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Whilst acoustic communication forms an integral component of the mating
behavior of many insect species, it is particularly crucial for disease-
transmitting mosquitoes; swarming males rely on hearing the faint sounds of
flying females for courtship initiation. That males can hear females within the din of
a swarm is testament to their fabulous auditory systems. Mosquito hearing is highly
frequency-selective, remarkably sensitive and, most strikingly, supported by an
elaborate system of auditory efferent neurons that modulate the auditory function
- the only documented example amongst insects. Peripheral release of
octopamine, serotonin and GABA appears to differentially modulate hearing
across major disease-carrying mosquito species, with receptors from other
neurotransmitter families also identified in their ears. Because mosquito mating
relies on hearing the flight tones of mating partners, the auditory efferent system
offers new potential targets for mosquito control. It also represents a unique insect
model for studying auditory efferent networks. Here we review current knowledge
of the mosquito auditory efferent system, briefly compare it with its counterparts
in other species and highlight future research directions to unravel its contribution
to mosquito auditory perception.
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Introduction

Mosquitoes are endowed with some of the most complex ears in the animal kingdom.
Despite their small size (~200 um in diameter), male mosquito ears contain around
15,000 auditory neurons (Boo and Richards, 1975a), which approximates the number of
hair cells in the human cochlea. Like the tone of their wingbeats, the mosquito ear and its
associated acoustic information-processing brain regions (Li et al., 2022) show high sexual
dimorphism, likely reflecting the differential contributions of hearing towards the

Abbreviations: 5-HT, 5-hydroxytryptamine; ACh, acetylcholine; Ae. aegypti, Aedes aegypti; An. gambiae,
Anopheles gambiae; AL, antennal lobe; AMMC, antennal mechanosensory and motor center; AMTP,
alphamethyltrytophan; AN, auditory nerve; BP, basal plate; CB, ciliary base; CGRP, calcitonin gene-related
peptide; Cx. quinquefasciatus, Culex quinquefasciatus; DCVs, dense-core vesicles; D. melanogaster,
Drosophila melanogaster; DMSO, dimethyl sulfoxide; GABA, gamma-aminobutyric acid; GAD, glutamic
acid decarboxylase; GPCRs, G-protein-coupled receptors; JO, Johnston's organ; JOC, Johnston's organ
centre; DCVs, dense-core vesicles; LDV, laser Doppler vibrometry; LOC, lateral olivocochlear; MOC,
medial olivocochlear; OHCs, outer hair cells; Rdl, Resistance to dieldrin; SVs, synaptic vesicles; SOAEs,
spontaneous otoacoustic emissions; SSOs, self-sustained oscillations; TEM, transmission electron
microscopy; TPH, tryptophan hydroxylase.
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reproductive biology of male and female mosquitoes. Courtship is
initiated by males using their hearing organs to detect female flight
tones (Clements, 1999). For most mosquito species, this courtship
ritual takes place in male-dominated aerial swarms, in which up to a
thousand mosquitoes can aggregate simultaneously (Diabate and
Tripet, 2015; Sawadogo et al, 2017). As such, the swarm is a
challenging sensory environment where males detect the faint
flight tones of their mating partners in a noisy context. This
demanding sensory ecology has likely acted as an evolutionary
driving force to shape the mosquito auditory system, which
requires both frequency sensitivity and selectivity.

Perhaps the most striking signature of the intricacy of the
mosquito hearing system at both the anatomical and functional
levels is their auditory efferent system, the only documented
example amongst insects (Andrés et al.,, 2016). From a functional
perspective, neurons are classified as afferent or efferent depending
on the direction of information flow. Afferent neurons carry
information to the central nervous system; efferent neurons carry
information away from the central nervous system to the periphery.
Sensory efferent systems are therefore descending pathways from
the central nervous system to sensory organs that modulate their
function (Ryugo et al., 2010). The mosquito auditory efferent system
in mosquitoes, which contains a variety of neurotransmitters,
multiple distinct sites of release and different functional effects,
matches the complexity of their vertebrate counterparts (Andrés
et al,, 2016; Su et al., 2018; Georgiades et al., 2022).

In humans, efferent activity in the ear has been related to the
extraction of relevant sounds in noisy environments (Ryugo et al.,
2010). Likewise in mosquitoes, the selective amplification of relevant
sounds in a swarm seems to be essential for detecting the flight tones
of a mating partner (Su et al., 2018). Considering the highly transient
and dynamic nature of swarms, neuromodulation of the male ear via
an extensive efferent network would confer them with a layer of
auditory plasticity necessary for the swift modulations of their
auditory function to meet their hearing needs.

