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A B S T R A C T

Hearing organs rely on force-gated ion channels to convert the mechanical

energy imposed by sound into receptor potentials usable by the nervous sys-

tem. So far, little is known about the identity and working mechanisms of

these channels, but in recent years several candidate proteins have emerged

which seem to be key elements of force transduction systems.

In the fruit �y Drosophila melanogaster, two proteins involved in the func-

tion of several mechanosensory organs are the transient receptor potential

channel subunits Inactive and NompC (No mechanoreceptor potential C).

Mutations of both proteins strongly impair the function of many mechanosen-

sory organs, an in�uence which has been best studied in the Johnston’s organ

(jo), the mechanosensitive neurons of the Drosophila ear.

Recent studies came to di�erent conclusions about the speci�c roles of

Inactive and NompC, but all of them agree in the observations that loss of

Inactive changes the active ampli�cation properties of the jo, and disrupts

the transmission of auditory signals into the brain. Mutations of NompC in-

stead prevent active ampli�cation of faint sounds, but the jo retains a certain

amount of sound sensitivity.

All of these studies used experimental methods lacking spatial resolution,

and thus had to base their conclusions on the response of large groups of

jo neurons. In this thesis I adopted an existing wide�eld calcium imaging

method for two-photon excitation microscopy, increasing the spatial resolu-

tion to single scolopidia (assemblies of two to three sensory neurons). This

method thus allowed me to study the in�uence of nompC- and inactive mu-

tations on individual receptor units of the jo.

Measuring individual responses of the jo neurons of control �ies revealed

a much higher diversity of response characteristics as distinguishable before.

While the separation into highly sound-sensitive and less sensitive wind-

detecting neurons found in earlier studies could in general be con�rmed, es-

pecially the more sensitive cells showed a much larger response variability

than detectable with group recording methods.

Analysis of sound responses in mutant backgrounds revealed that both mu-

tations do not remove the mechanosensitivity of all sensory neurons: Where-

as inactive leaves small residual responses in some sensory neurons, nompC

leads to several di�erent response changes. Di�ering from earlier studies,

some of the sound-sensitive cells remain mechanosensitive (even though with

decreased sensitivity) and only in a few sound responses are abolished. In ad-

dition, several jo neurons react to sound stimulation with a negative calcium

signal, which is a so far unobserved e�ect of the nompC mutation.

Concluding from my results, neither Inactive nor NompC are “the” trans-

duction channel of all Drosophila auditory neurons. Which roles they play

in mutant neurons with remnant mechanosensitivity remains to be investi-

gated.
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1
I N T R O D U C T I O N

We rely on our senses to survive in an environment where we constantly

have to react to the in�uence of a multitude of highly dynamic external stim-

uli. The basis of this complex interaction are our sensory organs, which per-

form the detection of environmental in�uence such as electromagnetic waves,

mechanical force, temperature, or chemicals, but also serve as �rst �lters, re-

stricting the spectrum of perceivable information to a range that is necessary

for us to survive. While some sensory organs rival our most precise measur-

ing instruments, others rather report a coarse approximation of a stimulus.

Nevertheless, all sensory organs rely on the same basic principle: The con-

version of various forms of energy into information usable by the organism.

Whereas some of these conversion processes are believed to be quite well

understood , others remain rather obscure.

One of the lesser understood systems is the detection of mechanical stim-

uli, which is one of the most widespread and important abilities of living

things. Even unicellular organisms without specialized sensory cells are ca-

pable of reacting to mechanical in�uence such as membrane- and cytoskele-

ton stretch induced by noxious osmotic environments, surface adhesion or

�uid �ow (Blount et al., 1999; Booth et al., 2007; Zhu et al., 2015). In higher

organisms, mechanosensation provides the functional basis of touch, proprio-

ception, nociception and hearing, allowing dexterous manipulation of objects,

coordinated movement, acoustic communication and a multitude of other so-

phisticated behavioral tasks (Akitake et al., 2015; Dubin et al., 2010; Fettiplace

et al., 2014; Maksimovic et al., 2014).

The corresponding sensory organs utilize a variety of macroscopic func-

tional principles to measure the force induced by a stimulus, yet the under-

lying sensory cells share strong functional and genetic similarities on a mi-

croscopic level even in distantly related organisms. This similarity of basic

functional principles makes the use of model organisms an interesting option

to study the transduction of mechanical stimuli in systems where powerful

experimental tools are available, even though the sensory organs as a whole

di�er a lot.

This macroscopic di�erence is quite distinct between the tympanal hear-

ing organs of most vertebrates and the �agellar ears of the fruit �y Drosophila

melanogaster. Still, genetic screens report a surprising number of genes in-

volved in both systems, ranging from developmental genes to motor proteins

and ion channels (Ben-Arie et al., 2000; Senthilan et al., 2012). Furthermore,

studies of the sensory cells’ mechanical properties reveal striking similari-

ties, such as the use of active ampli�cation of mechanical stimuli to boost

the ear’s sensitivity in both systems (Göpfert et al., 2006; Hudspeth, 2008).

Therefore, Drosophila melanogaster with its one century of genetic research

history, little ethical problems, easy breeding and lower costs compared to

1



2 introduction

Figure 1.1: left: anterior view of drosophila melanogaster’s an-

tenna The antenna of Drosophila is divided into three segments: The scape (1),

the pedicel (2, light brown) and the funiculus (3, blue). The funiculus is covered

with chemosensory sensilla and has a feather-like appendage, the arista (4), which

acts as a contact surface for sound particle movement. The pedicel encloses the sen-

sory neurons of the Johnston’s organ (jo) and is connected to the funiculus via a

twistable joint. The scape contains muscles which can move pedicel and funiculus.

Scalebar=100 µm right: two-photon image of the pedicel A maximum

projection of �ve two-photon excitation images of the pedicel shows the circular

arrangement of the jo neurons, visualized by expression of GCaMP.

research on mammals is a worthwhile subject to investigate the molecular

basis of mechanosensation.

1.1 the hearing organ of drosophila melanogaster

Like the ears of vertebrates, the hearing organ of Drosophila melanogaster de-

tects perturbations of its surrounding medium and converts them into neu-

ronal signals usable by the nervous system (Ewing, 1978; Göpfert et al., 2002).

In the case of adult Drosophila, the carrier medium is air and the main be-

havioural use of hearing is intraspeci�c communication, like the perception

of the male courtship song and sound signals created during agonistic inter-

actions of males (Jonsson et al., 2011; Schilcher, 1976).

The hearing organ ofDrosophila is a �agellar ear and thus uses a very di�er-

ent mechanism to detect sound than the tympanal ears of vertebrates. Instead

of measuring air pressure or pressure gradient changes via a tympanum, it

detects the particle velocity component of sound via a very light, movable

part of its antenna (Bennet-Clark, 1971).

This sound receiver is formed by the second and third segment of its an-

tenna, which features a feather shaped appendage, the arista (Fig. 1.1, 4). It

acts as a contact surface for sound particles and is rigidly connected to the

third antennal segment, the funiculus. The funiculus, in turn, is connected

to the second antennal segment (the pedicel) via a movable joint (Bennet-

Clark, 1971; Manning, 1967). Therefore, the sound-induced displacement of

the arista is converted to a rotational motion of the funiculus, which trans-

lates to a deformation of the cuticle at the joint to the pedicel (Fig. 1.2). This

deformation is then detected by the sensory neurons of the Johnston’s Or-

gan (jo) (Eberl et al., 2000; Göpfert et al., 2002), which is Drosophila’s largest
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Figure 1.2: horizontal section through the jo The neurons of the jo are

connected to the movable joint (arrowhead) between pedicel (1) and funiculus (2).

Motion of the arista (3) therefore leads to stretch and compression of the sensory

neurons. Because of the long lever formed by the arista, the resulting displacements

at the sensory neurons reach down to the sub-nm range. Scalebar: 100µm

Figure 1.3: the scolopidium The scolopidia are the receptor units of Johnton’s

organ and consist of two to three sensory neurons (1) and three support cells. The

ligament cell (2) anchors the base of the sensory neurons to the wall of the pedi-

cel. A scolopale cell (3) surrounds the neuron’s dendrites and forms the scolopale

space around them, an endolymph environment believed to be K
+
-rich (in analogy

to bristles and campaniform sensilla, Todi et al., 2004). The tip of the scolopidium is

connected to the antennal joint via the dendritic cap and cap cells (4), which in katy-

dids also contribute to the ion composition of the receptor endolymph (Old�eld et al.,

1986) Orange area: expression site of Inactive, blue area: expression site of NompC.

Black arrow: basal body, white arrows: ciliary dilation.

chordotonal organ and was named after Christopher Johnston, who �rst de-

scribed a similar assembly of cells in the mosquito Culex pipiens as a putative

hearing organ (Johnston, 1855).

1.2 johnston’s organ

The ca. 480 bipolar neurons of the jo are organized in sensory units called

scolopidia, which are formed by two or three sensory neurons and three sup-

port cells (Fig.1.3, Shigekazu et al. 1965; Todi et al. 2004). The support cells

are wrapped around the sensory neurons and control the receptor lymph en-

vironment between them, in addition to anchoring them to the surrounding

tissue (Roy et al., 2013), with the tips of the scolopidia converging towards

the antennal joint between second and third antennal segment.

The physiology of the jo has been studied with several di�erent experi-

mental methods, including compound action potential recordings from the

antennal nerve, whole-cell voltage clamp recordings of neurons receiving in-
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put from the jo, wide�eld-calcium imaging of the whole hearing organ, and

Laser Doppler Vibrometry (Eberl et al., 2000; Göpfert et al., 2002; Kamikouchi

et al., 2009; Lehnert et al., 2013; Tootoonian et al., 2012).

These studies revealed a striking similarity to the vertebrate ear: Just like

vertebrate hair cells, the jo neurons not only detect sound-induced motion,

but also create motion themselves (Davis, 1983; Fettiplace, 2006). By phase-

locking this motion to the displacement of the arista, the jo neurons amplify

faint sounds, thus increasing the sensitivity of the hearing organ in the be-

haviourally most relevant frequency spectrum (Göpfert et al., 2005, 2003).

1.2.1 Subdivision of the Johnston’s organ

Further investigation of these properties showed that not all neurons of the

jo contribute equally to the active ampli�cation of sound, but are rather sub-

divided into groups with di�erent stimulus preferences (Kamikouchi et al.,

2009; Yorozu et al., 2009). The subdivision of the jo neurons was �rst sus-

pected from the cluster-forming anatomy of their axon terminals in the brain,

which Kamikouchi et al., 2006 used to classify the jo neurons into the �ve sub-

groups A–E. Functional analysis of these subgroups showed that subgroups

A, B and D react mainly to vibrational stimuli with high sensitivity, whereas

C and E prefer sustained de�ection as caused by gravity and wind (Kamik-

ouchi et al., 2009; Matsuo et al., 2014; Yorozu et al., 2009). Furthermore, active

ampli�cation of faint sounds is lost when the sound-sensitive subgroups A

and B are ablated, but remains when the C/E neurons are silenced (E�ertz

et al., 2011).

