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Abstract

The zebrafish isamodel organism for hearing and balance research. Although lots of
zebrafish mutants have been generated, experimental assessment of auditory and
vestibular defects in many of these mutants has not been fully established. Our pioneering
work has established a new methodology of measuring the vestibuloocular reflex to
quantify vestibular defectsin 5 day-old zebrafish larvae. Our study has shown robust eye
movements with respect to changesin gravity in zebrafish larvae. We have determined
herein the basis of sensitivity of the larval eye movements with respect to the vestibular
stimulus, developmental stage, and sensory receptors of the inner ear. Our results provide
evidence for afunctional vestibulo-oculomotor circuit in 72 hours post-fertilization

zebrafish larvae that relies upon sensory input from the anterior/utricular otolith organs.

An important function of auditory/vestibular hair-cellsisto transmit sensory information
to downstream neurons. Hair cells use ribbon synapses, which are known to have severa
unique synaptic proteins for sustained, high-speed synaptic transmission. Neuronal
SNARESs are key regulators for synaptic vesicle fusion in most neurons. NSF isan
ATPase that is thought to dissociate SNARE complexes after vesicle fusion. Both are
required for synaptic transmission in the central nervous system. However, the existence
of neuronal SNARES at ribbon synapses is controversial. Neurotoxin cleavage or genetic
mutation of neuronal SNARES does not affect synaptic transmission in mouse inner hair
cells. Here, we reported a novel point mutation 1209N in the nsf gene. The nsf' 2

mutation likely affects synaptic transmission in hair cells, which appears to delay the

X



arrival of action potentials at the posterior lateral line ganglion. The nsf?* mutation
does not change the structure of ribbon synapses, with the exception of decreased
expression of cysteine string protein. In contrast, the nsf null mutation leads to a decrease
of severa synaptic markers, and causes degeneration of afferent innervation of hair cells.
Both pre- and postsynaptic Nsf activity is required for maintenance of ribbon synapses. In
addition, we have found Vamp2 and Vamp8 present in hair cells, but not other neuronal
SNARESs. Our results suggest that Nsf is required for normal function and maintenance of
ribbon synapses in zebrafish hair cells, and Nsf activity may be involved in non-

conventional SNARE-mediated synaptic transmission.

Hair cells convert mechanic information into electrochemical signals, a process called
mechanoel ectrical transduction. Searching for potential candidates for mechanosensory
channels, we have examined the expression of TRP channelsin hair cells. Although
Trpm?7 is a candidate, mechanotransduction remains unchanged in trpm7 mutants. It is
thought that mechanosensory channels could be directly or indirectly associated with
PCDH15 in rat outer hair cells. Therefore, we have used the zebrafish Pcdhl15a protein as
bait for a membrane-specific yeast two-hybrid screen using zebrafish inner ear cONA
library. Several proteins were identified in the unbiased screen, including
Transmembrane channel like 2a (Tmc2a). Tmc2ais particularly interesting because it
was recently shown to be required for mechanotransduction in mouse hair cells. Future
efforts will focus on the function and specificity of the interaction between Tmc2a and

Pcdhl15ain zebrafish.
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Chapter 1. Introduction

1. Zebrafish as a model organism for hearing research

A number of model organisms have been introducebitomedical research. Among
those, lower vertebrates and invertebrates are offed as genetic models to identify
genes that are required for specific biologicakpsses because of their low cost of
maintenance and quick growth. Although invertelwatiee able to detect sound and body
position, they lack the inner ear organ and the@gnreceptor hair cells for hearing and
balance sensation. Zebrafidbafio rerio), in contrast, possess sensory hair cells and
typical vertebrate inner ear, although they dohaote the outer and middle ear like
mammals. Additionally, zebrafish have proven talgod genetic model in large-scale
mutagenesis screens (Ackermann and Paw, 2003)tHergéhese properties have made
zebrafish an ideal genetic model for hearing retedrhrough forward genetic screens,
zebrafish mutants have revealed conserved moleantksnechanisms for ear

development and function in vertebrates ( revietmetlicolson, 2005).
1.1. Auditory and vestibular organs in zebrafish

In auditory system, hair cells detect sound withide range of frequencies and
intensities. In the vestibular system, hair cetllghie utricle, saccule, and semicircular
canals detect gravity changes, linear accelerasiod,angular acceleration, keeping the

body properly oriented in space (Figure 1A).



Figure 1. Structure of the mammalian (A) and zebraikh (B) inner ears.(anterior to
the left). Blue areas outline the auditory orgakisbreviations: c, cochlea, 1, lagena; s,

saccule; u, utricle; ssc, semicircular canal. (rhedifrom Riley & Phillips, 2003).

Because the mammalian inner ear is embedded inotairipones, the study of hair cells
is more difficult than other sensory neurons, thg.rod and cone cells in visual system
(reviewed by Goodrich, 2005). The zebrafish inrertes a similar function to the
mammalian inner ear, and is more easily accestfialeits mammalian counterpart. In
adult zebrafish, the vestibular organ includessmicircular canals and utricles, while
the saccule and lagena are used for auditory fum¢kigure 1B). Larval zebrafish also
have a vestibular reflex to maintain an uprightifpms as early as 72 hours post-
fertilization (hpf) (Mo et al., 2010c), and theywaop a hearing startle reflex or response
at 5 days post-fertilization (dpf) (Zeddies and F2805). The larval inner ear features

three patches of cristae (anterior crista, mediata; and posterior crista), which will be



hair cells in the semicircular canal system in tgjnd two groups of macular hair cells:
the anterior macula that will develop into sensmelfs in the utricle and the posterior
macula that will develop into the saccule hairceflbove each macular epithelium, there
is a calcium carbonate crystal called an otolitigyFe 2B, C). Like adults, the larval
utricular otolith is also required for vestibulamttion and survival (Riley and Moorman,
2000), while the larval saccular otolith is suggesio have a function in hearing (Popper

and Fay, 1993; Riley and Moorman, 2000).

In addition to the ear, fish and amphibians halseexal-line system to sense water flow
and body movements, which also employ hair cellseasory receptors. Hair cells in the
lateral-line system are grouped within neuromastthe surface of the fish body, and are
responsible for a variety of behaviors such astehe® and escaping from predators
(Bleckmann and Zelick, 2009; Suli et al., 2012)(F&g2A, D, E). The lateral-line system
is divided into two branches, an anterior branct thainly resides on the head, and a
posterior branch that extends from the trunk totéle Studies of zebrafish hair cells
have been focused on the lateral-line organ, eslbethe posterior lateral-line
component, in part because it is simple in strectund readily accessible at the surface
(reviewed by Ghysen and Dambly-Chaudiére, 2007eliicher et al., 2009). In this
thesis, most of experiments in Chapter 2 and anducted with lateral-line neuromasts
and the images are top-down views (Figure 2E) effitist posterior lateral-line

neuromast (L1).
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Figure 2. Organization of hair cells in zebrafish &rvae. (A) Hair cells in the lateral
line and inner ear as labeled by a fluorescenepratriven by themyo6b promoter in a 5
dpf zebrafish larva. The inner ear, pointed outhgyarrow, is enlarged in (B) and
illustrated in (C). Other dots on the trunk anddaee superficial hair cells of the lateral
line organ. (B) Lateral view of the zebrafish inear at 5dpf. (C) lllustration of the larval
ear. Colored are the five patches of sensory ledlis.cTwo otoliths are associated with
anterior and posterior maculae respectively. Epétibat differentiate into semicircular
canals are dotted. (D) Transmission EM microgrdidnlateral line neuromast (lateral
view). (E) A top-down view of a neuromast labelgdnbGFP inTg(brn3c: mGFP) larvae.
asterisk, posterior neuroepithelium; ac, antenta; am, anterior macula; hc, hair cells;
k, kinocilia; mc, medial crista; o, otolith; pc, gterior crista; pm, posterior macula; sc,

supporting cells. Modified from (Nicolson, 2005).



1.2. Genetic screen in zebrafish

One of the best feature of zebrafish as a modelsg is its unusual capacity for
genetic manipulation (Kimmel, 1989). Identificatiohmutants based on their phenotype
allows researchers to define and dissect molegaldnways without existing knowledge.
Application of forward genetic screens, which idgngenes associated to a specific
phenotype unbiasly, has advanced comprehensivasiadding of early development
processes of botGaenorhabditis el egans andDrosophila melanogaster (Brenner, 1974;
Nusslein-Volhard and Wieschaus, 1980). To furtx¢erd our knowledge to vertebrates,
zebrafish were introduced as a genetic model tatyshg embryonic development.
Zebrafish have quite a few merits that make theratiactive model. First, adult
zebrafish can be maintained at low cost with highsity. Second, it is easy to obtain a
large number of embryos with rapid and synchrondexeklopment. Finally, the
externally fertilized embryo is transparent, whiabhkes experimental manipulation and

observation relatively easy (reviewed by Haffted &hisslein-Volhard, 1996).

The genetic approach is of special interest forihngaesearch because molecular and
biochemical analysis of hearing perception has gmae be difficult (Chalfie, 2009).
Similar to other mechanosensory systems, the meskasory hair cells are relatively
scarce. Therefore there is limited material for @calar and biochemical analysis.
However, genetic screening is not affected by gtyaot protein. From genetic screens
in worms and flies, we have gained comprehensiwsviedge about our sensory
processes, such as sight, smell, and taste ondlezutar level. However, most of the
structures and molecules of the complex auditosyesy are unique in vertebrates.

5



Genetic and molecular analyses of touckidegans andDrosophila, and subsequent
genetic screens for hearing mutant®nosophila have uncovered several proteins
important for mechanotransduction, but few of theam to be essential for hearing in
mammals (Kernan et al., 1994; Eberl et al., 199%lfte, 2009). Zebrafish, which shares
similar anatomy of the inner ear with higher ver&es, is therefore a better genetic
model to dissect the molecular basis of hair-aeiction. Consequently, it has been
shown that most zebrafish genes that affect aydénd vestibular function identified in

genetic screens are conserved in higher vertebpategfield, 2002; Nicolson, 2005).

Simple behavioral assays such as the startle rafldxsswimming were used to identify
zebrafish mutants that affect auditory and vessibfunction. Deaf larvae have no
auditory startle reflex, an escape behavior ingasp to sound. Typical signs of
vestibular dysfunction in larvae include abnormadly position at rest and swimming in
circles (Nicolson et al., 1998). Screens of zebhalarvae with hearing or balance defects
using these criteria identified a number of knowid aovel deafness genes (Starr et al.,
2004; Nicolson, 2005; Obholzer et al., 2008; Gleasioal., 2009; Trapani et al., 2009;
Einhorn et al., 2012). Zebrafish mutants with défim auditory and vestibular function
may or may not have visible anatomical defects ¢fiéhd et al., 1996; Nicolson et al.,
1998; Nicolson, 2005). However, mutants that hasxeetbpmental defects of the inner
ear and/or lateral-line organ often display abndsmamming behavior as well, if they
are viable to 5 days (Granato et al., 1996; Whdtfet al., 1996; Nicolson et al., 1998). In
this thesis, two zebrafish mutants identified frimrward genetic screens will be

presentedrock solo mutants, which have impaired development of disl{{Chapter 2),



andmilky way mutants, which have vestibular defects but noetigmental defects

(Chapter 3).

Genetic screens of hearing defects in adult zedfrdfave been unsatisfactory. Simple
behavioral assays on adults were used to identifyans with hearing defects. Roughly
1% of over 6500 individual adults following N-eth\Fnitrosourea mutagenesis, had
defects in responding to a 400 Hz sinusoidal tamsetbAbnormal swim bladders were
seen in many of them (26 of 64 mutants), whilertds of them (38/64) had tilted
vertebrae dislocating the Weberian ossicles. ThmdWadder and Weberian organ
interconnected by the vertebrae serve as the ctimdwystem to amply sound; hence the
results of the screen indicates an important rbte@auditory conductive system in adult
hearing. Further analysis of random wild-type aglulithout ENU treatment revealed a
similar rate (1%) of incidence of conductive de$gstuggesting hearing loss in adults
may be largely independent of genetic factors (Batrgg., 2002). This is likely because
auditory and vestibular function is required foegatory behavior. Zebrafish larvae with
severe defects in hearing or balance fall to iaftaeir swimbladderss and usually
survive until day 8. With extra feeding and carsnaall portion of zebrafish larvae with
mild hearing or balance defects can survive tcathdt stage (Nicolson et al., 1998). The
extra effort involved in raising adults, along witie low incidence of adult phenotypes

indicates that large-scale screening is best ackisimepl at the larval stage.



2. Functional assessment of auditory and vestibular faction

2.1. Measuring hearing and balance in mammals

Quick and reliable measurements, including physjickl and behavioral analyses, are
used as assessments of hearing function in animadéls Physiological measurement of
the threshold of the auditory brainstem respon®&RAis the quickest and easiest way of
assessing auditory function of mouse mutants. Behah\analysis, e.g. the conditioned
suppression method, measures the complete cirdrotny auditory perception to
behavior, and hence provides a more comprehengitig® of the auditory system than
the ABR recording. Detailed comparisons of behaliand ABR measures have shown
that ABR measurements are more sensitive at loguéecies, while behavioral
measurements are better at high frequencies (HedfiieHeffner, 2003). In contrast to
ABR measurements, behavioral analysis is a morgsmpsychophysical

determination of auditory function (Willott, 2006).

Behavior and physiological measurements are alaibede for vestibular function.
Vestibular-evoked potentials that can be elicitgddud sound and linear and angular
accelerations are developed as physiological measnts of vestibular function (Knox
et al., 1993), but the complexity of the experimamvents its utilization as a general tool
for balance assessment. A few behavioral analyses lbeen used to measure vestibular
defects in rodent models, including the rotarodl t@scling behavior, contact righting
reflex testing, and swim test (Loscher, 2010; Akt Lustig, 2012). Another

representative type of behavior that has been tasetbnitor vestibular function in model



organisms, as well as clinical tests, is vestimdatar reflex (VOR). To measure VOR, a
video-oculography is used to track vestibular-iretbeye movements during linear or
angular acceleration of head, which allows a comgmsive understanding of both
peripheral sensation and central processing oftwdat information (reviewed by Wuyts

et al., 2007).

2.2. Measuring hearing and balance in zebrafish

As zebrafish becomes a popular model for developeuath functional studies of the
auditory and vestibular system, quantitative mearsent of hearing and balance defects
becomes critical. Not only can quantitative measuanet give a picture of what is wrong

in fish mutants, but it may also be used to scfeemutants with specific impairment.
Genetic studies have identified zebrafish mutaritis nearing and/or balance defects in
larval stage (Nicolson, 2005), but genetic facaresnot major causes of hearing defects
in adult fish (Bang et al., 2002). Therefore, itngortant to consider applying all
measurements in zebrafish larvae. In comparisdm mduse studies, these tools are very

limited.

Like with mouse models, measurement of the ABRdiss been used in a
developmental study of auditory function in juvergiebrafish from 10 to 45 mm in body
size (Higgs et al., 2002, 2003). Other physiologwaasurements, such as saccular
potentials, have been measured in adult fish (8sn007), but few of them have been
applied to fish larvae. Successful measurementseofABR in 5 dpfXenopus larvae have

proven the feasibility of using it as a tool fobrafish larvae (Katbamna et al., 2006).



Using optical monitoring and tracking systems, tvatavioral responses have been used
to quickly and reliably measure hearing and balatefects for larval zebrafish. The
auditory startle reflex (ASR), an escape behaviat tan be elicited by acoustic stimuli,
was used to quantify hearing function in larvalradéish. It is also referred as the acoustic
evoked behavior response (AEBR) (Zeddies and Fa35;2Einhorn et al., 2012). Only
three neurons are involved in eliciting startldeef(Figure 3A): inputs from sensory
neurons are transferred to CaP motor neurons bynmadiate Mauthner cells (Korn and
Faber, 2005). Because the function of Mauthnes @l CaP motor neurons
downstream of auditory sensory neurons can beyeasskessed using the touch startle
reflex (Issa et al., 2011) (Figure 3A), ASR is asBve and specific measurement of

auditory function in zebrafish larvae. It has bebown that larvae have ASRs to pure

tone stimuli from 5 dpf and these responses rétersame threshold and frequency
bandwidth until 26 dpf (Zeddies and Fay, 2005).i#edent set-up using a commercially
available video tracking system has been used tatoreescape behavior from tapping,
and found no hearing deficit tnpal mutants (Prober et al., 2008). Because tapping of
the Petri dish generates a mix of touch, pressuehaaring responses, a mini-shaker
(Einhorn et al., 2012) or speaker (Buck et al.,204 used to monitor a pure tone
elicited ASR. Using these improved devices, paltis$ of hearing was observed in
zebrafishstardust mutants (Einhorn et al., 2012) and larvae treatigl ototoxins (Buck

et al., 2012).
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Figure 3. Neural circuitry of the startle reflex and vestibuloocular reflex (VOR). (A)
Simplified circuitries of the auditory and touclate responses. Both circuitries are
bilaterally symmetric, but for simplicity, only orsgde of the circuitry is shown for each.
Mauthner cells (black and gray) are innervateddnsery neurons (green). Axons from
Mauthner cells cross the midline to innervate aateral CaP motor neurons (blue) and
interneurons that also inhibit the contralateraP @aotor neurons (orange). Modified

from (Issa et al., 2011). (B) VOR circuitry in zalish. Accelerations are sensed by the
vestibular system. Vestibular nerves then propaigébemation to the tangential nucleus
and then ocular motor neurons. Excitatory motoroes! (blue) receive information from
one side of the vestibular system; and inhibitoptan neurons (orange) on the other side

of both eyes get information for the contralateedtibular system.
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Another behavioral response that has been usesséss balance function in zebrafish
larvae is the vestibule-ocular reflex (VOR), whistused by animals to stabilize gaze in
response to head movements (Figure 3B). Becausethieircular canals are not
developed until approximately 1 month of age inraébh (Lambert et al., 2008), head or
body tilts about the dorsal-ventral axis do natieangular VOR responses until 35 dpf
(Beck et al., 2004). However, the larval feedind ascape behavior suggests a
functional vestibular system is in place at asyeasl4 days of age. In the current study
(Chapter 2), we have analyzed the VOR responsavall zebrafish from 60 to 120 hpf.
We found that fish larvae develop compensatoryretagions when they are rotated
about the earth-horizontal axis as early as 3Abllow-up study has confirmed our
finding and suggested that the tangential nucleuesponsible for this gravito-inertial
VOR (Bianco et al., 2012). The VOR measurementde@s proven to be a valuable tool
for quantitative measurement of balance functioseiveral mutants (Obholzer et al.,

2008; Trapani et al., 2009; Mo et al., 2010c).

3. Mechanoelectrical Transduction in hair cells

3.1. Hair bundle structure

Hair cells rely upon hair bundles for mechanoeleatitransductiofMET). Hair bundles
are structures located at the apical surface ofdedls and are composed of a series of
rows of actin-rich hair-like stereocilia and a deaguicrotube-based kinocilium (Figure

4A). Stereocilia are variable in size and shapdifierent species and hair cell types. A

kinocilium is present in hair cells during develagm, but in most cases degenerate in
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mature auditory hair cells. The general configaratf the kinocilium located adjacent
to the tallest row of staircase-like stereocilidognd in all hair cells. Among the
kinocilium and stereocilia, there are extracelldi@ments that interconnect them, such
as top connectors and lateral links. In mature mauser hair cells (IHCs), only tip-links,
top connectors, and ankle links are detectabledwmtvgtereocilia (Figure 4A). Lateral
links are different in different hair cells andfdifent developmental stages (reviewed by

Richardson et al., 2011).

3.2. MET channels

Mechanosensation is not specific to hair cellsibatfeature of all cells. Many
physiological processes, such as osmotic pressla®d pressure, touch sensation, and
hearing, are regulated by MET channels. As theictions suggest, MET channels are a
class of proteins with distinct molecular constdos and properties that make them
mechanosensitive. Some of these MET channels &er baderstood than others, for
example, the bacterial MET channel that regulasesatic pressure, and the MET
channel in touch receptors @ elegans have been studied at the molecular level
(reviewed by Haswell et al., 2011). Biochemical dmphysical studies have revealed
the structure and some basic mechanisms of bddw&& channels with large (MscL)
and small (MscS) conductance (Haswell et al., 20get)we do not know the molecular
identity of the MET channel in hair cells. Many @bages stand in the way of the
identification of the MET channel in hair cellsr$i limited numbers of channels per

hair cell and hair cells per animal restrict theoamt of starting material for purification;
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second, a stabia vitro culture of hair cells is not available; finallygaess to, and

manipulation of inner ear hair cells is difficult.

Despite not knowing the molecular components ofthie-cell MET channel, progress
has been made in the past a few decades in unuirgjats properties. Hereinafter the
term ‘MET channel’ will refer specifically to theearing receptor channel if not specified
otherwise. Electrophysiological recordings havengithat the MET channel is a non-
selective cation channel with a large conductaeag,about 250 pS in rat IHCs (Beurg et
al., 2006). At the resting membrane potential, €T channel has a open probability of
10%, suggesting a tension of approximately 5-20p&pplied to MET channels at rest
(Jaramillo and Hudspeth, 1993). Displacement af Ixandles along the excitatory axis
by 4-11 nm causes transduction channels to opendroseconds (Ricci et al., 2002;
Waguespack et al., 2007). Further displacementaiofoundles to a hundred nanometers
can generate currents larger than 1 nA (For marpegsties of MET channels, see review

Fettiplace, 2009).
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Figure 4. lllustrations of the hair bundle, mechanéransduction machinery, and

action of MET channels.(A) Diagram of the hair cell’s apical hair bundleown in

cross section. Linkages that connect the steraamild the kinocilium are shown. (B)
Localization of a subset of known molecules ofittechanotransduction machinery. (C)
On the left, a typical mechanosensory currenttelicin response to the mechanical
stimulus shown below. On the right, illustrationcoirrent model of opening and closing
of MET channels in response to the mechanical $tismMET channels are activated by
deflection of the hair bundle toward the longestebcilia. Stretching of the tip-link is
thought to be the gating force. Fast and slow adipt occur in tandem after a
mechanical stimulus is applied to the hair bunifledified from (Kazmierczak and

Muller, 2012)
15



Following activation, MET channels undergo adaptatseen as a decay of sensory
currents in response to sustained mechanic stifigiure 4C). Two phases of adaptation
have been observed: fast adaptation in a few exiiads or less, and a subsequent
prolonged slower adaptation (Assad et al., 198awrd et al., 1989). Direct a
binding or a biophysical change in the gating sprathought to be important for fast
adaptation, because the kinetics are too fast todzbated by secondary messengers. A
molecular motor is likely involved in driving sloadaptation. Because the extent of
adaptation in different types of hair cells is abte, different cell types may use different
mechanisms (for detailed discussion see reviewdny et al., 2011; Kazmierczak and

Muller, 2012).
3.3. Tip links and mechanosensation

Tip links have been proposed to tether the MET nkhto hair bundles since their
discovery (Pickles et al., 1984). Deflection ofrHaundles toward the kinocilia or the
tallest stereocilia opens MET channels and depmarhair cells, while deflection in the
opposite direction closes MET channels and hyparpas hair cells (Shotwell et al.,
1981). The orientation of tip links can be the seuwf directional sensitivity of MET
channels (Pickles et al., 1984). MET currents daished when tip links are removed
by reagents such as calcium chelators (Assad, dt%l1; Zhao et al., 1996) and
proteases such as elastase (Preyer et al., 198&)v&y of MET currents after drug
treatment correlates with the reappearance oinis I(Zhao et al., 1996). Recent studies
using high speed calcium imaging has found'@aters near the lower end of tip links
(Beurg et al., 2009).
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Figure 5. Models of connections between tip-linksrel MET channels The upper tip-

link protein (Green) is likely CDH23; while the l@wtip-link protein (Blue) is likely
PCDH15. (A) The MET channel is tethered to the si&beton and gated by PCDH15
directly. (B) The MET channel is tethered to théoskeleton, but it does not bind with
PCDHA15 directly. (C) The MET channel is not tetliere the cytoskeleton, but it binds
PCDHA15 directly. (D) The MET channel is neithehted to the cytoskeleton nor gated

by PCDH15 directly. Modified from (Powers et alQ12)

Tip links may connect to hair-cell MET channelsedity or indirectly. Four different
models are possible based on current experimevitidrece (Figure 5). In each model,
the tip link has a direct or indirect connectiorthe MET channel. Experimental
measurement of the relationship between the traesdwrrent, the force applied to the
hair bundle, and the deflection of the hair buridis given rise to a gating-spring model
of the gating of the MET channel (Howard and Hudsp&988). In this model,
displacement of the hair bundle stretches an elapting with a stiffness of about 1

mN/m to open the MET channel. It may be reason@bt®nsider the tip link as the
17



spring; however, structural and modeling evidenggsests that tip links are too stiff to
be the gating spring (Sotomayor et al., 2010). Aappossible molecular component of
the gating spring is the ankyrin repeats foundhenG-terminal tail of ion channels, but
they are also not as flexible as the gating spasguggested by molecular modeling
(Howard and Bechstedt, 2004). Although it is $tith early to make any conclusions, the
gating spring may be a protein complex that expegae a conformational change,
causing the MET channel to open. Alternativelyipflinks are not directly associated
with MET channels, nonproteinaceous elements ssidipid membranes or lipid raft

structures may also serve as an elastic compohéme MET complex.

4. The tip link and MET complex

4.1. Molecular components of the tip link

Because of its clear role in mechanotransductixtensive efforts have been invested to
look for the molecular components of the tip liRecent evidence has shown that
protocadherin 15 (PCDH15) and cadherin 23 (CDHa8gther form the lower and upper
part of the tip link, respectively (Kazmierczakagt 2007)(Figure 4B). Hair cells with
mutations in either gene often have no tip linkeyphological defects of their hair
bundles, and hearing and balance defects in zehrafiice and humans (Alagramam et
al., 2001, 2011; Di Palma et al., 2001; Sdllnealet2004; Seiler et al., 2005). Antibody
labeling of both proteins also detected PCDH15@DB¢H23 at tip links (Siemens et al.,
2004; Sollner et al., 2004; Ahmed et al., 2006)tHear biochemical studies suggest that

interactions between the extracellular cadherin)(@&nains of CDH23 and PCDH15
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can be replicaterh vitro. Immunogold labeling of the two proteins indicases
localization of CDH23 at the upper side and PCDHilthe lower side of the tip link
(Kazmierczak et al., 2007). However, some studee®Hound CDH23 in developing
hair bundles but not in mature hair cells, questignvhether CDH23 is a true
component of the tip link (Lagziel et al., 2005;diel et al., 2005). This controversy is
further supported by the observation that tip liaks found in mouse mutants lacking
CDH23 protein (Rzadzinska and Steel, 2009). Pertdfesent isoforms of CDH23 or

even other proteins are used for the tip link inHZ23 mutants.

Interactions between the tip-link proteins PCDHh8 &DH23 are likely through
unconventionatrans-interactions. In classic cadherins, e.g. C-cadh@figure 6A), there
are 5 EC domains on each side of the interactimeediUsually, large numbers of
cadherin molecules line up at intermediate jundittmough binding of their first EC
(EC1) domains (Niessen et al., 2011). There areymare N-terminal EC domains in
CDH23 and PCDH15 than C-cadherins (Figure 6A). Ancontrast, CDH23 and
PCDH15 form homodimers before they interact eableraio form heterotetramers
(Kazmierczak et al., 2007). Crystal structuresheffirst two EC repeats of CDH23 have
shown that, although they have typical EC foldsytformcis-homodimersn vitro
(Elledge et al., 2010; Sotomayor et al., 2010).cBmbining molecular simulation,
biochemical and crystallographic evidences, Dawde§ lab has shown that an
antiparallel heterodimer is formed between the fi® EC domains of PCDH15 and
CDH23 (Sotomayor et al., 2012). In presence Jf Ghe interaction is thought to be

strong enough to mediate mechanotransduction forchbs.
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Figure 6. Diagram of molecules involved in mechanainsduction. The domain
structure of transmembrane receptors (A), adaptiems (B), myosin motors (C) are
drawn. Ank, ankyrin-like repeat; cc, coiled-coilrdain; CEN, central sans domain; EC,
extracellular cadherin repeat; FERM, protein 4ztire radixin, moesin domain; I1Q,
calmodulin binding IQ domain; MyTH4, myosin tailtnology 4 domain; N-ter, N-
terminal domain of harmonin; PBI, PDZ binding iriéexe; PDZ, PSD95/SAP90, Discs
large, zonula occludens-1 domain; PST, prolinginee threonine-rich domain; SAM,
sterile alpha-motif domain; SH3, src-homology 3 @m From (Kazmierczak and

Miiller, 2012)

4.2. Cytoplasmic domains of the tip-link components

Because they comprise the tip link, the cytoplaseimains of both CDH23 and

PCDH15 may interact with critical components of MMET complex. Since PCDH15 is

20



located at the lower tip-link (Kazmierczak et 8007), where Cd enters when MET
channels are open (Beurg et al., 2009), it isVikleat the cytoplasmic domain of
PCDH15 directly connects to the MET complex and @BH intracellular domain may
be important for other aspects of MET, such as tadiap. In fact, both cytosolic
domains have little homology to any other protesugygesting that they have a specific

role in hair cells.