Given that mosquitoes act as significant vectors of disease,
understanding the fundamental principles of their auditory
efferent system is not only relevant from a basic sensory biology
perspective, but also pertinent in the context of identifying suitable
molecular targets that could inform the design of novel mosquito
control interventions. Moreover, because of its accessibility and the
potential for common underlying mechanisms, the mosquito ear
could also be a model to understand how efferent control modulates
auditory function across species. In this review, we shall discuss the
current knowledge of mosquito auditory efferent systems, compare
and contrast their anatomical and functional features with auditory
efferent systems in other species, and outline the steps necessary to
further elucidate the fundamental components which underlie this
unique system.

Fundamental anatomy and function of
mosquito ears

Some mosquito species act as disease vectors, causing great
suffering across human populations. Because of their public health
relevance, research on mosquito biology has been mostly focused on
a few mosquito species, including the malaria mosquito Anopheles
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gambiae (An. gambiae), the dengue mosquito Aedes aegypti (Ae.
aegypti), and the southern house mosquito Culex quinquefasciatus
(Cx. quinquefasciatus), vector of lymphatic filariasis and other
arboviruses (Figures 1A, B). Despite the fact that diversification
between anopheline (An. gambiae) and culicine (Ae. aegypti and Cx.
quinquefasciatus) mosquitoes occurred around 182 million years
ago (da Silva et al., 2020), the anatomy of their ears remains broadly
conserved.

Mosquitoes hear via antennal ears comprised of a sound receiver
(or flagellum), and the actual auditory organ, the Johnston’s organ
(JO), enclosed in the second antennal segment (Figure 1C) (Gopfert
etal,, 1999; Gopfert and Robert, 2000). In contrast to vertebrate ears,
which detect changes in pressure waves emitted by a sound source,
mosquito ears detect the particle velocity component of a sound
field, or sound-induced air particle vibrations. As such, the light
flagellum is set in motion by friction with the air particles around it
that vibrate when, for example, a nearby mosquito beats its wings
(Albert and Kozlov, 2016). The flagellum is covered by small hairs
(fibrillae) that likely aid in increasing its sensitivity to sound
(Gopfert et al, 1999); male hairs are far longer and more
numerous than conspecific female fibrillae, and, in some
mosquito species, such as the malaria mosquito An. gambiae,
they only become erect at a specific time of day when
mosquitoes swarm (Pennetier et al, 2010). Nanometre-scale
flagellar vibrations are transmitted through the flagellar base, the
basal plate, to cuticular couplings called prongs and ultimately to
ciliated auditory neurons in the JO that transduce and convert the
mechanical stimulations into electrical signals that propagate to the
brain (Gopfert and Robert, 2000).

A series of elegant studies initiated in the 1970s revealed the
general anatomy of the mosquito JO (Boo and Richards, 1975a;
1975b; Boo, 1980), which is highly sexually dimorphic (Figures 1B,
D). The male JO typically contains around 15,000 neurons (as many
as hair cells in the human cochlea), which is about twice the number
of JO neurons in females across different mosquito species
(~7000 neurons). By comparison, the JO of the predominant
Drosophila  melanogaster (D.  melanogaster)
comprises only around 500 sensory neurons (Gopfert and Albert,
2006; Kamikouchi et al., 2006).

Sexual dimorphism is also present at the auditory behavioural

insect model

level. Males are attracted to the flight tones of females and use the
sounds emitted by flying females in the swarm to acoustically locate
them for mating (Roth, 1948; Belton, 1994). By contrast, whilst
probing auditory responses in female mosquitoes is possible
(Bartlett-Healy et al., 2008), the lack of clearly defined female
acoustic behaviours makes the significance of female mosquito
audition unclear.

The auditory neurons are both ciliated and bipolar, and are
assembled in groups of 2-3 that, together with supporting cells, form
functional mechanosensory units, the scolopidia (Figure 1C).
Scolopidia have been traditionally divided into different groups
depending on their morphology and location. Type A scolopidia
harbour two auditory neurons and make up 97% of all JO scolopidia.
Type B scolopidia contain three auditory neurons, are located
distally in the pedicel and comprise almost all of the remaining
3% of the scolopidia. Both types of scolopidia are amphinematic
(i.e., the sensory cilia is surrounded by a tubular electro-dense that
connects to the cuticle) and are involved in hearing, although the
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(lymphatic filariasis, West Nile virus)
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Anopheles gambiae
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FIGURE 1

