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Abstract

Development of a functional auditory system in Drosophila requires specification and
differentiation of the chordotonal sensilla of Johnston’s organ (JO) in the antenna, correct axonal
targeting to the antennal mechanosensory and motor center (AMMC) in the brain, and synaptic
connections to neurons in the downstream circuit. Chordotonal development in JO is functionally
complicated by structural, molecular and functional diversity that is not yet fully understood, and
construction of the auditory neural circuitry is only beginning to unfold. Here we describe our
current understanding of developmental and molecular mechanisms that generate the exquisite
functions of the Drosophila auditory system, emphasizing recent progress and highlighting
important new questions arising from research on this remarkable sensory system.
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Introduction

With anatomical locations on the head, thorax, abdomen or limbs, the diversity of insect
hearing organs is superficially immensel. However, these organs can be classified into one
of two forms; tympanal organs—those that detect pressure acoustic waves that potentially
travel over long distances, the acoustic far field—and flagellar organs—those that are
activated only close to the sound source by the disturbed air mass near the vibrating sound
generator2. Remarkably, the mechanosensitive organs innervating both tympanal and
flagellar organs belong to a single subtype of Type | sense organs (monociliated sensory
cells with accessory cells), namely chordotonal organs, whose sensory units are called
scolopidia. These operate as stretch receptors, arranged with apical attachments to the
moving structure, and basal attachments to a relatively stationary reference point, usually
another cuticular structure. In the case of auditory organs, the moving part is either the
tympanum or the flagellar joint.

Despite the singularity of the sense organ type, and other similarities that clearly distinguish
this group, there is also a broad diversity in morphological, developmental, molecular and
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physiological detail within chordotonal organs3. Chordotonal organs operate as
proprioceptors, auditory organs, or sensors for gravity, wind, or temperature. Here we
examine the Drosophila Johnston’s organ (JO), an antennal chordotonal organ of about 225
scolopidia that functions in hearing, gravity and wind sensation, that has been the subject of
intense study, and that has allowed wondrous revelations about its development and
operation. Significantly, key developmental genes and genes encoding structural
components are conserved from the Drosophila JO to mammalian ears, making it feasible to
use Drosophila for auditory gene discovery. For this reason, Drosophila is also an excellent
system in which to test mechanisms of genes known to be important for human hearing,
such as crinkled/myosinVIIA% 5 and diaphanous®.

The Drosophila JO resides in the second antennal segment (a2), with scolopidia attached
apically to the a2/a3 joint. JO is mechanically stimulated by rotation of a3 and the long
branched arista protruding from it (Figure 1A). Movement of the arista by near field sound,
wind or gravity results in twisting of the a2/a3 joint, and activation of JO neurons. Two
different models have been put forth for how movement at the a2/a3 joint leads to
mechanical stimulation of JO neurons. One model puts the axis of rotation at the center of
the a3 stalk’. A recent alternative model is that the center of rotation aligns to where the
hook of the a3 stalk joins a28. These models ultimately will impact our understanding of the
pattern of mechanical stimulation of spatially distinct groups of scolopidia through the
cycles of aristal forward- and back-swing. The basic structure and operation of JO are now
well understood through genetic, ultrastructural and physiological approaches. Each JO
scolopidium is a self-contained sense organ, with two or three sensory neurons associated
with a scolopale cell and a cap cell (Figure 1B, C). In addition, ligament cells mediate basal
attachment. Cell lineage studies still are needed to determine the origin of the ligament cells
and whether there is one-by-one association of ligament cells with scolopidia. Scolopale
cells perform three major functions described in more detail below. In brief, these functions
are: 1) to contribute to the dendritic cap which mediates connection of the apical sensory
dendrite to the joint cuticle; 2) to form a sealed space around the sensory cilia; and 3) to
produce and regulate the ionic composition of the endolymph in the scolopale space. The
latter two functions are facilitated by the intracellular elaboration of robust cytoskeletal
scaffolds termed ‘scolopales’. Scolopales are arrays of thick actin bundles around isolated
core microtubules.