1.2.2 Mechanotransduction in the Johnston’s organ

Modeling of the jo’s active properties implies that a transduction complex

consisting of a gating spring and motor- and channel proteins alone could

provide the force needed for ampli�cation, but the speci�c members of this

complex are still unclear (Nadrowski et al., 2008). Since electrophysiological

recordings show very fast responses of the jo neurons to mechanical stimuli,

it is assumed that at least one directly force-gated ion channel is involved

in the transduction mechanism of the cells (Albert et al., 2007; Lehnert et al.,

2013). This assumption is further supported by measurements of the mechan-

ical properties of the antennal sound receiver, where traces of actual channel

gating can be observed as a fast response to step displacements of the arista

(Albert et al., 2007), similar to the gating compliances measured in bullfrog

haircells (Howard et al., 1988).

There are several proteins known to be involved in this transduction ma-

chinery, amongst them motor proteins, ion channels and sca�olding proteins,

yet their speci�c roles are still under debate (E�ertz et al., 2011; Gong et al.,

2004; Karak et al., 2015; Senthilan et al., 2012).

Three promising candidates for the mechanosensory channel of the jo neu-

rons are the Transient Receptor Potential (trp) channel subunits Inactive,

Nanchung and NompC. All of them are expressed in distal parts of the jo
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neuron’s dendrites and are required for proper ampli�cation and transduc-

tion of mechanical stimuli (E�ertz et al., 2012; Gong et al., 2004; Kim et al.,

2003; Lee et al., 2010; Lehnert et al., 2013).

1.3 nanchung and inactive

Inactive and Nanchung are the only two members of the TRP vanilloid chan-

nel subfamily in Drosophila and are both necessary for the proper function

of several types of mechanosensors, including the neurons of the jo. Inac-

tive was �rst described in a behavioral screen as hypoB, where mutant �ies

showed reduced locomotor activity (Homyk, 1977), whereas Nanchung was

predicted to be a TRPV channel from its DNA sequence (Kim et al., 2003). To-

gether they seem to form a heteromultimeric cation channel (Nesterov et al.,

2015), which in the jo neurons localizes to the distal part of the dendrites,

between basal body and ciliary dilation (Fig 1.3; Gong et al., 2004).

Mutations of either Inactive or Nanchung lead to a loss of sound-evoked

local �eld potentials at the antennal nerve, reduced motor activity, impaired

gravitaxis and strong spontaneous oscillations of the sound receiver at a

lower frequency than wildtype �ies (Gong et al., 2004; Göpfert et al., 2006;

Kim et al., 2003; Sun et al., 2009). There are contradicting results whether In-

active and Nanchung are mechanosensitive, as Nesterov et al., 2015 could not

reproduce the activation by hypoosmotic stress in heterologous expression

as performed by Gong et al., 2004 and Kim et al., 2003.

Nonlinear ampli�cation of the arista motion is still present in inactive and

nanchung mutants, though with an eightfold increase in gain (Göpfert et al.,

2006). Since phase locked ampli�cation of sound inherently requires to sense

the sound induced motion, some form of mechanotransduction still has to be

present in these mutants. In addition, Kamikouchi et al., 2009 and Wiek, 2013

observed remaining calcium in�ux into jo neurons in nanchung and inactive

mutants. Therefore, these results point to a role of Inactive and Nanchung

in the modulation of active ampli�cation and to the existence of at least one

more mechanosensitive element in the jo neurons.

As no receptor potentials are measurable anymore at the antennal nerve

and the gap-junction-coupled Giant Fibre Neuron (gfn) (Kim et al., 2003;

Lehnert et al., 2013), Inactive and Nanchung might also be involved in the

propagation of the transduction current along the dendrite of the sensory

neurons. In this case, the actual transduction event could still happen, yet

no dendritic signal would reach the cell bodies and axons, leading to the ob-

served absence of local �eld potentials at the antennal nerve and lack of volt-

age clamp signals at the gfn.

1.4 nompc

The nompC mutation was �rst discovered in a screen for mechanosensation-

related genes based on leg coordination of adult �ies (Kernan et al., 1994).

Besides leading to severe uncoordination, nompC-null mutations showed al-

most completely abolished transduction currents in mechanosensitive thorax
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bristles, highlighting NompC as an important part of their transduction ma-

chinery (Walker, 2000). Several other studies found NompC to be vital for a

multitude of processes relying on mechanotransduction, such as the percep-

tion of gentle touch in larvae, hearing in adults and leg posture control. In

these processes it is necessary for the function of ciliated as well as multi-

dendritic sensory neurons (Chadha et al., 2015; E�ertz et al., 2011; Yan et al.,

2013).

Mutations of NompC homologs in other species also lead to malfunction of

mechanosensory cells: An ortholog of NompC was shown to be essential for

electrical responses in hair cells of zebra�sh larvae (Sidi et al., 2003), whereas

another one inC. elegans, TRP-4, is required in sensory cilia (Kang et al., 2010).

In addition to expression in mechanosensory neurons and being crucial

for their proper response, NompC shows further necessary properties of a

mechanosensitive channel (Arnadóttir et al., 2010): Point mutations change

the transduction currents (Gong et al., 2013; Kang et al., 2010; Walker, 2000)

and heterologous as well as ectopic expression makes non-mechanosensitive

cells sensitive to mechanical stimulation (Gong et al., 2013; Yan et al., 2013).

An additional interesting feature of NompC are the 29 cytosolic ankyrin re-

peats at its N terminus. They form one helical spring-shaped turn and tether

the channel to the dendrite’s axoneme (Liang et al., 2013; Zhang et al., 2015),

which could enable the channel to sense cell membrane motion relative to the

cytoskeleton. Fusing these ankyrin repeats to a voltage-gated, mechanoinsen-

sitive potassium channel (Kv2.1) resulted in a mechanical force-gated chime-

ric channel (Zhang et al., 2013).

1.5 role of inactive and nompc in the johnston’s organ

Even though these studies o�er strong evidence that NompC is indeed a

mechanosensitive channel or channel subunit, its role in the Johnston’s or-

gan is still under debate. In nompC null mutants acoustic stimuli still elicit

local �eld potentials in the antennal nerve, indicating that mechanotransduc-

tion in the hearing organ is not completely lost in the absence of NompC

(Eberl et al., 2000). Closer analysis of NompC’s in�uence on subunits of the

jo via calcium imaging (E�ertz et al., 2011) suggests it is only necessary for

mechanotransduction in the sound-sensitive group A and B neurons, making

a di�erent, unknown channel responsible for the remaining �eld potentials

and calcium signals in nompC mutants. These results are supported by the

changed mechanical properties of the sound receiver in nompC mutants, as

the reduction of the gating compliance resembles the phenotype of �ies with

ablated sound-sensitive neurons (E�ertz et al., 2012).

Voltage clamp recordings from the gfn though detected sound-evoked cur-

rents in nompC mutants (Lehnert et al., 2013), which would contradict the

calcium imaging data from E�ertz et al., since based on the overlap of their

projections, only the sound-sensitive A/B neurons seem to form electrical

synapses with the gfn (Kamikouchi et al., 2006; Lehnert et al., 2013). As the

sound-evoked gfn currents in nompC mutants are only elicited at high stim-

ulus intensities, Lehnert et al. conclude that NompC is only responsible for
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Figure 1.4: nompc as primary transduction channel According to the stud-

ies of E�ertz et al., 2012 and Göpfert et al., 2006, NompC might be the mechanosen-

sitive channel of the sound-sensitive jo neurons, whereas Inactive modulates the

feedback ampli�cation promoted by NompC. Opening of Inactive via a currently un-

known process could then lead to an additional cation in�ux into the neuron, leading

to a boost of the electrical signal propagating along the dendrite.

the mechanical feedback ampli�cation of the jo and that the actual trans-

duction is performed by Inactive. However, Mu et al., 2014 suggest that also

neurons of the wind-sensitive jo group E form connections with the gfn,

which could give rise to the NompC-independent transduction currents at

su�ciently high sound intensities. This could bring the data of Lehnert et

al. in accordance with the results of E�ertz et al., even though their initial

conclusions regarding the function of NompC in the jo were contradicting.

1.6 aim and experimental approach

It is possible that the discrepancies in the interpretation of the currently avail-

able studies regarding the roles of NompC and Inactive are to some extent due

to a general drawback of the employed methods: All of them record summed

responses of large jo neuron groups at once, thereby masking e�ects muta-

tions might have on smaller subgroups. In the case of the �rst antennal nerve

recordings in nompC mutants (Eberl et al., 2000), the resulting reduced signal

amplitudes could either be interpreted as a slightly impaired transduction in

all neurons, or an entire loss in some of them, leading to very di�erent inter-

pretations of NompC’s role in these cells.

Whole-cell voltage clamp recordings of single sensory neurons would of

course yield valuable data about the transduction currents in the jo, but are

probably impossible to perform: Since the cuticle of the antenna is an inte-

gral part of the Drosophila ear, penetrating the pedicel with electrodes alters

its response properties, thus compromising the recorded data. Furthermore,

damaging the support cells wrapped around the sensory neurons would most



8 introduction

Figure 1.5: inactive as primary transduction channel According to the

study of Lehnert et al., 2013, Inactive might be the primary mechanosensitive chan-

nel of the sound-sensitive jo neurons, whereas NompC only promotes the active

feedback ampli�cation of the mechanical stimulus gating Inactive.

likely render the whole scolopidium dysfunctional. Thus, all current studies

used methods which are non-invasive (at least at the antenna) to probe the

function of the jo neurons, at the cost of losing information about the precise

origin of the measured signals.

In this study, I will try to further clarify the roles of NompC and Inactive by

investigating their in�uence on the response of individual jo receptor units.

To improve upon the bulk-recording limit of the previous studies, I am using

two-photon excitation calcium imaging (Denk et al., 1990). Due to its optical

sectioning, I will be able to monitor the activity of many sensory neurons

simultaneously, avoiding the crosstalk from out-of-focus cells present with

single-photon excitation (Fig 1.4). The optical resolution of the two-photon

microscope should be su�cient to tell apart individual receptor units of the

jo and therefore also allow to observe potential di�erences in their reaction

to the nompC and inactive mutations.

