotagmin have been shown to bind to Ca2+ 

ions, phospholipids, and SNARE proteins and are known to mediate Ca2+-dependent 

signaling, synaptic vesicle exocytosis, and plasma-membrane repair (Reisinger et al., 

2011).  

Recently, there has been some evidence that the C2 domains of Otoferlin bind to 

Ca2+ ions, SNARE proteins, and phospholipid membranes, which strongly implicate its 

role in Ca2+-dependent fusion reactions in the hair cell (Johnson and Chapman, 2010). 

Through monitoring the intrinsic fluorescence spectra of Ca2+-sensitive endogenous 

aromatic amino acid residues of recombinant Otoferlin constructs in the presence of 0.1 

mM EGTA or 1mM calcium, Johnson and Chapman have shown that 5 of the 6 C2 

domains exhibited an increase in fluorescence intensity in response to the presence of 

Ca2+, in contrast to the decreased fluorescence in the presence of Ca2+ chelator EGTA, 

confirming Otoferlin’s interaction with Ca2+. In addition, through co-immuno-

precipitation in the presence of Ca2+ or EGTA, 4 C2 domains have exhibited increased 

binding to syntaxin1a/SNAP-25. Their liposome coflotation assay, which confirms direct 

binding of proteins to liposomes, demonstrated that all 6 C2 domains bound to liposomes 

in the presence of Ca2+. They further confirmed that the addition of Ca2+ triggered 

liposome aggregation, as measured by OD400 of liposomes over time with either multi-C2 

or isolated-C2 forms of Otoferlin added to the liposomes. Supporting evidence from other 

studies have confirmed through coprecipitation, two-hybrid, and GST-pulldown assays 

that Otoferlin interacts with the T-SNARES (“target” SNARE proteins that are located in 
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the plasma membrane at the active zone), syntaxin1a and SNAP-25, which normally 

interact with synaptotagmin1 and 2 in the conventional synapse, in a Ca2+-dependent 

manner (Johnson and Chapman, 2010; Ramakrishnan et al., 2009; Roux et al., 2006).  

To see if Otoferlin can speed up SNARE-mediated membrane fusion and if Ca2+ 

affects the function of Otoferlin, Johnson and Chapman utilized a reconstituted in-vitro 

membrane fusion assay to measure SNARE-mediated membrane fusion in the presence 

of Otoferlin and Ca2+ (Johnson and Chapman, 2010). In the assay, v-SNARE 

proteoliposomes containing a pair of membrane-bound fluorophores were mixed with t-

SNARE proteoliposomes. The resulting fusion between the v- and t-SNARE 

proteoliposomes would then result in lipid mixing and thus a dilution of the fluorescence 

energy transfer between the pair and dequenching (increase in fluorescence intensity) of 

one of the fluorophores. Using this assay, they incubated Otoferlin fragments containing 

3 C2 domains with these proteoliposomes and observed that liposome fusion is increased 

in the presence of Ca2+. In addition, they conducted these assays with the addition of 

soluble cytoplasmic domain of synaptobrevin or t-SNARE heterodimer that block the 

SNARE-pairing of the v- and t-SNARE proteoliposomes. Upon addition of either of 

these, fusion is reduced despite the presence of Otoferlin and Ca2+, indicating that the 

increase of vesicle fusion is also SNARE-dependent. Finally, they demonstrated that 

point mutations in the C2B domain of Otoferlin exhibited a decrease in fluorescence 

intensity, demonstrated failed membrane aggregation, and had no effect on membrane 

fusion with the addition of 1 mM Ca2+. Point mutations in C2C domain of Otoferlin that 

disrupt its ability to bind Ca2+, also eliminated Ca2+-triggered, SNARE-mediated 
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membrane fusion. Together, their results suggest the importance of Otoferlin and its 

ability to bind Ca2+ for regulating SNARE-dependent exocytosis.  

Although the exact function of Otoferlin is yet to be elucidated, current literature 

on Otof -/-and pachanga mutants, which have a missense mutation that affects an Asp 

residue in C2F domain that cause a partial loss-of-function (Schwander et al., 2007), has 

confirmed its necessity to normal synaptic transmission in the hair cell. Recently, our lab 

has observed that the expression of Otoferlin is severely down-regulated in the pinball 

mutant, which further confirms pinball’s role in processing TA proteins. This down-

regulation of Otoferlin likely contributes to the phenotype seen in pinball mutants. 