Two splice variants have been found in the cytaplagortion of CDH23 protein

(Figure 6A). The shorter isoform without an exon(6®H23-68), which encodes a 35
amino acid peptide, is expressed in many tissuggding the inner ear (Siemens et al.,
2002; Rzadzinska et al., 2005). The longer splamant (CDH23+68) is found in hair
cells but not the retina in mammals (Siemens eR@D2); in zebrafish, the long splice
variant is found in both the inner ear and thenee{iGlover et al., 2012). A recent study
also reports that a mammalian specific cysteins(&340), in CDH23+68 can react with
glutathione in cultured cell lines (Yonezawa et 2008). The significance of Cys (3240)
of CDH23 in mechanotransduction is arguable, esrnbt conserved in lower vertebrates.
More studies are required to determine which isafof CDH23 could be the tip-link

component.

Three major isoforms are found in the cytoplasnamédin of PCDH15, namely CD1,
CD2 and CD3 (Figure 6A). All of them are expressedair cells and localized to the
hair bundle (Ahmed et al., 2006). CD3 is predomilyaat the tip-link location, but CD1
and CD2 are more broadly distributed in the haidde. However, genetic knock-out of
CD1 or CD3 results in normal development of haindles and mechanotransduction
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(Webb et al., 2011). CD2 defective mice do not hawmeciliary links, and develop
abnormal polarity of hair bundles. In zebrafishlyg@dD1 and CD3, but not CD2, are
found in the genome and expressed in lateral-laedells (Chapter 5). Together, these
results suggest the possibility of overlapping tiores among different isoforms of

PCDH15.

4.3. Proteins that interact with the cytoplasmic domainsof CDH23 and PCDH15

Because of the important role of CDH23 and PCDHhilfmechanotransduction, much
attention has been paid to finding proteins thegract with their cytoplasmic domains.
Both PCDH15 and CDH23 proteins belong to a famallyed Usher syndrome type 1
(USH1) proteins, named from the eponymous syndneitiesevere hearing and vision
loss. This family also includes several other prsténcluding MYO7A (USH1B),
harmonin (USH1C), and SANS (USH1G) (Figure 6A, Bd &£). Some of the compound
heterozygotes of mutations in proteins within tHgH1 family also cause non-syndromic
deafness in human beings, which suggests that esiéins act in the same pathway
(Schultz et al., 2011)n vitro biochemical studies of USH1 proteins have detegghin
complex interactions among several of them, inclgdiarmonin, which can interact with
all other USH1 proteins (Adato et al., 2005). M&ryH1 proteins have also proven to be
important for development of hair bundles and/gutation of MET channels (reviewed

by Richardson et al., 2011).

Multivalent interactions between harmonin and th@glasmic domain of CDH23 are
important (Rzadzinska et al., 2005; Pan et al.920u et al., 2012). The subcellular

distribution of harmonin is similar to CDH23: bagthoteins localize throughout the hair
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bundle in developing hair cells, but later in deyghent, they are concentrated at the
upper tip-link site (Grillet et al., 2009)(Figur& In deaf circler mice, a spontaneous
mutation in harmonin causes its mislocalizatiotht®tip of stereocilia, which does not
affect the formation of tip-links, but slows thdiaation and adaptation of MET channels
(Grillet et al., 2009; Michalski et al., 2009). §lsuggests that harmonin may be a
regulator of the slow adaptation motor. Moreovarnmonin uses its PDZ domains to
bring two other USHL1 proteins, MYO7A and SANS, he CDH23 complex at the upper
tip-link site (Boéda et al., 2002; Reiners et 2005b; Bahloul et al., 2010; Yan et al.,
2010; Grati and Kachar, 2011)(Figure 4B, 6B). Miotag in both MYO7A and SANS
affect the MET currents: smaller amplitudes in SAN&ants, and slower activation and
faster adaptation in MYO7A mutants. Both mutantgehaorphological defects in their
hair bundles (Self et al., 1998; Ernest et al. 20®00s et al., 2002; Caberlotto et al.,
2011). In addition, MYO7A appears to control thstirgg tension of hair bundles (Kros et

al., 2002).

Another important protein interacting with CDH23MrO1C (Siemens et al.,
2004)(Figure 6C). Many studies have shown that MZ@sllocalized ubiquitously in the
hair bundle in rodents and affects adaptation whactivated (Holt et al., 2002; Stauffer
et al., 2005; Phillips et al., 2006). Because Bd¥0O1C and MYO7A have been shown
to interact with CDH23 and to affect adaptatioMBT currents, these findings suggest
that the CDH23 complex at the upper tip-link sg@mportant for regulating adaptation
of MET channels. Further studies will be neededlt@idate the real adaptation motor

and how the upper tip-link site regulates adaptatio
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To extend our knowledge of the CDH23 complex beyihredUSH1 protein network,
several efforts to look for interaction partner<G@H23 using unbiased yeast two-hybrid
screens have been undertaken. In a screen usiggttmasmic domain of CDH23+68
as bait, Xu and colleagues identified MAGI-1 asoteptial scaffold protein localized in
stereocilia (Xu et al., 2008). Meanwhile, they halso found PIST, a protein that
appears to regulate vesicle trafficking (Xu et 2010). Another vesicle protein EHD4
was found in another screen to interact with CDK&éngupta et al., 2009). Since
CDH23 has been shown to localize at presynaptiomsgn hair cells (Reiners et al.,
2003; Lagziel et al., 2009; Zallocchi et al., 2012@12b), these interaction proteins may

be related to the potential function of CDH23 hBbon synapses.

Less is known about the protein complex assochattdthe cytoplasmic domain of
PCDHA15 at the lower tip-link site. USH1 proteins YA (Senften et al., 2006) and
harmonin (Adato et al., 2005; Reiners et al., 200%xe found to interact with PCDH15
invitro. However, they are unlikely in the same proteimptex in hair cells, because
MYO7A and harmonin do not specifically localizeth® lower tip-link site (Senften et
al., 2006; Michalski et al., 2009). HCN1, whicheigpressed in hair cells, has been found
to interact with PCDH15-CD3 in a €adependent manner (Ramakrishnan et al., 2009,
2012b). However, HCN channels are mainly localimethe basolateral membrane and
not in stereocilia (Horwitz et al., 2011). They danactivated by hyperpolarization
(Horwitz et al., 2011), but not mechanic deflectadrhair bundles (Horwitz et al., 2010).
Whether HCNL1 binds to PCDH15-CDxvivo and the physiological function of the

interaction has yet to be determined.

24



There are also some proteins expressed at the tgwark site, but they have not been
found to interact with PCDH15, such as MYO15, Whirand SANS (Delprat et al.,
2005; Mburu et al., 2006; Caberlotto et al., 20MY.015, when mutated, causes
shortening of stereocilia and abnormal fast adeptatf MET currents (Stepanyan and
Frolenkov, 2009). Mutations in MYO15 also lead tehér-like symptoms in rats (Held et
al., 2011). Whether there are direct or indirectrextions between these proteins and

PCDHA15 is worthwhile to explore.

Because PCDH15 is proposed to connect with the BH&hnel complex directly or
indirectly, finding its interacting partners istaral for understanding the
mechanotransduction process in hair cells. SdHare is no compelling evidence of
bona fide interactors with the cytoplasmic domain of PCDHASivo. To find potential
partners of PCDH15, | have conducted a membranedbgesast two-hybrid screen using
the full length of zebrafish PCDH15a as bait angraish inner ear cDNA library as

prey. A summary of the interactions is presenteGhapter 5.
4.4. MET channel candidates

From what is known about hair-cell mechanotransdaogcthere are certain criteria for
candidates of MET channels. First, MET channelsikhbe expressed in hair cells from
the time of mechanotransduction onset and localiaede lower tip-link site, where the
influx of C&* has been observed (Beurg et al., 2009). Additipngdey should fulfill
many distinct biophysical properties that haveasebeen defined, e.g., nonselectivity
to cations and permeability to aminoglycosidesiéeed by Peng et al., 2011). Last but

not least, MET channels are members of either gepréamily, or have multiple variants
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or different posttranslational modifications, besathe single-channel conductance and
kinetics are largely variable even within the sapecies (Ricci et al., 2003). Based on
our current knowledge, MET channels are most litelgperate as heterotetramers

(reviewed by Fettiplace, 2009).

Although a few candidates have been proposed, aonghs that fully satisfy the criteria
for the hair-cell MET channel have been identiffezliiewed by Vollrath et al., 2007).
Among the most interesting candidates are transeseiptor potential (TRP) channels.
TRP channels are usually nonselective channelabpgras tetramers with high single-
channel conductance and®Cpermeability (Owsianik et al., 2006). NOMPC/TRPN1
was identified by genetic screens for mechanosgrgenes irDrosophila that directly
contribute to the MET currents (Kernan et al., ,984lker et al., 2000; Effertz et al.,
2012). NOMPC appears to affect hearing in zebradshvell (Sidi et al., 2003), but it
cannot be the principle MET channel because ibtdatalized to stereocilia (Shin et al.,
2005) and not found in mammals. TRPA1 has beengsexpto be another candidate
because of its expression in hair cells (Corey.e2804), but it also does not fit the
criteria for the MET channel in either zebrafishdlger et al., 2008) or mammals (Kwan
et al., 2006). In our current work (Chapter 5),lveee characterized the expression of
several TRP channels in zebrafish hair cells, amdiant is available farpm?7. Our
imaging data of mechanically-dependent fluoresdgatlabeling in hair cells indicate

that mutation ofrpm7 does not affect mechanotransduction.

Another family of proteins, the TMCs (Transmembr&teannel-like), have recently
become candidates for MET channels. Mutations irCIMvere first identified to cause
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hearing loss in both humans (Kurima et al., 200@) mice (Vreugde et al., 2002; Maniji
et al., 2012). Subsequent studies have determira@doth TMC1 and TMC2 are
expressed in hair cells and required for mechansthaction (Kawashima et al., 2011),
although a previous study of TMC1 suggested thaatimns affect maturation of hair
cells (Marcotti et al., 2006). In our non-biaseastetwo hybrid screen (Chapter 5), we
identified zebrafish Tmc2a as an interaction partidé>cdhl15a. We also detectaatl,
tmc2a, tmc2b mRNA expression in hair cells of the zebrafisheinaar. These results are
promising, but further studies are required to hetee how TMC1 and TMC2 affect
MET currents of hair cells and whether TMC proteans components of the MET

channel complex.

5. Synaptic transmission in hair cells

5.1. Properties of synaptic transmission in hair cells

Ribbon synapses with specialized synaptic transomssharacteristics are required for
hair cells to faithfully transfer electrochemicaformation to downstream neurons
(Figure 7). As displacements of hair bundles triggechanotransduction, mechanical
stimuli are precisely transduced into graded dlgadtsignals. In response, ribbon
synapses couple vesicle fusion to changes in memalpratentials (Juusola et al., 1996).
Vesicle fusion at ribbon synapses is different ttienall-or-none vesicle fusion at
conventional synapses in the central nervous sy&BS$). In order to distinguish
sounds with intervals less than 1 ms (Narayan.e1898), auditory hair cells have to

maintain very fast and synchronized neurotransnméiease. Hair cells show sustained
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vesicle releases in response to ever-present sagnals. This tonic release property is
thought to rely on a large number of vesicles agddo the ribbon synapse (reviewed by

von Gersdorff, 2001; Schmitz, 2009).

11‘ 7 W Afferent term'inals
B Efferent terminals
}iﬁ 5 Rlbbon

L, ST ¥

Figure 7. Diagram of a hair cell innervated by affeent nerves (green) and an
efferent nerve (blue).At the presynaptic site, the hair cell has ribbgpmapses. An EM
picture of mammalian IHC’s ribbon synapse is sh@nrthe right with an electron dense

ribbon body surrounded by synaptic vesicles. Medifirom (Safieddine et al., 2012).

5.2. Structure of ribbon synapses

Ribbon synapses are named by the special electrmsedstructures called synaptic
ribbons at the presynaptic active zone (Figurén/addition to being in hair cells, similar

synaptic structures have been found in other sgmsaurons in the retina and pineal
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glands, suggesting that ribbon synapses are immdddransmit sensory stimuli. In hair
cells, synaptic ribbons are usually round or edligsshape, in comparison with the rod or
ribbon-like shape found in the retina. Most (>95%bons are found attached to the
membrane at active zones in a one-to-one patteamig2k et al., 2004). The size and
number of ribbon synapses is highly variable ifiedént species, developmental stages,
and tonotopic positions. In zebrafish neuromastshdair cell contains around 3
synaptic ribbons of about 100 nm in diameter (Shettl., 2011). Saccular hair cells in
frogs usually have about 20 large (>400 nm) ribb@taberts et al., 1990; Lenzi et al.,
1999). In many other species, such as turtle (Sckhal., 2005), gerbil (Slepecky et al.,
2000), and cat (Liberman et al., 1990), hair oglth different characteristic frequencies
have diverse numbers and sizes of synaptic bodiebon synapses can also vary over
development. In comparison to many small ribbonsause inner hair cells before
hearing onsite, fewer and larger ribbons are atidh¢b the active zone after onset of

hearing (Sobkowicz et al., 1982; Nemzou et al.,62@®ndin et al., 2007).

Another feature of ribbon synapses is a halo o&ptin vesicles that physically link to
the electron dense ribbon body by thin flamentarnown composition (Lenzi et al.,
1999) (Figure 7). In fact, hair cells have threelp®f synaptic vesicles: vesicles docked
to the plasma membrane, vesicles associated witlomi bodies, and free floating
vesicles. Three-dimensional reconstructions usiect®n tomography have estimated
about 32 docked vesicles and around 376 tethergdles per ribbon body in frog
saccular hair cells (Lenzi et al., 1999). Anothteidg using ultrathin EM sections has
estimated 16—30 docked vesicles per ribbon in mdd€s (Khimich et al., 2005). The

portion of tethered vesicles is relatively smalhsidering the 10,000-30,000 cytoplasmic
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vesicles near each active zone (Lenzi et al., 1998jeover, the number of both docked
and floating vesicles in ribbon synapses is mueatgr than the numbers in conventional
hippocampal synapses, in which 8 to 10 of aboutv&3icles are docked (Schikorski and
Stevens, 1997). The large number of vesicles isghbto be important for fast and

precise tonic release at ribbon synapses (revidydédouvian et al.; and Schmitz, 2009).

5.3. Molecular composition of ribbon synapses

Recent unbiased surveys of protein componentblodn synapses in the cochlea and
retina have directly shown the similarity betwedabon synapses (Uthaiah and Hudspeth,
2010). Although both ribbon synapses share motteaf protein components with
conventional synapses, they are unique in severaponents such as complexins and
synaptotagmins (reviewed by Zanazzi and Matthe@89® Understanding how the
molecular apparatus is built and functions at stinagpbons will be crucial for
determining which components of synaptic transrorssiiffer or are conserved in these

Sensory neurons.

RIBEYE is the most abundant and unique protein aomept of ribbon synapses (Figure
8). RIBEYE is estimated to make up to 67% of thaltmass of the electron-dense
ribbon body (Zenisek et al., 2004) and makes up 80%be total protein content of the
ribbon complex that associated with the ribbon biodye retina (Kantardzhieva et al.,
2012). A putative role of RIBEYE in ribbon synapse$o build a scaffold to recruit
other proteins (Schmitz et al., 2000). In fact, tplé self-interaction domains inside the
RIBEYE protein make it an ideal structural elemientthe ribbon body. Exogenous

RIBEYE proteins in cultured cells can aggregatéh®mselves and recruit surrounding
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vesicles and membrane compartments (Magupalli,e2@08). Overexpression of
RIBEYE in hair cells creates extra-large ribbond #oating RIBEYE aggregates
(Sheets et al., 2011). In contrast, genetic ablasfdRIBEYE in zebrafish leads to smaller
ribbons or total abolishment of ribbon bodies (Waal., 2005; Sheets et al., 2011; Lv et
al., 2012). RIBEYE has been shown to interact \sétieral proteins such as Bassoon
(tom Dieck et al., 2005), Munc119 (Alpadi et al008), BRAG1 (Katsumata et al., 2009),
and GCAP2 (Venkatesan et al., 2010), which alstigyaaite in regulating synaptic
transmission. Besides its structural role, RIBE¥HEhiought to have enzymatic activity
that could be crucial for binding of other prote@rtners to the ribbons (Schmitz et al.,
2000; Venkatesan et al., 2010; Schwarz et al., RBRdcent studies using antibodies
specifically against RIBEYE have pulled out a langenber of important players in
conventional synapses, suggesting that RIBEYEaské#y for the structure and function

of ribbon synapses (Uthaiah and Hudspeth, 2010tdfdrhieva et al., 2012).

Besides RIBEYE, synaptic transmission in hair cedtguires several proteins that are
less common at conventional synapses (Figure 8panthem, the best characterized
are the L-type C& channels (CA family), vesicular glutamate transporter 3 (Vghyt
and otoferlin. Auditory hair-cell ribbon synapsesgominantly require G&.3 C&"
channels (CA.4 in retina) to mediate synaptic transmissiotheathan the G2.1 or
Ca2.2 C&" channels used at conventional synapses (Brardl 003, 2005; Michna et
al., 2003; Sidi et al., 2004). Several lines oflevice suggest that clusteredGzhannels
within nanodomains in the active zone of ribbonagpges are important for the
synchronized release of neurotransmitters (Role¢ids, 1990; Tucker and Fettiplace,

1995; Rodriguez-Contreras and Yamoah, 2001; Brenal, 2005).
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CNS conventional synapse Hair cell ribbon synapse Photoreceptor ribbon synapse

Specific key proteins
Syntaxin 1 Syntaxin 1 Syntaxin 3
VAMP2 ? { VAMP1 VAMP2
SNAP25 SNAP25 SNAP25
af N-type Ca?* channel (Ca,2) a8 Ltype Ca?* channel (Ca,1.3) I L-type Ca?* channel (Ca,1.4)
Synapsins 1 and 2 W) RIBEYE (CtBP2) @ RIBEYE (CtBP1/2)
Synaptotagmins vglut3 KIF3A
(expressed throughout
adult stages)
Complexins
(expressed throughout
adult stages)
// F-actin ). Piccolo o4 Velis £% Munc13/Muncl8 “  CAST1
" Microtubules \\ Bassoon « (CSP @ MyosinVi 0 Rabphilin
“.. Spectrin ¥ Mint od RIMI/2 2 CASK » Rab3

Figure 8. Diagrammatic representation of mature syapses in the rodent CNS, hair
cells, and photoreceptor cellsCertain unique proteins are present in each type o
synapse, while many proteins are shared by allerht Modified from (Safieddine et al.,

2012).
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Figure 9. The SNARE cycle in vesicle fusiorAs shown in the upper left hand side, first,
free standing Q-SNARESs are on the presynaptic mangwith their N-termini toward

the cytoplasm. SM (Sec1/Munc18-related) proteiesraquired for them to form

acceptor complexes, which then interact with R-SIHARN the vesicle membrane. This
process is promoted by Synulein and CSP protamestdcting Q- and R SNARES go
through serial stages from loose trans- to tigirisr then to cis-SNARES. The transition
from trans- to cis-SNARES opens the fusion por¢henvesicle. After vesicle fusion,
SNAP and NSF proteins dissociate cis-SNARE comgléaaelease free SNAREsS,

which is ATP dependent. Modified from (Jahn antiedler, 2006).
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Figure 10. Mammalian SNAREs for trafficking in diff erent pathways.Many
pathways involving vesicle fusion do not yet hapedfic SNARESs identified. From

(Jahn and Scheller, 2006).

The vesicular glutamate transporter fills synapésicles with glutamate. Vglutl and -2
proteins appear to have mutually exclusive distridms and functions in the central
nervous system (Fremeau et al., 2004), while martatof Vglut3 specifically affect hair
cells (Obholzer et al., 2008; Ruel et al., 200&I®¢ al., 2008). Considering that the
transporter activity of Vglut3 is slightly differethan Vglutl and -2 (Gras et al., 2002), it

would be interesting to test if Vglutl or -2 catiyuescue Vglut3 defects in hair cells.

Otoferlin was first identified as a human nonsymdic deafness gene, and is thought to

be the C&' sensor for synaptic transmission in auditory kells (Roux et al., 2006;
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Dulon et al., 2009). However, its function is nquivalent to Synaptotagminl, thea
sensor for conventional synapses (Reisinger e2@l]). It is likely that Synaptotagmin

IV and Otoferlin play different roles in &adependent vesicle fusion at ribbon synapses
(Beurg et al., 2010; Johnson et al., 2010). Desmitepelling data, the true Easensor

for ribbon synapses and how it is related to timetics of synaptic transmissions remains

elusive.

Many studies suggest that ribbon synapses eitbkrdiause different (though
homologous) key proteins from those that are irghsfble in conventional synapses
(reviewed by Safieddine et al., 2012). The listhaf synaptic proteins that are different in
hair cells includes synapsins (Mandell et al., 9806mplexins (Reim et al., 2005;
Zanazzi and Matthews, 2010), and synaptotagmirtséim et al., 2010). Although
Muncl3—a protein that completely eliminates prinsgdaptic vesicles in hippocampal
neurons when mutated—is expressed in ribbon syeapiselefects do not affect
synaptic transmission in mouse photoreceptor ritgyorapses (Cooper et al., 2012).
Using proteins that are different from conventiosytapses may be important for the

specific duties that ribbon synapses face, but rdetailed studies are needed.
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ATP state
{up confarmation)

ADP state
(down conformation)

Figure 11. Structure and mode of action for the NSkprotein. (A) 3D structure of the
NSF-SNAP-SNARE 20S particle reconstructed usingatieg stain EM. Crystal
structures ofi-SNAP (PDB:1QQE; 1, 2, and 3 colored in light blue)d SNARE
complex (PDB:1SFC; colored in red) are overlaichviite EM structure. Colored in
yellow are EM structures of N-domains of NSF. ThgeEM structures of the D2 (blue)
and D1 (green) domains of NSF are also shown. {Byfam of NSF bound to either
ATP (top) or ADP (bottom). Note the conformatiochbhnge in the N domain of NSF

from the up to the down position. Modified from @ty et al., 2012).
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6. NSF and synaptic transmission

6.1. Exocytotic complex in conventional synapses

In the established synaptic model, the soluble B®&&chment protein receptors (SNARE)
protein complex is the central machinery for membrausion (Jahn and Scheller, 2006).
The SNARE hypothesis posits that two sets of SNABR &g on the opposing to-be-
fused membranes interact to form complexes, whietireen dissociated by N-
ethymaleimide-sensitive factor (NSF) after fusidhe role of NSF is to guarantee a pool
of free SNARE proteins that are ready for membifas®n. The cycling of SNARES is
key to high efficient synaptic fusion (Jahn and &lgn, 2006)(Figure 9). In Chapter 3, |

will present my work on NSF and its potential SNARIbstrates in zebrafish hair cells.

To effectively mediate vesicle fusion, one of eatfour types of SNARE proteins is
required: Qa-, Qb-, Qc- and R-SNARESs (Figure Qeyrare classified based on the
conserved glutamate (Q) and arginine (R) residudisd central motifs contributing to

the fusion step (Fasshauer et al., 1998). The S:NARE subtypes are conserved in yeast,
plants and mammals, suggesting a universal mecahasfibinding (Bock et al., 2001).
Another system categorizes SNAREs into vesiculax-8NARES, which are on vesicle
membranes, and target- or t-SNARES, which are endtget membranes. Although it is
difficult to define v- and t-SNARES in the scenanifovesicle-vesicle fusion, this

nomenclature is commonly used to describe exoc/itosi

Different sets of SNARES are used for various wehalar processes (Figure 10). In
eukaryotic cells, over 60 SNARE proteins are exggdsMany of them are specialized
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for certain types of membrane fusion and requieesig interaction partners (Hong,
2005). This provides a complex yet robust regulat@twork of membrane fusions in the
cell. For the synaptic vesicle fusion process, oear SNARESs are used: SNAP-25 (Qbc-
SNARE) and Syntaxinl (Qa-SNARE) as Q-SNAREs, andWPA(Synaptobrevin)-1 or -

2 as R-SNAREs.

The fusion cycle of synaptic vesicles is reguldigd few key proteins (Figure 9). In
order to have Qa-, Qb-, Qc-SNARESs form a Qabc-cemph the trans-membrane,
Munc18 is recruited (Voets et al., 2001; Weimealet2003). Then the assembly of R-
SNAREs with Qabc-complex is promoted by a few clhhapes including CSPs and
Synucleins (Burré et al., 2010; Sharma et al., 20Bath protein families have
neuroprotective roles (Fernandez-Chacén et al4208andra et al., 2005; Greten-
Harrison et al., 2010; Burgoyne and Morgan, 20Thg catalytic step of synaptic vesicle
fusion is C&" dependent and regulated by Synaptotagmin-1 ando@ains (reviewed

by Chapman, 2008; Sudhof, 2012). After synaptiiusSNARE complexes have to be
dissociated and recycled, for which two importdmmerones are NSF aneSNAP

(reviewed by Sudhof and Rizo, 2011; Zhao et alL220
6.2. Structure and function of NSF

N-ethylmaleimide-sensitive factor (NSF) is a kegtpin to catalyze dissociation of
SNARE complexes. It was the first protein identfte specifically regulate vesicle
trafficking (Wilson et al., 1989). The function NSF is well characterized: it is an
ATPase that disassociates the SNARE complex upd? ydrolysis, which frees

SNARE proteins from the excytotic complex. It bejerio the protein family of ATPase
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associated with various cellular activities (AAA8hared by all members of the AAA+
family is the AAA domain that binds ATP. In NSF,dvAAA domains are at the C-
terminus: NSF-D1 (206-477) and NSF-D2 (478-744)FN1 is the ATPase domain that
catalyzes SNARE disassembly, while the NSF-D2essttlf-interaction domain that
helps NSF to form a homohexamer. The N-terminala@larfNSF-N, 1-205) is supposed
to bind to the soluble NSF attachment protef8NAP) and the SNARE complex
(reviewed by Zhao et al., 2012) (Figure 11A). THeR-SNAP-SNARE complex has
been purified as a 20S functional particle for meamb fusion (Wilson et al., 1992). A
recent 3D structure of the 20S particle has dematest that the ATP driven
conformational change of NSF-N is important fordégalytic function (Chang et al.,

2012; Moeller et al., 2012) (Figure 11B).

As a key regulator of vesicle fusion, NSF activéyalso regulated by enzymatic
modifications. During synaptic transmission, inflakC&" can promote phosphorylation
of NSF by the PKC pathway, which dissociates th&&xamer, thereby inhibiting
neurotransmitter release (Matveeva et al., 20digsphorylation of NSF by tyrosine
kinases prevents its bindingdeSNAP, which also decreases synaptic release.
Conversely, dephosphorylation by tyrosine phoseal P-MEG2 increases vesicle
fusion (Huynh et al., 2004). Similar regulationpdfosphorylation of NSF by PTP1B is
important in regulating exocytosis in human speziaxélli et al., 2009). Other
modifications such as oxidation (Matsushita et2005) and nitrosylation (Matsushita et

al., 2003) of NSF also affect exocytosis.
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The canonical function of NSF is largely basedtennteraction with the SNAP-SNARE
complex and its corresponding enzymatic activitgwdver, identification of additional
binding partners points to other roles for NSF igexed by Zhao et al., 2007). Besides
the well characterized binding of NSF with AMPA egtors to regulate synaptic
transmission (Nishimune et al., 1998; Osten etl@98; Song et al., 1998), NSF
interacting proteins also include GABA receptorst@et al., 2005; Pontier et al., 2006),
and dopamine receptors (Heydorn et al., 2004; Z@il ,€2005). In cell lines, NSF also
binds withp2 adrenergic receptors (Cong et al., 2001)&adestins (McDonald et al.,
1999; Huang et al., 2010), which suggests a ral&®F in regulating recycling of
GPCRs. These results suggest that NSF is criticakfyulating the trafficking of various

receptors between different membrane compartments.

6.3. Exocytotic complex at hair-cell ribbon synapses

Similar to any other membrane fusion process,wal accepted that synaptic exocytosis
at ribbon synapses is also driven by SNARE complé®ehmitz, 2009; Zanazzi and
Matthews, 2009; Ramakrishnan et al., 2012a; Saifiedet al., 2012) (Figure 8).