Furthermore, since the spatial resolution should be su�cient to observe

calcium signal di�erences within receptor units, it might be possible to un-

ravel whether the inactive mutation merely disrupts the signal propagation

along the dendrites, or if it leads to a complete loss of cation in�ux into the

cells.
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Figure 1.6: comparison between single- and two-photon excitation

In single photon excitation �uorescence microscopy, �uorophores absorb one pho-

ton of the excitation light and emit a photon with longer wavelength. In the case

of GCaMP6m, the most e�cient excitation wavelength is around 480 nm, whereas

emission is usually detected in the range between 500 and 550 nm. As GCaMP �u-

orescence happens in the whole volume covered by the excitation light, emitted

light is also collected from below and above the focal plane, essentially leading to

a summation of the signals of all illuminated jo neurons in the camera image. The

response of individual receptor units can therefore not be separated and potential

response variability becomes averaged. In addition, also photobleaching is happen-

ing in the whole organ at once. Two-photon excitation microscopy utilizes the e�ect

that also two long-wavelength photons (~950 nm for GCaMP6) can provide the neces-

sary energy to excite a �uorophore when they reach the molecule temporally close

enough. Since the two photons have to arrive in a time range of one attosecond,

high photon densities are necessary at the �uorophore to increase the probability

of a two-photon absorption event. To achieve a su�cient photon �ux, mode-locked

femtosecond lasers are used, which compress light into short (~120 fs), high-energy

pulses. The additional spatial compression of the excitation light in the focal volume

of the microscope objective then increases the photon density enough to enable two-

photon absorption. Above and below the focal plane the unfocused laser pulses do

not provide su�cient photon �ux to facilitate two-photon excitation, thus creating

neither out-of-focus �uorescence nor photobleaching. Therefore, the resulting image

resembles an optical section through the sample at the focal plane, which allows the

spatial localization of calcium sensor signals from individual jo receptor units even

in volumes where they would be concealed with single photon excitation. Scalebar:

20 µm, color of antenna segments as in Fig.1.1





2
M AT E R I A L S A N D M E T H O D S

To reach single-cell resolution of the jo’s response to sound- and wind-like

stimuli, a two-photon calcium imaging setup was established. Besides being

non-invasive, two-photon imaging has the advantage of providing informa-

tion about the spatial origin of the signals and therefore allows to simultane-

ously monitor multiple neurons. In the following, the equipment and proce-

dures used in the two-photon imaging experiments are described.

2.1 imaging setup

Two-photon excitation calcium imaging was performed with an imaging set-

up consisting of a Zeiss LSM 7 MP scanning microscope (Carl Zeiss, Jena)

coupled with a Chameleon Vision II titanium sapphire laser (Coherent Inc.,

Santa Clara) as multiphoton excitation light source. ZEN 2011 was used as

image acquisition and microscope/laser control software.

The Genetically Encoded Calcium Indicator (geci) GCaMP6m (Chen et al.,

2013) was used to measure the activity of the JO neurons. GCaMP is a fu-

sion protein consisting of a circularly permuted GFP, a calmodulin and the

M13 fragment of a myosin light chain kinase (Nakai et al., 2001). Binding

of calcium to the calmodulin domain leads to a conformation change of the

protein which greatly increases its �uorescence. The current GCaMP6 family

reaches signal-to-noise ratios similar to synthetic calcium sensors, but has

the advantage of being expressible in speci�c cell types via the GAL4/UAS

and LexA/LexAOp systems (Brand et al., 1993; Lai et al., 2006). A GAL4 line

speci�c for the sound-sensitive subgroups A and B (Kamikouchi et al., 2006;

Sharma et al., 2002) was used to drive UAS-6XmCherry (Shearin et al., 2014)

reporter expression, and nSyb-LexA (Shearin et al., 2013) was used to drive

LexAOp-GCaMP6m. This allowed to assign neurons to the sound-sensitive

subgroups based on mCherry-expression, although all JO neurons expressed

GCaMP6m.

As excitation wavelength for GCaMP 920 nm was used and emission was

detected with a 500-550 nm bandpass �lter. mCherry was excited at 1000 nm

and emission detected with a 590-630 nm bandpass �lter. A 63x magni�cation

water immersion objective with a numerical aperture of 1.0 and a working

distance of 2.1 mm (W Plan-Apochromat 63x/1.0, Carl Zeiss, Jena) was used,

which resulted in pixel sizes between 300 and 450 nm depending on the region

of interest. Images were acquired with a pixel dwell time of at least 2 µs and

a bit depth of 16 bit, leading to frame rates of 3-5 Hz. The recordings were

limited to a maximum duration of two minutes to prevent overheating of the

sample.

11



12 materials and methods

2.2 preparation

The preparation of the �ies for calcium imaging was adopted from Kamik-

ouchi, Wiek, et al., 2010. 1-4 days after eclosion, the �y was glued to a cover-

slip at its thorax and wings with a low-melting point wax mixture of dental

wax (Deiberit 502, Siladent, Goslar), oil-based modeling clay (“fantasia Knet”,

Carl Weible KG, Schorndorf) and myristic acid (Sigma-Aldrich). The legs were

immobilized with a drop of wax and the position of the head was adjusted

to line up the rotational axis of the funiculus perpendicular to the coverslip.

To reduce muscle-induced motion of the antenna, the scape and pedicel were

glued to the head capsule with UV-curing dental glue (Kento�ow, Kent Den-

tal).

To achieve a better match of refractive indices from the objective to the jo

neurons, the air gap between pedicel and coverslip was bridged with a drop

of glycerol (Sigma-Aldrich). As a biasing electrode for electrostatic displace-

ment of the arista, a 100 µm diameter 100 µm silver wire was inserted into the

thorax and stabilized with a drop of wax.

The coverslip was �xed in a 3D-printed plastic holder, which was mounted

on a magnetic stand as described in Gras, 2014. The magnetic stand allowed

tilting and rotation of the sample under the microscope to align the jo neu-

rons to the focal plane (Fig. 2.1).

2.3 stimulation

Sinusoidal and sustained de�ections of the arista were induced via electro-

static forcing as described in Albert et al., 2007. The animal itself was charged

to a bias potential of -40 V via the implanted silver electrode. Two tungsten

wires (etched to ca. 50 µm diameter) served as displacement electrodes and

were positioned anterior and posterior of the arista with a modi�ed two-axis

micropositioner (Narishige). The micropositioner was placed on the same

magnetic stand as the coverslip to keep the electrode positions constant while

tilting and rotating the preparation. Charge was applied to the electrodes

with a high voltage electrostatic displacement controller which modulated

the electrode voltage according to a stimulus input signal. The anterior elec-

trode’s charge was modulated with opposing polarity to the posterior one,

leading to a push/pull de�ection of the arista and more symmetric sinewave

displacement. The stimulus input signals were generated with a Micro1401-3

DAQ system and its control software Spike2 (Cambridge Electronic Devices).

Unless otherwise speci�ed, the sine wave stimuli consisted of a 30 s pre-

stimulus phase and three repetitions of a 5 s stimulus followed by a 25 s break.

The stimulation was frame-synchronized to the microscope data acquisition

to allow precise averaging of the stimulus repetitions. As the microscope soft-

ware allows no user-de�ned frame intervals, the frame-synchronization led

to stimulus durations being a multiple of the frame intervals and not precisely

5 s (usually within 5 s±0.2 s).

For stimulus-response curves the sine wave amplitude was changed in 6 dB

steps, covering a range from ±60 nm to ±18 µm peak-to-peak displacement at
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Figure 2.1: fly holder (a) Topview of the �y holder. The �y is �xed below a cover-

slip with a low-melting point wax mixture (a1) and the coverslip is mounted on the

plastic animal holder with beeswax. Two parallel tungsten electrodes (a2) are placed

anterior and posterior of the arista with a micropositioner (a3), which is secured on

a metal sheet (a4) with magnetic foil. (b) Side view of the animal holder (microposi-

tioner not shown). The plastic animal holder is attached to a spherical steel cap (b1),

which is suspendend on a concave magnetic base (b2). The whole animal holder can

thus be rotated and tilted relative to the microscope objective (b3) to align the scolo-

pidia of interest to the focal plane. Since the de�ection electrodes are tilted as well,

their position to the arista remains constant. (c) Alignment of the jo scolopidia. Left

panel: Orientation of the jo at the horizontal position of the coverslip (c1). Only the

cellbodies and the proximal part of the cilia are in the focal plane, some �uorescence

would be detected from the apical cilia of di�erent scolopidia. Right panel: Orienta-

tion of the jo after tilting the animal holder. The whole scolopidium is now in the

focal plane and signals from the whole dendrite can be detected. As a drawback, the

lightpath through the immersion water (c2) and glycerol (c3) becomes asymmetric.
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Figure 2.2: extrapolation of true tip displacement The arista displace-

ment detected by the vibrometer was extrapolated to tip displacement via the ratio

of the distances from the tip and the laser point to the antenna’s rotational axis. As

a laser position-independent measure the angular displacement in radians can be

calculated using the small angle approximation.

the tip of the arista. The displacement of the arista was measured with a

Laser Doppler Vibrometer (Polytec, OFV-534 compact sensor head), which

was also used to measure the free �uctuation power spectra of the antenna

as an indicator of the jo’s condition during the experiments (Göpfert et al.,

2003). Because the vibrometer’s 633 nm HeNe laser was detected by the mi-

croscope’s photomultipliers even with 500-550 nm GFP emission �lters, the

displacement for each stimulus intensity could not be measured during the ac-

tual experiment but was recorded afterwards. The di�erent stimulus intensi-

ties were presented in random order and the vibrometer output was recorded

with Spike2 via the Micro1401-3 DAQ system. Since the vibrometer focus was

usually not stable at the very �ne tip of the arista, the displacement was mea-

sured more proximal. To determine the true tip displacement, a picture of the

arista and the laser focus was taken with the vibrometer’s camera and its dis-

tance to the rotational axis of the funiculus measured with an ImageJ macro.

From the distance and the length of the arista the true tip displacement was

then extrapolated.

2.4 data analysis

2.4.1 Image processing

Processing and analysis of the image data was performed in Fiji (Schindelin

et al., 2012). The image stacks were �ltered with a 3D Gaussian blur to re-

duce high frequency noise (x, y, z-sigma of 0.8). If obvious sample motion

occurred during the experiments, the TurboReg plugin was used to perform

a rigid body registration (Thévenaz et al., 1998). After �ltering, stimulus repe-

titions were averaged and ∆F/Fbase-stacks were calculated. As Fbase-image an

average of the �ve frames before stimulus begin was used, which was then

pixel-wise subtracted from the average of the last �ve frames of the stimulus

to obtain ∆F-stacks. Region of Interest (roi) for analysis were selected man-

ually around the cilia of the jo neurons and the average ∆F/Fbase-values in

these rois were measured with Fiji’s MultiMeasure plugin and exported for

further processing in Python (http://www.python.org).
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2.4.2 Fits and cluster analysis

Nonlinear least square �ts of the stimulus-response curves to a four parame-

ter logistic equation of the form y = b + a−b
1+(x/c)d were calculated using the

Python libraries NumPy (Walt et al., 2011) and Lm�t (Newville et al., 2014).

Via the resulting �t parameters the displacement was calculated at which the

strongest responding unit would have reached its half-maximal response. For

all other units, the corresponding �t amplitude at this displacement was cal-

culated and served together with the slope of the individual �ts as clustering

parameters. K-means clustering was performed for k values 2 and 3 using the

Python library Scikit-learn (Pedregosa et al., 2012). The resulting cluster sets

were scored according to their average silhouette value (Rousseeuw, 1987),

and the k value better describing the grouping was used for color coding the

stimulus-response curves and corresponding �ts.