JO responds to two patterns of mechanical stimuli, vibratory stimuli generated by males
with unilateral wing extension during courtship, and slower, more tonic stimuli associated
with gravity or wind sensation. These mechanosensory submodalities have been mapped to
different subsets of JO neurons. Laser vibrometry studies have significantly advanced our
understanding of the relationship between the mechanical properties of the antenna and the
physiological and molecular properties of JO: 9. Using a calcium indicator, static forward
deflections of the arista were shown to activate anterior groups of JO neurons and inhibit
posterior neurons while rearward deflections activated posterior JO neurons and inhibited
anterior ones, suggesting that individual JO neurons are activated only unidirectionally0. In
contrast, vibratory stimuli activated both groups of neuronsi0. More recently, an ablation
study focused on ventral JO neurons within the posterior group provided evidence that
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individual neurons can be activated in both directions by vibratory stimuli®. An initially
surprising and fascinating characteristic of the Drosophila JO is the discovery that it does
not simply function as a passive sensor; in the absence of acoustic stimulation, the arista
shows ~200 Hz low amplitude oscillations!!, approximating courtship song frequency
components. These oscillations increase the dynamic range of hearing by enhancing
sensitivity to low amplitude sounds and are driven by an active physiological mechanism in
the JO.

The role of auditory mechanosensation in courtship behavior, and beyond, is becoming
better understood (see Sidebar 1). Because Drosophila hearing has been reviewed
previously? 12-21 here we will highlight developmental aspects of JO in light of its
exquisite specialization as an auditory organ and a gravity and wind sensor, focusing
primarily on more recent contributions to the field of JO biology.

Johnston’s organ development

1. Early JO Development

The entire adult antenna, including JO, arises from a structure called the antennal imaginal
disc. The antennal imaginal disc is specified during embryogenesis as a small cluster of ~10
epithelial cells (http://www.sdbonline.org/fly/lewheld/imagdisc.htm) 22, These cells
proliferate and are patterned throughout the three larval instars reaching a size of ~10,000
cells prior to differentiation during metamorphosis. Patterning occurs via a cascade of
signaling molecules and transcription factors that progressively subdivide the roughly
circular imaginal disc (Figure 2A)”. Early patterning events include expression of the
homeodomain transcription factor Engrailed (En) and the secreted signaling molecule
Hedgehog (Hh) in presumptive posterior cells. Hh then activates expression of the secreted
Wingless (Wag) signaling molecule ventrally along anterior-posterior compartment boundary
and the secreted Decapentaplegic (Dpp) signaling molecule dorsally along the anterior-
posterior compartment boundary23: 24, The opposing gradients of Wg and Dpp subdivide the
antennal imaginal disc into concentric rings?3-26. One of these rings comprises the
progenitors of a2, including the JOZ7.

By late third instar, the a2 progenitors express a unique set of transcription factors, including
Distal-less (DIl) and Homothorax (Hth) 27. DIl and Hth, along with the ubiquitously
expressed Hth partner Extradenticle (Exd), regulate downstream genes required for the
differentiation of JO and associated cuticular structures (Figure 2B)27=29, In particular, the
proneural gene atonal (ato) which encodes a basic helix-loop-helix transcription factor is
activated by DII, Exd, and Hth in presumptive a2 in cells that give rise to the JO neurons and
supporting cells8: 29, spalt-major (salm) and spalt-related (salr) which encode zinc-finger
transcription factors are activated via the activities of DII, Exd and Hth throughout
presumptive a2 in both JO and epidermal precursors2’- 29, cut (ct), which encodes a
homeodomain transcription factor, is activated throughout presumptive a2, as well as more

*Details for all of the genes described in this section can be explored using this link: http://www.sdbonline.org/fly/aimorph/
antennaandhearing.htm
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proximal antennal precursors by Exd and Hth28: 29, Mutations in ato, salm and salr, or ct
lead to defects in JO development and deafness29-34.

The lineage of JO cells is thought to resemble that of other chordotonal organs (CHOS) in
which a single precursor cell gives rise to both the neurons and support cells that constitute
an individual functional unit or scolopidium. As in other CHOs, the supporting cells of each
scolopidium include a scolopale cell, a cap cell and a ligament cell. However, unlike other
CHOs, most JO scolopidia are doubly innervated, and a small subset of ~10-15% are triply
innervated (Figure 3A). In addition, JO differs from other CHOs in that JO precursors are
specified simultaneously instead of undergoing sequential recruitment. While it remains
unclear how the two or three neurons in each JO scolopidium are generated or how JO
neurons are related to one another, it is worth noting that a gene controlling neuron number
in a subset of chordotonal organs has been identified. Specifically, mutations in the cousin
of atonal (cato) gene lead to neuron duplications in the v’ch1 larval chordotonal organ. The
duplicated neurons arise from an extra division of the cell fated to become the neuron3®.
Based on this, one might expect cato expression to be lacking in wild type JO precursors,
thereby permitting additional neurons to form. However, at least some JO precursors express
cato36, suggesting that a different mechanism is at work. Other significant developmental
differences between JO and other CHOs include the requirements for salm/salr and ct which
repress formation of the other CHOs29: 30,