Virtually all neuronal SNARESs have been reportedlso localize to retinal ribbon
synapses except Syntaxin-1 (reviewed by ZanazzMatthews, 2009). Syntaxin-3,
instead of Syntaxin-1, is responsible for synapxocytosis at retinal ribbon synapses
(Morgans et al., 1996; Sherry et al., 2006; Cuatial., 2008, 2010). Transcripts and
proteins of SNAP25 and Syntaxin-1 are in the iraret outer hair cells in rat and guinea
pig (Safieddine and Wenthold, 1999; Eybalin et2002). VAMP 1 and 2 proteins are
also found in guinea pig hair cells (Safieddine #ehthold, 1999; Layton et al., 2005).
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Immunoprecipitation from chicken cochlea using lamtiies against RIBEYE has

identified all neuronal SNARESs as well (Uthaiah dhatdspeth, 2010).

Despite existing data to support their expressiomair cells, a recent study by the Moser
lab suggests that neuronal SNARE proteins areauptired for synaptic transmission at
hair-cell ribbon synapses. They did not detect VAMENd -2, SNAP-25, and Syntaxin-1
in mouse IHCs by immunohistochemistry. In the sainely, however, transcripts of
VAMP-2 and SNAP-25 were reliably detected in IHG&g RT-PCR (Nouvian et al.,
2011). A possible explanation is that immunohisemlstry can be less sensitive or is a
less reliable technique. The Moser group found le&tlinum neurotoxins (BoNT) that
cleave SNAP-25, syntaxin-1-3, and synaptobrevin¢arBhot block exocytosis in IHCs.
Genetic knockout of VAMP-1, or VAMP-2 and -3, or AR25 in mouse IHCs does not
affect synaptic transmission either (Nouvian et2011). Growing axons during
neurogenesis (Verderio et al., 1999) or synaptsickes with high pH (Matteoli et al.,
1996) have also been found insensitive to BoNTvaga. Although it is unclear why
some synapses are less sensitive to botulinum tosims, it is possible that the special

components of hair-cell ribbon synapses are infeasbd BoNT.

Based on our current knowledge, it is unclear wéekiair cells use neuronal SNARES,
or unconventional SNARES, or no SNAREs for themmegytic transmission. In this thesis
| describe the detection of NSF, VAMP-2, and VAMP#8teins in zebrafish hair cells
using immunohistochemistry (Chapter 3, 4). Althomghdirect evidence of the role of

these proteins in regulating synaptic transmiskasbeen obtained, forward genetic

41



screens for auditory/vestibular mutants in zebinadiscovered a mutation nsf (Chapter

3).

6.4. Exocytotic complex and neurological diseases

Dysfunction of neuronal SNARES is often associatéti severe neurological defects.
Homologous VAMP2 and SNAP25 knockout mice are embiglethal with no evoked
synaptic transmission, but nerve growth is notaéd in mutants (Schoch et al., 2001,
Molnar et al., 2002; Washbourne et al., 2002). Agmnt mutation in SNAP25 causes
ataxia with impaired vesicle trafficking (Jeanskt 2007). VAMP1 null mutants are
immobile and die early after birth with severe rtogical defects (Nystuen et al., 2007).
Loss of neuronal specific VAMP iDrosophila leads to neurodegeneration (Haberman et
al., 2012).Ablation of Syntaxinl causes more segeowth defects than VAMP1

mutants in that most embryos direutero (McRory et al., 2008).

Mutations in proteins regulating SNARE complexes @so responsible for a variety of
neurological diseases. The best known proteiaSynuclein, which when mutated forms
aggregates commonly known as Lewy Bodies, fourféairkinson’s disease (PD)
(Spillantini et al., 1997; van de Berg et al., 2DIhe first mutation identified for PD

was a missense dominant mutation found-Bynuclein gene (Gasser, 2001); duplication
or triplication of the gene locus also causes PDg[8ton et al., 2003; Chartier-Harlin et
al., 2004).a-Synuclein, together with CS#protein, has also been shown to promote
assembly of SNARESs (Burré et al., 2010; Sharm& e2@11, 2012). As expected, C&P-
impairment also causes neurodegeneration (Fern&idazon et al., 2004; Schmitz et al.,

2006; Garcia-Junco-Clemente et al., 2010; Noskbe#,e2011; Sharma et al., 2012). As
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another key regulator in dissociating SNARE cometexdysfunction of NSF has been
shown to impair neuromuscular junction developmemrosophila (Laviolette et al.,
2005; Stewart et al., 2005) and formation of mysheaths in zebrafish (Woods et al.,
2006). Here | present data describing a neuronadldpment and degeneration
phenotype in zebrafish NSF mutants and my confionahat NSF is essential for

maintenance of CNS and peripheral innervation (@hap).
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Chapter 2. Quantification of vestibular-induced eye

movements in zebrafish larvae

Reprinted from Mo W, Chen F, Nechiporuk A, NicolsonT.
Quantification of vestibular-induced eye movement# zebrafish larvae.
BMC Neurosci. 2010 Sep 3;11:11@opyright: © 2010 Mo, Chen,

Nechiporuk, Nicolson.

(Experiments of Figure 13 and Figure 14 were doneybDr. Fangyi Chen)
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1. Summary

Vestibular reflexes coordinate movements or sensguyt with changes in body or head
position. Vestibular-evoked responses that invéieextraocular muscles include the
vestibulo-ocular reflex (VOR), a compensatory ey@/ement to stabilize retinal images.
Although an angular VOR attributable to semicircwanal stimulation was reported to
be absent in free-swimming zebrafish larvae, restrties reveal that vestibular-induced
eye movements can be evoked in zebrafish larvdmthystatic tilts and dynamic
rotations that tilt the head with respect to gnawi/e have determined herein the basis of
sensitivity of the larval eye movements with resgewestibular stimulus,

developmental stage, and sensory receptors ohtiex ear. For our experiments, video
recordings of larvae rotated sinusoidally at 0.25urdder infrared illumination were
analyzed to quantitate eye movements. We observellust response that appeared as
early as 72 hours post fertilization (hpf), whickcrieased in amplitude at later stages.
Unlike rotation about an earth horizontal axisatioin about an earth vertical axis at 0.25
Hz did not evoke eye movements. Moreover, vestibalduced responses were absent in
mutantcadherin 23 (cdh23) larvae and larvae lacking anterior otoliths. @sults

provide evidence for a functional vestibulo-oculdaraircuit in 72 hpf zebrafish larvae

that relies upon sensory input from anterior/utacwtolith organs.
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2. Materials and methods

2.1. Animals

Animals used in this study were wild-type zebratmstvae in the Tubingen or long fin

background, and mutants identified in the presemtys{ock sol 0"

) or previous
studies €¢dh23'°'%%9 andsynj1 %**®*) (Granato et al., 1996; Séllner et al., 2004; araget
al., 2009). Theock solo mutant (recessive lesion) was identified from an
ethylnitrosourea mutagenesis screen using a Tubibgekground. Fish embryos and
larvae were kept at 30°C in E3 embryo medium (Wésetd, 1995). If necessary, 20 pl
pronase was added into the medium to help larveoh lvaut of the chorion at 2 dpf,

followed by a change of E3 medium. All of the belbaal tests were carried out at room

temperature (22-25°C).

We performed our experiments with 3-5 day old ziémdarvae. For mounting, 2% low
melting agarose in E3 media was kept &Gl a heating block. To immobilize fish
larvae, a drop of low melting agarose was put oower slip and a larva was transferred
into the agarose liquid by a glass pipette withimal E3 media. Then the larva was
adjusted to a dorsal-up position using fine fordegi®re the agarose solidified. The
cover slip was placed on a metal rack for 5 mintdeslow the agarose to become firm.
In order to free the eyes, a 0.5 glIregion was excavated around the fish head usireg f
forceps, and then the exposed area was filled E8timedia. The E3 media allowed the
eyes to move freely. The cover slip was then pt time specimen platform, on which

the larva was positioned head down, perpendicaltréd platform plane (Figure 12).
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Figure 12. The equipment and diagram of the experiental set up used to evoke eye
movements in zebrafish larvae(A) An overview of the device constructed to stlate
and record vestibular-induced eye movements ira&ar{B) An illustration of the set up.
Larvae were mounted on the specimen platform ieaadown position perpendicular to
the platform. The platform was rotated around tkis shown by the curved arrow. The

coordinate indicates the axes of two type of rotetiused in this study.
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2.2.  Microscopic system

A customized microscopic system was constructeddnitor the eye movements during
rotation. As shown in Figure 12A, this system wasiposed of a Mitutoyo 5X long
working distance lens and a digital eyepiece (DC®3f8angzhou Scopetek Opto-
Electric, Zhejiang, China). Two 45° mirrors wer@ged between the objective and the
digital eyepiece to guide the light. The U-shapetiis makes efficient usage of the
rotation plate space and balances the motor lob@oAponents were mounted on an
aluminum platform, which could be rotated by a matgstem with the supporting
structure. Since all of the parts were fixed onglagform, no relative motion existed
between the specimen and the eyepiece during thgam process. This guaranteed a
consistent viewing area during the experiment, tiaicoided blurring due to the relative
motion between the camera and the fish. The sae@zewsder constant illumination also

warranted relatively constant image brightnessamhdrame during a single trial.

A servo motor (Model# BE231DJ-NPSN, Parker Hanni@feveland, OH, USA) and
servo controller (Model# GV6K-U3E, Parker Hannifim¢re used to rotate the platform,
which held the microscopic system. A motor geadhdéodel # 23SP100, Parker
Hannifin) with a gear ratio of 1:100 was attachede servo motor to reduce the speed
and increase the torque. This servo motor systentaatrol the angular position of the
platform with a precision of less than 0.2 deghee Ethernet cable connects the
controller and a computer, allowing the computgprimgram the motor rotation profile

and read the motor position.
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All experiments were conducted in the dark witloaer box, if not otherwise specified.
Larvae were mounted on a transparent specimen plateh was supported by a 3D
micromanipulator. Each fish was trans-illuminatgdan infrared LED with emission
wavelength around 820 nm. A dark background witraned illumination was used to
avoid stimulating the visually-evoked responses TBD was approximately 10 mm
away from the specimen plate. That distance, asas¢he small size of the LED and a

wide emitting angle, produced a relatively homogersallumination.

The digital eyepiece recorded a video with a resmiuf 1024 x 768 pixels at a speed of
about 7.8 frames per second. This speed producesl ttmen 20 frames at each rotation
cycle with a period of four seconds. The infrarig@if inside the digital eyepiece was

removed to increase the infrared sensitivity.

2.3. Experimental condition

Zebrafish larvae were mounted in a head-down @osdn the specimen platform,
perpendicular to the rotation platform plane (FegtR). During the experiment, the
motor moved the platform in a sinusoidal profilehwamplitude of +45°. In a single
cycle, the head of the fish changed from 45° dowdw@ 45°upward, altering the relative
position of otoliths to their associated sensory tells. The forces acting on otoliths
were much larger (several hundred fold) than tieef® generated by angular rotations in
previous studies (Beck et al., 2004)(see detaihedlyais in Appendices 1). This type of
rotation provided maximal stimulation to the otieditand obvious eye movements were

seen in the experimental conditions.
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We tested zebrafish larvae in various orientatmmshe specimen platform. Since the
magnitudes of forces applied to otoliths were samiih different directions, the larvae
displayed eye movements in either head-up or headr@rientations. The eye
movements in a head-down position produced theadeéahanges of eye shape, which

we then used for quantification.

2.4. Data acquisition

After the larvae were mounted and positioned, tdeo/recording was performed with
ScopePhoto, the software that accompanied the digital eyepiBeéore stimulation, the
recorded frames were used to check the illuminai@m seconds after the video started,
the motor was turned on by the controller softwdagion planner (Parker Hannifin).

After a one-minute recording, which included abb8itcycle rotations, the video was

saved as a Windows Media Video (WMV) format file &malysis.

During the rotation, the motor controller was alsed to control the infrared LED to
synchronize the video with the rotation. In eadation cycle, the controller sent out a
100 ms pulse to the infrared LED when the anglidefmotor was at about + 28° in the
clockwise direction. The illumination was turned @firing the 100 ms pulse. This
resulted in a dark frame in the video in everytiotacycle. This dark frame was detected
by the image processing program and was used theymze the eye movements with

the rotation angle changes (Movie 1: (Mo et al1@9)).
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Figure 13. Defining the eye regions in fish larvaesix steps (A-G) were programmed in
MATLAB to quantify eye movements/eye changes inttieos. A head region image
(B) was first outlined and extracted from the arajiimage frame (A). The head region
was converted into a grayscale image (C) with itagecolor (D). Then, the inverted
grayscale image was converted into a black-whiegen(E) using an arbitrary threshold.
This black-white image was simplified by removindra punctae around the retina to
define the eye more clearly (F). The final step wasalculate the parameters used to
guantify changes during eye movements. (G) Feataleslated from the extracted eye
region.® designates the rotation angle. The red line indgcthe long axis, and the blue

line the short axis of the eye.
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2.5. Image processing

The recorded video (Movie 1:(Mo et al., 2010a)) wescessed in MATLAB

(Mathworks, Natick, MA, USA) off-line. Figure 13Asws an image frame from a
recorded video. The first step was to define tlea af the fish head. As shown in Figure
13B, an imaging region containing the fish head se&lected manually from the first
frame of the video. Since there was no relativeiomdbetween the digital eyepiece and
the fish, this region was the same for every frafifeer defining the head area, a small
image portion was cut from each frame. This prosesstantially reduced the amount of
data to process. The colored image was then cad/erto the grayscale image shown in

Figure 13C.

The second step was to define the eyes from thet ineege, and a grayscale threshold
was then applied to invert the grayscale imageufleid.3C) into a black-and-white image
(Figure 13D). The threshold was chosen using Otsathiod (Gonzalez et al., 2004).
This was implemented in MATLAB with the functignaythresh. Alternatively, manual
adjustment of the threshold was sometimes usedodilne image intensity change
resulting from the motion of the E3 media arourglfieh head. A scale factor was then
applied to the threshold. With a scaled threshiblel area containing the eye was defined
for analysis (Figure 13E). An area threshold was tapplied to the black-and-white
image to remove the small dark island formed byl¢hs (Figure 13F). The two eyes
were then separated in order to calculate the pateamfor quantifying the rotations. A
similar process was introduced in Beck et al., 2004ontrast to Beck et al., we

confined the eye area to the iris, which is datkan the rest of the eye. This definition
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of the eye area facilitated the detection of the ®yation along the anterior-posterior

axis, as will be discussed in the next section.

2.6. Quantification of rotation of the eye

After defining the eye region, features were exgd@nd calculated from the eye to
guantify the eye rotation and then to evaluate¢fiex. During the experiments, eye
rotations on two planes were observable: rotatmuathe dorsal-ventral axis and
rotation about the anterior-posterior axis (MoviéMo et al., 2010a)). The former is on
the image plane and the eye angle can be useditdifyut. To measure this angle, the
extracted eye region was approximated by an e|lgse the angle of the long axis was
used to represent that of the eye, showd iasFigure 13G (outline of upper eye in panel
13F). The eye angle, together with the mass cenftire eye, determined the long axis of
the eye (red line in Figure 13G). Both the anglé e mass center coordinate were an
output of a MATLAB functiorregionprop. The short axis (blue line in Figure 13G) was
drawn perpendicular to the long axis. The lengttheflong axis and short axis were also

determined by the functiaregionprop.

Because the eye rotation around the anterior-postexis was not in the image plane,
direct measurement of this rotation was not prattithe videos showed that the
anterior-posterior rotation resulted in a changtéshape of the eye (Movie 1: (Mo et
al., 2010a)). By measuring the shape change afyhen each image frame, we could
guantify the rotation by examining changes in tar&la or ratio of the long and short

axes.
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Figure 14. Features for quantifying eye movementsnder infrared illumination. (A)
Plot of changes in eye angle of a single eye aner.t(B) Amplitude spectra of the
continuous waveform in (A) as a function of freqognA peak at 0.25 Hz corresponded
to the rotation period of 4 seconds as shown in @A)his case, the largest value of angle
change observed was 7 degrees. (C) Normalized eyements derived from changes in
the total area (red line) or the long and shors axiio (blue dashed line) of a single eye.
(D) Amplitude spectrum of (C). Note that the eyearahange yielded higher peaks at
0.25 Hz than changes in total eye area in both tiomeain (C) and spectral (D) plots.
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In Figure 14, the results of 8-cycle tests are shdvigure 13G shows an eye profile and
the long axis and short axis of the eye. The egteamwhich is the angle between the
long axis and the vertical direction of the imagmie, is marked as Figure 14A

depicts the change of the angle of an eye duringxgeriment. Fast-Fourier-Transform
(FFT) was applied to the waveform in Figure 14A#aiculate the spectrum of the time
domain signal, as shown in Figure 14B. The peakgba&r amplitude at the stimulus
frequency was used to quantify the response. Qlaog revealed that detecting angle
changes in response to a vestibular stimulus wiaalways feasible, so we turned to the
other two features of the eyes: total area veirsaisdatio of the length of the short axis
over that of the long axis. The videos indicatedt these two features are closely related.
While the eye rotates about the anterior-postens, the iris becomes visually thinner.
This results in reduction of the area, which is tiyodue to the reduction of the short axis
length. Figure 14C (time domain plot) and 14D ($r@@acompare the total area and eye
axis ratio changes that occurred during the testetiuce the influence of specimen
variation due to eye shape or original positiothefeyes, both the ratio and the area

were normalized by its mean value during the TEs& normalized value was calculated

5 _ X—-mean(X)

by X = , Where X is either the ratio or the area. As showoth the time

mean(X)

domain plots in Figure 14C and their spectra iruFedl4D, the amplitude of the eye axis
ratio change was higher than the total area chakige, the ratio change was less
sensitive to the intensity variation, which infleex both the long axis and short axis in a
similar manner. We therefore used ratio changeetermine the amplitude of the
vestibular-induced eye movements. One drawbackeofdtio method is that the ratio

saturates when the rotation angle becomes morettix20 degrees. However, this
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limitation did not affect our ability to detect thfences among various stages of

development or genotypes as seen below.
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Figure 15. Representative eye movements in respe® platform movements (5
dpf). (A) lllustration of the relationship between ptath position, larval direction and
eye movements. (B) The ratio of long and short ekisoth eyes changed sinusoidally.
The counter movements of the two eyes followedothdform movements (dashed line).
Red arrows between (A) and (B) shows the correspgrubsition of the larva with

respect to platform angle.

3. Results

3.1. Quantifying vestibular-induced eye movements in zaeffish larvae

To observe eye movements, we rotated larvae oplétirm +45 degrees at 0.25 Hz.
We found that upon stimulation with sinusoidal mmeats at 0.25 Hz, wild-type larvae
at 5 dpf moved their eyes sinusoidally if positidrvertically, with the head pointing
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downward (Figure 15A,B). Larvae also respondedafinted in the opposite direction
with the head pointing up, but illumination of taeval head was not optimal in this
position (data not shown). In our experiments,darwere positioned off-axis by 3.2 cm,
and movements of the platform lead to a combinatidmead tilt, and centripetal and
tangential acceleration of the specimen. Figure 4&@vs the average ratio changes of
the long and short axes of both eyes of a reprageatspecimen. In general, the average
ratio changes in wild-type larvae displayed a robesponse to changes of platform
position. We performed our experiments in the dath infrared illumination to

eliminate visual cues. Accordingly, the eye movetseve observed in the dark were

vestibular-induced rather than visual responses.
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Figure 16. Vestibular-induced eye movements in wiltype and mutant larvae (5
dpf). (A) Averaged eye movements ath23'%%%9 synj1°%*®* and wild-type. Mean + S.E.

Q%X and wild-type.

are depicted. (B) Amplitude of eye movementsdsf23'%%9, synj1
The data points shown are the peak amplitude valute rotational frequency

calculated by subtracting the background, whidihésaverage value of other frequencies.
Each data point is derived from a single eye (nfistofor each genotype). P values

shown in (B) were determined by unpaired two-tatleelsts of data collected from wild-

type versus mutant larvae.
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To confirm that eye movements were driven by thstilbalar system, we measured the
response of auditory/vestibular mutants. Eye movesnwere measured aah23'%1%9
mutants, which lack hair-cell microphonics (Nicaiset al., 1998; Sdllner et al., 2004),
andsynaptojanin 1 (synj1%**) mutants, which are completely blind yet have péiti
impaired vestibular function (Epps et al., 2004g{ani et al., 2009). Theynj12%%

mutants showed reduced average eye-ratio changee\asusly reported, and the
cdh23'°%% mutants did not have any detectable eye movendemiisg rotation in the

dark (Figure 16A). To quantify the sinusoidal eyevements, the amplitude of ratio
changes of each eye at the rotation frequency alaslated and normalized to the
highest value seen with the wild-type larvae irf@lowing figures. In our experiments,

all wild-type larvae showed eye movements in tltewos; however several had low
amplitude values. On occasion, infrared illuminatean vary such that the program
miscalculates the retina region, resulting in degigns or concave regions within the
peak regions and hence reduced calculated amphltaldes. However, one can still
detect overall differences between wild-type andanularvae. As shown in Figure 16B,
mutants carrying theynj1%*** allele had a significantly lower mean amplitude of
response (0.24 £ 0.27 s.d.; n = 11 larvae) thad-type larvae (0.45 + 0.28; n = 9 larvae),
and mutants homozygous for t@h23'°%9 allele had nearly zero amplitude values
(0.01 £ 0.02; n = 6 larvae). Loss or reductiony# enovements in mutants with
vestibular defects provided further evidence thatwere observing a vestibular response

to acceleration of the specimen.

1Q296X

Because theynj mutants completely lack OKR responses (Epps €2@04),

partially reduced eye movements in our experimesaatitions indicate that their eye
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movements depend on vestibular function rather thgion. We noted that the difference
between the OKR observed previously (Brockerhotlgt1995; Easter and Nicola, 1997;
Beck et al., 2004) and the vestibular-evoked respaaported here is the nature of eye
movements. With respect to OKR responses, zebrkafighe move their eyes in saccades
around the dorsal-ventral axis of their body (Betkl., 2004), whereas with vestibular-
evoked responses, their eyes rotate around thearpesterior axis of the body (Movie
1:(Mo et al., 2010a)). In a parallel experimene ¢th23'°** mutants showed vigorous
eye movements in bright light (Movie2: (Mo et &010b)) with typical gaze shifts for
visually-evoked responses (Figure 17A). Quantifamashowed that these eye
movements in bright light were driven by platfornevements (Figure 17B; 0.39 £ 0.24
for bright light; -0.12 £ 0.16 for dark conditions = 6 larvae). This result suggested that
cdh23'%*%8 mutants have visual responses but lack vestibedgoonses. Together, our
results confirmed that vestibular-induced eye moxais are robust in larvae and can be

guantified for comparative studies.
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Figure 17. Presence of the optokinetic reflex, butot vestibular-induced eye
movements incdh23'%%% mutants (5 dpf). (A) Representative changes of eye angle
from a singlecdh23'°%% mutant larva in both dark and bright conditionstiright
illumination, the mutant larva showed changes ia gysition in response to platform
movements, whereas in the dark, the eye of thisnilarva spontaneously twitched
once during the 150th frame. (B) Amplitude of eyevements o£dh23'**%% mutants in

bright and dark conditions. The same larvae westeteunder both conditions (n = 6).

3.2. Earth horizontal versus earth vertical rotations

Vestibular-induced eye movements can be evokedtiydngular and linear
accelerations. The absence of an angular VOR hnyfisinger than 35 days is most likely
due to the morphogenesis and maturation requinetthéosemicircular canals to become

fully functional (Beck et al., 2004). To determitme driving force of the eye movements
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seen in our experiments, we performed our expetisngith the platform in different
orientations. To mimic the stimulation used in &x@eriments by Beck et al., we
changed the orientation of our device by.9¥e found that wild-type larvae did not
respond to rotation around the earth vertical aki3.25 Hz (Figure 18; mean amplitude
0.01 £ 0.05, n =5). Such a stimulus produces ital and tangential acceleration, but
no changes with respect to head tilt. These samaddad a robust response if rotated
afterwards about the earth horizontal axis (Fidil8e0.41 £ 0.35, n =5 larvae). This
result suggests that the change in linear accalaravoked by head tilt was the driving

force of the eye movements.

3.3. Zebrafish larvae develop vestibular-induced eye m@aments at 3dpf

To determine the developmental stage at which fishriarvae develop a response to
changes in linear acceleration, we measured eyements of larvae from 60 hpf to 120
hpf. No eye movements were observed in 60 hpfarebe (Figure 19). The eye
movements in response to platform rotation wer# fietected in 72 hpf fish larvae, and
larger eye movements were detected in older fistaéaat 120 hpf (Figure 19). In the
videos, the older fish larvae appear to move s more robustly and to a larger
degree than younger larvae (data not shown). Végpect to the number of fish larvae
that have eye movements, we found that at the 7&tage, 90% of the larvae had robust

eye movements (n = 11).
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Figure 18. Vestibular-induced eye movements occuruding rotation at 0.25 Hz

around an earth horizontal axis, but not around anearth vertical axis. (A)
Representative eye movements of a 5 dpf wild-tgpeal rotated around an earth vertical
axis (empty circles) or an earth horizontal axie(t circles). (B) Amplitudes of eye

movements in the two axes. The same larvae wetedtaader both conditions (n = 5).
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Figure 19. Development of the vestibular-induced sponse in zebrafish larvae.
Amplitudes of eye movements of larvae at variousettgpmental stages are shown. The
reflex is detectable at 72 hpf and becomes morestativer time. The mean amplitudes
(x s.d.) are as follows: 60 hpf, 0.04 £ 0.04 n 73;hpf, 0.32 £ 0.22 n = 11; 84 hpf, 0.30

+0.14 n = 12; 96 hpf, 0.49 + 0.29 n = 10; 120 lp62 + 0.27 n = 6.
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Figure 20. Vestibular-induced eye movements were abnt in larvae lacking
anterior/utricular otoliths. Representative DIC images depicting lateral viefnhe

inner ear of wild-type (A) andock solo mutant larvae (B) at 5 dpf. The DIC images were
of larvae oriented with anterior structures tol#feand posterior to the right. Note the
loss of anterior otolith in the mutant, whereasphbsterior otolith is unaffected. Scale bar,

100um. (C) Amplitudes of eye movements of wild-tgiaings and ock solo mutants.

3.4. Anterior otolith is required for vestibular-induced eye movements in

zebrafish larvae

At 5 dpf, zebrafish larvae have two otoliths thag destined to become the utricular and
the saccular otolith. Loss of the anterior/utricud#olith results in balance defects and
lethality during late larval stages (Riley and Mmamn, 2000). We recently screened for
mutants with balance defects and identified arleatleat carries a recessive mutation in
an unknown gene that we designateaak solo. Larvae homozygous for thieck solo

mutation do not have anterior otoliths, but thet@osr/saccular otolith is still present
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(Figure 20 A, B). Mutantock solo larvae survive for more than a week and appear
healthy during the stages used for our experim§iestested eye movements under
infrared illumination in homozygou®ck solo mutants and found that they did not have
any detectable responses to rotation about thk karizontal axis. (Figure 20C; wild-
type mean amplitude 0.32 = 0.28, n r@ck solo mutant 0.009 + 0.03, n = 8). In contrast,
rock solo mutants responded to acoustic stimuli (tappingherPetri dish) and light touch,
suggesting that they have functional sensory leis and do not have defects in their
motor system (data not shown). This result provetesng evidence that the
anterior/utricular otolith in zebrafish larvae equired for vestibular-induced eye
movements in response to changes in linear actieleidue to head tilt with respect to

gravity.

4. Discussion

Our experiments demonstrate that zebrafish lara&e hobust eye movements in
response to rotation around an earth horizontal #&tilarval stages, both vestibular and
visual input may contribute to eye movements. Tiwed of evidence support the notion
that we are measuring vestibular function rathanthisual function. Firstly, motion of
the eyes occurred in the dark using infrared illetion. Secondly, vestibular mutants
did not respond or had attenuated responses toorotan the platform. The 1619ag
mutation incdh23 used in this study causes a premature truncafidrecextracellular
domain of Cdh23. Larvae homozygous for this allelee severe balance defects and
lack microphonics, suggesting that mechanotransmtuid absent in hair cells (Nicolson

et al., 1998; Séliner et al., 2004). Mutadh23'***¥|arvae did not respond to the
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stimulus under infrared illumination, indicatingathhair-cell function was required for
movement of the eyes in our experiments. In contoasxperiments in the dark,
cdh23'°%% |arvae exhibited an OKR in response to rotatiobright light, eliminating

the possibility that OKRs occurred under infrardahination. Mutantsynj1 larvae
present the opposite phenotypecdii23'°*® |arvae in thasynj1 mutants exhibit partial
vestibular function, but vision is lost (Epps et 2D04; Trapani et al., 2009). We
observed that the OKR was absengyinj1%**®* mutants (data not shown), indicating that
the remaining vestibular-evoked responses werediy the partially functional
vestibular system, and not the visual system. \Waipect to developmental onset,
vestibular-induced eye movements were detectabi®lhpf. At this stage, zebrafish
begin to exhibit OKR responses (Easter and Nidd98,; Beck et al., 2004) and the
auditory/vestibular nerve appears to be fully fimeal (Tanimoto et al., 2009). Our data
indicate that the vestibulo-oculomotor projectiane operational at this early stage as

well.