∆F-signals from di�erent subcellular regions were �tted to single- and bi-

exponential functions of the form y = a ∗ (1 − e−x/τ) + c and y = a1 ∗ (1 −
e−x/τ1) + a2 ∗ (1 − e−x/τ2) + c.

2.5 flies

Flies were kept in a 12 h/12 h light/dark-cycle at 25°C and 60% air humidity.

They were raised on food made of apple juice, �our, sugar, yeast, agar, salt,

water and propionic acid. The following �y genotypes were used for calcium

imaging experiments:

w
1118

; n-syb-LexA::p65/CyO ; lexAop-GCaMP6m/lexAop-GCaMP6m

For stimulus-response curves and initial imaging experiments, GCaMP6m

was expressed in all neurons under the control of n-syb-LexA.

Fly lines used:

• w
1118

; P{y
+t7.7

w
+mC

=13XLexAop2-IVS-GCaMP6m-p10}su(Hw)attP1

Bloomington stock number: 44275

• y
1
w

*
; PBac{y

+mDint2
w

+mC
=n-Syb-lexA::p65}VK00018/CyO,

P{Wee-P.ph0}Bacc
Wee-P20

; Dr
1
/TM6C, Sb

1
Tb

1

Bloomington stock number: 52247

w
1118

; n-syb-LexA::p65/UAS-6XmCherry ; lexAop-GCaMP6m/JO15-GAL4

To identify sound-sensitive neurons after the experiment, JO15-GAL4 was

used to express hexameric mCherry in most A/B neurons.

Fly lines used:

• w
1118

; P{y
+t7.7

w
+mC

=13XLexAop2-IVS-GCaMP6m-p10}su(Hw)attP1

Bloomington stock number: 44275
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• y
1
w

*
; PBac{y

+mDint2
w

+mC
=n-Syb-lexA::p65}VK00018/CyO,

P{Wee-P.ph0}Bacc
Wee-P20

; Dr
1
/TM6C, Sb

1
Tb

1

Bloomington stock number: 52247

• y
1
w

*
; PBac{20XUAS-6XmCherry-HA}VK00018/CyO,

P{Wee-P.ph0}Bacc
Wee-P20

; Dr
1
/TM6C, Sb

1
Tb

1

Bloomington stock number: 52267

• w
*
; P{w

+mC
=J21.17-GAL4}JO15/TM3, Sb

1

Bloomington stock number: 6753

iav
1
; n-syb-LexA::p65/+ ; lexAop-GCaMP6m/+

For calcium imaging in inactive mutants, GCaMP6m was expressed in all neu-

rons under the control of n-syb-LexA.

Fly lines used:

• w
1118

; P{y
+t7.7

w
+mC

=13XLexAop2-IVS-GCaMP6m-p10}su(Hw)attP1

Bloomington stock number: 44275

• y
1
w

*
; PBac{y

+mDint2
w

+mC
=n-Syb-lexA::p65}VK00018/CyO,

P{Wee-P.ph0}Bacc
Wee-P20

; Dr
1
/TM6C, Sb

1
Tb

1

Bloomington stock number: 52247

• iav
1
;+;+ (inactive-mutation, Q455stop)

w
1118

; nompC
3
/nompC

3
; NP0761-GAL4/UAS-GCaMP6m

For calcium imaging of all jo neurons in nompC mutants, UAS-GCaMP6m

was expressed under the jo-wide driver NP0761-GAL4 (Hayashi et al., 2002;

Kamikouchi et al., 2006).

Fly lines used:

• w
1118

; nompC
3
cn

1
bw

1
/CyO (nompC-null mutation, K747 stop)

Bloomington stock number: 42258

• w
1118

; PBac{y
+mDint2

w
+mC

=20XUAS-IVS-GCaMP6m}VK00005

Bloomington stock number: 42750

• w
1118

; CyO/Sp ; NP0761-GAL4/TM6B, Sb
1
Tb

1

w
1118

; nompC3/nompC1 ; JO15-GAL4/UAS-GCaMP6m

For calcium imaging of sound-sensitive neurons in nompC mutants, UAS-

GCaMP6m was expressed under control of the subgroup A/B-driver JO15-

GAL4 (Hayashi et al., 2002; Kamikouchi et al., 2006).

Fly lines used:

• w
1118

; nompC
3
cn

1
bw

1
/CyO (nompC-null mutation, K747 stop)

Bloomington stock number: 42258
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• nompC
1
cn

1
bw

1
/CyO (nompC-null mutation, K760 stop)

Bloomington stock number: 42260

• w
*
; P{w

+mC
=J21.17-GAL4}JO15/TM3, Sb

1

Bloomington stock number: 6753

2.6 scanning electron microscopy

The scanning electron micrograph shown in Figure 1.1 was acquired on a

Hitachi TM3000 tabletop microscope during a public demonstration of the

microscope by the German Federal Ministry of Research and Education. The

sample head was cut from a cold-anesthetized �y and immediately scanned

without �xation in low vacuum. The image was manually stitched from three

single images and adjusted for contrast by histogram equalization.





3
R E S U L T S

3.1 comparison between single-photon excitation widefield

imaging and two-photon scanning microscopy data

GCaMP6-signals evoked in the jo neurons by sinusoidal stimulation are ro-

bustly detected by both imaging systems over a broad range of arista tip dis-

placements, from very small stimulus amplitudes below +/-100 nm to large de-

�ections of +/-20000 nm. The wide�eld imaging system reaches better signal

to noise ratios, which is due to the larger amount of collected emission light

and the higher sensitivity of the emccd camera compared to the scanning

microscope’s photomultipliers. In turn, the single photon excitation leads to

stronger overall photobleaching (Fig. 3.1).

To reduce the in�uence of noise on the calculated relative �uorescence

changes, three repetitions of each sine stimulus were averaged. In addition,

a 3D Gaussian blur was applied as a low-pass �lter to reduce high-frequency

noise (Fig. 3.1d, lower trace).

The spatial resolution achieved by two-photon excitation scanning micro-

scopy allows separation of individual scolopidia in the jo, whereas the images

acquired with a wide�eld single photon excitation system show the blurry �u-

orescence of all scolopidia at once. To reach frame rates of 5 Hz when scan-

ning whole jo slices, the pixel resolution had to be strongly reduced, which

only allowed the distinction of individual scolopidia instead of individual sen-

sory neurons. In most cases though, the distance between individual neurons

in the scolopidia is smaller than the theoretical optical resolution of the mi-

croscope (around 500 nm), setting the resolution limit for di�raction-limited

imaging systems to receptor units rather than sensory neurons.

Despite the restriction to scolopidia, the increase in resolution compared to

the formerly used calcium imaging and electrophysiological recording meth-

ods is a signi�cant improvement and allows the spatial localization of calcium

signals within the jo receptor units without resorting to single-cell labeling

methods like �ipout-mediated expression of GCaMP.

3.2 response of receptor units to arista deflection

3.2.1 Sinusoidal stimulation

Applying sinusoidal de�ection to the arista to mimic sound stimuli elicits �u-

orescence signal increases in the jo receptor units, as shown before by Kamik-

ouchi et al., 2009 and E�ertz et al., 2011. Depending on stimulus strength and

the cellular compartment used as a roi, the calcium signal rises within sev-

eral 100 ms after stimulus onset and takes up to 15 s to decay back to baseline.

The sensitivity of the receptor units varies greatly: The most sensitive recep-

19
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(a) Wide�eld microscope picture (b) 2p scanning microscope picture

0 20 40 60 80 100
Time [s]

2100

2120

2140

2160

∆
F

[a
.u

.]

(c) Raw wide�eld-imaging data

0 20 40 60 80 100
Time [s]

5000

6000

7000

8000

9000

10000

∆
F

[a
.u

.]

raw data
average & low pass

(d) Raw two-photon imaging data

Figure 3.1: comparison between single- and two-photon excitation

imaging Response of two jos to three repetitions of a sine stimulus with an arista

tip displacement amplitude of +/-1 µm in a roi covering all scolopidia (in the case

of two-photon excitation, all scolopidia in one optical slice). (a,c) Data from wide-

�eld system, un�ltered raw trace (b,d) Data from two-photon scanning microscope,

upper trace: un�ltered raw data, lower trace: upper trace averaged and low-pass �l-

tered with a gaussian blur (-2500 a. u. to separate traces). The absolute values are

in arbitrary units (a.u.) and are not comparable between the systems due to di�er-

ent photon number—pixel value conversion functions of the emccd camera and the

photomultipliers of the scanning microscope. Scalebars: 20 µm, �y genotype: w
1118

;

n-syb-LexA::p65/CyO ; lexAop-GCaMP6m/lexAop-GCaMP6m (♂)
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tor units robustly respond to arista tip displacements as small as 50 nm, while

others hardly respond below a displacement of 5000 nm. All measured recep-

tor units did not show long-term adaptation to sinusoidal stimulation, which

is consistent with the tonic �ring measured in antennal nerve recordings. The

millisecond-range adaptation during step displacement of the arista observed

by Albert et al., 2007 can not be resolved with the used calcium sensor and

the imaging speed of 3.5—5 Hz.

1

2

(a) rois used in 3.2b
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(b) Responses of two receptor units

Figure 3.2: sensitivity differences between individual receptor

units Example responses of two receptor units to a 5 s sine stimulus with a tip

displacement of 13.4 µm (solid line) and 140 nm (dashed line). Grey area marks stim-

ulus duration, scalebar: 20 µm, �y genotype: w
1118

; n-syb-LexA::p65/CyO ; lexAop-

GCaMP6m/lexAop-GCaMP6m (♂)

3.2.2 Mixed stimulation

When a 2.5 µm prestep is added to +/- 5 µm sinusoidal de�ection, most re-

ceptor units respond to both the sustained and sinusoidal component of the

stimulus, although with very di�erent ratios (Fig. 3.3b). Most receptor units

show a much stronger calcium response to the sinusoidal part of the stimulus,

though some completely reject one of the stimulus components and respond

only to either the prolonged o�set (Fig. 3.3c) or the alternating sine stimula-

tion (Fig. 3.3a). The jo receptor units thus seem to form stimulus �lters, with

characteristics ranging from strong high-pass to equally strong low-pass.