2. Differentiation/Later JO Development

JO mediates at least two types of mechanosensory modalities. These functional categories
can be grouped as sensing vibratory stimuli (hearing) or non-vibratory stimuli (gravity and
wind). Vibratory stimuli evoke fast responses dominated by acceleration of the antenna,
with fast adaptation, while non-vibratory stimuli evoke more sustained, slowly adapting
responses dominated by velocity or even position. These two categories have been assigned
to distinct subgroups of JO scolopidia. Kamikouchi3’ defined 5 groups of JO neurons, A-E,
based on central projection patterns in flies expressing GFP from different Gal4 lines
(Figure 3B). The group A and B neurons have been associated with hearingl?: 32, while
group C and E neurons appear to mediate gravity and wind sensation32 38, No function has
yet been attributed to the group D neurons that constitute a very small percentage of the
total.

Another dimension of scolopidial differences in JO is that in the scolopidia with three,
sensory neurons, two neurons always show a clear axonemal arrangement of microtubules in
the outer dendritic segment, while the microtubule arrangement in the third neuron often is
less organized?! (Figure 3A). The functional significance of this architecture is not known,
and to date there are no data that illuminate the relationship between these neurons (or
scolopidia that contain them) and the A/B and C/E subgroups. In other words, whether the
two or three neurons in each scolopidium are functionally different requires future work.
The developmental origin of neurons in triply innervated scolopidia also has not been
studied; indeed lineage analysis of the entire JO would advance our understanding of JO
biology beyond the extrapolation from CHOs in other locations.
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Also unknown are the molecules that distinguish the JO neuron subgroups from each other,
either developmentally or physiologically. Enhancer trap lines are so far the primary tool
that distinguishes these groups at the morphological level by allowing projection mapping in
the brain, and at the functional level by allowing ectopic expression of Ca2* indicators or
toxins0 32.37. 39 Many of the 34 Gal4 lines extensively described by Kamikouchi3” have
not been associated with particular genes. Importantly, several of the lines show unique
expression in zone A, one line uniquely labels zone B. This facilitates functional assessment
and manipulation of these isolated neuron groups. In contrast, two lines co-express in groups
C and E preventing distinction, and group D neurons are labelled only in combination with
group A, requiring subtractive approaches to infer function. Nevertheless, these lines serve
the basis for many of the studies reviewed here. On the other hand, the posterior patterning
gene en_described above exhibits restricted expression in a subset of JO neurons®,
Specifically, it is expressed in some A, some B and some E neurons, and inactivating these
neurons results in a loss of ~50% of the auditory sensitivity in the 100-400 Hz range. It is
not known whether the neurons that express en_derive exclusively from the posterior
compartment cells that express en_earlier. Nor is the function of en_in this subset of neurons
known.

As the JO neurons have ciliated dendrites, a salient aspect of differentiation is the
localization and assembly of basal bodies and elaboration of the sensory cilium. In contrast
to vertebrates, Drosophila has cilia only in Type | sense organs and sperm flagella. Thus, it
is possible to recover adult animals lacking cilia, facilitating genetic screens and mechanistic
characterization of ciliary mutants. Basal body formation in JO neurons requires the coiled-
coil protein Unc?0, the pericentrin-like protein D-PLP#L, SAK/PLK4%2, Yuri gagarin®3. 44
(extrapolating from sperm and based on expression in JO), Dilatory*® and Chibby“6.
Intraflagellar transport (IFT) is essential for JO ciliary assembly, including subunits of the
anterograde kinesin II motor#7, the retrograde dynein motor?L:- 48, and IFT particle proteins
such as IFT88 encoded by nompB#9. RempA, the IFT140 protein is essential for formation
of the ciliary dilation, a chordotonal-specific structure that subdivides the sensory cilium
into distinct functional compartments*8 (Figure 1B). The proximal compartment contains
inner and outer dynein arms whose assembly or transport depends on the LRRC6 protein
encoded by tilB%0. DCX-EMAP, a doublecortin domain-containing microtubule associated
protein, also localizes to the chordotonal ciliary dilation and is required for hearing®Z.