Testingrock solo mutants allowed us to identify which hair cellsdae vestibular-
induced eye movements in zebrafish larvae. In egasg, the anterior otolith was absent
in rock solo mutants, whereas the posterior otolith was alvpagsent. Mutantock solo
larvae failed to respond to earth horizontal rotatf the body, indicating that the
anterior utricular macula is required for the resg®in larvae. In teleosts, the utricular
otolith has been previously implicated in vestilbdianction (Riley and Moorman, 2000;
Moorman et al., 2002) whereas the posterior sacottdith is thought to be primarily for
hearing (Popper and Fay, 1993). Larval zebrafighno® maintain balance, keeping

their dorsal side up, as early as 3 dpf (Riley sladrman, 2000). Following a startle
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involving sound, touch, or vision, they can cooaedetheir motor system to produce a
forward movement, with an upright posture. Expentsen adult frogs have also shown
that the utricular otolith is important for sensiimgear acceleration and gravity
(Rohregger and Dieringer, 2002). Our experimenth wmack solo mutants support the
notion that the anterior otolith acts as a detectdinear acceleration in developing

larvae.

The rotation around the earth horizontal axis usimgset up presents a complex stimulus
to the larval vestibular system. The stimulus idelsilinear acceleration, components of
centripetal and tangential acceleration, as wetlhasges in linear acceleration due to
head tilt with respect to gravity. The vestibulgstem typically uses combined
semicircular canal and otolith information to disuish between translational and roll tilt
movements (Angelaki et al., 2004). Both types plits should be able to evoke
compensatory eye movements (Angelaki et al., 199@)ever, we did not observe any
eye movements in fish larvae during rotations alaougarth-vertical axis. One reason is
that the vertical-axis rotation we delivered wopfttmarily stimulate semicircular canals,
which are not fully developed in our preparatior¢B et al., 2004). Hypothetically, a
much stronger stimulus may activate the ampullaiy ¢ells, but such a stimulus would
not be physiological. The maximal angular acceienatised by Beck et al. (>180%S

was much larger than the stimulus used here (appet&ly 30 fold), yet they did not
detect an angular VOR in zebrafish larvae. A segeadon for a lack of response is that
the centripetal and tangential accelerations dukd®ff-axis location of the preparation
produced only negligible otolith stimulation (Seppndices 1). In contrast, during earth

horizontal-axis rotation, there was a large chandmear acceleration that provided a
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sufficient stimulus to the otoliths. Again, the sastimulus was not sufficient to

stimulate ampullary hair cells, which we assumeewerrmal in homozygou®ck solo
mutants. Thus, we infer that the vestibular-induegel movements we observed in larvae
were due to otolith stimulation evoked by the cleaimghead tilt of the specimen. This

hypothesis is supported by our experiments wottk solo mutants.

The eye movements we observed in larvae includedgds in eye position about the
dorsal-ventral axis. These movements represent ensapory VOR responses. Other
movements include skewed vertical eye movementsufahe anterior-posterior axis)

and are most likely related to the ocular tilt temt (OTR) present in lateral-eyed

animals such as fish or rabbits (reviewed by Brgdslal., 2006). In such animals, the
OTR is thought to be an otolithic righting refl&@ur measurement of the changes in ratio
of eye area likely included both VOR and OTR movetaeDespite the complexity of

the eye movement, the vestibular-evoked changegdrposition are sufficiently robust,

permitting comparison of responses among mutarmt®aperimental parameters.

In conclusion, our results indicate that zebralskiae exhibit robust eye movements in
response to changes in head tilt with respectawity: Our data also confirms that
zebrafish larvae rely on the anterior/utricularlitiiadfor maintaining an upright position
and coordinating movements with respect to graltgasuring the robustness of
vestibular-induced eye movements will be invaludbtegenetic or pharmacological
studies of vestibular function in larvae. In adufitj the ability to test vestibular function
at earlier stages is especially useful for eatlydephenotypes or accessing gene

knockdown with morpholinos as their effectivenessmally decreases over time.

70



71



Chapter 3. Nsf function in hair-cell ribbon synapses:
lesson from a point mutation

Prepared for submission to the Journal of the Assaation for Research

in Otolaryngology

Authors

Weike Mo, Josef Trapani, Lavinia Sheets and Tekidsalson
Oregon Hearing Research Center and Vollum Institute

3181 SW Sam Jackson Park Road,

Oregon Health and Science University, Portland,l.C3A 97239

(Experiments of Figure 23 and Figure 24 were doneylDr. Josef Trapani; Dr.

Lavinia Sheets contributed Panel A of Figure 27.)

72



1. Summary

Synaptic transmission depends on the N-ethylmatirsensitive factor (NSF) and
soluble NSF attachment protein receptors (SNAREKg)essed in neurons. Exocytosis of
synaptic vesicles in neurons is blocked when nealrS8NAREsS or NSF are
pharmacologically or genetically abolished. Thdoab synapses of auditory and
vestibular hair cells are known for their abilitygustain high-speed synaptic
transmission. The unique structure of ribbon syaapiffers from conventional synapses,
as does the molecular machinery used for synapticygosis. Whether neuronal
SNARES, the key complex of exocytosis, are expesséair cells is controversia. Both
genetic and pharmacological manipulations of nealr&NAREs do not affect synaptic
transmission in mouse inner hair cells. It is thane unclear whether synaptic
transmission in hair cells depends on NSF and SNARIEre, we describe a point

mutation of zebrafishsf (nsf?*"

) that affects balance and hearing. Similar to
synaptojanin mutants with defective synaptic vesicle recycliwg, observed thatsf'?*N
mutation causes a shift in phase locking, resuiting delay of action potentials in
afferent neurons. Unlike the nuléf mutation,nsf?®" does not have a dramatic effect on
the morphology of ribbon synapses in hair cells postsynaptic afferent innervations,
with the exception that cysteine string protein B8 slightly decreased irsf ' hair

&N mutants.

cells. We also found thasf mRNA but not protein is increasedn
Collectively, our results suggest that NSF is reggifor normal balance and hearing, and

is essential for accurate synaptic transmissigibbbn synapses in zebrafish hair cells.
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2. Materials and methods

Fish Srrains. Wild-type, mutant, and transgenic strains werentaamed in a Tubingen or
Top Long Fin background as described (Westerfie9®5). Larvae were raised at

28.5 °C in the dark in E3 buffer and kept in thekdas often as possible during
behavioral tests. Thesf*™ allele was obtained from the Zebrafish InternaidResource
Center; thensf " allele was identified in the large-scale genetieen (Nicolson et al.,

1998).

Positional Cloning of nsf“". The mutation was genetically mapped using segm@yati
analysis with PCR-based simple sequence lengthmmiyhisms (SSLPs) (Nusslein-
Volhard and Dham, 2002). To determine the mutaitiansf gene, exons from

thensf region of mutant and wild-type sibling embryos evamplified and sequenced.
Primers to amply exon 8 (EGT CGG CCT GTT GGT TGG AAA CAG TCA AGT; R:

CAT CTG CTC CAC AAT GTC TGG AGGAAA) were used foegotyping.

gPCR. mRNA was extracted from 5 dpf zebrafish larvaemgdRNeasy kit (Qiagen).
MRNA samples from different resources were thensadf to equal concentration before
reverse transcription. EcoDry Premix was usedvense transcribe 5ug RNA to cDNA
(Clontech Laboratories, Inc.). 0.2ul cDNA and 1§YBR green mixtures were used for
each reaction in a 384-well plate on an AppliedsBgtems 7900 HT real-time PCR
machine. Expression levels of genes were calcufabed a cDNA standard curve and
then normalized tactin RNA level. Sequences used for gPCR aypa (F: TAC CCA

TCT GTA GGC CGT CT,;, R:ICTG CGT TTACTG GTG GGT Thyf (F:CGT GGT
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TGA TGA CAT TGA GC; R: CGA CCATGA GGT GGA GTC TTisfb (F: CAT GTC

CGACTCTTT CAG CA; RCCT TTC ACC TGT TTG CCA AT).

Measure the auditory evoked behavioral response. Measure of the auditory evoked
behavioral response (AEBR) and recording of thealsigin was adopted from previous
publication with minor changes (Einhorn et al., 2DBriefly, 5 dpf zebrafish larvae in
96-well microplate were stimulated by a mini-shatgpe 4810, Bruel & Kjaer) in the
dark and recorded using a Zebrabox monitoring aygiéewPoint Life Sciences). The
sound pressure level (SPL) was pre-determined wshgirophone (WP-23502-P16,
Knowles Electronics) and an oscilloscope (TDS 1Q0B&ktronix) before AEBR tests.
100ms stimuli at certain frequencies and SPLs weparated by 5 minutes resting
periods. For each larva, to quantify AEBR, 5 triakse performed at each SPL and
averaged to calculate the percentage of respomdegements at resting stages were

used to calculate spontaneous movements: wild$yp&%,nsf"?*N = 5.7%.

Immunofluorescence labeling and imaging. Antibodies and their staining protocols used
in this research were described previously (Mo Idimmblson, 2011). Briefly, after 5 dpf
zebrafish larvae fixed in PBS buffer supplied by B%A/4% Sucrose/0.01% Tween-20
overnight at 4°C, they were then permeablized aabtone for 7 minutes at -20°C, and
blocked in PBS containing 2% fish gelatin/1% BSA/g§#at serum/1% DMSO (FGBS).
After blocking, they were incubated with primarytiandies in FGBS overnight at 4°C,
and followed by incubation with secondary antibedieFGBS overnight at 4°C. Zeiss

Axiovert ImagerM.1 microscope with an LSM700 cordbscanhead, Axiocam MrM
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camera, oil-immersion lens Zeiss Plan Apochroma¥/63INA objective (Zeiss) was

used to take Z-stacks through hair cells.

As described earlier, the same quantification stegre taken to measure fluorescent
intensity of antibody labeling (Mo and Nicolson,1A). To measure the size and
distribution of Ribeye b labeling, the maximum @aijons of Z planes of the entire
neuromast were taken. Fluorescent signals contgini20 pixels with three-fold

intensity above background were counted as riblgoases.

Electrophysiology and Lateral-line Afferent Recordings. Our recording setup and method
for action potentials has been done according tat\wheviously described (Trapani and
Nicolson, 2010). In brief, larvae were anesthetiag injectingo-bungarotoxin into the
heart. Glass pipettes were pulled (P-97, Suttérdngents) for both waterject stimulation
(with resistances from 1 to 5@ and extracellular recording (with resistancesff®to
15 MQ). An EPC 10 amplifier and Patchmaster softwarek@Helectronic) was used to
record signals. Extracellular action potentialthatsoma of lateral line neurons were
recorded with seal resistances ranging from 2MtME. To record action currents, the
electrode (MPC-385, Sutter Instruments) was pasgtbinto the posterior lateral-line
ganglion. Then, waterjet was moved from neuron@aseuromast to find a neuromast

that innervats the neuron near the recording edetr
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3. Results

3.1. An nsf point mutation identified in milky way

milky way was isolated in a large scale screen to idengébrafish larvae with hearing or
balance defects (Nicolson et al., 1998 and unpltisesults)milky way mutants have a
have an intact escape response to a crude acetistidus such as tapping, and they
display obvious balance defects (Figure 21D). lditazh to its behavioral defectsilky
way mutant larvae have enlarged melanocytes and ritatad swim bladders. Meiotic
mapping using SSLP markers on 302 mutants front @gins of heterozygous fish
located the mutation to a 400 kb critical regiontaining five genes (Figure 21A).
Sequencing of cDNA from three genes in the regiemiified a point mutation insf (N-
ethylmaleimide-sensitive factor a), a gene encodm@TPase that catalyzes dissociation
of SNARES (soluble NSF attachment protein recepiter membrane fusion. The point
mutation at codon 209, 626F A, predicts a change from an isoleucine to anrasjee
residue (1I209Nnsf?*N, Figure 21B). This particular isoleucine residuedsserved
across eukaryotic species from yeast to humancatidg its importance to Nsf function
(Figure 21B). To further verify that the point mtida is not a single nucleotide
polymorphism, 32 samples of genomic DNA from diéfier genetic backgrounds
(Tubingen, AB, WIK, SJD) were sequenced. No nualisothange in thasf gene was

found (data not shown).
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Figure 21. Molecular cloning ofmilky way. (A) A total of 302 fish larvae were used for
PCR amplification of SSLP markers z9964, 225578380690, BX890565, and
CR387987. Markers on contig BX890590 and CR38798nd 1 and 2 recombinants
respectively, which narrowed the critical regioratmbut 400KB. A point mutation 1209N
was found imsf gene (sf?*™). Two other mutationsgf*>* andnsf**) found previously
are also shown. (B) Alignment of protein sequerafd$SF from fly, zebrafish, mouse
and human. The isoleucine () at 209 outlined thlvex is conserved across species,
which was mutated into asparagine (Njritiky way mutants. (Chsf'?® homozygotes

and nSfI 209N/st53

compound heterozygotes had no swim bladders (ajramd expanded
pigment cells (arrowheads). (D) Image frames fradeos of larvae at 5 dpfisf™>
homozygotes displayed motility defects, bet?®® homozygote andsf?*Vs3

transheterozygote larvae only had balance defsatsng or laid on their sides).
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To confirm thensf'?® mutation, we crosseusf ™" heterozygotes tosf*>*

heterozygotes to obtain transheterozygous mutasits® is a null allele previously found
to cause paralytic behavior and enlarged melans¢Wt®ods et al., 2006; Kurrasch et al.,
2009; Mo and Nicolson, 2011). As we predictesf?®V'*>* compound mutants had
enlarged melanocytes and the swim bladder wasflated (Figure 21C). In contrast to
the paralysis seen imsf*>* homozygous mutants, the compound mutants respdnded
touch, but also had a balance defect similaist8®™™ homozygous mutants (Figure 21D).
Therefore, we conclude that the mutatisfi® is hypomorphic and is the causal
mutation inmilky way mutants. We had done most of experiments in bsitff*V***and
nsf? mutants. No significant differences were founda®en the two mutants. Because
many of our results were compared wigf*>> homozygotes, results frongf22Vs3
compound heterozygotes are shown in this chaptezdp the genetic background of two

mutant lines consistant, with the exception of dghression data shown in Figure 28.
3.2. Behavioral analysis: hearing and balance defects imsf'?**"'¥** mutants

Like weaker mutants identified in our large scaleeens (Nicolson et al., 1998; Trapani
et al., 2009; Einhorn et al., 2012%'2®V*** mutants respond to the sound of tapping on
the side of the dish, but they fail to orient theady to gravity when they swim (Figure
21D). To determine the extent of vestibular dysfiomcand whether an auditory deficit
in nSfIZOQN/SSS

mutants is, we utilized two types of behavior tauify their hearing and

balance more rigourously.
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Figure 22. Vestibular and auditory defects imsf'?* mutants (5 dpf). (A) Averaged

231619 1209N/st53
2 nsf

eye movements (VOR responsesydti and WT larvae in respond to

310190 ngf!20NS3nd WT larvae.

body rotation. (B) Amplitude of eye movementscdih2
Each data point represents the peak of power spedif calculated from movements of
a single eye in panel A. The average value of egevyer spectrum was subtracted as
background. (C) Quantification of percentage okestg behaviour in 5 dpf larvae
exposed to 1kHz stimuli in different sound pressavels. (D) Percentage of 5 dpf larvae
that have escaping behaviour at different frequesniti 140 dB sound pressure level.
Mean = S.E. are shown. P values are determineddydil unpaired t-test. *p<0.05,

**p<0.01, ***p<0.001. For each genotype, n > 6 weised for vestibular tests; n>60

were used for acoustic response.
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To examine vestibular function irsf' Vs>

mutants, we measured vestibular-induced
eye movements at 5 days postfertilization (dpfyakéh larvae as was done previously
(Trapani et al., 2009; Mo et al., 2010c). Movemaitthe eye in response to body
rotation under dark conditions were significantguced, but phase-locked to the
stimulus in mutants (Figure 22A). Although the @sges were variable, the mean
amplitude of the eye movementsrisf 2> mutants was reduced by approximately
half in comparison to the WT mean (Figure 22B). @aned withcdh23 mutants that

1209N/st53
osf,

have completely abolished vestibular functi mutants had a significantly

larger amplitude (Figure 22B), indicating a partcas of vestibular function in

nsf20NSS3 mytants.
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Figure 23. Spontaneous activity imsf'“*V***mutants is normal. (A) Single 60-

second trace of spontaneous spikes recorded friemaldine neuron of a 5 dpf WT larva
(upper) and corresponding inter-spike interval  I8stogram with 10 ms bins (lower).

(B) Spontaneous spikes and ISI histogramsff®V***mutants. (C) Time constants (Tau)
of spontaneous activities recorded from WT agitf®V***mutant larvae. They are
calculated by fitting arrival times of spontanegpsgkes to single-phase exponential

decay equations. The Tau of each larva is plotted.
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Figure 24. Delayed action potentials at pLLG imsf' 2V mutants. (A)
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** n<0.01. (C) The spike rate of WT amsf?®V5* muytants is shown. No significant

difference between WT and mutants.
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Figure 25. Structure of the posterior lateral linenerve (PLLn) in WT, nsf'209Vss3,

and nsf** larvae at 5 dpf.Images (left column) and quantification (right aoin) of
Acetylated Tubulin (AcTub, A), Myelin Basic Protg(MBP, B), and FIGQY what does
this stand for?(C) antibody labeling in WAgf'2*V*%3 andnsf*>*. MBP and AcTub

staining in the PPLn is reducedrisf™® mutants compared to WT, but there is no change
in nsf 2N mutants. Quantification of AcTub (A) labelling inTA(1295+89),

nsf2P9N'S53 (1326+215), anaisf*>3(851+69) ; fluorescent intensity of MBP labelling) (is
also quantified in WT(1583+154)sf?*V$%3(1398+111), anahsf*>3(463+62) . FIGQY
signals (C) are clustered along PLLn in WT astf®Vs>* mutants, but are not

detectable imsf*>3

mutants. The average number of FIGQY puncta aaatified in
WT(21.1+1.4) nsf?%N$53 (19 1+1.0), anahsf*3(4.6+0.7) larvae. Images are maximal
projections of 5 z-stack imagesy(fin each) from the initial segment of the PLLn before
the first lateral line neuromast. Quantificatiotadare shown as mean + S.E.; P values
are determined by ANOVA tests to compare with Waugr. n.s.=nonsignificant,

**p<0.01. Each dot in the quantitative plot repmesean individual fish larva. Scale bar

equals 2Qum.
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Figure 26. Antibody labelling of Vglut3, CSP, Ribge b, and MAGUK in nsf

mutants. (A-C) For each antibody stain, fluorescent confaeprojections (8 sections at
1 um) of posterior lateral line neuromast 1 (L1) dnewn (5 dpf). Ribeye b antibody
labelling is used to mark the presynaptic ribbamtated at the basal end of hair cells. (A)
Hair cell synaptic vesicles are labelled by Vesaculutamate Transporter 3 (Vglut3)
antibody stain, which is concentrated in the basddhregion of hair cells. (B) Antibody
for CSP protein also stains the basolateral red©pA pan-MAGUK antibody that
recognizes a common peptide of the PSD (post-sindgisity) protein family labels the
postsynaptic density of afferent terminals. (E-Gia€tification of images in panel A-C.
The fluorescent intensity (A.U.) of Vglut3 (E) wgsantified in WT (2788+216),
nsf209NS53 (2887+223), anaisf*> (1175+127) larvae. CSP fluorescent intensity per
neuromast in WT (2893+218)sf?*N%53(2334+910), anahsf** larvae (1237+117) is
guantified in panel (F). Numbers of MAGUK and Rikdy puncta are unchanged
between WT andsf?® V% mutants (data not shown). Percentage of fluoreguigals
that MAGUK colocalize with Ribeye b are quantifiedWT (60.2+4.3) nsf 20N
mutants (62.6+3.5), amsf™> mutants (6.97+1.5). Quantification data are shagn
mean = S.E.; P values are determined by ANOVA testompare with WT group.

*p<0.05, **p<0.01, ***p<0.001.
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To understand the contribution mdf in the auditory system, the auditory evoked
behavioral response (AEBR) was measured. AEBRsiple measurement of the
escape behavior in response to acoustic stimudijsaalso known as the acoustic startle
reflex (ASR) (Zeddies and Fay, 2005; Cervi et2012; Einhorn et al., 2012). Although
nsf N33 mutants can respond to a crude acoustic stimuieg,rhay have mild hearing
loss, as was shown to be the casadbconnectin 3a mutants (Einhorn et al., 2012). In
order to assess potential hearing lossst®V** mutants, we first quantified the AEBR
at four different sound pressure levels (SPL) nagdgiom 135 to 155 dB at 1000Hz. We
observed that 5 dpf zebrafish larvae displayedsaape response at 135 dB and higher.
In comparison to WT larvae, fewssf?®V%® mutants displayed an escape response
when SPLs were less than 155dB. At 155 dB SPLpéneentage afisf?*V%* mutant
larvae responding to sound did not significantlfyedifrom their WT siblings (Figure
22C). To determine whether the*®™ mutation can affect hearing perception in
different sound frequencies, we then measured #BRat 140dB at four different

frequencies. They had reduced AEBR at all frequeentasted (Figure 22D). The reduced

AEBR suggested a partial loss of hearingsf®V¥> mutants.

Sfl 209N/st53

3.3.  Synaptic transmission is impaired inn mutants

An important function of hair cells is to accurgtélansmit information about sound and
head movements. For this purpose, ribbon synapdesiri cells are thought to facilitate
fast and continuous release of synaptic vesiclesiyin et al., 2006). It is well-known
that NSF plays a role in synaptic vesicle fusioadbl 1998). The 209N change is at the
beginning of the D1 domain of Nsf protein (FigueA?, a critical region of Nsf that
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undergoes a conformational change during cata{@@iang et al., 2012). The substitution
of asparagine for isoleucine dramatically incredkeshydrophilic nature of this residue,
presumably causing a reduction of Nsf activity. fEfi@re, we hypothesize that defects in

synaptic transmission are causal to the hearindgratehce defects insf2%V* mutants.

To examine if theasf 2 mutation perturbs synaptic transmission from balls to
afferent neurons, we examined spiking in laterad-kfferent neurons in response to fluid

sf 209N mytants, we first

jet stimulation of lateral-line hair cells. ForthdNVT andn
measured the spontaneous activity, which is uneyakéon potentials in afferent
neurons due to a basal release of glutamate fremthon synapse (Trapani and
Nicolson, 2011). Both WT anasf?%Vs*3 |arvae have a temporal pattern of spontaneous
firing that fit a single exponential distributioRigure 23A, B). We did not observe a
difference in number or kinetics of spontaneoukespbetween WT arbf 20V

neurons (Figure 23C). We then recorded evokedrapientials from afferent neurons
using a 60 Hz sinusoidal stimulus. Shown in Figz44, the timing of each spike is
plotted relative to the start of the 60 Hz cycleeistribution of the timing of spikes

was fitted with a Gaussian curve (Black and Redalidwles in Figure 24A). Compared
with the WT distribution, we saw a delayed and naispersed distribution of spiking

1200N/5t53
Sf

activity inn mutants (Figure 24A). The precision of timing @so be

quantitatively measured by vector strength, whiets wignificantly reduced ingf’?**Vs>?

larvae (Figure 24B). A similar delay of action putiels has been observedsinj1%**

mutants, which also have a similar behavioral phgye(Trapani et al., 2009). However,

1Q296X | %OQN/ 53

in contrast tcsynj mutants, we did not see a decrease in spikenais

mutants (Figure 24C). Our results indicate phaskitg is significantly reduced in
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nsf'2%N$53 mytants, suggesting that synaptic transmissioelsyed at hair cell synapses

and/or propagation of action potentials is slowethie posterior lateral line nerve (PLLn).

1209N/st53
sf

3.4. No defects of myelination found im mutants

Our electrophysiological data suggests two possibieses of delayed action potentials:
(1) defects in vesicle exocytosis and/or (2) slowetion potential propagation. Studies
of nsf*** zebrafish, thesf null mutant with a stop codon before the D2 don{&igure
21A), have shown that Nsf is essential for myeloraand maintenance of the PLLn
(Woods et al., 2006; Mo and Nicolson, 2011). Sitneemyelin sheath and clustering of
sodium channels at Nodes of Ranvier are well-knoeguirements for fast propagation
of action potentials in vertebrates, their defecisld cause a delay of spikes in
nSfIZOQN/stSS

mutants. To see if defects to the myelin sheatiaates of Ranvier are present

in nsf?®N$53 |arvae, we examined protein markers of the PLLn.

We used antibodies against Acetylated Tubulin (Agedind myelin basic protein (MBP)
to label the lateral line nerve and its myelin sheaspectively. As shown previously,
MBP is an important marker to label the sheath $¢Bnile and Halpern, 2002). Other
studies have also used MBP expression to assessatigs of PLLn in zebrafish larvae
(Fan et al.; Lyons et al., 2005; Mo and Nicolsdil P). The expression levels and
patterns of both AceTu and MBP were dramaticallgrged in 5 dphsf*>® mutants, but
in nsf?N$53 mutants their levels were similar to WT levelsyfffie 25A, B). The
function of myelin sheath surrounding nerve fibier® electrically insulate axons
between nodes of Ranvier, and hence facilitateggaton of action potentials along

axons. Although it has been shown thsff> mutation in zebrafish affects both
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myelination and nodes of Ranvier (Woods et al.820futations in other zebrafish
genes have been found to disrupt the mature noRamfier without disrupting the
formation of myelin sheath (Voas et al., 2007). Wged FIGQY antibody, which
recognizes conserved peptides present at nodesnvid® (Rasband et al., 1999; Woods
et al., 2006). In comparison 1sf*>* mutants, which have drastically reduced clustering
of FIGQY labeling, both WT andsf'?*'*® |arvae showed comparable numbers of
FIGQY clusters (Figure 25C). Collectively, our riésisuggest that thesf'?>" point
mutation in zebrafish does not affect myelinatiod alustering of the nodes of Ranvier

in PLLn.
3.5. Hair-cell ribbon synapses innsf'?*"* mutants show subtle changes.

As NSF has been implicated in protein traffickimgld@he localization of receptors, a
reduction in synaptic transmissionnst mutants may be caused by indirect changes in
the structure or molecular composition of synap$esdetermine if the components of
hair-cell synapses are alterechsi V> Jarvae, we first quantified a marker of
synaptic vesicles using a Vglut3 antibody (Obhokteal., 2008). Although Vglut3
labeling is dramatically reduced isf null mutants, its intensity in WT anf209NVs=3
mutants is comparable (Figure 26A). This resulgssts thahsf2*V>* mutants

maintain normal number of synaptic vesicles.
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Figure 27. Antibody labeling of SNARE proteins in5 dpf zebrafish neuromasts.
Confocal z-projection (A) and single confocal imagB-C) of 5 dpf L1 neuromasts are
shown. (A) Vesicle-associated membrane proteinAM-1) colocalizes with
Synaptophysin, a marker for efferent synaptic sgrap(B, C) VAMP-2 and -8 are
expressed in hair cells, which are labelledryp6b promoter driven Nsf-GFP. VAMP-2
also likely presents in afferent nerves (arrow he@d, E) SNAP25 and Syntaxin-1 are
both in afferent nerve fibers, which are labellgchburod promoter driven GFP. Hair
cells are outlined by dashed lines. Syntaxin-1 alag be expressed in efferent nerves

(arrow head). Scale bar is fufh.
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As Nsf functions to dissociate SNARE complexesrafyg@maptic transmission, its
malfunction may also lead to changes in traffickamgl subcellular localization of
SNARE or associated proteins, such as cysteingggtrotein (CSP) (Ohyama et al.,
2007; Stowers and Isacoff, 2007). CSP proteinsnapertant chaperones that facilitate
synaptic transmission by promoting assembly of SHAIRmplexes (Sharma et al., 2011;
Rozas et al., 2012). As CSP is also found in ribbgrapses (Eybalin et al., 2002; von
Kriegstein and Schmitz, 2003), we analyzed itsrithistion using antibody against CSP
protein in both WT and mutant larvae. Compared Wfh, CSP remained localized to
the basolateral regions isf 2% hair cells, but its expression was significantly
decreased, and a further reduction of CSP was wdxsannsf null mutants (Figure 26B).
Considering the important role of CSP in regulasygaptic vesicles, misregulation of

CSP indicates an effect of thef mutation on synaptic transmission in hair cells.