Similar to pinball mutants, Otof -/- and pachanga mutants are deaf, since no ABR 

(auditory brainstem response) wave, a measurement which is commonly used to assess 

deafness, was detected during high acoustic stimulation of over 100 dB (Pangrsic et al., 

2010; Roux et al., 2006). The absence of compound action potentials in pachanga mutant 

post-synaptic spiral ganglion neurons further pointed to a specific deficit in the hair cell 

synapse (Pangrsic et al., 2010). In Otof -/- mutants, which exhibit no expression of 

Otoferlin, patch-clamp recordings following induced-depolarization or addition of Ca2+ 

through flash-photolysis Ca2+ uncaging have demonstrated nearly no capacitance change 

for the first, fast-component of exocytosis, which is one of two kinetic components of 

exocytosis commonly discriminated in hair cell membrane capacitance recordings 

following hair cell stimulation/depolarization (Nouvian et al., 2006). This component is 

characterized by a rapid, initial rise in membrane capacitance and is thought to mediate 

exocytosis at very high rates, although exhausted after a few milliseconds, as a result of 

exocytosis of a small, finite group of vesicles, the RRP. There was also a significant 



 

 

57!

decrease in the slower, sustained component of exocytosis, which is the second, slower 

component of the membrane capacitance rise that largely reflects the resupply of vesicles 

into the RRP and their subsequent fusion with the plasma membrane (Pangrsic et al., 

2012). These deficits in exocytosis were observed despite the consistent Ca2+-influx from 

voltage-gated Ca2+ channels as monitored through patch clamp measurements, and supply 

of caged-Ca2+ observed in both the mutant and WT mice. These observed results in Otof -

/- mutants indicate an overall defect in the late step of Ca2+-dependent exocytic activity 

(fusion) of the inner hair cell in the absence of Otoferlin that is likely to compromise the 

post-synaptic response.  

Perhaps a more significant comparison to pinball mutants is based on phenotypes 

seen in Pangrsic et al.’s partial loss-of-function pachanga mutants, in which expression 

of Otoferlin is basolaterally down-regulated, as observed, similar to the Otoferlin 

expression in pinball mutant hair cells (Pangrsic et al., 2010). First, it had been shown 

that beyond 10 ms of depolarization, the capacitance rise was much slower than in WT 

mice, despite the initial appearance of the fast-component of exocytosis, suggesting a 

deficit in the sustained component of exocytosis. Second, they have shown through 

paired-pulse experiments that the change in capacitance in between different time 

intervals of two subsequent induced depolarization events in pachanga mutants exhibit 

much smaller capacitance changes in between two depolarization events when the time 

interval in between is shorter.  This contrasts to hair cells in WT mice, which exhibit 

more similar capacitance changes despite the reduction of the subsequent depolarization 

time intervals. As the time interval between the two events increases, the pachanga 

mutant capacitance change becomes more comparable to the WT. This indicated that 
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pachanga mutants have a deficit in the rate of vesicle replenishment that maintains 

sustained exocytosis. In other words, the supply of primed, readily-releasable vesicles is 

constantly limited in pachanga mutants.  

To further correlate to the pinball phenotype, we need to look at the post-synaptic 

responses in pachanga mutants.  Under stimulatory conditions (perfusion of 40 mM K+), 

pachanga mutants exhibited a present, but reduced rate of EPSC spiking of variable sizes 

and lower reliability of response to stimuli as measured through whole-cell voltage clamp 

at the spiral ganglion neuron downstream of the hair cell. Although pinball mutants were 

stimulated acoustically, they also exhibited a decreased, but not completely abolished, 

post-synaptic Ca2+ response and startle response. During low frequency stimulation (0.01 

to 0.03 Hz), post-synaptic sound onset responses (spikes per second) in pachanga 

mutants improve drastically suggesting that vesicle supply is replenished more easily and 

can support a sufficient-standing RRP under lower stimulation rates.  