Transduction

1. TRP Channels in JO

Analysis of TRP channel expression and function has provided important insights into how
the JO functions differentially to sense sound versus gravity or wind. The TRPV channels,
encoded by inactive (iav) and nanchung (nan), appear to form heteromeric channel
complexes®2: 53, These complexes are localized to the proximal ciliary segment up to the
ciliary diliation (Figure 1B). In contrast, the TRPN channel encoded by nompC is localized
distal to the ciliary dilation®* %5 (Figure 1B). The localization experiments suggest that all
three of these TRP channels are expressed in all or almost all scolopidia. Hearing, as
measured by sound-evoked potentials (SEPs) in the antennal nerve3l: 56.57 is completely
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eliminated by loss of the TRPV channels®2 53, but only partially eliminated by loss of the
TRPN channel!®. 31. 32,58 stydies of antennal mechanics show distinct effects of TRPV
versus TRPN channel loss of function in that spontaneous oscillation of the antenna is
essentially lost in TRPN mutants, but enhanced in TRPV mutants!l. Furthermore, non-linear
amplification of antennal movements under low amplitude stimulation is also lost in TRPN
mutants? 32, Interestingly, the TRPN channel requirement for hearing appears to be
localized to the A and B groups of scolopidia32, and TRPN appears to be dispensable for
gravity and wind sensation32: %9, In contrast, the TRPA channels encoded by painless and
pyrexia appear to be important for gravity sensation®. One persistent question is how to
reconcile the expression of NompC in all JO scolopidia with a clear functional requirement
only in the A and B subgroups. A potential resolution may lie in functional differences
between protein isoforms. Differential isoform expression is suggested by the observation
that a commonly used nompC-Gal4 construct drives expression in only a subset of JO
neurons®® 60 revealing incomplete reporting of enhancers compared to the antibody staining
pattern. However, the long isoform of NompC is sufficient to fully rescue hearing loss in
null mutants32: 58, suggesting that the long isoform is sufficient for auditory transduction.

The prevailing model for mechanotransduction in JO, at least for hearing, is that NompC
either forms the mechanosensitive transduction channel or the gating spring physically
connected to the transduction channel, with the TRPV channels providing both signal
propagation along the sensory cilium and feedback modulation of the NompC channel
gainll 17,3258 ' A direct role of NompC as a mechanosensitive channel is supported by
multiple lines of evidence. First, NompC mutants that alter residues in the putative pore
region result in loss of transduction in bristle organs®l. Second, ectopic expression of
NompC in S2 cells or in multidendritic neurons leads to a gain of mechanotransduction®2.
And third, there is evidence that nompC homologs in worms and fish encode pore-forming
mechanotransduction channels®3: 64, A perplexing aspect of this model is the long-
recognized fact that nompC null mutants are not completely deaf, only partially so31: 32,
requiring a second unidentified transduction channel to account for the NompC-independent
hearing®8. One approach to identifying such a channel would be to screen for completely
deaf mutants in a nompC mutant background.

An alternative model, derived from recording currents in voltage-clamped giant fiber
neurons that receive inputs from the A/B subgroup of JO neurons, is that the TRPV channels
are integral components of the transduction complex, while NompC modulates the strength
of mechanical forces that impinge on the transduction complex5®. Localization of NompC in
the distal cilium puts this protein in series with and before the transduction complex. In this
model, the enhanced spontaneous antennal oscillations in TRPV mutants imply that
transduction inhibits the active force generation mechanism. Future experiments will be
required to reconcile and refine these models.