3.3 signal dynamics within receptor units

Comparison of the calcium signals in subcellular regions of the receptor units

shows di�erences in the time course of the measured �uorescence change

(Fig. 3.4). Whereas in the distal region of the scolopidia the signal rises quickly

after the stimulus onset and reaches a plateau level after 1 s, the �uorescence

change happens much more gradual in the proximal part of the dendrites

and usually does not reach a plateau value during the 5 s stimulus. In the cell

bodies, the signal rises quickly within the �rst 0.5 s and then continues with

a slower increase during the 5 s stimulus, while in the axonal region of the
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(c) Lowpass receptor units (d) Corresponding rois

Figure 3.3: jo receptor unit response to mixed stimulation (a, green)

Highpass-units which show almost no response to the sustained de�ection (b,

orange) Bandpass-units which respond to both stimulus components (c, purple)

Lowpass-units which show no response to sinusoidal de�ection (d) rois plotted in

a,b, and c. Dashed lines mark step and sine stimulus onset. Scalebar: 20 µm, �y geno-

type: w
1118

; n-syb-LexA::p65/CyO ; lexAop-GCaMP6m/lexAop-GCaMP6m (♂)
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compartment aic single exp. aic bi-exp. τbetter fit

Ciliary dilation 243 249 0.34 s

Basal body 257 263 2.5 s

Cell body 272 253 0.27 s, 676 s

Axon 252 258 0.52 s

Table 3.1: fit results for subcellular regions shown in fig. 3.4 Single-

and bi-exponential �ts to the ∆F-data shown in Fig. 3.4 were evaluated based on

the Akaike Information Criterion (aic), which provides a relative goodness of �t-

measure including an over�tting penalty. Lower scores indicate the more su�cient

of the two tested models, which only in the case of the cell bodies was the more

complex bi-exponential �t. The resulting time constants are shown for the better

scoring �t.

neurons the signal time course again resembles the measurements from the

distal dendritic region, with a steady plateau �uorescence after 1 s.

A possible explanation for these di�erent signal dynamics could be the

source of the measured calcium concentration increase: The step-like signal

in the distal region could arise from actual calcium in�ux via mechanically

gated channels in the dendritic tips alone, whereas especially in the cell bod-

ies also slow calcium- (or membrane potential-) induced calcium release from

cell-internal sources such as mitochondria and the endoplasmatic reticulum

could contribute to the signal.

The step-like GCaMP-signal in the axons most likely results from fast cal-

cium in�ux via voltage-gated cation channels, triggered by the membrane po-

tential change induced by the mechanical stimulus. As the spike rate of the jo

neurons stays constant during extended sine stimuli, this tonic calcium sig-

nal seems to closely resemble the membrane potential (with the slow initial

increase owed to the slow reaction time of the calcium sensor).

To further characterize the �uorescence signals shown in Fig. 3.4, exponen-

tial and bi-exponential functions were �tted to the time traces during the stim-

ulus, similar to Storace et al., 2015 (�ts overlayed in 3.4d and 3.4e). The signals

at the ciliary dilations, basal bodies and axons are well �tted by a single ex-

ponential increase, whereas based on the Akaike Information Criterion (aic)

(Akaike, 1974), the signal at the cell body is better �tted by a bi-exponential

function, with one time constant similar to the other compartments and a

second, larger one (see table 3.1 for results). This �t result would support the

involvement of two processes in the calcium concentration increase at the

cell body, in which case it might mirror the mechanotransduction currents

even less directly than calcium imaging in general. As the cell bodies are usu-

ally di�cult to tell apart at the achieved z-resolution and to circumvent the

in�uence of a possible additional source of calcium, in further experiments

rois to measure receptor unit activity were chosen in dendritic regions.
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(a) rois used for 3.4b and 3.4c
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(b) Absolute �uorescence change (∆F)
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(c) Relative �uorescence change (∆F/F0)
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(d) Single exponential �ts of 3.4b
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(e) Double exponential �t of 3.4b

Figure 3.4: signal dynamics within single receptor units Subcellular

regions of jo receptor units show distinct signal dynamics. Whereas signals in

axons (1), basal bodies (3) and the ciliary dilation (4) are best �t by a single ex-

ponential increase (3.4d), the fast onset and slow signal component during the

stimulus at the cell body (2) are best �tted with a double exponential increase

(3.4e). Scalebar=10 µm, example �y genotype: w
1118

; n-syb-LexA::p65/CyO ; lexAop-

GCaMP6m/lexAop-GCaMP6m (♂).
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3.4 intensity-response curves

As shown in Fig. 3.2, the jo receptor units show di�erences in response sensi-

tivity to sinusoidal stimulation. To compare the sensitivities of multiple units,

intensity-response curves were created from calcium signal responses to si-

nusoidal stimulation between +/-50 and +/-20000 nm of all distinguishable

units in an optical slice. From the measured time traces, the average of the

last �ve frames before the end of the stimulus was calculated and plotted for

all measured intensities. The response curves of three successfully measured

animals are shown in Fig. 3.5a, c, e.

3.4.1 Di�erences to electrophysiology data

The response curves show several interesting di�erences to antennal nerve

�eld potential recordings and the whole-cell voltage clamp jo-spike record-

ings at the gfn performed by Lehnert et al., 2013. While these recordings

showed a clear response plateau level and a subsequent response decline, the

calcium signals in Fig. 3.5 in most cases keep increasing monotonically up

to the highest stimulus intensities (sometimes leading to a slight plateau),

thus stronger resembling the stimulus-generator current curves recorded by

Lehnert et al., 2013. In addition, the stimulus range eliciting the strongest

calcium signal increase is around ten times larger than measured by E�ertz

et al., 2011 and two times larger than observed by Lehnert et al., 2013. This

apparent overall sensitivity di�erence might be due to the di�erent recording

methods and calcium sensors used in the studies, even though under this as-

sumption di�erent minimum response thresholds would be expected, which

instead are similar in all studies.

3.4.2 Receptor unit subgroups

The resulting curves show highly variable response characteristics, with re-

sponse thresholds between +/-50 and +/-5000 nm and maximum responses

between 50 and more than 700 % relative �uorescence increase. An interest-

ing property which could not be resolved with the group recording/imaging

methods employed in former studies are the di�erent slopes of the traces. Sig-

nals of receptor units with low response thresholds seem to increase with a

comparatively shallow slope, thus encoding a wide displacement range. Other

units instead reach similar maximum responses, but begin to respond at much

higher displacements and therefore seem to compress their encoded informa-

tion into a smaller stimulus range. A third group distinguishable in all mea-

sured �ies only responds to very high stimulus amplitudes above +/-3000 nm

and reaches maximal responses below 300% relative increase in the applied

stimulus range.

Since this observation might correspond to the sound- and wind-sensitive

receptor unit subgroups proposed by Kamikouchi et al., 2009 and Yorozu et al.,

2009, cluster analysis was done to quantify potential response curve group-

ing.
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To obtain parameters usable for clustering, �ts of the calcium signal re-

sponse curves to a four parameter logistic equation were created as calculated

by E�ertz et al., 2011. From the �ts, the response of each unit at the displace-

ment which elicited the half-maximal response of the strongest responding

receptor unit was calculated. These values together with the slope parameter

of each �t were used for k-means clustering.

The k-means clustering was performed once with an estimated cluster

number of two, corresponding to one sensitive and one insensitive subgroup

and three, to test for possible further subdivision of the more sensitive neu-

rons. The resulting clusters were scored with the silhouette criterion and the

higher scoring k values were used for color-coding the �ts shown in Fig. 3.5b,

d, f (Rousseeuw, 1987). Only in one of the three �ies three groups of response

curves scored slightly higher than two groups (Fig. 3.5d).

Performing a whitening transformation on the data used for clustering to

account for the non-circular clusters strongly reduces the separation of the

detected clusters and leads to the detection of less meaningful clusters even

for k=2 , indicating that the data is unsuited for the k-means algorithm. The

results of the cluster analysis thus might be quite di�erent using an algorithm

able to work with non-spherical clusters of di�erent sizes and densities, as

they are present in these response curves.

3.4.3 Response of subgroup A/B-neurons

In addition to the cluster analysis, a double labeling approach was used to fur-

ther investigate whether the di�erent receptor unit sensitivities observed in

the intensity-reponse curves are related to the proposed subgroups of the jo.

LexAop-GCaMP6m was expressed in the whole jo via an n-syb-LexA driver

line. In addition, JO15-GAL4, one of the GAL4-lines described by Kamik-

ouchi et al., 2006, was used to label most of the putative sound-sensitive A/B-

neurons with the red �uorescent protein 6XmCherry.

After the imaging experiments, the GCaMP-responses of the A/B-neurons

could be identi�ed via the colocalization with mCherry-expression. In con-

trast to the experiments by Kamikouchi et al., 2009 and E�ertz et al., 2011,

the information about the response of the receptor units not labeled by JO15-

GAL4 was still retained due to the jo-wide GCaMP expression (Fig. 3.7).

The resulting response curves of four double-labeled animals show a clear

overlap of the JO15-labeled neurons with high- and intermediate sensitiv-

ity units (Fig. 3.8). This is consistent with the wide�eld imaging and group-

ablation results from Kamikouchi et al., 2009 and E�ertz et al., 2011, but in

addition shows a response variability within the A/B-subgroups. A similar

diversity within sound-sensitive receptor units was suspected by Baker, 2015

as a reason for the observed response diversity of auditory interneurons, with

the possible physiological use of extending the temporal resolution capabili-

ties of Drosophila’s auditory system.

K-means clustering of uncorrected data successfully separates A/B and un-

labeled neurons into di�erent clusters (Fig. 3.8b, f, h), though with very low

scoring di�erences between k=2 and k=3. One exception is the �t of Fig. 3.8e,
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(a) ∆F/F0 response curve
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(b) Clustered �ts
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(c) ∆F/F0 response curve
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(d) Clustered �ts
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(e) ∆F/F0 response curve
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(f) Clustered �ts

Figure 3.5: cluster analysis of jo neurons, cluster number chosen

via silhouette criterion (a,c,e): Stimulus-response curves of three control

�ies (b,d,f): Corresponding �ts with a four parameter logistic curve. Colors: groups

of response characteristics deduced from k-means cluster analysis. S(2) and s(3) are

the calculated silhouette scores for clustering with k=2 and k=3, the higher scoring

result (closer to 1) was used for color-coding the �ts. Fly genotype: w
1118

; n-syb-

LexA::p65/CyO ; lexAop-GCaMP6m/lexAop-GCaMP6m (♂)
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(a) ∆F/F0 response curve
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(b) Clustered �ts, whitened
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(c) ∆F/F0 response curve
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(d) Clustered �ts, whitened
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(e) ∆F/F0 response curve
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(f) Clustered �ts, whitened

Figure 3.6: cluster analysis of jo neurons after whitening trans-

formation, cluster number chosen via silhouette criterion (a,c,e):

Stimulus-response curves of three control �ies (b,d,f): Corresponding �ts with a four

parameter logistic curve. Colors: groups of response characteristics deduced from k-

means cluster analysis. S(2) and s(3) are the calculated silhouette scores for clustering

with k=2 and k=3, the higher scoring result (closer to 1) was used for color-coding the

�ts. Fly genotype:w
1118

; n-syb-LexA::p65/CyO ; lexAop-GCaMP6m/lexAop-GCaMP6m

(♂)
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(a) Coexpression of GCaMP6m and mCherry (b) Corresponding rois
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(d) High-sensitivity receptor unit

Figure 3.7: labeling of a/b neurons via 6xmcherry (a) JO15-Gal4/UAS-

6XmCherry labels a subset of the A/B neurons, all other neurons are only expressing