The results observed in pachanga mutants, as well as the exhibition of a normal 

number of docked and ribbon-tethered vesicles as shown through their TEM results, 

suggest that Otoferlin may play a role in vesicle replenishment, specifically in 

replenishing vesicles that are “primed”, in which protein complexes are assembled after 

vesicle docking to render synaptic vesicles ready for fusion with the plasma membrane 

once an influx of calcium occurs at the active zone (Pangrsic et al., 2012), in addition to 

its possible role in Ca2+-dependent membrane fusion as proposed through experiments 

carried out on Otof-/- mice (Roux, Safieddine et al. 2006) and recombinant proteins 

(Johnson and Chapman 2010). It may also be possible that there may be a reduction in 

the size of the vesicle pool, which they did not analyze, or poor trafficking between 
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reserve pool and the tethered/RRP. In any case, these results observed in pachanga 

mutants support the notion that a large vesicle pool is needed for normal synaptic 

transmission to occur in the hair cell. If vesicle replenishment or resupply is slowed, the 

number of vesicles available to be primed and later fused for exocytosis would decrease, 

and thus lower the rate of neurotransmitter release and reduce neuronal spiking activity in 

response to stimuli. These effects could account for the high failure rate in the sound-

evoked afferent neuron Ca2+ response and fast-fatigue in the acoustic-induced startle 

reflex phenotypes we observed in the pinball mutant.  

 

Final Remarks 

The importance of TA proteins, such as Otoferlin, in facilitating normal synaptic 

transmission as demonstrated through recently published literature indicates a role of 

Pinball Wizard and TA protein insertion in the ER in supplying proteins that are needed 

to maintain a large secretion capacity required for hair cell function and hearing. Pinball 

seems to play a role in synaptic transmission by supplying key TA proteins that are 

involved in the process, namely Otoferlin, which our lab has recently observed to 

decrease in the pinball mutant hair cell. With likely roles in Ca2+-dependent fusion and 

vesicle resupply, it can be speculated that a loss of Otoferlin in pinball mutants is 

associated with the decreased post-synaptic Ca2+ and startle response seen from previous 

observations.   

Although Otoferlin mouse studies have not been observed if compromising 

Otoferlin is attributed to a decrease in the number of vesicles in reserve pool, from our 

studies we find it is possible that Otoferlin, other TA proteins, or maybe even pinball 
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itself are involved in the targeting or replenishment of the reserve pool vesicles to supply 

enough vesicles to maintain a large secretion capacity. Synaptic vesicles are re-supplied 

through the synaptic vesicle cycle through endocytosis or budding-off from early 

endosomes in which pinball may play a role in supplying the components of these 

membrane cycling processes to maintain vesicle numbers (Sudhof,  2004). Or pinball 

may be involved in supplying synaptic vesicle precursors from the Golgi apparatus 

(Sudhof, 2004). In addition, my results have also shown that pinball plays a role in ribbon 

development, although there is still some formation of ribbons in pinball mutants. Again, 

perhaps pinball supplies TA proteins that are involved in this process. With the 130 TA 

proteins that are potentially expressed in hair cells, there are a number of possible players 

that could be involved in synaptic transmission and other hair cell functions that have yet 

to be explored. To replicate and confirm results observed in the zebrafish model of the 

pinball mutant, it may be useful to create a pinball/WRB mutant mouse line to further 

study and monitor events such as exocytosis and Ca2+ influx in the hair cell, which is 

difficult to perform in zebrafish. Further, because the pinball mutation in our current 

mutants are likely to be affecting other systems outside the hair cell and auditory system, 

it may be useful to transgenically introduce pinball with a dominant-negative mutation 

into the hair cells of zebrafish embryos to study the specificity of function of pinball in 

the hair cells.  

It is important to note that it was also previously observed, as mentioned in the 

introduction, that pinball mutants have exhibited compromised microphonic potentials, 

which are indicative of deficits in mechanotransduction. Perhaps pinball supplies TA 

proteins that are involved in the assembly of mechanotransduction machinery. Lastly, we 
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cannot rule out that pinball mutation may be affecting other cells or components of the 

auditory/vestibular circuit downstream of the hair cell that may also contribute to the 

deafness phenotype since pinball/WRB and TA proteins such as SNAREs and Otoferlin 

are found in other cells and components of the nervous system (Schug et al., 2006). 

Perhaps some decrease in post-synaptic Ca2+ response is a result of a decrease in post-

synaptic glutamatergic receptors. Some of these possibilities and other components of the 

auditory circuit could be addressed in future experiments to further elucidate the role of 

pinball and its function in hearing.  
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