2. Support Cell Functions

The ability of chordotonal neurons to realize their central role in sensory function depends
on support cells, especially the scolopale cell. The scolopale cell has three known functions,
each of which is critical for mechanical activation or transduction. One function is to wrap
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around the sensory dendrites, using septate junctions to seal an extracellular compartment
called the scolopale space, isolating the sensory dendrites from the hemolymph. As part of
this function, the spindle-shaped actin cytoskeleton constituting the scolopale rods helps to
maintain the shape of the scolopale space. The Chl-associated protein (CAP) localizes to the
scolopale cell in a pattern consistent with an integral protein of the scolopale rods, and its
loss of function results in partial collapse of the scolopale space and partial loss of hearing®®.
EB1, a microtubule plus-end tracking protein, is also enriched in scolopale cells and
contributes to integrity of chordotonal organs and hearing function®’. The second scolopale
cell function is to generate the receptor lymph within the scolopale space. The receptor
lymph is thought to be rich in K* 2. 68, resembling the endolymph in the mammalian
cochlea, and is required for establishing a strong electrochemical gradient across the
membrane of the sensory cilium to drive ion flow through the mechanosensitive ion
channels in the ciliary membrane. The Na*/K* ATPase a subunit ATPa is highly
upregulated in the scolopale cell in a manner that depends specifically on the nrv2-encoded
B subunit®®, Scolopale cell-specific knockdown of either ATPa or nrv2 results in deafness
accompanied by extraneous cellular material within the scolopale space, consistent with a
central role for this ion pump in generating and maintaining the ionic composition of the
scolopale space. The third scolopale cell function is to contribute to the dendritic cap, a
tubular extracellular matrix structure connected distally to the cuticle at the a2/a3 and
proximally to the sensory cilia?!. Thus, the dendritic cap physically transmits movements at
the a2/a3 joint to the sensory cilia. The NompA protein expressed in the scolopale cell is
secreted and integrated into the dendritic cap®®. Elucidating additional specialized
contributions of the scolopale cell will help to provide further insight into transduction
mechanisms.

Ongoing studies

1. Screens

A well-recognized attribute of the Drosophila model system includes the relative ease with
which both forward and reverse genetic screens can be carried out. Auditory mutants have
been recovered in forward screens for hearing mutants’?, for touch mutants3%: 71 and for
cilia mutants’2 73,

More recently, several key auditory genes were identified by reverse genetic screens. In a
study published in 201174, the Jarman laboratory used fluorescence activated cell sorting
(FACS) to isolate green fluorescent protein (GFP) labelled chordotonal organ precursors
from dissociated embryonic tissues. RNA was isolated from these precursors and used for
microarray expression analysis’4. While not specific to JO, this work identified multiple
transcription factors central to the development of chordotonal organs as well as a suite of
ciliary genes required for the differentiation of chordotonal-specific ciliary features. In a
sequel published earlier this year, the transcription factor RFX was shown to cooperate with
the Forkhead transcription factor Fd3f to regulate chordotonal-specific ciliary genes (and
TRP channel genes), including several already known to be required for hearing®.

In a study published in 201276, the Gépfert laboratory reported on a large-scale, reverse
genetic screen that resulted in the identification of 274 genes expressed in the adult JO (see

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2015 March 01.


http://flybase.org/reports/FBgn0033504.html
http://flybase.org/reports/FBgn0027066.html
http://flybase.org/reports/FBgn0002921.html
http://flybase.org/reports/FBgn0015777.html
http://flybase.org/reports/FBgn0002921.html
http://flybase.org/reports/FBgn0015777.html
http://flybase.org/reports/FBgn0016047.html
http://flybase.org/reports/FBgn0020379.html
http://flybase.org/reports/FBgn0264954.html

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

1duosnuely Joyny vd-HIN

Boekhoff-Falk and Eberl Page 8

Sidebar 2). Of the first 42 genes tested, 27 are required for normal Drosophila hearing.
Mutations in 2 of 27 resulted in hypersensitivity to sound, while mutations in 25 of the 27
resulted in lost or reduced sensitivity to sound. One reason for the success of this screen was
due to the setting of rigorous thresholds. First, the transcriptomes of second antennal
segments harboring a JO were compared to the transcriptomes of second antennal segments
in which the JO had been genetically ablated. An additional layer of stringency was added
by subtracting out transcripts equally expressed in the brain, i.e. more general neuronal
factors. This screen more than doubled the number of Drosophila genes known to be
involved in hearing. However, because the screen was carried out using adult tissue, genes
required transiently during auditory organ development were not recovered. These include
genes encoding the transcription factors Atonal and Cut, both of which are critical for
Drosophila hearing?® 31, In addition, due to the stringency of the screen, at least one gene
encoding a structural component of the auditory neurons was not recovered. This category
includes Crinkled, which is a Myosin VIIA homolog known to be essential for hearing in
both flies and vertebrates* . Thus there probably are other genes expressed and required in
the adult JO that are yet to be discovered, and reverse genetic screens at earlier time points
are likely to reveal additional genes required for auditory organ development.