As Nsf has been shown to affect maintenance ofpggsa(Mo and Nicolson, 2011), we
exmained the structural integrity of hair-cell ridvhsynapsedVe used anti-Ribeye b
antibody to label presynaptic ribbon bodies andtsi®tGUK antibody to label
postsynaptic densities (Sheets et al., 2011). Smeaumber and size of ribbon synapses
is important for synaptic transmission in hair s€fou et al., 2005; Liberman et al.,
2011; and unpublished observations from Sheetsyé )juantified puncta of both Ribeye
b and MAGUK staining. We observed that there washange of the average size and
number of pre- and postsynaptic punctasff®™V**® |arvae (data not shown). To
determine if the synaptic structure was affecteeitihernsf mutants, we looked at the co-
localization of MAGUK and Ribeye b by calculatifgetpercentage of MAGUK

fluorescence overlapping with Ribeye b signal. psptic MAGUK co-localization
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with presynaptic Ribeye b was the same in both mstand WT siblings (Figure 26C).
In addition, we did not find any cell death withhieuromasts and pLLG neurons as well.
Together, only slightly reduced CSP expression sees imsf 2*V*** mutants, which
may explain why the behavioral and electrophysiigiaigdefects are subtle. This data

also suggests that thef " mutation does not affect development of the ribsgmapse.
3.6. Expression of neuronal SNARES in zebrafish hair céd

Our existing results suggest tmaf' 2> mutation affects hair-cell synaptic transmission
but not structure. In contrast, Nouvian and collessgrecently showed that synaptic
transmission in hair cells was independent of nealr8NAREs (Nouvian et al., 2011).

In neurons, neuronal SNARE complexes are dissatlageNSF after the fusion of
synaptic vesicles. It is unclear whether NSF megi#the dissociation of different
SNARE complexes for synaptic transmission in halls¢ or if neuronal SNARES are
required in zebrafish hair cells. We therefore usetibodies against neuronal SNARES,
Syntaxin-1, VAMP-1 and -2, and SNAP25, all of whente not found in mouse IHCs, to
label zebrafish hair cells (Nouvian et al., 20M/jth these antibodies, we observe that
VAMP-1 is colocalized with Synaptophysin, a markarefferent synapses (Nemzou N
et al., 2006) (Figure 27A). VAMP2 was the only remal SNARE we observed
exclusively in zebrafish hair cells. It was localizwithin the basolateral compartment,
but was also highly expressed on the apical erfdhofcells (Figure 27B). Both SNAP25
and Syntaxin-1 proteins were in afferent nerverShenderneath hair cells, but were not
found in hair cells (Figure 27 D, E). Although moany SNARE genes are characterized
in zebrafish, another SNARE gemamp8, was found to express specifically in hair cells
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of the inner ear and lateral line systems (Thiss¢.£2004). Antibody staining of
VAMPS8 revealed a similar expression pattern to VAMBut it displayed heterogeneous
expression in zebrafish hair cells (Figure 27C)other possible SNARE protein
expressed in hair cells is Syntaxin-3, which hanbsonfirmed to act as a key player of
SNARE complexes in photoreceptor cells (Morgara.etLl996; Curtis et al., 2008,
2010). Although we saw expression of Syntaxin-thmretina, no expression of
Syntaxin-3 in neuromasts or inner ear hair cells feand (data not shown). Our results
confirmed that hair cells in zebrafish lack sevessdential neuronal SNARESs that
mediate synaptic transmission in neurons. Howewverdid find two VAMP proteins in
hair cells, subcellularly localized to both apiaad basal compartments. In combination
with our observation that hair cells likely requiMsf for synaptic transmission, it further

suggests that hair-cell ribbon-synapses use unotional SNARES.
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Figure 28. Increasechsf transcripts but not proteins in nsf' > mutants. (A)

Confocal optical sections of L1 neuromast are sh{apf). Ribeye b (green) antibody
labelling is used as a marker for presynaptic nitsbof hair cells. Nsf (red) signals are
seen in both hair cells and afferent synaptic teatsi (B) The fluorescent intensity (A.U.)
of Nsf (E) in hair cells was quantified in WT (60663), nsf 2N mutants (590+84), and
nsf*>* (48.0+14) mutants. (C) QPCR was used to deterthimexpression levels of genes
in brain cDNA from WT nsf?®N, andnsf*>* mutant larvae (5 dpf). Gene expression level
in wild-type larvae was normalized to 1. Quantifioa data are shown as mean + S.E.; P
values are determined by ANOVA tests to compara Wil group. **p<0.01,

***n<0.001. Scale bar = 10m.
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3.7. Enhanced transcription of nsf in nsf'’?*" mutants

Becaue there is a null copy mdf gene imsf'?*%® mutants, we usensf' 2™
homozygotes and their WT siblings to check the esgion of transcripts and protein of
nsf. Althoughnsf®®" mutation appears to affect the fidelity of haittsgnaptic
transmission in zebrafish, we do not know hown&fE* mutation might affect the
activity of the protein. To determine if thef'“®N mutation has an effect on the stability
of the protein, we examined immunolabeling of Nisbur mutants. As expected, there
was no labeling of Nsf protein in tmsf®>* mutants. In contrast, the expression of Nsf
protein innsf?® allele in hair cells was not changed compared Tol&Vels (Figure 28A,
B). Additionally, there was no change of subcelllbealization of Nsf protein in mutant
larvae (Figure 28A). The immunolabeling indicatesttthe mutant Nsf protein is present,
however, it is not clear if the turnover is incredslt is possible thatsf transcription

may change in response to increased turnover ahtitant protein. Because there is a
paralog ofnsf in zebrafishnsfb, expression of this gene may compensate for Nsf
dysfunction innsf 2N mutants (Kurrasch et al., 2009; Mo and Nicolsori, J0We
examined the levels of transcripts of baghandnsfb genes using quantitative PCR. In
agreement with results reported by Kurrasch ehsth, but notnsf, was upregulated in

Sf§53

then mutants (Figure 28C). However, expressiongbf but notnsfb, was increased

in nsf?N mutants (Figure 28C). Our results suggest thatamtain the protein level of
Nsf, more mRNA is transcribed in thef N mutant. It therefore seems likely that the

1209N mutation affects the stability of the mutapedtein.
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4. Discussion

In this article, we report a nemsf mutant allele in zebrafisimsf 2™, Thensf” mutant
was initially identified as a circler mutant witlestibular but not auditory defects. In our

behavioral analysis, we found thvaf %NV

mutants have both hearing and balance
deficits. Electrophysiological recording from thensa pLLG neurons also found that
action potentials were slightly delayednisf 2*** mutants. Potentially, protein
trafficking of components required for accurateagtic transmission could account for
the shift in the phase locking with the stimulusviéver, the morphology of hair-cells
synapses, and the lateral line nerves includimgyelin sheath was largely unchanged in
nsf2%N$53 mytants. One exception was a slight reductionS# Ca protein that has an
opposing function to NSF in regulating SNARE comple We also observed increased

nsf transcripts, but not Nsf protein levelsrisf 2™

mutant hair cells, suggesting
instability of the mutant form of the Nsf proteindapossible effects on its enzymatic

activity in the mutants.

In agreement with previous findings (Nouvian et 2011), most of the neuronal
SNAREsS, the targets of NSF, were also not founhimn-cell ribbon-synapses of
zebrafish. Nevertheless, we identified two v-SNAREAMP-2 and -8, in zebrafish hair
cells. Our results suggest that zebrafish haiscelijuire a set of unconventional

SNARES to mediate synaptic transmission.
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4.1. Mutation 1I209N in zebrafish Nsf protein

How does the 1209N mutation affect the ability cff¥b catalyze disassembly of SNARE
complexes? Acting as a homohexameric ATPase, tliepgi&@ein contains 3 domains (N,
D1, and D2). The 1209N mutation is present withim&er region near the beginning of
the D1 domain, which is the ATPase domain thatlyz¢a the dissociation of SNAREs.
Although crystal structures of the N and D2 domd&iage been solved for over a decade
(Lenzen et al., 1998; Yu et al., 1998, 1999; Babut Fass, 1999; May et al., 1999), the
structure of D1 domain and full length NSF hastgdie determined. Analysis of NSF
(Hanson et al., 1997; Furst et al., 2003) and NSRS SNARE complex (Hohl et al.,
1998; Furst et al., 2003; Chang et al., 2012; Mwadt al., 2012) using electron
microscopy have provided the structural layoutiedent domains of NSF protein. The
crystal structure of the N domain, however, carfh@tto the EM structure, which is
probably due to its structural flexibility. The fiibility could be important to create an
interface for the N domain to bind with its subttga According to the latest EM
structure, the 209 Isoleucine is within an N-DXké&nregion with high flexibility (Chang
et al., 2012). The catalytic activity of NSF rel@s the flexible N-D1 linker that mediates
the movement of the N domain towards the D2 re(see Figure 11). Several studies
have reported the same large conformational chahtiee N domain upon hydrolysis of
ATP (Hanson et al., 1997; Chang et al., 2012; Mwedt al., 2012). There are at least two
possible ways an asparagine mutation in the N-bKeli can affect NSF function. As
asparagine is highly acidic, compared to the isoteyy it may interfere with the
hydrophobic environment the isoleucine residue faag. This could impact the

enzymatic activity of NSF. Alternatively, asparaggrare more flexible than isoleucines,
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which may decrease the stability of the NSF prossia whole. Indeed, we did find the
nsf MRNA, but not Nsf protein, is upregulatednsi 2> mutants (Figure 28). This result
suggests that N§f°N is less stable than the WT protein. Whether tB®Kmutation
results in protein instability or a reduction iretbonformation changes upon catalysis of

ATP requires more biochemical analysis of the miupaotein.

Although we do not observe obvious changes in ¢eirmorphology, a loss of Nsf
activity may affect both development and functidmair cells in zebrafish larvae in
many ways as almost all vesicle fusions in eukacya#lls are dependent on NSF activity
(Haas, 1998; Sudhof and Rizo, 2011). Although n& Nfutants in mouse have been
reported, both NSF1 and NSF2Dmosophila can affect neuronal development (Sanyal
and Krishnan, 2001; Laviolette et al., 2005; Stewaal., 2005). Nsf proteins in
zebrafish have been reported to have neuroproteatie (Mo and Nicolson, 2011), to be
required for secretion of neuroendocrines (Kurrastchl., 2009), and to affect
development of myelin sheaths (Woods et al., 2086)vever, no function of NSF in
hair cells has been reported. The present studalewa subtle impairment of the timing
of evoked afferent nerve activity and a small bghiicant reduction in CSP protein
expression in hair cells. Although the reductiolC&P expression may be an indication
of immaturity or dysfunction of hair cells, it isare likely a functional compensation of
reduced NSF activity. NSF is known to catalyze atisstion of SNARES post-vesicle-
fusion, while CSP is found to promote assemblyARES and vesicle fusion (Sharma
et al., 2011, 2012; Rozas et al., 2012). Accumutatif SNARE complexes have been
found in fly NSF mutants (Littleton et al., 200%uggesting a similar consequencesf

mutation in zebrafish. Expression of CSP protemdd be suppressed upon
101



accumulation of SNARE complexes. Moreover, reductdbCSP proteins has been

found in cases in which exocytosis is impaired (&h#q et al., 2007; Stowers and Isacoff,
2007). Our findings suggest that delayed actioemitls are due to a reduced NSF
function and not developmental defects. Whetherddeaction in phase-locking is

strictly due to reduced activity of Nsf in hair lsebr whether the firing properties of the

afferent neurons are also altereahéfi>®™ mutants remains to be determined.

4.2. NSF and SNAREs in hair-cell ribbon synapses

The actual substrates of NSF in hair-cells synapsetargely unknown. Using
immunostaining, we have identified expression of N&AMP-2, and VAMP-8 in

zebrafish hair cells (Figure 27). Our results l&rggree with recent findings that
conventional neuronal SNARESs including SNAP-25,t8ym-1, and VAMP-1 are not
present in mouse IHCs (Nouvian et al., 2011), lfferdfrom other reports from chicken,
rat, and guinea pig, in which it was found thatnaironal SNARES are expressed in hair
cells (Safieddine and Wenthold, 1999; Eybalin et2002; Uthaiah and Hudspeth, 2010).
These conflicting findings may due to two reasdéistly, improvement of fixation or
antibody affinities may be needed to visualize SNEARN ribbon synapses, as the ribbon
structure or other unconventional protein strucunehair cells may mask epitopes in an
unknown way. Some differences of antibody labehage been explored using different
methods (Nouvian et al., 2011), but none of theplaan the variability of observations.
Secondly, unspecific signals may be misleadinghénrat and guinea pig studies, no
hair-cell markers were used to counter stain WRIARE antibodies to confirm their

colocalization (Eybalin et al., 2002). Non-hairle@ntrols were also not included used to
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visualize SNARE antibodies in chicken (Uthaiah &hdispeth, 2010). More data is

needed to support either statement.

Nevertheless, our data do suggest that NSF isnesjtor accurate synaptic transmission
in hair cells. Although it is not clear which SNAR#Eachinery is required, VAMP7 and
VAMPS8 are interesting candidates for mediating gjicatransmission in hair cells. The
tetanus toxin-insensitive VAMP7 was recently fodaddentify a subgroup of synaptic
vesicles that are spontaneously released in cdltupgpocampal neurons (Hua et al.,
2011). VAMPS8 is specifically expressed in a numietissues including nose, otic
vesicle, lateral line and pronephric ducts in zBbnaThisse et al., 2004). Both VAMP-7
and -8 interact with SNAP23 and Syntaxin-4 to teiggxocytosis in human mast cells
(Sander et al., 2008). To understand why non-nelil®NARESs are employed at ribbon
synapses in hair cells, and how these SNAREs tutérito the properties of synaptic

transmission would be a very interesting followafmur current research.
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Chapter 4. Nsf in preventing Degeneration of Hair-

Cell Synapses

Reprinted from Mo W, Nicolson T. Both pre- and possynaptic activity
of Nsf prevents degeneration of hair-cell synapseBL0oS One.

2011;6(11):e27146. Epub 2011 Nov Gopyright: © 2011 Mo, Nicolson.
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1. Summary

Vesicle fusion is required for the maintenanceyofapses in the nervous system by
mediating events such as synaptic transmissioeasel of neurotrophic factors, and
trafficking of membrane receptors. N-ethylmaleimg#msitive factor (NSF) is
indispensible for dissociation of the SNARE-complebowing vesicle fusion. Although
NSF function has been characterized extensiveltro, thein vivo role of NSF in
synaptogenesis is relatively unexplored. Zebrglis$sess twasf genesnsf andnsfb.

Here, we examine the role of either Nsf or Nsflbction in the pre- and postsynaptic
cells of the zebrafish lateral line organ and destrate that Nsf, but not Nsfb, is required
for maintenance of afferent synapses on hair delladdition to peripheral defects msf
mutants, neurodegeneration of glutamatergic syrsapse central nervous system also
occurs in the absence of Nsf function. Expressicamasf transgene in the null
backgroundndicates that stabilization of synapses requirsisfishction in both hair cells
and afferent neurons. To identify potential targdtslsf-mediated fusion, we examined
the expression of genes implicated in stabilizipgapses and found that transcripts for
multiple genes includingdnf were significantly reduced msf mutants. With regard to
trafficking of Bdnf, we observe a striking accuntida of Bdnf in the neurites of Nsf
mutant afferent neurons. In addition, injectiorr@fombinant BDNF protein partially
rescues the degeneration of afferent synapses mutants. These results establish a role
for Nsfin synaptic maintenance, in part via secretiomaphic signaling factors. In

terms of innervation of hair cells, Nsf functionréqjuired in both hair cells and afferent

neurons for stability of afferent synapses.
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2. Materials and methods

Zebrafish strains and husbandry. Adult zebrafish stains were maintained as preWous
described (Westerfield, 1995). All lines used irs tudy were maintained in a Tubingen
or Top Long Fin backgroundgBAC(neurod: EGFP)nl1 transgenic fish were previously
described (Obholzer et al., 2008); s> (Woods et al., 2006) anefb" 2™ allele
(Amsterdam and Hopkins, 2004) were obtained froendébrafish International

Resource Center.

Transgenic fish. Stable transgenic lines were generated as dedqrileiously (Kwan et
al., 2007). The promoter sequenceargyb6b gene (-6myo6b), described previously
(Obholzer et al., 2008), was cloned into a 5-prentgy (p5E) vector in the Tol2 kit
vector #381 p5E-MCS (Kwan et al., 2007). To clame promoter sequence redurod

gene, the following primers were used to amplifg arsert an approximate 5kb fragment
(-5neurod) into the same p5E vector: Forward primén Fse | site: GGC CGG CCC
GGC ATC AAA CCG CCT CGA GAG, Reverse primer withdssite: GGC GCG

CCG TCG GAA CTC TGC AAA GCG ATA AAG C.

Phylogenetic analysis. Protein sequences of Nsf from different speciesvobtained

from UCSC genome browser (http://genome.ucsc)editky are yeast NSF (YBR080C),

nematode NSF (NP_00107660), fly dNSF1 (CG1618-RA)@NSF2 (CG33101-RA),
zebrafish Nsf (NP_001037793) and Nsfb (NP_00101p686use NSF (NP_032766),
and human NSF (NP_006169). A phylogenetic treegeaerated by ClustalWw2,

statistically evaluated by Bootstrap for 1000 times
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I mmunofluorescent staining. Whole-mount immunostaining was performed according
a previous report with minor changes (Sheets gf@l1). Briefly, fish larvae were fixed
at 4°C for 4 hours with 4% paraformaldehyde, 4% &se&, and 0.01% Tween-20 in PBS
solution. After rinsing twice with 0.25% Tween-2hd 1% DMSO in PBS (PBSDT),
fixed embryos were permeabilized by exposure t®d@0etone at -20°C and then
washed with HO and PBSDT. Embryos were blocked with 6% goatreef3%6 bovine
serum albumin in PBSDT for 1 hour, and then folldviay incubation with primary
antibody at 4°C overnight. After rinsing with PBSEAr 2 hours, samples were stained
with a secondary antibody at 4°C overnight or 5re@t room temperature. Primary
antibodies used in this study are listed in Tablaléxa Fluor-conjugated secondary

antibodies (Invitrogen) were used at 1:1500.

Confocal microscopy and quantification. Specimens were mounted in Elvanol mounting
media and dried overnight. Confocal imaging ana@ @aalysis procedure was described
previously (Sheets et al., 2011) with the followitganges. Z-stack images were
acquired using a Zeiss LSM 700 confocal microsceipie either 10X or 60X oil lens
using Zen software and the pinhole was set to 4 awit. Filters were set at default
settings for Alex 488, 568 or 647 fluorescent signa-stack images were transformed
into Tiff images with Image J (NIH, Bethesda, MDSA) before being analyzed by
Metamorph (Molecular Devices, Sunnyvale, CA, US4ging the maximal projection of
each image, individual neuromasts were selectediatigrand the background, defined
as the average intensity of the whole image, wdsicted before using the integrated
morphometry analysis function for quantificationtloé fluorescent intensity of antibody

labeling or the number of punctae. Individual nenasts were selected based on the
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fluorescent signals of Ribeye b staining, whichcHpmlly labels the presynaptic ribbon
synapses in hair cells. A punctum was defined asagang> 20 pixels with three-fold
intensity above background. To quantify BDNF, Padkerins, Acetylated Tubulin and
MBP staining in LLN, the LLN was selected manuallya maximum projection image
based on the fluorescent signal of the Acetylatgulin antibody. Only positively

labeled regions were used for calculating the aefluorescent signals in Figure 36. For
all other figures, the total intensity of antibddipeling is shown. A region before the

first melanophore was selected for all images dN&LAIl quantities in figures are
presented as mean + standard error. 2-tailed tegpaiudent t test was used to compare

two groups of data.

Quantification of apoptosis and cell numbers. A confocal Z-stack with 10 slices was
taken from selected regions. For analysis of apogtone digital section image with the
most apoptotic cells was picked from each Z-stagaptotic and normal cells were
counted in every image. To count cell numbers chemage, the digital section with the
most cell numbers was chosen from each Z-stackniguanCells were counted based on
the GFP fluorescence fromgBAC(neurod: EGFP)nI1 transgenic fish and/or DAPI
staining in each image. Numbers were then analysad) Microsoft Excel (Microsoft,

WA) and graphs were made using Prism (GraphPadv&udt CA).

RT-PCR and gPCR. 5 days post fertilization (dpf) zebrafish larvaeadult fish were
anaesthetized in MESAB/Tricaine solution, and thesues from adult fish or larvae
were dissected and immediately put into RNAlatgsgked Biosystems/Ambion). Total
RNA was extracted from wild-type osf mutants using the RNeasy mini kit (Qiagen).
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5ug RNA was then reverse transcribed using the BcpEemixes (Clontech, # 639541).

For gPCR purpose, 0.2ul cDNA in 10ul SYBR greentonx in 384-well plates was

used for each gPCR reaction on an Applied Biosysté®®0 HT real-time PCR machine.

The RNA level for each gene was first calculatesfra cDNA standard curve and then

normalized taactin RNA. To perform RT-PCR, 0.2ul cDNA was used inCuPPCR

reaction.

Table 1 List of antibodies for immunostaining

Antibody Dilution  Suppliers References

NSF 1:50 Cell Signaling #3924

Ribeye b 1:4000 Generated by Openbiosystems  (Séeaks 2011)
Znl2 1:500 ZIRC, Zn-12 (Becker et al., 2001)
MAGUK 1:500 Neuromab, #73-029 (Sheets et al., 2011)
Vglut3 1:1000 Generated by Proteintech (Obholzat.e2008)
Vglutl 1:1000 Generated by Proteintech (Bae ek@DY)
Casp3 1:250 Cell signaling #9661 (Eimon et al.,&00
BDNF 1:100 Santa Crutz, sc-65513 (Germana et @LOp
Cadherins 1:500 Sigma, C3678 (Shin et al., 2008)
MBP 1:50 Generated by Talbot lab (Woods et al. 6200
Acetylated- 1:1500 Sigma, T6793 (Becker et al., 2001)
Tubulin

GFP 1:500 Aves lab, #GFP-1020 (Chung et al., 2008)
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3. Results

3.1. Innervation in zebrafish nsf and nsfb mutants

The zebrafish genome contains two copiesshfnsf (also calledhsfa) andnsfb. Nsf
and Nsfb proteins share 83% identity and 91% shityléo each other. In the phylogenic
tree, zebrafish Nsf is more similar to mammaliarFslghan Nsfb (Figure 29A). To
determine the spatial expression of the hsfoorthologs in zebrafish, we examined the
expression ohsf andnsfb transcripts in different tissues. An RT-PCR exmemt was
used to detect bottsf andnsfb MRNA in adult tissuesisf MRNA was detected in
mainly neuronal tissues, but not in non-neurorsaiues (Figure 29B). In contrassfb
was expressed in both neuronal and non-neurosaless(Figure 29B). To ascertain
whether both genes were expressed in hair cellssal@ted single neuromasts from 5
dpf zebrafish larvae and performed RT-PCR (Obhadteal., 2008). We detected the

presence of bothsf andnsfb transcripts in neuromasts (Figure 29C).
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Figure 29.Expression ofnsf and nsfb in zebrafish, and defective innervation of hair
cells innsf mutants. (A) Protein sequences of NSF from yeast, nematbgezebrafish,
mouse and human were aligned using ClustalW torgemna phylogenic tree. The total
amino acid substitutions of a specific protein @m@portional to the length of each branch.
The substitute rates of single amino acids werelbmurad in brackets after each protein.
(B) Detection oinsf andnsfb transcripts in adult zebrafish tissues by RT-PER.RT-
PCR of neuromasts isolated from 5 dpf lana@h23 was used as a heuromast-specific
positive control. M.= Marker/DNA ladder, Ctr = Coolt with no reverse transcriptase,
HC = Hair cell. (D) Larvae (4 dpf) labeled with merfiber-specific Zn12 (green), and
anti-Ribeye b antibodies (red). The merged imabgesved the innervation of the first
lateral line neuromast (L1) by posterior latera€lneurons. Scale bar, jith. The
position of the specimen is dorsal up and antéoidhe left, and each image is a

projection of 10 optical sections (In each). Scale bar is L.
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Figure 30. Expression of Nsf in the CNS and lateral line orgarf5 dpf). (A) An
antibody against human NSF protein labels the lar@avous system (5 dpf). (B)

Labeling is absent insf*>*

mutants. Images are projections of 5 optical eastof 1@m
thickness. Scale bar, 1Q@n. (C-F) Confocal projections (10 Xuh sections) of anti-
NSF (red) and Ribeye b (Blue) TgBAC(neurod: EGFP)nl1 transgenic fish. Nsf is found
in the afferent nerve (marked by GFP) and in Rideymsitive hair cells. Scale bar, 10

um.

Because bothsf genes are expressed in neuromasts, we examinedritréoution of
both genes to ribbon-synapse formation in hairscille obtainedsf> andnsfb™28°™

sf*** mutation results in a truncated protein beforestneond ATPase

mutant lines: the
domain (Woods et al., 2006), whereasnke"?%*™ mutation results in a truncation of
nsfb gene after the fBexon, also before the second ATPase domain (Adeteand

Hopkins, 2004). Thesf andnsfb genes are on chromosome 3 and 12, respectivelly. Bo

mutants are paralyzed at 4 dpf. Whenesi&> mutants survive until 7 to 8 dpf, most
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nsfb™?%™ mutants die at 5 dpf. Therefore, we examined telirinnervation at 4 dpf,

the latest stage possible fasfb"?**™ mutants. In wild-type larvae, afferent nerve fibers
form an elaborate pattern or web beneath neuronaastells (Becker et al., 2001; Sheets
et al., 2011). Typically, this highly branched sture is formed by two ganglion neurons,
which make extensive contacts with the basal sesfat the hair cells. The web of nerve
fibers is more apparent when imaged using a tomdoew of the neuromast (Figure
29D and Figure 30C). Although the nerve fibers dbfarm distinctive boutons, the
location of active zones can be visualized withkertties against a ribbon-specific
component, Ribeye b (Figure 29D and 30E) (Sheetk,£2011). We compared
innervation of neuromast hair cellsig™* andnsfb"?**°™ mutants at 4 dpf, before
extensive degeneration was visiblengb" %™ mutants (Figure 29D’-D”) Although the
overall number of neuromasts was reducensin™?**™ mutants, when hair cells were
present, we observed innervation by the afferenteng= 20 neuromasts, 5 larvae from
2 independent experiments) (Figure 29D’). Surpghinlateral line nerve fibers were
mostly absent imsf*>* mutants at the same developmental stage (Figub& 28ogether,
these results suggest that Nsf, but not Nsfb,gsired for stable afferent innervation of
hair cells. Consequently, in the following experits we exclusively focused on the

role of Nsf in the innervation of lateral-line haklls.
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Figure 31 Degeneration of hair-cell synapses insf*** mutants during development
(A) Antibodies against Zn12 (green) and Ribeyeddl(iwere used to label afferent fibers

sf*** mutant larvae at 3, 4 and

and hair-cell ribbons, respectively, in wild-typ&T) andn
5 dpf. (B) Anti-Ribeye b (red) and MAGUK (greenpkls the pre- and postsynaptic
compartments respectively in neuromasts of wildetgpdnsf™* mutants (3 to 5 dpf).

Scale bar: 10m; z-projection of 10 confocal planesui(t each).

3.2. Degeneration of hair-cell afferent synapses insf mutants

To study the defects in afferent innervatiom#f™> mutants, we determined whether Nsf
is expressed in both lateral line hair cells aridraht neurons. Using
immunohistchemistry, we detected Nsf protein preidamtly in the nervous system of 5
dpf larvae (Figure 30A), but not isf*>* mutants, which have a stop codon positioned
before the epitope of the NSF antibody (Figure 30B)determine whether Nsf is
present in afferent neurons, we u3gBAC(neurod: EGFP)nI1 fish to mark afferent
neurons and observed Nsf protein in GFP-posititerdaline nerves (Figure 30C-D). Co-

labeling with Ribeye b antibody revealed that Nséliso present in hair cells, consistent
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with our RT-PCR analysis (Figure 30E-F). Nsf wasoaletected in the cell bodies of the
posterior lateral line ganglion (pLLG) and hairlseh the inner ear (data not shown).
Taken together, these data suggest that Nsf funotay be required in both pre- and

post-synaptic cells for innervation.