GCaMP6m. Scalebar: 20µm (b) rois deduced from mCherry- and GCaMP6m expres-

sion shown in a. Scalebar: 20 µm (c) Response of a low-sensitivity receptor unit to

sinusoidal stimulation between 80 and 13000nm, roi used: black arrow in b. (d) Re-

sponse of a high-sensitivity, JO15-GAL4 labeled receptor unit to sinusoidal stimu-

lation between 80 and 13000nm, roi used: white arrow in b. Example �y genotype:

w
1118

; n-syb-LexA::p65/UAS-6XmCherry ; lexAop-GCaMP6m/JO15-GAL4 (♂)
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(a) ∆F/F0 response curve
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(b) Clustered �ts
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(c) ∆F/F0 response curve

101 102 103 104 105

Displacement [nm]

0

100

200

300

400

∆
F/

F b
as

e
[%

]

s̄(2) = 0.79
s̄(3) = 0.6

(d) Clustered �ts
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(e) ∆F/F0 response curve
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(f) Clustered �ts
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(g) ∆F/F0 response curve
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(h) Clustered �ts

Figure 3.8: cluster analysis of mcherry-labeled a/b-neurons, clus-

ter number chosen via silhouette criterion (a, c, e, g): Stimulus-

response curves of four �ies with 6XmCherry-labeled A/B-neurons. Magenta traces:

6XmCherry-expressing units, green traces: units expressing only GCaMP (b, d, f,

h): Corresponding �ts with a four parameter logistic curve. Trace colors: Groups de-

duced from k-means cluster analysis, dashed lines indicate �ts of 6XmCherry-labeled

units. S(2) and s(3) are the calculated silhouette scores for clustering with k=2 and

k=3, the higher scoring result (closer to 1) was used for color-coding the �ts. Fly

genotypes: w
1118

; n-syb-LexA::p65/UAS-6XmCherry ; lexAop-GCaMP6m/JO15-GAL4

(♂)
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(a) ∆F/F0 response curve
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(b) Clustered �ts
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(c) ∆F/F0 response curve
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(d) Clustered �ts
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(e) ∆F/F0 response curve
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(f) Clustered �ts
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(g) ∆F/F0 response curve
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(h) Clustered �ts

Figure 3.9: cluster analysis of mcherry-labeled a/b-neurons after

whitening transformation, cluster number chosen via silhou-

ette criterion (a, c, e, g): Stimulus-response curves of four �ies with 6XmCherry-

labeled A/B-neurons. Magenta traces: 6XmCherry-expressing units, green traces:

units expressing only GCaMP (b, d, f, h): Corresponding �ts with a four parameter

logistic curve. S(2) and s(3) are the calculated silhouette scores for clustering with

k=2 and k=3, the higher scoring result (closer to 1) was used for color-coding the

�ts.Trace colors: Groups deduced from k-means cluster analysis, dashed lines indi-

cate �ts of 6XmCherry-labeled units. S(2) and s(3) are the calculated silhouette scores

for clustering with k=2 and k=3, the higher scoring result (closer to 1) was used for

color-coding the �ts. Fly genotypes:w
1118

; n-syb-LexA::p65/UAS-6XmCherry ; lexAop-

GCaMP6m/JO15-GAL4 (♂)
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which results in three plausible clusters. After correction for equal variance

and non-circular clusters, even the separation into two groups only is only

successful in one �y (Fig. 3.8h).

3.5 inactive mutants

Based on the complete lack of sound-induced currents in the gfn in inactive

mutants compared to the remaining currents in nompC �ies, Lehnert et al.,

2013 propose Inactive to be the primary transduction channel of the jo’s A/B

neurons instead of NompC. This conclusion di�ers from the results of Wiek,

2013, who could detect sound-induced calcium signals in the jo of inactive

mutants, and to some extent contradicts the phase-locked overampli�cation

in these �ies, which inherently requires information about the stimulus and

thus mechanosensation (though not necessarily directly via a channel pro-

tein).

A possible explanation for these di�ering results might again be found in

the used recording methods. Whereas Lehnert et al., 2013 measured the down-

stream signal at the gfn, which besides mechanotransduction also requires

signal propagation along the antennal nerve, Wiek, 2013 measured calcium

increase directly at the dendrites and cell bodies of the jo. Therefore, the cal-

cium imaging could have detected mechanically induced calcium currents at

the dendrites that would be invisible at the gfn, if the inactive mutation only

impairs signal propagation within the cells rather than the initial mechan-

otransduction event.

The whole-jo imaging though did not provide su�cient information on the

precise origin of the calcium signals due to light scattering and the overlay

of all jo cells. To acquire more detailed information about the origin of the

remaining calcium signals in inactive mutants, the imaging experiments were

repeated with two-photon calcium imaging. The method is particularly well

suited for these experiments due to its ability to precisely localize the spatial

origin of �uorescence with a resolution su�cient to distinguish subcellular

compartments in the jo.

3.5.1 Dendritic signals in inactive mutants

Flies expressing lexAop-GCaMP6m under control of an n-syb-LexA driver

were used for jo-wide expression in male inactive mutant �ies. In one of the

nine successfully measured �ies small stimulus-evoked �uorescence signals

with a maximum relative �uorescence increase of 30 % were observed at the

distal tips of a few receptor units (Fig. 3.10a, rois 1). The signals were only dis-

tinguishable from background noise at high displacement amplitudes above

+/-10 µm and about a factor of 5 smaller than signals in similar regions of non-

mutant �ies (see Fig. 3.4 on page 24 for comparison). The origin of the signals

in the dendrites distal of the ciliary dilation corresponds to the localization

of NompC, as shown by Lee et al., 2010.

In a second �y, even smaller �uorescence signals were visible in more prox-

imal dendrite regions between basal- and cell body (Fig. 3.11). The signals
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(c) Dendritic ∆F/Fbase-signals
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(d) Cellbody ∆F/Fbase-signals

Figure 3.10: remaining calcium signals in inactive mutants, i In one

of the measured �ies, calcium signals were visible only in the distal, but not in the

more proximal region of the dendrites in the same optical slice. Another small signal

was detected at one cell body (a, roi d) (a) rois plotted in c) and d), 1: distal rois,

2: proximal rois. Scalebar=20 µm (b) Average of last �ve stimulus frames of ∆F-data,

∆F calibration bar: -500—700 [a.u.], scalebar=20 µm (c) ∆F/Fbase-timetraces of distal

and proximal dendritic rois (d) ∆F/Fbase-timetraces of several cellbodies. Stimulus

amplitude: +/- 10 µm, �y genotype: iav
1
; n-syb-LexA::p65/+ ; lexAop-GCaMP6m/+ (♂)
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(b) ∆F/Fbase-signals

Figure 3.11: remaining calcium signals in inactive mutants, ii (a, left)

In one of the measured �ies weak calcium signals were detected in proximal parts of

dendrites (1), some of the corresponding cell bodies (2) and axon bundles (3). (a, right)

Average of last �ve stimulus frames of ∆F-data, ∆F calibration bar:-900—2100 [a.u.],

scalebar=10 µm. (b) ∆F/Fbase-timetraces of dendritic, axonal and cell body rois. Stim-

ulus amplitude: +/-8 µm, �y genotype: iav
1
; n-syb-LexA::p65/+ ; lexAop-GCaMP6m/+

(♂)

reached a maximum relative �uorescence increase of 20 %, more than 10 times

smaller than signals usually observed in proximal dendritic regions of control

�ies.

3.5.2 Cell body- and axonal signals in inactive mutants

Besides the remaining calcium signals at the dendrites of a few jo neurons,

small signals were also detected at some cell bodies and axon bundles of three

�ies (one example: Fig. 3.11). All signals only reached maximum relative �u-

orescence values below 30 % and were only visible at large sine amplitudes

above +/-8 µm.

In all subcellular compartments, the measured calcium increase was slower

compared to control �ies, with an especially strong e�ect at the dendrite’s tips

in Fig. 3.10, where the signals do not reach a plateau level anymore.

Despite the strong signal amplitude reduction compared to control �ies

and the somewhat changed signal time courses, inactive mutants clearly keep

reacting to mechanical stimuli, ruling out the conclusion that Inactive is the

only mechanosensitive element in the neurons of the jo. Whether this is also

the case for only the sound-sensitive neurons can not be concluded from these

whole-jo imaging experiments.

3.6 nompc mutants

The TRP-channel NompC is one of the proposed members of the transduction

machinery in sound-sensitive neurons of the jo, but the conclusions about its

particular role are controversial in current studies. To probe its in�uence on

individual receptor unit responses, stimulus-response curves were measured

from homozygous nompC
3
-mutant �ies.
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3.6.1 Response of all jo neurons in nompC mutants

Initially, GCaMP6m was expressed in the whole jo of nompC
3
/nompC

3
ho-

mozygous �ies via the NP0761-GAL4 driver line. In all three successfully

measured �ies receptor units still responded to sinusoidal arista displacement,

even though mostly with very low sensitivity and response onset de�ections

above +/-500 nm (Fig. 3.12).

As former studies showed that a nompC-mutation did not alter the re-

sponse of the subgroup C- and E-neurons and antennal nerve �eld potentials

are still measurable in these �ies, remaining calcium signals are consistent

with the current data on the general in�uence of NompC. There were no

receptor units visible in the analyzed optical slices which did not respond

to stimulation anymore, as they were observed by E�ertz et al., 2011 with

wide�eld-calcium imaging (The receptor units corresponding to the lower

traces in Fig. 3.12a, c, e, still respond to high-amplitude stimulation, but with

very low amplitudes) . These results thus rather resemble the gfn-whole cell

voltage clamp recordings performed by Lehnert et al., 2013, in which the pu-

tative sound-sensitive jo cells of nompC-mutants still responded to sound

stimuli, although with lower sensitivity than those of wildtype �ies.

Because of the jo-wide GCaMP expression in this experiment, the visible

receptor units could not be assigned to speci�c subgroups of the jo neurons.

Therefore, one reason for the lack of non-responding receptor units could

be the choice of the optical slices, which might not contain any of the neu-

rons in�uenced by the nompC-mutation. This seems unlikely, since the ca.

145 NompC-dependent A/B-neurons account for about 30 % of the whole

jo (Kamikouchi et al., 2006), and the imaging plane was chosen similar to

the JO15-mCherry labeling experiments in 3.4.3, where usually cells from

several subgroups were visible. Another reason could be the larger displace-

ment range used compared to the experiments of E�ertz et al. If the nompC-

impaired sound-sensitive cells correspond to the lower traces in 3.12, their

small responses might have simply not been evoked at the stimulus intensi-

ties used by E�ertz et al.

If the nompC mutation in�uences only a subset of the jo neurons, this

might have been visible in a cluster analysis of the receptor unit responses.

With the employed potentially unsuited clustering method though, little con-

clusions can be drawn from the �ts. In contrast to the data shown in sections

3.4.2 and 3.4.3, after correction of the data at least a sensitive and an insensi-

tive group are separated (Fig. 3.13b, f).