2. Auditory circuitry

An important emerging area of Drosophila auditory research is mapping the neural circuitry
that transmits and processes auditory information. As described briefly above, based on
differential gene expression, five groups of JO neurons have been identified3’. Two of these
groups, A and B, are used for sound reception, while groups C and E are used for gravity
and wind sensation. The function of group D neurons remains unknown. Most JO neurons
project ipsilaterally to a region of the brain known as the antennal mechanosensory and
motor center (AMMC) (Figure 4). Zones of the AMMC are named for the JO neurons that
target them. Thus AMMC-A receives input from JO group A neurons and AMMC-B
receives input from JO group B neurons. Four types of central neurons innervate AMMC
zones A and B and thus may respond to courtship song!C. Recent electrophysiological
studies of these four neuron types open the way to understanding how auditory sensory
information is decoded® 77, Central neurons that innervate zone A include the giant fiber
neuron (1 cell/brain hemisphere), well characterized in the escape behavior pathway, and the
AMMC-A1 neurons (2 cells’lhemisphere). The giant fiber and AMMC-A1 neurons appear to
use neurotransmitters other than acetylcholine and GABA. Zone B is innervated by AMMC-
B1 central neurons (about 10 cells/hemisphere) that are cholinergic, and AMMC-B2 neurons
(2 cells/hemisphere) that are GABAergic’’. Whole-cell patch clamp recordings from all four
of these central neuron types revealed that sound pulses elicited graded responses that were
well time-locked. Injecting depolarizing current elicited action potentials from the giant
fiber neuron but not from AMMC-AL or AMMC-B2 neurons. These studies suggest that the
giant fiber neuron may employ two functional modes: a subthreshold graded response mode
used in the auditory circuit, and a full depolarizing action potential mode that drives the
escape behavior. How the graded mode reads out to downstream neurons is not yet known.
It is thought that for the other AMMC central neurons, operating only in the graded mode
may enhance reliability of the signals and may allow more information to be encoded.
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In an independent study of the auditory circuit using structural connectivity analysis,
projection neurons innervating AMMC zones A and B were identified’®. Because this study
employs different Gal4 drivers than those used in the studies described above, it is not clear
whether there is a one-to-one correspondence of the central neuron nomenclature. In this
study, frequency tuning analysis using the genetically encoded GCaMP sensor, suggests
different tuning properties among the AMMC central neurons. The AMMC-A neurons
transmit a broad range of auditory information ranging from 100-700 Hz, while the
AMMC-B neurons are specialized for lower frequencies of 100-300 Hz’8. Some AMMC-B
neurons also respond to pulse songs. From the AMMC, auditory information is relayed both
to the contralateral AMMC and to the inferior ventrolateral protocerebrum (I\VVLP). The
contralateral projections may play a role in distinguishing the directionality of the auditory
input, but this has yet to be demonstrated. A subset of IVLP neurons are commissural and
GABAergic. It is thought that these may mediate ‘gain control’ between bilateral auditory
inputs’8. From the IVLP, auditory information is relayed to the ventrolateral protocerebrum
(VLP), which also receives some gustatory and visual inputs. Because of the multimodal
inputs, it is speculated that the VLP may function in integrating different types of sensory
information. Together, the AMMC, IVLP and VLP are thought to process and interpret
auditory information in order to generate appropriate behavioral responses including mating
and escape responses. How this information is relayed and converted into behaviors remains
unknown and is a critical area for future research.

Conclusion

The past few years have seen tremendous progress in Drosophila auditory research due to
both forward and reverse genetic screens, with more than 50 genes now implicated in
auditory development and function. At the same time, significant strides in understanding
the development of Johnston’s organ have been made, along with revelations about the
physiological operation of the organ as an active sensor. Many of the identified genes can
now be assigned to specific structures or functions, either in the sensory neurons or in the
support cells. In addition, ~20% of genes whose expression is enriched in Drosophila
Johnston’s organ have human homologs associated with deafness’6, and a subset function in
multiple sensory modalities. With the sophisticated and incisive genetics tools available,
Drosophila continues to serve as a powerful system for gene discovery, and auditory genes
discovered in flies are likely to be relevant to mammalian auditory biology as well as other
sensory modalities. Significant progress in unveiling the nature of the auditory neural
circuits in recent years represents an excellent beginning to understanding mechanisms in
the development and specificity of auditory neural connectivity, sensory information
processing and behavior. Additional breakthroughs in coming years will accelerate and
enhance this exciting progress.
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Sidebar 1
Behavioral Responses to Auditory/Acoustic Stimuli