To determine if the lack of afferent innervatiomsi™> mutant hair cells is due to a
failure to initiate synaptogenesis, or to maintnaptic contacts, we examined afferent

innervation ofnsf*>*

mutant hair cells at different developmental ssagging Zn12 as a
marker. We found that afferent innervation of latéine neuromasts was relatively
normal at 3 dpf (Figure 31A, 34D). However, white basket-like network of neurites
was elaborated in wild-type embryos over days 45me™> mutants exhibited a loss of
hair-cell innervation (Figure 31A, 34D). The retran of neurites was further confirmed
by acetylated Tubulin antibody (data not shown)n€istent with these results,
immunolabel of the postsynaptic marker Membranesgisged Guanylate Kinases
(MAGUK) was also reduced at later stagessfi> mutants (Figure 31B). These data

suggest that Nsf function is not required to ingihair-cell synaptogenesis in the lateral

line organ, but instead is required for the maiatee of afferent innervation of hair cells.
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Figure 32 Reduction of glutamatergic synapses in the CNS oif*** mutants (5 dpf).
Representative z-projections of the optic tectuch @rebellar region from a top view are
shown. Wild-type (A)nsf*> mutant (B), anahsf*>* mutant inTg(-5neurod: nsf-GFP)vol
background (C), which expresses Nsf-GFP (Blue) Wadreled with Vglutl
(glutaminergic presynapses) and MAGUK antibodiesl&bar: 100m; z-projection of

15 confocal planes (1n each). (D-E’), Magnified views from the boxed imgin panel
(A"). Activated Caspase 3 (Casp3) antibody was ueddbel apoptotic cells (arrow
heads) in the cerebellar region, and GFP signafa TigBAC(neurod: EGFP)nl 1 fish

were used to identify neurons, likely the Purkiogds, in the cerebellum. (F) Cell
density (3 dpf, 41875.0 + 3287.4, n=4; 4 dpf, 688003840.6, n=5; 5 dpf, 59687.5 +
1856.3, n=8 in wild-type and 3 dpf, 44285.7 £ 1@ Nn=7; 4 dpf, 54375.0 + 3264.7, n=8;
5 dpf, 53750.0 + 2116.4, n=6 msf*>>) and (G) the rate of apoptosis in the cerebellfim o
wild-type (0% for 3 dpf to 5 dpf, n=8) amif*>* mutants (3 dpf, 4.3 + 1.3%; 4 dpf, 3.2 +
0.9%: 5 dpf, 3.1 + 1.0%, n=8). P values compaf&> mutants to their wild-type

siblings at the same developmental stage.
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3.3.  Neurodegeneration in the CNS ohsf mutants

Because hair-cell ribbon synapses are highly speeth(Matthews and Fuchs, 2010), we
investigated whether Nsf activity is also requifedthe formation of conventional
glutamatergic synapses. We labeled excitatory sgmwith antibodies against Vesicular
glutamate transporter 1 (Vglutl) and MAGUK, the-pard postsynaptic markers of
glutamatergic synapses in the CNS (Figure 32A-Aioverviews of the larval brain, the
labeling of Vglutl and MAGUK was greatly reducechsi®™> mutant larvae at 5 dpf
(Figure 32B-B"), indicative of a reduction, and piiy degeneration of glutamatergic
synapses in CNS. In a magnified view of the boxaggan in Figure 32A’, Vglutl-

labeled presynaptic terminals and postsynapticiiesistained by MAGUK antibody
were mainly juxtaposed in both wild-type and mutantae (Figure 33). However, the
Vglutl and MAGUK label in this region of the cerdben was highly variable even in
wild-type larvae, preventing reliable quantificatiof the density or number of the

synapses.

To determine if we could rescue the degeneratienptype in the CNS, we stably
expressed Nsf-GFP in the CNS using a mininealod promoter, which drives

expression in cranial nerves and other regione®btain. We observed robust rescue of
the reduction of both Vglutl and MAGUK isf*>* mutants in &g(-5neurod: nsf-

GFP)vol background. A representative image of the resss@awn in Figure 32C-C”
(n=10, from 3 independent experiments). These @xjearts suggest that expression of
Nsf is sufficient to stabilize innervation withihd brain, and that the C-terminally tagged
version of Nsf is functional.
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Figure 33.Glutamatergic synapses in the cerebellunMagnified images of the boxed
region in Figure 4A’ showed fluorescent signalsmirgglutl (red) and MAGUK (green)
antibodies in Purkinje cells of the cerebellar oagiAlthough MAGUK antibody labels
both the cell body and postsynaptic density inghesurons, it is possible to observe

juxtaposition of MAGUK-positive densities next t@Mtl-labeled presynaptic terminals

(arrow heads). Scale bar isub@.
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Figure 34. Apoptosis innsf®>

mutants (5 dpf). Representative z-projections of the
pLLG (thick dashes) and vagal ganglion (thin dashes shown in (A). In WT anosf®*
mutants, apoptotic cells (arrow heads) were lableje@asp3 antibody (red), and neurons
were labeled by acetylated Tubulin antibody (gre8&cale bar: 20m. Images shown in
all panels are projections of 6 z-stacks (@beach). (B) The percentage of apoptotic
cells in the pLLG of both wild-type anf*>® mutant larvae (in wild-type the percentage
apoptosis are 1.4 +0.9, n=5, 0.0 0.0, n=8 and:0.4, n=8 from 3 dpf to 5 dpf
respectively; 4.8 +2.0, n=7, 4.7 +1.2, n=7, and8L8&, n=7 imnsf*>* mutants). (C) Cell
numbers of the pLLG in wild-type increased from&51.6, n=5 at 3 dpf to 29.6 1.5,
n=5 at 4 dpf and reached 37.0 +2.3, n=8 at 5 dpilethe numbers changed from 22.3
+0.9, n=8 to 30.4 +0.8, n=8 and then to 25.9 +8:% innsf*™* mutants. (D) The ratio of

the intensity of Zn12 labeling (Figure 3A) ™ to wild-type labeling declined from 3

dpfto 5 dpf (76.2 £9.5, n=6, 58.2 +4.1, n=5, afd21+2.4, n=7).
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Figure 35.Nsf function is required in both pre- and postsynagic cells to stabilize

afferent innervation of hair cells. (A-E”) Representative z-projections of a single

53 53
Sf Sf

neuromast from a top-down view (5 dpf). Wild-ty@g,(n mutants (B), and
mutants with Nsf-GFP expressed in hair cells (€}, (D), or in both hair cells and
pLLG (E) were labeled by antibodies against GFRds-colored light blue), MAGUK
(green), and Ribeye b (red). Scale baurO(F) The average number of MAGUK
puncta per hair cell in wild-type (3.8 0.1, n=f*>* mutants (0.4 + 0.1, n=7), and
nsf*>* mutants with hair-cell Nsf-GFP (1.2 + 0.4, n=5) & Nsf-GFP (2.2 + 0.2, n=6),

or both hair-cells and pLLG Nsf-GFP (3. 6 + 0.17hXG) Zebrafish larvae were stained
with Zn12 and Ribeye b antibody. The fluorescetdnsity (A.U.) of Zn12 was
quantified in wild-type (1.813e6 + 147069, n=03*> mutants (311769 + 43541, n=6),
andnsf**? mutants with Nsf-GFP rescued in hair cells (507¥&7798, n=5), pLLG
(659674 + 85851, n=5), or both hair cells and pLl1G335e6 + 223319, n=8). The p-

values were generated comparing the data fromdft& mutant to each transgenic

mutant line.
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3.4. Apoptosis innsf mutants

To determine whether the retraction of the afferemitze was due to cell death, we used
an antibody against cleaved Caspase-3 to detept@moneurons in 5 dpf larvae
(Anichtchik et al., 2008). The overall morphologitiee ganglion was normal in mutants,
however, we observed a slight increase in activa&spase-3 labeling in the pLLG of
nsf*>* mutants (Figure 34A-B). Labeling of activated Gas®3 was not detectable in

hair cells. Although the retraction of neuritegtie nsf*>

mutant occurred at every
synapse at 5 dpf, apoptosis was detected in ofdy &ells within the pLLG at this stage.
To determine if apoptosis caused the retracticaffefrent nerves, we counted the number
of neurons in the pLLG at different developmentagss, as well as quantifying the
degeneration of afferent nerve fibers. We obsearednd 5% general apoptosis
occurring between 3 dpf and 5 dpfrisf null mutants (Figure 34B), with the number of
cells in the pLLG in mutants being reduced by 3% dpf compared to their wild-type
siblings (Figure 34C). During the same time intérttee reduction of innervation was
much greater. From 3 dpf to 5 dpf, the afferenemmation of hair cells was reduced by
more than 80% (Figure 34D). Because most pLLG neunonervate a single neuromast

(Lopez-Schier et al., 2004; Obholzer et al., 20@83%, unlikely that the cell death of

pLLG neurons accounts for the total loss of inngora
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Figure 36.Quantification of GFP fluorescence inTg(-6myo6b: nsf-GFP)vol and Tg(-
6myo6b: nsf-GFP)vo2 lines. Anti-GFP antibody was used to stain Nsf-GFPdusi
proteins inTg(-6myo6b: nsf-GFP)/nsf*>* mutants. The fluorescent intensity in the
neuromasts ofg(-6myo6b: nsf-GFP)vo2 (2.353e6+293299, n=17) afid(-6myo6b: nsf-

GFP)vol (971656+215772, n=10) lines are significantly eliént (p=0.001).

As seen in the pLLG, we also observe increasedd3asp labeling in the CNS, a sign of
apoptosis in these cells (Figure 32D-E’). We alsonted the number of apoptotic cells
in the boxed region of Figure 32A’. Similar to theLG, the rate of apoptosis was low in
the CNS and the cell density did not change drasfin the mutants (Figure 32F and

32G). Our data suggests that the decrease of VghdIMAGUK labeling at 5 dpf is
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unlikely due to the loss of neurons, but rathet ghatamatergic synapses degenerate in

Sf§53

then mutant.

3.5. Pre- and postsynaptic function of Nsf

Although the neurodegenerative phenotypasif> mutants can be rescued by
expression of Nsf-GFP in the CNS (Figure 32A-Ct'yvas not clear whether presynaptic
Nsf originating from hair-cells would be sufficietat stabilize ribbon synapses. We
sought to answer this question by targeting exppess Nsf-GFP to either hair cells, or
afferent neurons of the pLLG. In addition to thenmmal neurod promoter, we used
another minimal 6kb promoter from thgo6b gene, which specifically expresses in hair
cell (Obholzer et al., 2008). We utilized thg(-5neurod: nsf-GFP)vol for expression in
the afferent neurons of the pLLG and generatedanskline, Tg(-6myo6b: nsf-GFP), to
drive expression of Nsf-GFP in hair cells. We chteazed the expression of Nsf-GFP in
our stable transgenic lines using antibodies agawth NSF and GFP (data not shown),
and found three transgenic lines with distinct espion patternd:g(-6myo6b: nsf-

GFP)vol expressed Nsf-GFP only in hair cellg(-6myo6b: nsf-GFP)vo2 expressed Nsf-
GFP in both hair cells and afferent neurons; &g(@sneur od: nsf-GFP)vol used for the
CNS experiments expressed Nsf-GFP in pLLG neutmutsnot hair cells. Innervation of
hair cells in mutants was analyzed in the threfediht transgenic backgrounds and
compared to both wild-type amgf*>* mutant fish without Nsf-GFP (Figure 35). To
evaluate and compare hair-cell innervation, we dape same neuromast (L1) in each
specimen (Raible and Kruse, 2000). Expression &3¥$ in either hair cells or afferent

S53
of

neurons im mutants resulted in an increased number of MAGUKgbae (Figure
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35C-D”, 35F). Although the number of MAGUK punctaas significantly increased in
rescued mutants, the rescue was only partial irpeoison to wild-type controls (Figure
35A-A", 35F). Full rescue was only observed if NGFP was expressed in both pre- and
postsynaptic compartments in thg-6myo6b: nsf-GFP)vo2 line (Figure 35E-E”, 35F).
Quantification of the fluorescent signal obtainethwhe afferent fiber antibody Zn12

was consistent with the above results in each tiondiFigure 35G).

The expression of the transgendaf-6myo6b: nsf-GFP)vo2 fish was higher thamg(-
6myo6b: nsf-GFP)vol, but this may be partially due to the expressioNsfFGFP in
afferent nerve fibers, which cannot be separataah fnair-cell GFP signals (Figure 36).
To confirm that full rescue of hair-cell innervatiovas dependent on expression by both
cell types rather than level of expression, we sgd3g(-6myo6b: nsf-GFP)vol andTg(-
5neurod: nsf-GFP)vol into thensf*>* background. Double transgenic expression of Nsf-
GFP yielded better rescue than either transgemuutant background alone, as
guantified by Zn12 antibody labeling of afferentves (Figure 37). These results
demonstrate that Nsf function is required in badlr bells and pLLG afferent neurons to

stabilize synaptic contacts.
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Figure 37.Rescue of afferent innervation by double transgeniexpression of Nsf-

GFP in nsf** mutants. (A-E”) Top-down views of the first lateral lineearomast (5 dpf)

S53 53
of Sf

from wild-type (A),n mutants (B), and mutants with Nsf-GFP expressed in
hair cells (C), pLLG (D), or in both hair cells apdLG (E). Shown is immunolabeling
with antibodies against GFP (light blue), Zn12 &k and Ribeye b (red). Scale bar:
10um. (F) The total intensity of Zn12 antibody labegliper neuromast was quantified in
wild-type (2.113e6+259343, n=65">° mutants (133379+80303, n=4), amsf*>
mutants with Nsf-GFP rescued in hair cells (5596621829, n=13), pLLG
(684537175475, n=12), or both hair cells and pL1&%9e6+136058, n=12).The p-

values were generated comparing the data fromdft& mutant to each transgenic

mutant line.

129



sWT

nsft3

Fold Changes of Expression Level

N
R o0 02 & P P Q\@W@@& @ &
@&@@ vivb& &&N NP S NG
@fﬁ@§@$@$ & § § gt ¢ @ o o
& & & @

Figure 38. Expression of genes important for synaptic stabilit is reduced innsf*>
mutants. QPCR was used to determine the expression letgsn@s in brain cDNA
from both wild-type anaisf*>* mutant larvae (5 dpf). Gene expression level id-wjipe
larvae was normalized to 1. Genes indicated withstfowed 2-fold changes or more

with p<0.001.

3.6. Loss of Nsf affects BDNF function

Many components that promote synaptic stabilizat@m potentially be mediated by
NSF-dependent membrane trafficking (Zhao et aD,72Qin and Koleske, 2010). A
previous study examining neuropeptide release famithicrease of protein level, but a
decrease of mMRNA level of several neuropeptidezbrafishnsf mutants (Kurrasch et

al., 2009). Decreased transcript levels are likielg to transcriptional repression of genes
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encoding proteins that accumulate within the cetlyjpand fail to be secreted. To
determine if this were the case for signaling congms in hair-cell synapses, we
performed real-time quantitative PCR (QPCR) wittvdd brain tissue to examine the
transcript levels for genes that may be importansfnaptic stabilization. Among the 22
genes that we analyzed, 5 of them showed a signifiepression of more than 2 fold in
brain cDNA fromnsf®? mutant larvae. These genes inclmeeroligin 1, neurexin 3a,

bdnf, gria2a andth (Figure 38). Expression ephrin andephrin receptors, cadherins
andsynaptophysin were unchanged or had less than 2-fold changgsr@B8). The data
obtained from gPCR analysis suggest that signaligways involving neurexin-
neuroligin, BDNF-TrkB, and neurotransmission aterald by Nsf dysfunction, but Eph
receptors, Ephrin ligands, and Cadherins are riettaid. In addition, a striking reduction
was seen in AMPA receptor transcripgsi&2a). Interestingly, mutamsf®* transcripts
were degraded, whereas wild-tyeb transcripts were increased, perhaps in

compensation for the loss wdf (Figure 38).
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Figure 39. Expression of BDNF in wild-type hair cells and thepLLG, and
accumulation of BDNF protein in the lateral line neve of nsf™* mutants. (A) A

single optical section of a neuromast from a wylplet zebrafish larva (5 dpf)
immunolabeled for Vglut3 (A, red), BDNF (A’, gree@nd merged in (A”). (B) A single
optical section of a wild-type pLLG, immunolabelied acetylated Tubulin (B, red),
BDNF (B’, green), and merged in (B”). The cell besl of the pLLG are outlined by dash
lines. (C) Representative z-projections of 6 sestidum each) of acetylated Tubulin

(red) and BDNF (green) immunolabeled lateral lieeves in wild-type andsf*>

mutant
larvae. (D) The average pixel intensity (A.U.) dBF (WT, n=7;nsf***, n=8), PAN-
Cadherin (WT, n=8nsf*>3, n=5), and acetylated Tubulin labeling (WT, nag™3, n=8)

in wild-type control andhsf™*® mutants. Scale bar is (L across all panels.
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Figure 40, Partial rescue of synaptic contacts imsf*>* mutants by BDNF injection at
2dpf. (A) Representative z-projections of single neursis@ dpf) immunolabeled for
Zn12 (green) and Ribeye b (red) in wild-typef®> mutants, anasf*>*mutants injected
with 5ug/ml BDNF at 1dpf and 2dpf. 10 optical sectionsmleach. Scale bar: . (B)
Quantification of total pixel intensity (A.U.) ofrd2 labeling in wild-type (1.478e6 +
128180, n=10)nsf*™>* mutants (382343 + 26874, n=15), and mutants wWiliNB
injections at 1dpf (513236 + 87981, n=7), 2dpf (688 + 88664, n=6), 3dpf
(339253+25527, n=11). Statistical tests were betweenjected control and BDNF

injected mutants.
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Of the pathways affected, the BDNF pathway is paldirly intriguing. Our data suggest
that Nsf function is required in both pre- and pgsaptic cells, and BDNF has been
shown to be released from both sides of the synaf#ft (Kuczewski et al., 200%dnf
MRNA and protein have been previously detectediindells in zebrafish (Thisse et al.,
2004; Germana et al., 2010), but BDNF expressidhenateral line ganglion has not
been reported. Using an antibody to detect BDNRrfaea et al., 2010), we found that
BDNF colocalized with both a hair-cell marker, \@gdar glutamate transporter 3
(Vglut3), and acetylated Tubulin in the pLLG (Figu89A-B”). Thus, BDNF is likely to

be secreted from both cell types.

If BDNF secretion depends on Nsf activity, we hyyastized that the level of BDNF

sF>° mutants.

protein should be elevated in both hair cells dfefent neurons im
Indeed, BDNF immunolabeling was increased in thieboelies of afferent neurons (data
not shown) and their nerve fibers (Figure 39C) gastjng that BDNF- containing
vesicles accumulated within the cytoplasnmmgi®™> mutant neurites. Unfortunately, we

could not measure changes in the BDNF stainingaofdells because the background

staining of the skin interfered with quantification

However, as a control, we also examined the ledgigoteins that are predicted to be

unaffected in thesf™>>

mutant based on our gPCR analysis. ConsistentoumitlyPCR
results, the fluorescent intensity of two othelilardies against acetylated Tubulin and
pan-Cadherins showed no change betws£h® mutants and their wild-type siblings
(Figure 39C-D). Thus, transcripts suchcadherin 1, 2, and11 that were unaffected in

thensf™>* mutant did not have altered levels of correspongiagein.
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Our data suggest that BDNF is acting downstreaidsbfimediated secretion. In previous
studies, injection of recombinant BDNF or incubataf zebrafish larvae in E3 medium
containing BDNF protein has been shown to comperfsatthe loss of endogenous
BDNF (Diekmann et al., 2009; Wright and Ribera, @01Ve attempted to rescue the de-
innervation of lateral line hair cells s> mutants by injecting recombinant human
BDNF protein into the yolk ofisf® mutants at 1 dpf, 2 dpf, and 3 dpf. We then labele
injected fish with Zn12 antibody to visualize a#fat fibers (Figure 40A). Insf**
mutants injected with BDNF at 2 dpf, we observedight increase of afferent fiber
labeling compared to uninjected mutants (Figure-8B)Alnjection of BDNF at earlier or
later time points did not significantly increase fluorescent signal of Zn12 labeling
(Figure 40A-B), suggesting that there is a crititale window for BDNF to promote
afferent synapse stability. Even within this catiperiod, restoration of innervation was
incomplete in our experiments, suggesting thatrddetors are required downstream of

53
of

Nsf to prevent retraction of neuritesn mutants.

4. Discussion

In this study, we examined the pre- and postsyoagtntribution of Nsf in stabilizing
zebrafish hair-cell ribbon synapses. Our resuligcate thati) mutation ofnsf, but not
nsfb, results in retraction of afferent fibers fromteells, (i) both pre- and postsynaptic
Nsf activity are essential for maintaining hairtainapses,iii) degeneration of nerve
fibers does not result from apoptosis) (mutation ofnsf alters expression of several

S53
Sf

genes implicated in synaptic stability, anfi BDNF accumulates in mutant

afferent fibers, and exogenous BDNF can partidhpisize afferent innervation. Our data
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suggest a critical role for Nsf in stabilizing sptia contacts in both the CNS and
peripheral nervous system by mediating the expyasand secretion of multiple factors

important for synaptic maintenance.
4.1. Differing roles of Nsf and Nsfb in zebrafish

The different expression patterns and mutant plypestof thensf andnsfb genes
suggest that these two genes perform non-overlggpmctions.nsf is expressed mainly
in the nervous system, wheraefb is ubiquitous. In contrast to the neurodegenematio

sf*°2 mutants nsfb™?*°™ mutants show an overall progressive degeneration

observed im
of other tissues at an earlier stage (Amsterdantapkins, 2004). A similar scenario is
seen inDrosophila, which also expresses two isoforms of dN&RS-1 is mainly
expressed and functions in the nervous systemewNB-2 function is required at the
first instar larval stage for mesoderm developni@aiby et al., 2001; Sanyal and
Krishnan, 2001). Perhaps most surprising aboubshemutant phenotype in both flies
and zebrafish is that early development is nougisd. The relatively normal
development in single mutants may be due to congbemsby the unaffected gene.

sf*>° mutants. However, the

Indeed, we observe increased levelasiih mMRNA in then
nsfb gene is unable to compensate for the retractidrdageneration of neurites in either
the central or peripheral nervous systemsfit>> mutants. This suggests tmaf plays a

specialized role in the maintenance of the synajaitacts.
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Figure 41 Decreased labeling of acetylated Tubulin and MyeliBasic Protein in

nsf**? mutants. (A) Antibodies against acetylated Tubulin weredigelabel lateral line
nerves in wild-type andsf®?mutant larvae at 3, 4 and 5 dpf. (B) Anti-Myelindia
Protein antibody labeled the myelin sheath of #terhl line nerve in both wild-type and
nsf*>* mutants (3 to 5 dpf). (C) The fluorescent intgnsitacetylated Tubulin labeling
increased over time in wild-type larvae (3 dpf, 33@7+233786; 4dpf, 1445077+252144;
5 dpf, 2170483+434340), but decreasedd™ mutants (3 dpf, 1201135+110419; 4dpf,
770785+£58768; 5 dpf, 264018+35511). (D) The fluoezd labeling of Myelin Basic
Protein displayed a dramatic increase in wild-tg®epf, 1155025+158382; 4dpf,
1746149+232916; 5 dpf, 3501120+670992), but sigaiftly decreased insf*>* mutants
(3 dpf, 860546+74798; 4dpf, 538577+85907; 5 dpR36+24043). Scale bar: 1@; z-
projection of 5 confocal planesyih each).
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4.2. Nsf and neurodegeneration

Our data indicate that neurodegeneration is a premiphenotype in both CNS or hair-

&> mutants. Interestingly, the motility a&f*** mutants

cell glutamatergic synapsesn
is largely normal at 2 dpf compared to their wijghe siblings, but they gradually become
paralyzed from 3 dpf to 5 dpf (data not shown).sTriogressive loss of motility
correlates with the timeline of the neurodegeneeathenotypes observedng™>

mutants (Figure 31). In agreement with our obs&raat neurodegeneration has also
been observed in a number of mouse models witlctdeile SNARE-complex function
(Chandra et al., 2005; Burré et al., 2010; Kunwaal.e 2011; Sharma et al., 2011). The
observation of presynaptic disorganization at estidges of neurodegeneration, as well
as the crucial function of these proteins in pregyic vesicle fusion, lends support to the
idea that presynaptic dysfunction contributes tarodegeneration (Burgoyne and
Morgan, 2011). Our experiments indicate that maiaee of hair-cell synapses requires
Nsf function in both pre- and postsynaptic cellhhadcould account for this difference in
pre- versus postsynaptic roles? It is possibleghdy presynaptic dysfunction in the
mouse CNS does not necessarily exclude a postsyrapitribution to eurodegeneration.
The role of NSF in the regulation of GIuR2 exteiration at post-synaptic membranes is
well established (Nishimune et al., 1998; Osteal 1998; Song et al., 1998), and our
data clearly demonstrate tlitta2a AMPA receptor transcripts are decreaseddit™
mutants. Unfortunately, we were unable to immunel®MPA receptors in zebrafish
larvae. However, our results indicate that postsyiondDNF accumulates in the neurites

S53
Sf

of afferent neurons in mutants. Moreover, release of mammalian BDNFosi¢fnt

to occur at both pre- and postsynaptic sites (Kweskeet al., 2009). Our experiments of
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pre- versus postsynaptic expressiomséfsupport the notion that release and membrane

trafficking in both cell types is required for m&nance of hair-cell synapses.
4.3. Myelination and neurodegeneration

Nsf has been shown to be indispensible for theldpugent of myelination and nodes of
Ranvier in zebrafish larvae (Woods et al., 200@reHve revealed the role of Nsf in
preventing neurodegeneration. Because of the lovogvk neuroprotective role of glial
cells and myelin protein (Wang et al., 2002), th&slof innervation could be due to

demyelination imsf*>*

. Indeed, we observed that Myelin basic protenh acetylated
Tubulin were present in the myelin sheath and dhlere nerves (respectively) at 3 dpf,
but the levels of both were dramatically reducedrfr3 dpf to 5 dpf imsf*>* mutants
(Figure 41). Since the loss of myelination and imagon occurs coincidentally insf*>3
lateral line nerves, it is difficult to determinecausal relationship with respect to
degeneration. The production of myelin is in paowever, dependent on neuronal
signaling. For example, neuregulins are key sigsatseted by neurons for Schwann cell
development and myelination (Nave and Salzer, 2G08) our data indicate that
zebrafish Nsf is required for release of neurotrofdictors, such as BDNF. It is likely
that Nsf promotes myelination through release @itgiphic factors from lateral line
neurons. In contrast to lateral line neurons, theagiatergic neurons of the CNS that we

examined do not have a myelin sheath (Figure 429.rieuroprotective role of Nsf can

therefore be independent of myelination.
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Figure 42 Myelin Basic Protein expresses is present in perignal nerves, but not in
the CNS (A-A”) A representative top-down projection ofzabrafish brain at 5 dpf
labeled by GFP in thegBAC(neurod: EGFP)nl1 background (A, light blue), antibodies
against acetylated Tublin (Acetyl Tub, A’, greengaviyelin Basic Protein (MBP, A”,
red). MBP protein was not detected in the CNS.&bal: 10Qum. (B-B™”) Close up of
the boxed region in panel (A™). Although MBP fllescence was associated with nerve
fibers from the anterior lateral line ganglion awrhead), there was no labeling of MBP

in nerve fibers in the cerebellar region (highlegghby GFP expression). Scale banuh0

4.4. Nsf function in hair cells

An interesting finding of this study is that Nsfhair cells is required for synaptic
stability in hair cells. Despite some difference®kocytic machinery at ribbon synapses,

many core proteins of the SNARE-complex that intevéith NSF have been detected in
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ribbon synapses isolated from chicken hair celtsiarmouse cochlea hair cells
(Safieddine and Wenthold, 1999; Uthaiah and Hudis2€10). The presence of SNARE
proteins is indicative of a role in membrane fusioowever, botulinum neurotoxins that
normally cleave SNAP25 and Syntaxins in conventisgaapses have no effect on
synaptic transmission in mouse inner hair cellsuiNan et al., 2011). Our results do not
address whether zebrafish Nsf is required for syaa@nsmission, but rather indicate
that in the absence of Nsf activity, afferent nagréail to maintain stable contacts with
hair cells. Based on the reduction in transcriptssinaptic proteins that have been
implicated in maintenance, and the internal accatman of BDNF, Nsf appears to
participate in trafficking components required sgnaptic stability. Our results indicate
that Nsf-mediated activity is required on both sidéthe cleft and we speculate that core

components of the SNARE-complex are likely to balaed in this process.
4.5. Factors acting downstream of NSF-mediated vesiclegion

One of the most widely studied signaling molecutdsased from both pre- and
postsynapses is BDNF. Release of BDNF triggers pathand postsynaptic signaling
events (Li et al., 1998; Hartmann et al., 2001; étegpt al., 2009), and is important for
synaptic maintenance in the brain (Xu et al., 2@@xski et al., 2003). Loss of BDNF in
zebrafish larvae affects early neuronal developraadtcauses a more severe phenotype
thannsf*>® mutants (Diekmann et al., 2009; Henshall et 809. Blockade of synaptic
transmission is also known to reduce neurotropdetoir secretion (Voets et al., 2001),
thus it is possible that the neurodegeneratiamsfir® mutants is due to lack of trophic

support. Indeed, the presence of higher leveBOifiF in nsf*** afferent neurons
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suggests that trafficking and secretion of BDNFeduced at the hair-cell synapse.
BDNF injection or incubation has been successfuslgd to rescue neuronal growth in
zebrafish larvae (Diekmann et al., 2009; Wright &iloera, 2010), however, we

sF>° mutants

observed only a partial stabilization of afferemervation of hair cells in
that received an injection of recombinant BDNF. Pplaetial rescue suggests that BDNF
alone is insufficient and may simply delay but redcue neurodegeneration. Similar
results have been observed in moMsmic-18-1 mutants; the neurodegeneration
phenotype was delayed but not rescued by applicafi@DNF and insulin (Heeroma et
al., 2004). Partial rescue with BDNF can be ex@dim several ways. First, BDNF can
stimulate cell survival (Knusel et al., 1992; Wuakt 2010) and injection of BDNF into
nsf*>* mutants may have delayed the retraction of afferenrites. Second, exogenous
BDNF may not be able to reach the synaptic cléitiehtly; hence full rescue of the
phenotype is not possible even if BDNF were su#fitito stabilize synaptic contacts.
Third, it is possible that the trafficking of TrkBceptors is affected imsf™> mutants.