3.6.2 Response of A/B neurons in nompC mutants

To rule out the possibility that the A/B-units were overlooked in the nompC

mutants with jo-wide GCaMP expression, the imaging experiments were re-

peated with �ies expressing GCaMP6m only in most cells of the A/B-sub-

groups via JO15-GAL4 (similar to the imaging experiments performed by Ef-

fertz et al., 2011). If the nompC mutation indeed reduces the A/B-receptor unit

response rather than completely abolishing it, calcium signals should also be
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Figure 3.12: cluster analysis of jo neurons in nompc
3
/nompc

3
flies(a, c,

e): Stimulus-response curves of three nompC
3
-mutant �ies (b, d, f): Corresponding

�ts with a four parameter logistic equation. Trace colors: Groups deduced from k-

means cluster analysis. Fly genotypes: w
1118

; nompC
3
/nompC

3
; NP0761-GAL4/UAS-

GCaMP6m
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Figure 3.13: cluster analysis of jo neurons in nompc
3
/nompc

3
flies af-

ter whitening transformation(a, c, e): Stimulus-response curves of three

nompC
3
-mutant �ies (b, d, f): Corresponding �ts with a four parameter logistic

equation. Trace colors: Groups deduced from k-means cluster analysis after whiten-

ing transformation. Fly genotypes: w
1118

; nompC
3
/nompC

3
; NP0761-GAL4/UAS-

GCaMP6m
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detectable in these �ies. A combination of two di�erent nompC alleles was

used in the experiments (nompC
3

and nompC
1
), as the homozygous nompC

3

�ies used in 3.6.1 were not viable with the JO15-GAL4 and UAS-GCaMP6m

constructs. This transheterozygous combination of nompC
3

and nompC
1

was

also used by Lehnert et al., 2013 and led to the same hearing phenotypes as

nompC
3
/nompC

3
.

The resulting data from four successfully measured �ies shows several un-

expected receptor unit responses (Fig. 3.14, 3.15). At high sine amplitudes

(>+/-8 µm), some receptor units still show calcium responses upon stimula-

tion, yet with strongly reduced amplitudes compared to wildtype �ies, sup-

porting the data of Lehnert et al., 2013 and the results described in 3.6.1. A

few units show no calcium signals anymore, which in turn would be consis-

tent with E�ertz et al., 2011. A third group of receptor units though displays

a completely changed response to sound stimulation. Instead of an increase

of the cytosolic calcium concentration and thus stronger �uorescence, these

cells react to sinusoidal stimulation with a �uorescence decrease (Fig. 3.14d,

Fig. 3.15). The decrease is dependent on stimulus strength and occurs in all

measured optical slices. In comparison to the remaining increasing signals,

the apparent calcium decrease happens much slower and reaches no plateau

value, regardless of the subcellular compartment. This e�ect occured in all

four measured animals and was most prominent in axonal regions, but was

neither observed by E�ertz et al., 2011 nor Lehnert et al., 2013.
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Figure 3.14: calcium signals in a/b neurons of nompc
3
/nompc

1
flies, i

Whereas cell bodies and dendrites respond weakly or not at all to sine stimulation at

+/-10 µm (b,d) in this nompC mutant �y, in some axonal regions (d 2,3) the signal de-

creases by up to -35%. Scalebar: 20 µm, example �y genotype:w
1118

; nompC
3
/nompC

1

; JO15-GAL4/UAS-GCaMP6m
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(a) rois plotted in c and d (b) ∆F-projection of last 5 stimulus frames
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Figure 3.15: calcium signals in a/b neurons of nompc
3
/nompc

1
flies, ii

In a second nompC mutant �y, also some dendrites and cell bodies respond with a

signal decrease to a sine stimulation of +/-9 µm. Again, the signal decrease is largest

in axons of receptor units. Scalebar: 10 µm, ∆F calibration bar: -1500-500 [a.u.], �y

genotype: w
1118

; nompC
3
/nompC

1
; JO15-GAL4/UAS-GCaMP6m



4
D I S C U S S I O N

4.1 two-photon calcium imaging in the johnston’s organ

The calcium imaging method I established during this thesis project allows

the separation of individual jo receptor unit response pro�les, whereas for-

mer methods had to resort to summed responses of large jo subgroups. The

method though has several limits, the most prominent one being the spatial

resolution. Bound to the di�raction limit, at the used excitation wavelength

the maximum theoretical resolution is around 500 nm, making complete sep-

aration of individual sensory neurons within scolopidia impossible.

The resolution is further reduced by the suboptimal light path, which in-

cludes several optical media with di�erent refractive indices and absorption

properties (water, glass, glycerol, cuticle, hemolymph, trachea and support

cells). The resulting scattering and wavefront distortion enlargens the sys-

tem’s point spread function, reducing the two-photon excitation e�ciency

due to the lower photon density at its center (Chaigneau et al., 2011). This has

to be counteracted with the use of higher laser powers, leading to stronger

heating of the sample. The x/y-resolution is thus rather in the range of a few

micrometers, and even worse in the z-axis, which is especially apparent in the

cell body regions of the jo: Cell bodies of several sensory neurons appear as a

maximum projection, making it impossible to properly distinguish receptor

units in these regions.

The scattering and wavefront distortion also limit the imaging depth to

the upper two thirds of the jo, which corresponds to about 80 µm inside the

antenna, far below the 500 µm—1500 µm achieved in mouse brain imaging

experiments (Theer et al., 2006).

Another problem of the experimental approach is posed by the laser used

for two-photon excitation. The cuticle of the �y’s antenna strongly absorbs

the near-infrared light, which heats up the sample to an extend that burn

marks appear on the pedicel’s surface and air bubbles begin to form in the

Glycerol, completely preventing two-photon excitation. The duration of in-

dividual measurements thus had to be limited to a maximum of two min-

utes, which in combination with the slow decay time of the GCaMP signal

restricted continuous measurements to three to four stimulus repetitions.

A possible way to improve the optical resolution and the excitation e�-

ciency would be the use of adaptive optics to adjust for the inhomogeneous

refractive indices as described by Wang et al., 2014, though as the distinction

of the sensory neurons in one scolopidium still would be di�raction-limited,

the tremendous technical e�ort is probably not worthwhile.

In the longer term, a promising method could be two-step �uorescence mi-

croscopy, which provides two-photon-like optical sectioning at much lower

41



42 discussion

excitation light intensities (Ingaramo et al., 2015). Currently, there are though

no two-step excitable calcium sensors available.

4.2 single receptor unit responses

Despite its technical limitations, the method is capable of resolving the re-

sponse of many individual jo receptor units simultaneously, providing infor-

mation about the jo’s activity with so far unmatched spatial resolution. Ap-

plying a series of di�erent sine stimulus intensities reveals a broad variety

of response sensitivities, very similar to the diversity in �rst-order auditory

interneurons in the Drosophila brain described by Baker, 2015. This diversity

by far exceeds the broad subgroups identi�ed by Kamikouchi et al., 2009 and

Matsuo et al., 2014, even though the separation into strongly sound-sensitive

neurons and a second group of neurons with very small responses to sound

stimuli is still re�ected.

In none of the measured �ies a signal drop at high stimulus intensities was

observed, as it is usually visible in antennal nerve �eld potential recordings

(the signal drops at the highest intensity shown in Fig. 3.8a and 3.9a are due

to focus drift), and only few receptor units reached a response plateau level.

This similarity to the generator currents recordings by Lehnert et al., 2013

can most likely be explained by the source of the measured calcium signal.

Calcium in�ux into the dendrites of the receptor units is believed to be a mix-

ture of calcium entering mechanically gated transduction channels and addi-

tional in�ux through cation channels along the dendrite. As action potential

generation putatively �rst happens at the cell bodies, the dendritic calcium

signals essentially should re�ect the graded potential of the proposed gen-

erator currents, regardless of them being elicited by ion in�ux via mechani-

cally gated channels alone or also additional ion in�ux happening along the

dendrites. Therefore, the similarity of the calcium signal response curves to

the generator current dynamics seems to be a reasonable, and the lack of a

response plateau in most curves can possibly be attributed to the stimulus

range not exceeding the whole response range of the receptor units. These

observations support the conclusion of Lehnert et al., 2013, that the satura-

tion and decline of antennal nerve �eld potential recordings is due to a spike

rate limit and desynchronization of receptor units, rather than to the response

limit of the transduction machinery.

4.2.1 Fits and cluster analysis

From the subgroup-ablating experiments done by Kamikouchi et al., 2009 it

was suspected, that the individual response curves recorded via calcium imag-

ing could be reassigned to three clusters: The highly sound-sensitive, ampli-

fying group A neurons, the less sensitive sound-preferring group B neurons

and the gravity/wind receptor units of the C/E groups.

To obtain parameters usable for k-means clustering, �ts of the data to a

4-parameter logistic curve were created. From uncorrected data, only in one
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�y the suspected three clusters were detected as the higher scoring result

compared to a two-cluster solution (Fig. 3.5c and 3.5d).

After correcting for the non-circular clusters via a whitening transforma-

tion (Fig. 3.6), in none of the �ies three meaningful clusters were detected any-

more. Similar clustering results were obtained from the A/B-mCherry �ies,

where in uncorrected data three clusters could be separated in three animals

(Fig. 3.8), but only hardly two after whitening transformation of the data (Fig.

3.9).

While it is of course quite possible that there actually are no separatable re-

sponse clusters besides units reacting strong and very little to sound, also the

clustering method used is not the best choice for the data at hand: Whereas

2D k-means clustering expects circular clusters of equal size and variance, the

suspected clusters were of di�erent size (di�erent number of units), di�erent

variance (sound-sensitive units spread over a broader range) and of ellipsoid

shape. A more appropriate clustering method such as cure thus might lead

to di�erent analysis results(Guha et al., 2001).

4.3 influence of the inactive mutation

As in the wide�eld-imaging experiments described in Wiek, 2013, stimulus-

induced calcium signals were still detected in inactive mutants with two-

photon scanning microscopy, implying that some form of mechanotransduc-

tion is still present in the jos of these �ies. Compared to the results of Wiek,

2013, the signals were scarce and could not be observed in all measured �ies.

This di�erence might be resulting from the applied imaging methods. The

ability of the two-photon scanning microscope to localize signals within mi-

crometer voxels comes at the cost of potentially overlooking activity in re-

gions not scanned during the experiment. In addition, the higher light sen-

sitivity of the wide�eld system and the high-a�nity calcium sensor used by

Wiek, 2013 (Cameleon 2.1) allowed the detection of calcium signals which

would not exceed the noise level of the two-photon scanning system. From

the wide�eld imaging data though it can not be concluded whether the re-

maining signal in inactive null mutants measured by Wiek, 2013 arose from

only a few jo cells, or from all of them. The sparse response measured with

two-photon imaging therefore might either be due to a few signals managing

to exceed the background noise, or an actual restriction of remaining activity

to very few receptor units, leading to quite di�erent interpretations of the

role of Inactive in the jo.