Reception and processing of sound information plays central roles in regulating
Drosophila behavior. In particular, three aspects of fly behavior resulting from auditory
stimuli have been studied. First, following the discovery of courtship songs in
Drosophila, their effectiveness at stimulating female receptivity was measured as the
average latency to copulation among mating pairs (see reviews’? 80). Second, the effect
of courtship song on males can be measured by inter-male courtship activity’0 8182 and
may have a positive feedback effect on the male’s persistence when courting females83,
It also may serve in courtship initiation84 and detecting nearby courtship activity of a
competing male®®. Third, courtship-neutral acoustic stimuli have been reported in two
behaviors, an acoustic startle response®®, and proboscis-extension reflex conditioning
using a sugar reward. The latter reveals an auditory classical conditioning behavior®,
analogous to Pavlovian conditioning in dogs. Indeed, airflow augmentation of olfactory
behavior is also thought to be integrated in the mushroom bodies®”.

Another ancient vibrational communication mode, only recently described for
Drosophila, is substrate-borne vibration88. Males display approximately 6 Hz abdominal
twitches or quivers. Under conditions that transmit substrate-borne vibrations from these
quivers, receptive females reduce their locomotion, evidencing enhanced receptivity and
facilitating copulation.

Beyond auditory behaviors, JO mediates other mechanosensory functions, including
gravity sensation1® 5989 \vind sensation38, and air current feedback on flight control%.
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Sidebar 2
Phototransduction genes in hearing?

Perhaps the most surprising finding from the Senthilan et al., 2012 reverse genetic
screen’® was the recovery of 26 genes previously thought to be involved primarily in
light-sensing. This included 4 of 7 Drosophila rhodopsins. Equally stunning is the
demonstration that at least two of these rhodopsins are required for Drosophila hearing.
While it has been postulated that sense organs of different modalities share a common
evolutionary origin, this study provides some of the most compelling evidence to date in
support of a shared origin. The recent discovery of a photomechanical response in
Drosophila photoreceptors®® further hints at the notion that sensory modalities may be
less distinct than previously thought. From this perspective, it is intriguing that the
Senthilan screen also uncovered a variety of genes involved in chemosensation. Future
areas of research will undoubtedly focus both on whether these ‘olfactory’ genes are
required for Drosophila hearing and whether vertebrate ears also express and require
‘phototransduction genes’.
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Figure 1. Johnston’s organ develops in the second antennal segment
A. Schematic of the adult Drosophila antenna in which Johnston’s organ resides. Sound displaces the arista, rotating (red

arrow) the olfactory third antennal segment (a3). Johnston’s organ in the second antennal segment (a2) serves as the
mechanoreceptor for hearing, and also responds to antennal deflections induced by wind or gravity. Only four of more than 225
scolopidia are depicted here, and an individual scolopidium is depicted in greater detail in Figure 1B.
B. Schematic of a typical Drosophila Johnston’s organ scolopidium.
The major structural elements of JO are diagrammed. The scolopidia are suspended between the cuticle attachments at a2/a3
joint (top) and the peripheral cuticle of a2 (bottom), with the dendritic cap (marked by the NompA protein (green)) and ligament
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cells forming the respective connections. The cap rods and scolopale rods, made of thick actin filaments surrounding nucleating
microtubules, are shown in blue. The scolopale cell wraps the sensory dendrites to form the scolopale space, a tightly sealed
extracellular cavity thought to contain a specialized receptor lymph. The Eyes shut (Eys) protein recognized by the 21A6
monoclonal Ab (red) forms an extracellular matrix in the scolopale space, protecting against desiccation at higher temperatures.
In the sensory dendrite, the ciliary dilation, a feature unique to chordotonal cilia and marked by the RempA protein (green),
delimits the distal cilium (ciliumP), where the TRPN channel NompC is localized (magenta), from the proximal cilium

(ciliumP), where the TRPV channel lav/Nan heteromultimer is localized (yellow). The dendritic cap is drawn proportionately

shorter to allow detailed depiction of the scolopale space and sensory cilia. Features shown in Figure 1C are depicting here in

matching colors.