Lastly, BDNF is likely to be one of many factoresated at hair-cell synapses. Indeed,
our expression data indicates that the BDNF pathwagtentially one of multiple
signaling or adhesion complexes that may be reduimestabilization of synaptic

contacts. Further investigation may reveal whicktheke factors mediates synaptogenesis

in hair cells, but regardless of the downstreamaligg events, our data suggest that both

sides of the hair-cell synaptic cleft require N8FIbng-term maintenance of synapses.
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Chapter 5. Fishing for the hair-cell

mechanotransduction complex

1. Summary

The hair cell transduces mechanic stimuli into tetehemical signals, a role that is
central to both auditory and vestibular functiohisTprocess is called
mechanotransduction or mechanoelectrical transalu¢ET). Identifying the

molecular components of the MET complex is criticalinderstand how transduction in
hair cells is controlled. However, despite consatide efforts over the past decades, the
identity of hair cells’ MET channel is still mysteus. To uncover novel molecules
involved in MET, and to identify MET channel candids, we took 2 approaches: (1) a
candidate gene approach to examine which TRP clsaareexpressed in zebrafish
neuromast hair-cells; and (2) an unbiased, modyfesst two-hybrid technique to screen

for protein interactions with the tip-link proteiftdh15a.

Transient receptor potential (TRP) channels becomeeesting candidates for hair-cell
MET channels, because (1) TRP channels play impiortées in sensing noxious
mechanical stimuli, osmotic pressure, touch andihgan invertebrates (Arnadottir and
Chalfie, 2010); (2) Many TRP channels have sinbiaphysical features to hair-cell
MET channels in that they are nonselective catlamaels with high single-channel
conductance (Owsianik et al., 2006). To determihelwzebrafish TRP genes could be

involved in MET, we first examined TRP gene expi@s$n zebrafish lateral line hair
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cells and foundrpm?7 expressed at high level. However, assays for METair cells
where Trpm7 function was perturbed were inconclisis to whether Trpm7 is a bona
fide part of the MET complex. Based on our reswits conclude that although it could
still be a part of the MET complex, Trmp7 is na¢ tnly component of MET channel in

zebrafish hair cells.

In a parallel effort, we identified candidate MEdneplex proteins using split-ubiquitin
based membrane yeast two-hybrid (MYTH)(Stagljaalet1998)(Figure 46A). Based on
several lines of evidence suggesting that Pcdhftteisower tip-link protein responsible
for activating the MET channel, we used the zebhaRcdh15a as the bait in our
experiment. Our screen uncovered 9 candidate sttasaof Pcdh15a. One of them is
Tmc2a, a molecule has been suggested to be redairetechanotransduction in hair
cells. Further researches are needed to elucigatexiact role of Tmc2a in regulating

MET currents in hair cells.
2. Materials and methods

Fish strain and growth. Zebrafish were maintained and bred according todstal
protocols (Westerfield, 1995). All experimental pedures were conducted according to
the policies of Animal Care and Use Committee ie@dn Health & Science University.
Wild-type fish were maintained in a hybrid backgndwf WIK and TL.trpm7*2* fish
(Elizondo et al., 2005) were obtained from the Aébh International Resource Center.
Tg(hsp: DN-trpm7-gfp) transgenic fish expressing dominant negative Trpagged with

eGFP are gifts from Dr. Robert Cornell (unpubliskietk).
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Heat shock of zebrafish embyos. To heat shock zebrafish embryos, 20 embryos wege ke
in E3 media in a 1.5 ml centrifuge tube & 4or 15 min, 37C for 1.5 hours, and‘@ for

15 min. After heat shock, embryos were transfeméma Petri dish and incubated at
30°C. Tg(hsp:DN-trpm7-gfp) transgenic larvae and their WT siblings were ‘statcked

twice at 19 and 36 hpf. Heat shock of larvae otan 24 hpf does not induce DN-T7-
GFP fluorescence effectively. Double heat shockited GFP fluorescence peaking at

around 30 hpf and stayed fluorescent until abouti4

FM4-64 measurement. FM4-64 and FM1-43 was applied to 3 and 5 dpf zesindarvae

as described (Seiler and Nicolson, 1999) with mai@nges. Single zebrafish larva were
put into E3 medium with tricaine methanesulfonaielf minute to anesthetize, followed
by 1 minute labeling in E3 containing FM1-43. Thevh was then washed twice in E3
with tricaine methanesulfonate. A 60x water lengsied to take pictures of FM1-43 or
FM4-64 labeled neuromasts on Zeiss Axiovert Imag&riiicroscope with an LSM700
confocal scanhead. Confocal sections of the bagalgtart of each neuromast are used
for quantitative analysis. To quantify fluorescariensities, the average fluorescence of
the whole picture is subtracted as background.tdtat fluorescent signals of a

neuromast are calculated using Metamorph (Moledavices).

RT-PCR from extracted neuromast preparation.The neuromast RT-PCR protocol is
modified from (Trapani et al., 2009). 20dH20 with 1.L RNasin or RNaseOUT
RNase inhibitor was added into a PCR tube. Cedisifneuromasts were sucked using a
glass pipette and put into the PCR tube in steptal(volume should be less thanu®5

otherwise less water would be used in step 1)s@are lysed by pippeting up and down.
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The cell mixture was then transferred to an EcdRfyPCR tube (Cat No. 639531,
Clontech). RT-PCR reaction was performed accortbhrthe manufacture’s instruction.
4-5ul RT-PCR products were then used for each PCRioga(Thoice Taq Blue
Mastermix, Denville). PCR products were detecte@%nagarose gel using
electrophoresis. Primers for amplifying TRP chargezies were designed based on
known sequences in database (Table 2). All primsesl for neuromast RT-PCR were

pretested using total cDNA from whole larvae.

Construction of the Ear cDNA library. Immediately after juvenile zebrafish (25dpf -50
dpf) were killed in E3 medium with tricaine methanBonate, ears were dissected out
using forceps. About 1500 ears were collected @niding the library. A 1.5ug total ear
cDNA was collected using RNeasy midi kit (Qiagen{l @ent to Dualsystems Biotech
AG for cDNA library construction. cDNA library wanstructed using pPR3-N vector,
which has a NubG fragment tagged to the N termafievery insert cDNA (Ear-pPR3-
NubG-x library). The NubG-x library contains a tiodéh 1x10E7 clonies, with an average

insert size of 1.7kb.

Yeast strain and transformation. The Saccharomyces cerevisiae NMY51 strain MATa
his34200 trp1-901 leu2-3, 112 ade? LYS2:: (IexAop)s-HIS3 ura3:: (lexAop)s-lacZ

ade2:: (lexAop)s-ADE2 GAL4) was purchased from Dualsystems Biotech AG. Grgwin
and Transformation of NMY51 strain was done acaggdo protocols from Dualsystems
Biotech with minor changes. For transformation,syezlls were cultured overnight at
30°C with shaking. 20 ml yeast culture was thereped at 700g centrifugation and
resuspended in 1 ml sterile water. Then ji0geast suspension was added into 300
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PEG/LIOAc/ssDNA/plasmid master mixture then vor@fer 1 min. The final mixture
with yeast cells was heat-shocked for 45 min a€42fter heatshock, yeast cells were
collected by 700g centrifugation, and dissolvedhwiit9% NaCl before they were spread

on selective plates. After transformation, yeaisagere incubated at 30°C for 2-3 days.

Molecular biology for Yeast-two hybrid. The following PCR primers were used to insert
Pcdh15a full length into pBT3-SUC vector using Séstriction sites. Pcdhl5a Forward:
(ATT AAC AAG GCC ATT ACG GCC aac act gaa gac tgg tat gag), Pcdhl5a-CD1
reverse: (AAC TGA TTG GCC GAG GCG GCC CCt aca tcgtg ttg tca tat tta ac),
Pcdh15a-CD3 reverse (AAC TGA TTG GCC GAG GCG GCg agt ttt gtc att ggt atg

t). It should be able to fuse with the Cub-LexA-\GRdassette. Primers on pBT3-SUC
vector (forward primer: 5'-gga atc cct ggt ggt taaand backward primer: 5'-gcg tcc caa

aac ctt ctc aag) are used for PCR from yeast aadoni

Yeast-two hybrid screen. Membrane protein yeast two hybrid screens wereviat the
manufacturer's manual with necessary changes (DWkhionane kit, Biotech,
Switzerland). NMY51 yeast colonies containing tlag ectors were grown in 20 ml
SD-Leu selective media overnight. The yeast culivaie then re-inoculated into 100 ml
SD-Leu to grow for another overnight incubationdseftransformation. 30 Qf units
yeast cells were collected at 700 g spin for 5 teisuYeast cells were grown in 200 ml
YPAD media until OR4s=0.6. Then standard transformation protocol was tige
transform 2Qug cDNA library plasmids. Ten microliter of co-trdosned yeast cells
with serial dilutions were then plated on SD-Leu$-LW) plates to calculate
transformation efficiency. The majority of the tehormants were plated on SD-

148



LeuTrpHisAde (SD-LWHA) + 4 mM 3-AT selective platés screening. After 2-3 days,
colonies would appear on SD-LW plates. It took Aeotl-3 days for yeast colonies to be
seen on the quadruple selective plates. Hundrexhied were replicated on new selective
plates for retest. After retest, lapdsitive clones on new selective plates were pic¢ked
colony PCR amplification and sequencing. Candidkires were selected based on
sequencing results. Vectors from these clones thererecovered from yeast and
amplified inE. coli XL-10 gold strain. Recovered prey vectors withqua gene products
inserted were co-transformed with bait vectors MY51 yeast to confirm their

interactions.

3. Screen TRP channel candidates for mechanotransduoti

3.1. Expression of TRP channels in zebrafish hair cells

Over the past a few decades, studies have detatritiremportance of TRP channels in
hearing transduction @rosophila and zebrafish, especially TRPN1/Nom@&alker et

al., 2000; Kim et al., 2003; Sidi et al., 2003; @azt al., 2004; Gopfert et al., 2006;
Effertz et al., 2012). However, lack of a clear TRFhomolog in mammals suggests that
it is not a part of the elusive MET channel (reveelby Vollrath et al., 2007). Still, it is
possible that other TRP channels are part of tirecklt MET complex. We explored this

possibility by first determining which TRP channale expressed in zebrafish hair cells.
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Table 2 Expression of TRP channels in neuromasts

Gene

Expression in neuromasts

Primer sequences

trpcl
trpc2
trpc3
trpcda
trpc6
trpc’
trpp2
trpnl
trpml
trpm3
trpmS
trpm7
trpvl
trpv4
trpvo

trpala

No

No

No

Yes

No

No

No

Yes

Yes

Yes

No

Yes

No

No

No

Yes

Forward: ATCTGTTCCCACACCTCCAC

Reverse: TCCATGCTCTGCATCTTCTG
Forward: ACCGCATTCCCTACAGACAG

Reverse: ACTTTGCTGAGCTCCGTGAT
Forward: TTGCCGGCTAATGAGAGTTT

Reverse: GCTTTCCTCAACCGTGGTAA
Forward: GCTCGTCACGAATTCACAGA
Reverse: CGAGCAAATTTCCACTCGAT
Forward: TCTTTGGGACGAACTGTGAA

Reverse: TGACCTCAGAAAGGCCAAAT
Forward: TGGTTCTGCTCAACATGCTC

Reverse: TTGATGCGGATGATCAGGTA
Forward: TTTGGGACAGAGGTGGAAAC
Reverse: TCATTGATGATGGCCAGAAA
Forward: AGATGTGCTCGTCGGAGTCT
Reverse: CTGCGCTGAGACAGAAACTG
Forward: GCCCGCAACATCTTCTACAT
Reverse: TTGGCCACCAACAAGTAACA
Forward: AGAGCAGTGCATGGAGGAGT
Reverse: CTCTCTAGGGCCACAGCAAT
Forward: ACTTTGCTGAGGATGGTTGG
Reverse: CTTTTGGTGCGTCTCTGTCA
Forward: CCTTCAGCCACTGGACGTAT
Reverse: GATGTTTGGCACGGAAGTTT
Forward: CAGGGGAAGAGAAGGACCTC
Reverse: AGGGTCTTGTGTGCATTTCC
Forward: TCAAAATCTGGGCATCATCA

Reverse: GGCTCCATCTCTACGGTGTG
Forward: TTGAACGAAAGTTGCCACAG

Reverse: TATGTCATTGCGATCCTCCA
Forward: CGCCTGCTTAAAGAGGATTG
Reverse: ATTCCCTCCGAAAAACCATC
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PCR products from NMs cDNA

250bp

150bp

PCR w/o reverse transcriptase

PCR products from total cDNA

250bp

150bp

Figure 43.Expression oftrpm7 in zebrafish neuromasts Detection ofcdh23, gapdh,
thl, elavi3, and trpm?7 transcripts in 5dpf zebrafish neuromasts and ™A by RT-
PCR.cdh23 was a positive control as a neuromast-specifiegbh andelavi3 was used

as neuronal markers. NM=neuromast.

To assay for TRP gene expression in hair cellspevormed RT-PCR from isolated
lateral line neuromasts (Figure 2A). Neuromast belils can be easily isolated together
with their supporting cells using a glass pipettepani et al., 2009). However, it is

possible that this preparation includes the affeaen efferent synapses, in which ion
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channels may be highly expressed. To rule out cainttion of our neuromast
preparation, we first checked expresdiahand elavi3, two genes that expressed in
efferent and afferent neurons respectively (unghiel observation). Expression of hair-
cell markercdh23 was found in our neuromast extraction, but no esgion othl and
elavi3 was seen (Figure 43), indicating that transciiiptfferent or efferent synapses
would not affect our RT-PCR results. Using the saxggerimental condition, we
screened for 16 TRP channels (other primers foot@ted TRP channels failed to
amplify transcripts from zebrafish total cDNA) asgccessfully amplified 6 TRP channel
genes from the neuromast extraction, of whigm?7 has the highest expression level

(Table 2, Figure 43).

3.2. Trpm?7 in zebrafish hair cells

We are especially interested in the functiorpm7 gene in hair cells, because TRPM7
was recently found to interact with PCDH15, bothvitro and in mouse cochlea
(unpublished observation from Peter Gillespie |13hus, TRPM?7 is likely to be part of
the mammalian MET complex. To determine if Trpmaysla role in zebrafish hair cell
mechanotransduction, we assayed for MET functianpm/ mutants using FM dye
uptake. FM1-43 is a vital dye that is permeableulgh the MET channel (Meyers et al.,
2003). It has been used to assess the functiorEdf éhannels in lateral line hair cells
extensively (Sidi et al., 2003, 2004, Seiler et 2004; Hailey et al., 2012). FM4-64 has
similar structure to FM1-43, but it has long-wavgjth red fluorescence that can be used
to co-label with GFP. Similar to FM1-43, FM4-46 aathlabel hair cells with impaired

mechanotransduction (Data not shown). Interestingéyfound that MET was not
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impaired intrpm7*#*! mutants that have a truncation of the C-termintbtellular
domain (Elizondo et al., 2005). The fluorescenhalgntensities of both FM4-64 (Figure
44) and FM1-43 (data not shown) did not differ betwtrpm7 mutants and their wild
type siblings at both 48, 60, and 96 (data not st)dwf. Our results suggest thghm7

is not required for zebrafish hair cells to takeF1-43 and FM4-64 dye through their

MET channel.
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FM4-64 uptake at 48 hpf FM4-64 uptake at 60 hpf

Figure 44.FM4-64 uptake intrpm7 mutants. FM4-64 fluorescent intensities were
measured in neuromast hair cells after 1 min treatnZebrafish larvae at 48 hpf (A) and
60 hpf (B) were used for experiment. SIB=wild-tygklings, trpm7#rpm7'2*! mutants,
DN-trpm7=Tghsp: DN- trpm7-gfp), trpm7-DNt7=trpm7****/ Tg(hsp: DN- trpm7-gfp).
Quantification data are shown as mean + S.E.; Begadre determined by ANOVA tests

to compare with SIB group. **p<0.01, ***p<0.001.
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Another way to interfere with Trpm7 function isdgerexpress dominant negative forms
of Trpm7 (DN-T7) (Krapivinsky et al., 2006). Tramsdc expression of zebrafish GFP
tagged DN-T7 using an inducibheat-shock promoter (Tdiisp: DN-trpm7-gfp))

phenocopies the melanocyte defects sedrpin7 2%

mutants (unpublished observation
from Robert Cornell lab). This approach has thesfienf not only affecting Trpm7
function, but also other channels that functiothim same complex, perhaps uncovering
genetic redundancies in the MET complex. Therefaeecrossed Tdsp: DN-trpm7-gfp)
with trpm7?** mutants and induced expression of DN-T7-GFP by-sleacking
Tg(hsp:DN-trpm7-gfp) larvae. Because the fluorescent spectrum of GfeAaps with
FM1-43, we used FM4-64 to measure MET function gthgp: DN-trpm7-gfp) larvae at

48 and 60 hpf. Expression of DN-T7-GFP in wild-tygilelings andrpm7'?*! mutants
significantly lowered the FM4-64 labeling at 48 Ilipfgure 44A). However, this
difference was no longer statistically significah60 hpf (Figure 44B). There are at least
two reasons why this is the case. First, fewer ¢telis are present in the Tgp:DN-
trpm7-gfp) andtrpm7*?*! mutants (data not shown), which may be a develogahe

delay intrpm7 mutants. Although we have normalized the fluoresagensity to the
number of hair cells, it remains possible that ygamhair cells are less labeled by FM
dyes. Second, expression level of DN-T7-GFP wasdfter 48 hpf; and additional heat-
shock did not increase GFP fluorescence (Datahaws). It is possible that the residual
expression of DN-T7-GFP was not enough to blockpi#rfunction at 60 hpf. Since we
did not observe robust GFP signal in any of out Bhack experiments, it is possible that

this particular transgenic line is not an effectiwel to analyze TRP channel function in
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zebrafish hair cells. Taken together, our experisigehowtrpm7 expressing in

neuromasts, butpm7***! mutation does not affect hair-cell mechanotrantdnc

4. Yeast two-hybrid screen of interactors of Pcdh15a

4.1. Expression ofpcdhl15a splice variants in zebrafish

Hair-cell MET channels are thought to localizeha lower tip-link site that directly or
indirectly connect to the cytoplasmic domain of B (Beurg et al., 2009)(Figure 5).
In mice, 3 different isoforms (CD1, CD2, and CD8}lte cytoplasmic domains of
PCDH15 are expressed at hair bundles (Ahmed €2Q06). With duplicated genes,
zebrafish havecdhl5a expressed in hair cells apddhl5b in retina (Seiler et al., 2005).
However, the cytoplasmic domain isoforms for zekhgbicdhl5a have not been
characterized. As a first step towards screeningffoteins that interact with the
cytoplasmic domain of pcdh15a, we characteraithl5a isoforms in hair cells using
primers in the transmembrane domain for 5’ and EAeactions. Many extracellular
splice variants were identified by 5’RACE (data sbown); and two major intracellular
isoforms,pcdhl5a-CD1 andpcdhl5a-CD3, were uncovered by 3'RACE (Figure 45). We
find neither the transcript nor the conserved gan@aquence of CD2 isoform in
zebrafish. To characterize expression of CD1 an@ @&amain in hair cells, primers
flanking the transmembrane domain and the last exeach variant were used to
amplify transcripts from our extracted neuromaspparation. Both CD1 and CD3
transcripts were amplified from neuromast cDNA izading their expression in hair cells.

Sequencing of PCR bands resulted three additiguhaksvariants in both CD1 and CD3
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isoforms (Figure 45). Full length ORFs representimglongest transcripts pédhl5a-

CD1 andpcdhl5a-CD3 were subsequently cloned.

CD3
Variants

CD1

Figure 45. Structure and expression of intracellular domains 6Pcdh15a.The

diagram shows different splicing patterns for teoforms ofpcdhl5a gene, as
determined by RT-PCR from zebrafish neuromast RN#e intracellular gene structures
of pcdhl5a-CD1 (green) and pcdhl5a-CD3 (red) isoforms are shown. Three additional
splice variants were detected for each isoforndiof Zebrafish neuromasts. The

corresponding splicing sites of three bands ongamnase gel are depicted.
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4.2. Generation of Pcdh15a bait

We cloned the full length of botbcdhl5a-CD1 andpcdhl5a-CD3 into the bait vector
pBT3-SUC for split-ubiquitin membrane yeast two-hglfMYTH) screen (Figure 46A).
The MYTH technique is potentially suitable to idénprotein interactors of Pcdh15a
because (1) the interaction between PCDH15 anMEE complex may be directly or
indirectly depend on membrane structure; (2) PCDHa&Y interact with membrane
proteins; (3) PCDH15 proteins may fold incorreatighout membrane involvementhe
finished pBT3-SUC-Pcdhl15a vector contained a sigeptide at N-terminus and a Cub-

LexA-VP16 tag at the C-terminus, as shown in FigitA.
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Figure 46. The principle and flow chart of membrare yeast two-hybrid screen
(MYTH). (A) Schematic diagram of MYTH. Cub is the C-teralinf ubiquitin. LexA-
VP16 is an artificial transcription factor. WheretNubG (mutated N-terminal of
ubiquitin) tagged prey protein can interact witk thait protein, the Cub and NubG
reconstructs the ubiquitin, which is subsequenggwed to release LexA-VP16. LexA-
VP16 can then enter into nuclei to activate trapsion of reporter genes, in this case,

HIS3, ADE2 and LacZ. (B) The flow chart used toeser Pcdh15a interactors.
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Figure 47.Validate expression of tagged Pcdhl15a in yeagh). A cartoon to show the
structure of Pcdhl15a bait. (Bjhe membrane-based yeast two-hybrid analysis terdift
vectors. TSU2 and Fe65 are known to interact waitheother. Co-transformation of
TSU2-APP and NunG-Fe65 was a positive control tmstheir growth on both media.
Since NubG-Fe65 does not interact with Pcdh15astyamtransformed with these
vectors only grew on double selection medium (SDrp), but not on quadruple
selection medium (SD-LeuTrpHisAde). Co-transformatof OST1-Nubl with Pcdhl5a-
CD1 had about 15% colonies grown on quadruple nmedand with Pcdh15a-CD3 had

25% colonies grown on quadruple medium.
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As outlined in Figure 46B, our first priority is emsure that the Pcdh15a bait can interact
with prey proteins in yeast. We co-transformed NMY®&ast strain with Pcdhl15a-bait
and a positive control prey pOST1-Nubl (Dualsyst@&iwmech). OST1 encodes the alpha
subunit of the yeast oligosaccharyltransferase ¢exnp the ER lumen. Theoretically, it
does not partner with Pcdhl15a. The OST1-Nubl fupratein has an N-terminal of
Ubiquitin (Nubl) domain that can interact with C(®-terminal of ubiquitin) of the Cub-
LexA-VP16 tag attached to the Pcdh15a protein.r@osformation of pOST1-Nubl and
pBT3-SUC-Pcdhl5a can thus make a complete ubigayticombining the split Nubl and
Cub. Reconstructed ubiquitin can then be cut teasd LexA-VP16, which will result in
activation of the receptor genes includmg3, ade2, andlacZ. This allows growth of
NMY51 yeast on quadruple selective plate (SD-LWHA3.shown in Figure 47B, both
Pcdh15a-CD1 and Pcdh15a-CD3 in pBT3-SUC grantedtrof NMY51 on SD-

LWHA when they were cotransformed with pOST1-Nukithough Pcdh15a-CD1 bait
gave less growth on quadruple selective platesBraihl15a-CD3 bait, both are in an
acceptable range according to the technique marmmalDualsystems Biotech. If a
control vector expressing NubG-Fe65, which containsutated NubG that cannot
interact with Cub, was cotransformed with pBT3-SB@ih15a, NMY51 could only

grow on double selective plate (SD-LW), but notSIirLWHA (Figure 47B)When
NubG-Fe65 was co-expressed with TSU2-APP (T&lUb-LexA-VP16 fusion protejrin

NMY51 yeast, the interaction of Fe65 with TSU2 berNubG close enough to Cub, which can
be cut as an ubiquitin. This interaction makes Ni&B5 and TSU2-APP double transformed

yeast to grow on SD-LWHA plate (Figure 47B). Togatlour data suggest that Pcdh15a bait

was synthesized in yeast with its Cub-LexA-VP16 tadl it did not interact with NubG-
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Fe65 unspecifically, which allowed us to screenpi@tein-protein interactions for the

cytoplasmic domain of Pcdhl5a.
4.3. Split-Ubiquitin Membrane Yeast Two-Hybrid using Pcdh15a

We performed split-ubiquitin membrane yeast twoAt/fMYTH) screen using a
DUALmembrane starter kit from Dualsystems Biotestshown in Figure 46B. An Ear-
pPR3-NubG-x library library was built by Dualsystemiotech using total RNA from
zebrafish inner ear. For MYTH screen, abouiu@f cDNA library was transformed
into NMY51 yeast containing Pcdh15a-CD1 and PcdBI& bait with a transformation
efficiency of ~5 x 10e5 and 3 x 10e5 gfg/respectively. Positive yeast colonies were
selected using SD-LWHA plates containing 4mM 3-ATcompetitive inhibitor of HIS3
to minimize background growth. All positive colosieere retested on selective plates
for B-galactosidase activity screen. More than 400 ge®fiom Pcdh15a-CD1 bait and
300 colonies from Pcdh15a-CD3 bait were picked ftben?® round screen for PCR
amplification of cDNA inserts. All PCR products weesequenced to identify
corresponding genes. A total of 37 colonies werseh as promising candidates and
amplified inE. coli for retest. 9 of them were confirmed as real attors (Table 3).