In both cases the experimental results clearly show that Inactive cannot be

the only mechanosensitive channel in the jo. This obviously contradicts the

conclusions drawn by Lehnert et al., (2013), who propose Inactive as the sole

mechanosensitive channel of the jo. Since their conclusion generalizes the re-

sults of their A/B-subgroup recordings to the whole jo, it might still be correct

if restricted to these subgroups and would support the interpretation of the

sparse two-photon calcium imaging signals as remnant mechanosensitivity

in C/D/E-neurons.
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InactiveNompC

Graded potential due to 
NompC gating

Propagating potential amplified
by Inactive

(a) Possible membrane potential propagation in wildtype �ies

NompC

Graded potential due to 
NompC gating

Spikes elicited by small propagating 
signal?

(b) Possible membrane potential propagation in inactive mutants

Figure 4.1: influence of inactive on membrane potential propaga-

tion (a) In a model considering NompC as the primary mechanosensitive cation

channel and Inactive as an element facilitating membrane potential propagation

along the dendrite, the few NompC channels of sound-sensitive neurons would gate

a small inward cation current, and the resulting membrane potential would be sus-

tained along the dendrite by additional cation in�ux via Inactive and Nanchung. (b)

In �ies lacking Inactive/Nanchung, the now passively propagating membrane po-

tential induced by the gating of NompC might still reach the cell body, assuming a

su�ciently large initial amplitude.

The localization and amplitudes of the measured calcium signals support

the hypothesis that Inactive is involved in boosting the transduction of me-

chanically evoked currents along the dendrite (Göpfert et al., 2006): Whereas

in Fig. 3.10 some receptor units still show a GCaMP signal at the tips of their

dendrites, it does not seem to propagate towards the cell bodies and axons

of these cells. This seems to separate the dendritic signals in control �ies

into two parts: A primary calcium in�ux at the tips of the dendrites via a

mechanosensitive cation channel (with NompC being a candidate for this

channel), and an additional secondary in�ux of calcium along the proximal

parts of the dendrites which is missing in inactive mutants (Fig. 4.1a).

In some cases though, a signal obviously is propagated along the dendrites,

as seen in Fig. 3.11. As the applied stimuli in these experiments were quite

large, the resulting transduction currents were maybe su�cient to reach cell

bodies and axons without additional ampli�cation via Inactive (Fig. 4.1b).

Comparing the signal amplitudes in the axonal regions to control �ies puts

them in a range where in control �ies antennal nerve potentials are easily

measurable and therefore should elicit action potentials. Whether this is the
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case in inactive mutants though can not be deduced from the slow calcium

imaging, but since Inactive only localizes to the dendrites of the jo neurons,

it seems unlikely that its mutation impairs axonal signal transport.

Another problem for clarifying the role of Inactive in the Drosophila au-

ditory system is the controversy about its mode of activation: Whereas Kim

et al., 2003 and Gong et al., 2004 were able to induce cation in�ux into chi-

nese hamster ovary cells transfected with Nanchung/Inactive by applying

hypoosmotic stress, Nesterov et al., 2015 were not able to reproduce these

results. Inactive activation also showed only low voltage dependence, which

would be necessary for direct activation by a membrane potential created by

a di�erent transduction channel. Since second messenger cascades would be

too slow to allow activation phase-locking to sound stimuli of up to 500 Hz,

channel activation via calcium binding could be another possible mechanism.

Considering the distance between the expression sites of NompC and Inac-

tive, calcium di�usion though also might be too slow to activate Inactive fast

enough for phase locked signal ampli�cation (Clapham, 2007).

A suitable experiment to further probe whether Inactive really alters signal

propagation in the jo dendrites would be the use of Genetically Encoded Volt-

age Indicator (gevi) instead of calcium sensors. As the calcium increase in the

receptor units is rather a byproduct of the stimulus-evoked membrane poten-

tial change, voltage sensors would provide a much more direct measure of the

transduction processes. I performed preliminary experiments with the gevi

ArcLight (Jin et al., 2012) expressed in the whole jo of non-mutant �ies, and

while it is possible to detect stimulus-induced signals with two-photon scan-

ning microscopy, the achieved signal to noise ratio would not have been suf-

�cient to reveal remaining graded potentials in mutant �ies. Improved gevis

with better signal to noise ratios and more e�cient two-photon excitability

though might be able to resolve the in�uence of Inactive on the membrane

potential of jo neurons.

4.4 influence of the nompc mutation

4.4.1 nompC
3
, all jo neurons

When signals from all jo neurons were measured by expressing UAS-GCaMP

under control of the NP0761-GAL4 line, the nompC mutation reduced the

maximum response amplitudes observed. This overall result is consistent

with all former studies, where the nompC mutation reduced the amplitude

of compound action potentials at the antennal nerve (Eberl et al., 2000), the

amplitude of currents at the gfn (Lehnert et al., 2013) and the amplitude of cal-

cium imaging signals in the jo (E�ertz et al., 2011). Analyzing the response of

individual receptor units in these �ies though seems to be inconsistent with

the subgroup-experiments performed by E�ertz et al., 2011, as in contrast to

the complete lack of sound-induced calcium signals in their experiments, no

units were observed which did not produce any remaining calcium signals

at all. These results thus much more resemble the �ndings of Lehnert et al.,

2013, who observed an amplitude reduction of currents emanating from the
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sound-sensitive A/B-neurons instead of an absence of transduction events.

Their results though rely on the assumption, that the gfn solely receives in-

put from the A/B-subgroups of the jo, which seems to be justi�ed considering

their morphological analysis of the axonal branches of jo neurons. As the ex-

periments of Mu et al., 2014 though indicate additional input into the gfn

from subgroup E neurons, the possibility arises that the remaining signals in

the gfn of nompC mutants rather stem from these wind- and gravity sensing

receptor units, which also in wildtype �ies show lower responses to sound

stimuli than the A/B cells. As the calcium imaging experiments of E�ertz et

al., 2011 also show signals in the C/E-neurons of nompC-mutants, a miscon-

ception about the gfn input could bring the results of both studies back into

accordance.

4.4.2 nompC
3
/nompC

1
, A/B neurons

In Kamikouchi et al., 2009, ablating all A/B-neurons reduced the sound sen-

sitivity of the jo, leading to a rightward shift of stimulus-compound action

potential response curves. Ablating subgroup B neurons alone did not lead

to a response shift towards higher sound intensities, indicating that group A

neurons provide most of the active sound ampli�cation of the jo. Considering

that nompC mutants lack active ampli�cation but still respond to high inten-

sity sound stimuli, it seems possible to assume that group A neurons depend

on the presence of NompC in a di�erent way than group B neurons.

This could either imply that NompC only facilitates active arista motion

ampli�cation via group A neurons and acts as part of the transduction ma-

chinery in both A and B neurons, or that it only acts as transduction channel

in the most sound-sensitive group A units. As E�ertz et al., 2011 and E�ertz

et al., 2012 found no calcium signals in group A and B neurons as well as

impaired channel gating in both groups of nompC mutants, the �rst possibil-

ity with NompC as part of the transduction machinery in both groups seems

more likely. Therefore, expected results of expressing GCaMP only in most

of the A/B-neurons in a nompC mutant background were either a complete

loss of sound response in all labeled units, or only a part of them.

At high stimulus intensities, the complete loss of response as well as re-

sponses with strongly reduced sensitivity were observed, indicating that at

least some of the A/B neurons kept a degree of mechanosensitivity in the

absence of NompC. In addition to these expected results, a stimulus-coupled

negative �uorescence signal was observed in some of the labeled neurons.

The signals had a di�erent time course than signals recorded in control �ies,

with a slowly decreasing �uorescence (Fig. 3.14d and 3.15d), whereas the

small increasing calcium signals visible in other units were more similar to

the step-like signals usually observed in similar dendritic regions of control

�ies.

The negative GCaMP signal in some of the JO15-GAL4 labeled neurons

could either be directly induced by the lack of NompC, or could resemble a

process which is also active in wildtype �ies, but only unmasked in sensory

neurons lacking the calcium in�ux via NompC. If the source was an actual
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calcium out�ux of the neurons, this would be an unusual consequence of the

lack of a channel, since it would require active outward transport of calcium

from the neurons. Instead of calcium out�ux induced by mechanosensitive

gating in these units, the negative signal could also re�ect an inhibition of

the cells by surrounding mechanosensory elements, somewhat similar to the

e�erent feedback on vertebrate hair cells (Cooper et al., 2006). So far though,

no e�erent synapses were found in the jo which could contribute this inhi-

bition and blocking of synaptic transmission in the whole nervous system of

Drosophila did not impair active ampli�cation in the jo (Kamikouchi, Albert,

et al., 2010).

To track down the source of the observed negative calcium signals, just as

for further Inactive-experiments, the availability of better genetically express-

ible voltage sensors would be desirable, especially since calcium imaging does

not necessarily allow inference about the membrane potential of neurons, as

recently investigated in the visual system of Drosophila (Yang et al., 2016. The

voltage sensors developed in this study are also promising candidates for ap-

plication in the jo).

4.5 outlook

Following up on the work of E�ertz et al., 2011; Kamikouchi et al., 2009 and

Wiek, 2013, this study was carried out to clarify the roles of Inactive and

NompC in the jo as well as characterize the function of the jo receptor units

with higher resolution than previously possible.

The resulting data achieves this only partially: While recordings from sin-

gle receptor units reveal a broad variety of preferred stimulus ranges, sensi-

tivities and �lter properties, they convey little information about the actual

source of these properties. Whether the apparent individuality of some recep-

tor units is based on the mechanical construction of the whole sound receiver,

or if it is achieved by an equal variability in the molecular composition of the

transduction machinery remains unknown. Besides further investigation of

the in�uence of other components of the transduction machinery such as mo-

tor proteins on the receptor units’ responses, closer ultrastructural analysis

of the whole hearing apparatus might be bene�cial.

Concerning the roles of Inactive and NompC, both major theories are to

some extend supported as well as contradicted: Inactive might very well be

necessary for signal propagation along the jo dendrites, and is not the only

mechanosensitive channel of at least some jo neurons. Whether these neu-

rons belong to a certain jo subgroup remains to be tested.

The nompC mutation decreases the overall sensitivity of the jo, but has dif-

ferent in�uences on individual A/B receptor units. Some units indeed loose

all sound-induced response in the applied stimulus range, supporting E�ertz

et al., 2011 and NompC’s role as a transduction channel candidate. Other

units in the A/B groups though still remain mechanosensitive, at least limit-

ing NompC’s role to being one of several mechanosensitive channels in these

neurons. The negative signals observed in nompC mutants at last represent

a so far overlooked process of unknown origin.
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As mentioned before, a tremendous improvement on the method employed

in this study would be the use of voltage- instead of calcium sensors to an-

alyze the response of the jo receptor units, which would overcome the dan-

gerous step of comparing the information of a partially secondary signal like

the intracellular calcium concentration to a primary one as actual membrane

potentials recorded with electrophysiological methods.
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