C. Organization of Johnston’s organ scolopidia. Confocal micrograph of a wild type pupal JO in which neuronal nuclei are
labeled in green using an antibody to Embryonic lethal, abnormal vision (Elav), scolopale cell nuclei are labeled in red using an
antibody to Prospero (Pros), the actin-rich scolopale rods are labeled in blue using Alexa-633 conjugated phalloidin, and the cap

structures are labeled using a NompA-GFP transgene. These features are depicted in panel 1C in matching colors.
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B.

JO genetics
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Figure 2. Genetics of Johnston’s organ development
A. Schematic of a third instar larval antennal imaginal disc. al, a2 and a3 = first, second and third antennal segment

precursors, respectively. ar = arista precursors. En and Hh are expressed throughout the posterior compartment of the disc. hth
and dll are regulated by Dpp and Wg. Hth and DIl expression overlap in presumptive a2 where they activate salm/salr and ato.
ato is required for specification of JO precursors. Based on information in references 23-25 27,29, 34,

B. Johnston’s organ development is controlled by a genetic cascade initiated by transcription factors encoded by hth, exd
and DII. Hth and Exd together activate the expression of ct, while Hth, Exd and DIl together activate salm/salr and ato. Both ct
and salm/salr mutants are deaf, exhibiting defective JO development followed by JO degeneration. However, genes regulated by
the Ct and salm/salr transcription factors are unknown. Ato directly regulates Rfx and dila expression and either directly or
indirectly regulates fd3F expression. Together, the Rfx and Fd3F transcription factors activate the expression of a suite of genes
required for ciliogenesis, ciliary motility and JO function, including multiple intraflagellar transport A (IFT-A) genes required
for retrograde transport, axonemal dyneins required for ciliary maotility, the TRPV channels encoded by iav and nan, and the
retrograde IFT dynein motor encoded by btv. In addition, Rfx, but not Fd3F, activates a subset of the IFT-B genes required for
anterograde transport. Regulators of the myosin VIIA homolog encoded by ck and the TRPN channel encoded by nompC
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remain unknown. Not indicated here is the restriction of gene expression to subsets of cell types; whereas patterning genes are
expressed throughout presumptive a2, the genes at the bottom of the hierarchy tend to be restricted to either neurons or specific
subsets support cells. Note that although Rfx and fd3F are expressed in JO, the targets indicated here were identified in larval
chordotonal organs. All of the genes shown here have vertebrate homologs, and most of these also are required for vertebrate ear
development and/or function. Based on information in references 27. 29. 74, 75,
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Figure 3. The molecular and structural diversity of Johnston’s organ neurons
A. Transmission electron micrograph showing cross sections of five JO scolopidia. Each scolopidium possesses two

dendrites with typical ciliary 9 x 2+0 axonemes (arrowheads). Four of the five scolopidia in this view show a third dendrite
(arrows) with a degenerate axoneme or even disordered microtubules. ss = scolopale space; ccn = cap cell nucleus; sc =
scolopales; m = mitochondrion.
B. Functional diversity of JO neurons.

Promoter fusions and enhancer trap lines have been identified that mark subsets of JO neurons. These neurons have been
classified into five groups, A—E (upper panels), that innervate distinct zones in the antennal mechanosensory and motor center
(AMMC:; lower panels)3’. The positions of the Type A neuronal cell bodies within JO are highlighted in pink. The locations of

the Type B neuronal cell bodies are indicated in green; the locations of the Type D neuronal cell bodies are highlighted in
yellow; and the locations of the Types C and E neuronal cell bodies are indicated in blue. Neuronal types A and B are used for

sound reception; types C and E are used for gravity and wind reception; the function of type D neurons remains unknown. In
addition to the AMMC, auditory information from some Type A neurons is carried to either the subesophageal ganglion (SOG)
or the ventrolateral protocerebrum (vlpr). The SOG also receives gustatory information, while the vipr also receives visual and
olfactory information, suggesting that there is convergence of multiple sensory modalities in these brain regions. Reproduced
with kind permission from Springer Science and Business Media 92.
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Figure 4. Drosophila auditory circuitry
From JO, auditory information is relayed to a different region of the antennal mechanosensory and motor complex

(AMMC) than wind and gravity information. The auditory neurons and their axon tracts are shown in red, while the wind and
gravity sensing neurons and their axon tracts are indicated in blue. Reprinted by permission from Macmillan Publishers Ltd:
Nature 458: 165-171 (2009).
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