Some of the retested cDNA clones are shown in Eig8t

Positive prey proteins have various cellular fumesi (Table 3). Therkar2aa gene
encodes the type Il regulatory domain of proteimake A, which has been found to
regulate motility of cilia (Jivan et al., 2009)s paralog, the type | regulatory subunit, has
been found to interact with MYO7A, a PCDH15 bindmgtein (Kissel-Andermann et

al., 2000)tmem35 is expressed throughout the zebrafish embryo dnetuthe embryonic
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inner ear (Coimbra et al., 2002; Thisse et al. 4220CIdnb is a tight junction protein
highly expressed in the lateral line system of aébn (Gallardo et al., 2010). Tmed9, a
putative transmembrane protein, is also found énzébrafish inner ear, although no
functional study has been reported (Thisse eR@04). LPPR1 is a phosphatase-like
protein expressed in the nervous system withoutvknfoinction (Savaskan et al., 2004).
Beta-thymosin is an actin-binding protein that dages actin filament dynamics (Husson
et al., 2010). Although no report of its functionhair cells, beta-thymosin could be an
important regulator of the actin-rich stereocialcbp/syntenin is potentially an
interesting interactor of Pcdh15a because it bwitls syndecan protein to regulate
mechanotransduction signaling in fibroblasts (Bedti al., 2009). Sec61g is part of the
translocon complex that responsible for membrao&epr translation (Shao and Hegde,
2011), which may be irrelevant to PCDH15 functinrhair bundles. Tmc2a is perhaps
the most interesting protein on the list, whichl wé further addressed in section 4.4. In
conclusion, the MYTH is a good screening technipuenteractors with Pcdh15a and
we have generated a list of interesting interagbimteins to be further characterized in

the future.
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Table 3 Potential prey proteins

Bait Prey Description

Strong Pcdhl5a-CD3 Prkar2aa  protein kinase, CAMP-dependsnilatory,
type Il, alpha A

Strong Pcdhl5a-CD3 Tmem35 transmembrane protein 35

Strong Pcdhl5a-CD1 Cldnb claudin b

Strong Pcdhl5a-CD1 Tmed9 transmembrane emp24 proteimptrardomain
containing 9

Weak Pcdhl5a-CD1 LPPR1 lipid phosphate phosphatasesdgbaibtein
type 1

Weak Pcdhl5a-CD1  Sdcbp syndecan binding protein (symteni

Weak Pcdhl5a-CD1 Tmc2a transmembrane channel-like 2a

Weak Pcdhl5a-CD1 Tmsb thymosin, beta

Weak Pcdhl5a-CD1  Sec6lg Sec61 gamma subunit
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Figure 48.Confirmation of interaction proteins of Pcdh15a.Growth of yeast cells
with 3x5 folds serial dilutions. Genes insertegbray vectors are listed on the left. Only
those proteins that interact with Pcdh15a can gmwhe quadruple selection plate on the

right.
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4.4. Expression oftmc genes in zebrafish
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Figure 49.Expression oftmc genesn zebrafish adult tissuesExpression ofmcl,
tmc2a, andtmc2b was checked in 9 different tissues in adult zesindly RT-PCRgapdh

was used as a control.

The MYTH screen using Pcdh15a as bait has idedtifimc2a, a channel-like protein
whose cellular function is currently unclear. BatC1 and TMC2 are found in mouse
hair cells and are required for normal mechanothacison through an unknown
mechanism (Kawashima et al., 2011). However, gtherputative interaction with
Pcdh15, their clear role in MET and their chaniied-ktructure, the Tmc proteins must

be considered as MET channel candidates. Thereferéetermined the expression of
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zebrafisntmc genestmcl, tmc2a, and tme2b, in different tissues by RT-PCR. All three
genes are highly expressed in the adult innerféguie 48). Expression of all three
genes in other tissues can only be detected watihdiional PCR cycles (a total of 35
cycles, data not shown). Our results confirmedetireenriched expression toficl,
tmc2a, andtmec2b. It is likely that the interaction between Tmc2ald&@cdh15a-CD1 is

physiologically important.

5. Discussion

In this study, we have used two approaches toiigergndidates for MET channels in
hair cells. First, by checking the expression oPTéhannels in zebrafish neuromasts, we
have identified 6 TRP channels potentially exprésséhair cellstrpm7 was the highest
expressed TRP channel genes in neuromasts. Howegehanotransduction was not

affected in eithetrpm7*

mutants, nor in transgenic fish expressing dontinagative
Trpm7-GFP at 60 hpf. Our results suggest that Trgmobt the major contributor of the
MET channel complex. However, our experiments canue out the possibility that
Trpm7, or other TRP channels, are involved in METaddition, we used membrane
yeast two-hybrid screen to identify interactiontpms of Pcdh15a. Using an Ear-pPR3-
NubG-x library, we discovered 9 putative interastof Pcdh15a. Among them, Tmc2a is
the most likely to be directly involved with MET. 8\then checked the expression of
tmc2a and two of its homologous genésicl andtme2b, in adult zebrafish tissues. Three
genes were found to have enriched expression imtieg ear. Sincemcl andtmc2 are

required for mechanotransduction in mouse haisgc#ikir function in zebrafish hair

cells is worthy to explore in the future.
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5.1. TRP channels as candidates for MET channel

Mutations in the TRPN1 channel (also knowmasipC), two TRPV genes-Hactive

(iav) andNanchung (nan), and two TRPA channels-painless(pain) andpyrexia(pyx)

have been shown to impair hearing and/or vestildulastion inDrosophila (Walker et

al., 2000; Kim et al., 2003; Gong et al., 2004; gual., 2009; Effertz et al., 201Nlore
detailed experiments have suggestednbaipC is directly involved in transduction
channel gating (Effertz et al., 2011, 2012), whiRPV channels are likely essential for
mechanic feedbacks (Gopfert et al., 2006mpC is also required for
mechanotransduction in zebrafish hair cells (Sidile 2003), but it is not localized to the
tip link where MET happens (Shin et al., 2005) antifound in mammalian genomes.

Hence,nompC unlikely contribute to MET in mammalian hearing.

Mammalian homologs ddrosophila TRPA and TRPV genes are also found in hair cells.
Screen of TRP channels genes expressed in mousesganidentified TRPAL (Corey et
al., 2004), but it appears to be receptor for ttar@md chemical stimuli rather than
hearing (Kwan et al., 2006; Macpherson et al., 260@ber et al., 2008; Cordero-
Morales et al., 2011). TRPV4 channel is found tutate ionic homeostasis in cochlear
duct, but not required for normal MET currents (Uichi et al., 2005). We also identified

transcripts ofrpala but nottrpv genes in zebrafish neuromasts (Table 2).

Recent studies have recognized partial hearingdodseduced MET currents in
TRPC3/TRPC6 double-knockout mice (Quick et al.,20but it is likely through

regulation of intracellular Gabut not mechanotransduction itself (Raybould et24107)
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In my experimentirpcda transcripts but ndtpc3 andtrpc6 was found in neuromasts

(Table 2). It is likely that their expression levetoo low to be detected by our method.

TRPP channels are another group of interestingidates, because TRPP -1 and -2 are
found to be mechanoreceptors in kidney cells (Netudil., 2003). Analysis of TRPP
channels have revealed similar biophysical propeiti the hair-cell MET channels
(reviewed by Fettiplace, 2009). In my experimenitners fortrppl did not work well in
total cDNA, while the transcript dfpp2 was not amplified from neuromast cDNA
(Table 2). However, expression of TRPP -1, -2, -abhdl -REJ has been found in the
mouse organ of Corti (Cuajungco et al., 2007). &lih TRPP1 protein is localized to
the stereocilia, TRPP1 mutation leads to minorcstmal defects of hair bundle, but does
not affect MET currents (Steigelman et al., 20Hgwever, it is possible that TRPP1
mutation can be compensate by other TRPP charmmbbsrni cells. It is also interesting to
know the function of TRP channels in the hair bergllen if they are not the MET

channels.

We found expression of zebrafigipm? in lateral line hair cells (Figure 43). Meanwhile,
the Gillespie lab has found TRPM7 interacting wt&@DH15 bothn vitro andin vivo
(unpublished observations). However, we did noeoles dramatic change of MET

channel function in eithetrpm’2*t

mutants or Td{sp: DN-trpm7-gfp) transgenic fish
(Figure 44). The channel properties of TRPM7 itaedf also different than what has been
measured for the mammalian hair cell MET chanrt&s.example, the TRPM7 channel
has a single-channel conductance ranging from 2p8) but the MET channel has

much higher conductance at 150-300 pS. However pibssible that TRPM7 can form
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heterooligomers with other TRPM channels such aBBM& (Middelbeek et al., 20100
vivo, which may change the channel conductance angakbly complement MET
function intrmp7 mutants. It remains an open question as to wha@Ré&M channels (or

other TRP channels) directly contribute to mechamstduction in hair cells.

So far, TRPP and TRPM channels remain possibleidates for the mechanosensory

receptors for human hearing and balance.

5.2.  TMC channels as candidates for mechanoreceptors bkaring

The transmembrane channel-like protein (TMC) iaraily of 8 proteins (TMCL1 to
TMCS8) shares homologous TMC domains (Kurima et28lQ3). The topology analysis
of TMCL1 suggests that it is a channel or transpavith six transmembrane domains
with N- and C-terminal outward the cytoplasm. TfEsmembrane organization of
TMC1 resembles some of the TRP and Kv channelsajabal., 2010). However, no
channel or transporter activity has been shown seneral electrophysiological
recordings (Vreugde et al., 2002; Marcotti et2006; Labay et al., 2010). It is possible

that other subunits or partners are required to dpe TMC channels.

Mutations in the human TMC1 gene are associated ath dominant (DFNA36) and
recessivé DFNB7/B11) hearing loss (Kurima et al., 2002).d-different mutations in
TMC1 have also been found to affect hearing in fireugde et al., 2002; Manji et al.,
2012). TMC2 is a closely homologous protein of TMEXpression analyses wiurine

TMC1 and TMC2 has found both of them in hair c@{srima et al., 2002; Vreugde et
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al., 2002). Other TMC genes are also expressdtkindchlea but they may not be

specific to hair cells (Mutai et al., 2005).

Transduction currents in TMC1 mutant hair cellseveriginally found to be normal,
suggesting that TMC1 was not directly involved iEM(Marcotti et al., 2006). However,
recent work suggests that MET currents are onghtly affected in TMC1 mutants due
to genetic redundancy with the closely related TM@E8e. The MET currents in hair
cells are totally abolished only when both TMC1 @niC2 are mutated (Kawashima et
al., 2011). These data suggest that TMC proteintfon is absolutely required for MET,

and that there is genetic redundancy between TM@ITMC?2 in this regard.

Our MYTH protein interaction screen for Pcdhl5arattors revealed Tmc2a, a
zebrafish homolog of mouse TMC2. Twuoc2 genes antincl in zebrafish are
specifically expressed in adult inner ear, suppgrthe idea that they perform an
important function in hair cells. It is temptinghgpothesize that the interaction with
Pcdh15a could be important for TMC function in kel mechanotransduction. The
most intriguing model is that TMC1 and TMC2 is fi@e forming subunits of the MET
channel complex. In fact, both TMC1 and TMC2 haweatization domains at their N-
and C-terminus that can possibly contribute to diargetramer channels. Different
composition of MET channels in different hair cedtauld be source of heterogeneity of
channel conductance (Fettiplace, 2009). Severalmorhmutations found in mouse and
human (Kurima et al., 2002; Vreugde et al., 200gjii et al., 2007; Yang et al., 2010)
also support the idea of TMC1 and TMC2 being hédgamus channel subunits. To act in
a dominant negative fashion, these mutations ke¢ylaffecting the interaction of
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different subunits or the opening pore of the cleghnBxploring the biochemical
properties of these mutations might give us clddsww TMCs contribute to

mechanotransduction in hair cells.
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Chapter 6. Summary and Conclusions

Hair cells use specialized structures, hair bundtesansfer mechanical stimuli such as
sound into electric signals, and another specidistricture called ribbon synapse to
transmit signals to the brain. It is hard to expemtally study the structure and function
of hair cells, because they are limited in numlmet scattered all over the inner ear,
which is embedded in the skull. Genetic studiesurhan deafness genes have revealed
molecules that are important for the structure famdtion of hair cells. Among them,
PCDH15 and CDH23 are key components of the tipilintke hair bundle and crucial for
MET process. At hair-cell ribbon synapses, a fewque proteins such as Ribeye, Vglut3,

Cav1.3 and Otoferlin have been characterized.

As a powerful vertebrate genetic model, zebrafeh lieen used to study embryonic
development and human diseases. Our lab pioneessrig zebrafish as a genetic model
to study hair-cell function. My dissertation havaxced our current knowledge by (1)
providing the first-ever behavioral analysis toeassvestibular function in zebrafish
mutants; (2) presenting compelling evidence thdtisNeequired for the function and
maintenance of hair-cell ribbon synapses; andl{djacterization of a few candidates
that biochemically interact with Pcdh15 and arestpatentially important for

mechanotransduction in hair cells.
6.1. Behavioral analysis of zebrafish larvae

Zebrafish has been introduced as an excellent igemetlel to study the development

and function of hair cells. Methods to quantify thaction of hearing and balance in
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zebrafish mutants are critical in understandingdésects. In Chapter 2, we have
described a behavioral assessment of vestibulatiumin zebrafish larvae for the first
time. Eye movements that are induced by vestitgtiarulation (e.g. the vestibuloocular
reflex, VOR) have been systematically analyzed.N&ke also determined that zebrafish
larvae display robust eye movements only when gatad with rotations around an earth
horizontal axis. Zebrafish mutants with balancesdef have reduced or abolished VOR
responses. With respect to developmental onsedrevable to detect VOR responses in
WT larvae by 72 hpf. Our data also suggest thattheular/anterior otolith is
indispensible for VOR in larval zebrafish. Folloy-studies from Bianco and colleagues

have confirmed most of our findings (Bianco et 2012).

Our studies of the VOR provide an important tooldaantitative analysis of vestibular
function in zebrafish larvae. We have successiuslgd this method to measure vestibular
function in several zebrafish mutants (Obholzeal£t2008; Trapani et al., 2009; Sheets
et al., 2011). The deficits in vestibular functiorthese mutants assessed by behavioral

analysis largely agree with the findings observedlectrophysiological experiments.

One future direction of these studies is to ingzdg how the VOR response is used to
stabilize gaze in zebrafish larvae. An improvedicethas been developed by Bianco and
coworkers to measure the gain of VOR responsesi¢Biat al., 2012). They have also
shown that the tangential nucleus controls the \f@#ponse in zebrafish larvae. It is still
unknown whether the tangential nucleus incorporsgéesory information from different

sensory systems. Further studies will be needeestave the neuronal circuitry of VOR
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responses and how the VOR circuit collaborates wghal inputs to stabilize gaze in

zebrafish larvae.
6.2. Nsf function in hair cells

In several large-scale genetic screens, over ondrhd alleles have been found to affect
the auditory and vestibular system in zebrafistdar Many of these mutants affect hair-
cell mechanotransduction or synaptic transmisdioQhapter 3, we have characterized

themilky way allele identified from genetic screens as a baatefect mutant.

Via positional cloning, we identified a point mutat in milky way mutantsnsf 2%V,

sf2°N mutation leads to both

Using behavioral analysis, we have determinedttieat
hearing and balance defects in zebrafish. Elecygiplogical recording from the soma of
pLLG neurons has also found that action potenéisdsslightly delayed ithe mutants.
Using several antibodies against protein markefatefal line nerve and hair-cell
synaptic vesicles, we have determined that the hudogy of hair-cell synapses, and the
lateral line nerves, including the myelin sheashargely unchanged by the point
mutation. CSP protein, which has an opposite fonabf Nsf, was observed to be
slightly reduced at hair-cell ribbon synapses. 8itie function of Nsf is to dissociate
SNARE proteins, we have used antibodies againsbnalUSNARESs in zebrafish larvae
and found VAMP-2 and -8 are expressed in hair cellsle VAMP-1, Syntaxin-2 and
SNAP25 are expressed in the nerves innervatingclelig. Collectively, our studies of

the NsP°N mutation indicate that Nsf has an important fumin regulating synaptic

transmission in hair cells.
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Further analysis afisf null mutantnsf®2, in Chapter 4 revealed an important function of
Nsf in maintaining hair-cell synapses. We examitiedafferent innervations of hair cells
in nsf andnsfb mutants and found that only mutationnsf, but notnsfb, causes
degeneration of afferent nerve fibers. Using tisspecific expression of Nsf-GFP fusion
protein, we determined that both pre- and postsynajsf proteins are essential for
maintenance of hair-cell synapses. The neurodegememphenotype is not secondary to
apoptosis, but likely directly caused by the losbBlsf. Using RT-PCR, we have
characterized expression of several genes thatlere implicated in synaptic stability.
Among the genes that are down regulatest38 mutants, BDNF proteins were found to

sf*>® mutant afferent fibers. Because failure to reld@B&F can be a

accumulate im
cause of neurodegeneration, we supplied exogenDdd-Bo st53 mutants, and found

partial rescue of afferent innervationnsf null mutants.

Our data from bothsf?®N andnsf*>* mutations suggest a critical role for Nsf in hals.
Our results agree with previous findings that Ngbart of the protein complex at hair-
cell ribbon synapses (Uthaiah and Hudspeth, 2@d&)ause several synaptic markers in
hair cells have been found to be abnormaismull mutants (Chapter 3 and 4), it is
likely that Nsf is essential for normal developmehhair cells. Transient blockage of
Nsf function in hair cells will confirm whether¢atalyzes synaptic transmission at hair-

cell synapses.

Our results support the idea that Nsf catalyzesowventional SNARE complexes in hair
cells. In a search for targeting proteins of Nshair cells, we also found expression of
two SNARE proteins, VAMP-2 and -8, in zebrafishriaalls. Results from different
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studies were controversial regarding the expressi@NARE proteins in hair cells
(Table 4). Since the SNARE complex is the key ratgulof synaptic transmission in
most neurons, it will be interesting to know if Nsftalyzes other unconventional
SNARE proteins at hair-cell ribbon synapses. Beeanany SNARE proteins share
homologous sequences with neuronal SNARES, cressivily of antibodies may lead to
false positive labeling of SNARES in hair cellswitl be necessary to validate antibodies

that are used to against SNARE proteins in futtudiss.

Table 4 Expression of neuronal SNARESs in hair cells

Animal Syntaxinl SNAP25 VAMP1 VAMP2 Ref.

Guinea Pig Yes Yes Yes Yes (Safieddine and

Wenthold, 1999)

Chicken Yes Yes No Yes (Uthaiah and Hudspeth,
2010)

Mouse No No No No (Nouvian et al., 2011)

Zebrafish No No No Yes Chapter 3

6.3. Mechanotransduction in hair cells

Genetic screens in zebrafish have identified ademiponents that are required for
mechanotransduction, including Pcdh15a and Cdh28 nftammalian PCDH15 protein
is thought to interact with the MET complex. Toenxd our knowledge of the MET

complex, we have presented two approaches to fgdeatndidates for MET channels in
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hair cells in this dissertation. We have charazeetitwo potential interactors of Pcdhl5a

protein, Trpm7 and Tmc2a.

Our results suggest that Trpm7 is not the majotrdmrtor of the MET channel complex.
Althoughtrpm? is the highest expressed TRP channel genes iomeasts,
mechanotransduction was not affected in eithEm7*2*** mutants, nor in transgenic fish
expressing dominant negative Trpm7-GFP at 60 hpvéver, our experiments cannot
rule out the possibility that Trpm7, or other TR#agnels, are involved in MET process,
because there may be other channels compensatiriigrittion of TRPM?7 irtrpmi7/*2*¢
mutants. Since TRPM7 and TRPM6 forms a heterotetrammammalian cells, it will

be interesting to see if TRPM6 can compensate TRRIMGtion in hair cells. Another
future direction is to find the role of Trpm7 chatain hair cells. Our data also suggest a
developmental delay afpm? defective hair cells. Given the important rolelofip7 in
regulating magnesium homeostasis, finding out wéretinpm?7 is important for

maturation of hair cells would potentially revealienportant role of magnesium in hair-

cell development.

In addition, we have identified Tmc2a as an intBoa partner of Pcdhl5a using a
membrane-based yeast two-hybrid screen. In the saraen, we have also discovered 9
putative interactors of Pcdh15a. Among them, Tms2he most likely to be directly
involved with mechanotransduction. Using RT-PCR haee discovered the specific
expression ofmc2a and two of its homologous genéscl andtmc2b, in the zebrafish
inner ear. Sincemcl andtmc2 are required for mechanotransduction in mousedwis,
their function in zebrafish hair cells is worthwdtlo explore in the future. The important
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guestion is whether they act directly as MET ch#riexperimental evidence has to
confirm that (1) they are channels that can be ey mechanical force; (2) they are
localized to where cations enter hair cells wheniMBannels are open; (3) they have

the same biophysical properties as MET channels.

In summary, my dissertation successfully estabtishaovel method of measuring
vestibular function in zebrafish larvae, which bagn proven to be a useful behavioral
analysis tool. In characterizing zebrafish mutamg?*™ andnsf*>, we have shown the
importance of Nsf in hair cells. The final partroy dissertation opens a window to study
potential proteins that are important for mechaamdduction in hair cells. These studies
expand our knowledge of hair-cell function and osage of zebrafish as a model

organism to study hair-cell functions.
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Appendices

1. Gravity changes in VOR measurement

During our experiments, three different forces wareng on the otoliths:i)(gravity; (i)
centripetal force; andi() tangential force. Because the forces were prapwt to the
mass of the otolith, the acceleration, rather floace, is used in the analysis below. In

the following sections, we consider the acceleratiba single otolith.
Gravity change

As shown in Figure Al, the anterior macula is abagle of 23° from the fish body axis.
To simplify the analysis, we assume that only tteiy component in the direction
parallel to the plane of the anterior macgja, (effective gravity) stimulates the
vestibular sensory cell. The gravity does not cleathgring the rotation, byt changes

with the rotational angle:
Iefr = 9° cos(6) (A1)

wheree is the angle of the anterior macula to the veragss (gravity). As shown in
Figure Al, in a rotation cycle, the fish body chasidrom -45° to 45° anel changes from
68° to -22°. The peak-to-peak change gfig g - cos(0°) — g - cos(—68°) =

0.625g = 6.13(m/<).

(This analysis assumes the anterior macula is pdipaar to the rotation plan, which is
also the coronal plane of the fish. In zebrafikle, @ngle between the anterior macula and

179



the coronal plan is about 76°. Therefore, the marmnchange ofjg( is actually

6.13*sin(76°) = 5.95 mf}

This analysis of & for the macula on the other side could be caledlaty applying a
mirror image analysis. But how information from thath maculae is integrated in fish

brain is a complex question won’t be a focus is fmaper.
Centripetal Acceleration

Here we estimate the centripetal force on thetbtolihe fish was mounted at a radial
distance 3.2 cm from the rotational axis. The ¢petal acceleration can be calculated by
ac = w?-r, whereo is the angular velocity and r is the radian ofrbtation. In the

experiment, the fish was moved in a sinusoidal rearits position can be described as
® =9, cos (Qt) (A2)

whereg, = z is the maximum rational angl&; = % = g is the angular frequency (in

radians/s), T= 4 second is the rotational perideeréfore, the angular velocity

—3 _ o .0
w=—== =9, Q - sin(Qt) (A3)

2
The maximum angular velocity i, = ¢, Q = g = % and the maximum

4
centripetal acceleration ig.,, = w2, 'r = (g)2 -0.032 = 0.049 (m/<). This value is
less than 1/120 of the change due to tilt with eespo gravity. Therefore, we concluded

that the gravity change during the experimentésrttajor stimulus to the vestibular

sensory cell and the effect of the centripetaldascnegligible.
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Tangential Acceleration

Besides the centripetal acceleration, changeslo€wg during rotations apply tangential

acceleration to the otolith. The tangential ac@len has a direction along the tangent of
the sinusoidal movements and it can be calculayed. b= ‘;—‘: - r. With ocalculated from

A3, then the tangential acceleration

dw
aT=E'T=—(PO'QZ'COS(Qt)'I‘

Therefore, the maximum tangential acceleration is

2 T T, )
ar = =@, Q- cos(Qt) -r = 7 ()?+0.032 =0.062(m/s?)

This maximum tangential acceleration is about 1/a0Me change due to tilt with
respect to gravity. Therefore, we concluded thatgiavity change during the experiment
is the major stimulus to the vestibular sensori/aedl the effect of the centripetal force is

negligible.
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Figure 50. Schematic of g4 change during a rotation cycleThe relative angule
position between the fish body, the anterior maania gravity is shown in thre
positions during a rotation cycle. The gravity Basomponentgs in the directior
parallelto the plane of the anterior macula. The valudizf ¢onponent is determined
position of the otolith with respect to gravity ati@ position or angle to the anter

maculae. Therefore, g varies with different rotational position as shoy
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2. Detailed protocol of VOR measurement

2.1. Data acquasition

1. Separate siblings and mutants into different pistnies

2. Pre-heat 2% low-melting-point agarose at40

3. Isolate a larva in a drop of E3

4. Put the larva with minimal E3 (1a9 onto a round coverslip

5. Add a drop of 2% Low-melt Agarose to mount fishtirit's best to mount the

fish heading to the edge.

6. Cool the coverslip on a metal rack until the agansssolidified. Using a forceps
to cut away agarose from around the head. It iDmapt to free both eyes of the larva
but remain both pectoral fins in the agarose.

7. Add less than LL of E3/H0O into the agarose whole to immerse the head.

8. Put the cover slip onto the specimen platform. épdof water on the platform or
back of the cover slip is required to increaseag@ftension by capillary action.

9. On computer, open two software programs: ScopedPdrad Motion Planner
10.  Turn on the light source at the back of the spegipiatform/on the gear box of
the motor.

11. In Scope Photo, click the camera to start and sBIES 130 for current setting.
12.  Torotate the platform, use Motion Planner to @eahew terminal and type
“sinewave” or “sinewa.” This will start the rotagn

13.  For VOR recording, a black box or blanket is uselldep fish larva in the dark.
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14. Torecord a video, Capture>Start Capture VidemsHre usually stored in folder
“‘D:\VOR Raw Data”; please create a folder for yown. Existing files are named as
“allele_sib/mut_age VOR/OKR#", example: am046_sipf5VOR3.

15.  After recording, type “Ik” in Motion Planner to gidhe program.

16.  The video capture is a minute.

17.  In Motion Planner, Stop the rocking motion by tygpiftk”

2.2. Using Matlab to analyze videos

1. Copy your raw video into a new folder, usually itlwe “D:\VOR processing”; be
sure to have your own folder created in the comfoder. In “D:\VOR processing”,
all files are used for processing and shall beebpito your own folder before
analysis.

2. After you put video files and Matlab program filesthe same folder.

In Matlab software program, open following filesirin your new folder:
a. Batchreadwmv_saveROlandGreyROIl.m
b. BatchProcess.m
c. PlotbatchResultsAlignedexcel0515.m

3. Run (a) program first. In the window popped out tislawill ask you to define an
eye region for calculation. Click the upper lefddawer right to select a square box
to define your desired region.

4. After processing, you will get a new folder for badgdeo.
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5. In each new folder, there is a file named “(youwten name)GrayROI”. Copy all files
with the same name pattern to the main folderhlbae all Matlab program files.
Then run (b) program for”?processing step.

6. By running (b) program, you will get result fileamed “(your video
name)GrayROlresults”. There is a chance that (@ygam stop for some reasons. In
that case, go to Matlab to find which GrayROI filuses the problem and delete it
(and possibly any GrayROls that have been analyzeah) the folder. Run (b) again.
Repeat this, if (b) stops, until all files are grzald.

7. Run program (c) to plot all results into exceldilén each excel file you will get two
sheets: time and FFT. In each sheet, there amkirns that contains following
information: Left Area; Right Area; Left Ratio; RigRatio; Left Phase (angle); Right
Phase (angle).

8. In “time” sheet, those are raw data that have nusfoe each frame of your video.
E.g. the area of the left eye in tH¥ ffame would be plotted at A2.

9. In “FFT” sheet, the power spectrum of each columttime” sheet is calculated
using Fast Fourier Transform.

10. You will still have to figure out what the “good’ath is by looking at raw data and

their amplitudes after FFT.
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3. Whole mount immunohistochemical detection of protais in

embryonic zebrafish

MATERIALS

1X phosphate buffered saline (PBS): 0.8% NaCl, @%.&Xl, 0.02 M PO4, pH 7.3

Antibodies, primary and secondary

Blocking solution (FSGGB) (2% normal goat serum fi2#ogelatin, 1% BSA, and

1%DMSO in PBS)

16% paraformaldehyde (PFA) in 1X PBS

PBSDTT: 1%DMSO, 0.1% Triton X-100 and 0.2% Tween2@X PBS

Sucrose (8%), dissolved in 1X PBS

1. Collect and fix whole zebrafish embryos in microcidage tubes containing 16%
PFA:8% Sucrose:PBSDTT=1:2:1

2. Incubate the samples in 4% PFA 4 hours or overraghtC with rocking.

3. Remove the 4% PFA. Rinse the specimens three timE$ PBSDTT for 5 minutes
each.

4. Optional: Permeablization dgB 5min@RT, prechilled Acetone 6min@-20
ddH,O 5min@RT

5. Blocking in FSGGB overnight @ RT of4

6. Dilute primary antibody in FSGGB and incubate ovght@4C with rocking

7. Carefully discard the supernatant

8. Wash with PBSDTT for 2 hours with 6 changes

9. Add secondary antibody in FSGGB:PBS=1:%; 4 overtnigt8-5 hours@RT
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10.Wash with PBSDDT for 2 hours with 6 changes

11.Replace PBSDDT with PBS, put fish embryos on tdesli

12.Rearrange embryos to the same direction on the slid

13.Drain as much PBS from the slides as possible

14.Add several small drops of Elvanol mounting meduinectly onto embryos

15. Carefully place a coverslip onto each slide, avgdubbles

16.Squeeze embryos with a forceps

17.Allow Elvanol to harden for at least 3 hours atnmotemperature in the dark before
imaging.
Slides may be placed for up to several weeks atditCready to image.

18.Image the slides on a confocal or fluorescent nsiope.
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