Mosquito auditory systems. (A) Phylogenetic tree of mosquito evolution including the three medically-relevant species reviewed in this manuscript

(Ae. aegypti, An. gambiae, Cx. quinquefasciatus), other mosquito species and the model organism D. melanogaster. Made with PhyloT. (B) Summary of the
main differences between anopheline (An. gambiae) and culicine (Ae. aegypti, Cx. quinquefasciatus) mosquitoes relevant for hearing research. (C)
Schematic of the mosquito JO (left) and a single type A scolopidium (right) depicting two auditory neurons, supporting cap and scolopale cell.
Modified from (Andrés et al., 2016). (D) Sexual dimorphism in male (left) and female (right) An. gambiae JOs stained with neuronal marker anti-HRP (red)
and phalloidin (F-actin marker, blue) that binds to actin rods in scolopale cells surrounding the auditory cilia. The female ear is smaller and less complex
than the male counterpart. Scale bar: 10 um. AX: afferent axons; C: auditory cilia; DI: dendritic inner segment; DO: ciliated dendritic outer segment; JO
Johnston'’s organ; SO: somata
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functional differences between both types remain elusive (Field and
Matheson, 1998; Yack, 2004). The JO also contains two type C and a
single type D scolopidia (absent in females of most mosquito
species), which contain two sensory neurons each and differ
from type A and B in that the supporting cap cell anchors the
sensory neurons to the epidermis under the basal plate
(mononematic scolopidia) (Field and Matheson, 1998; Yack,
2004). Types C and D are likely proprioceptive, rather than
auditory, in nature.

The auditory afferent axons have been proposed to project to the
Johnston's organ centre (JOC), a multilobed structure within the
antennal lobe in the mosquito deuterocerebrum (Ignell et al., 2005).
However, some recent research suggest instead that they project to
the antennal motor and mechanosensory center (AMMC), as
previously described in Drosophila (Kamikouchi et al., 2006; Xu
et al, 2022). Non-auditory flagellar neurons (i.e., the olfactory/
chemosensory neurons within the flagellum itself) project to a
distinct section of the antennal lobe (Shankar and McMeniman,
2020).

We are only now starting to understand how the neuronal
complexity of the mosquito JO mediates sound perception.
Drosophila JO neurons, which are 30 times less abundant than in
mosquitoes (Eberl and Boekhoff-Falk, 2007), were previously
divided into five anatomical subgroups, A-E, that project to
different regions of the AMMC (Matsuo et al,, 2014) and detect
different type of mechanosensory stimuli (Kamikouchi et al., 2006,
2009; Yorozu et al,, 2009; Matsuo et al., 2014). Even for this relatively
low number of auditory neurons, new sub-groupings are still being
identified, with a sixth subgroup (referred to as JO-F) being recently
described (Hampel et al., 2020). We do not know if these functional
subgroups exist in mosquitoes. Lapshin and Vorontsov have
reported functional specialization across scolopidia that differ in
their frequency tuning (Lapshin and Vorontsov, 2013, 2019). In
Culex pipiens mosquitoes, eight groups of auditory neurons have
been reported, a majority of them being sensitive to 190-270 Hz
(Lapshin and Vorontsov, 2017), a frequency range that nicely
encompasses the quadratic and cubic distortion product
frequencies that are generated by the non-linear mixing of male
and female flight tones and have been suggested to mediate the
female detection by the male (Somers et al, 2022). Whether
scolopidia in the mosquito JO are tonotopically arranged is still
unknown.

Although, anatomically, vertebrate and mosquito ears might
appear completely different, functionally they share fundamental
features that aid in boosting sound detection, namely, active
frequency tuning, mechanical amplification of faint sounds and
potentially a compressed dynamic range to increase the ear response
to different sound intensities (Gopfert and Robert, 2001; Albert and
Kozlov, 2016; Warren and Nowotny, 2021). These properties shared
by vertebrates and mosquitoes can be partially explained by the
motor function of auditory cells which, apart from playing sensory
roles, also contribute to the active amplification of mechanical
stimuli by injecting mechanical energy (Fettiplace and Hackney,
2006; Karak et al., 2015). In mammals, outer hair cell (OHC)
electromotility mediated by the voltage-dependent motor protein
Prestin (Zheng et al., 2000; Oliver et al., 2001; Warren and Nowotny,
2021) and hair-bundle electromotility driven by calcium-currents
are the suggested mechanisms that explain the cochlear amplifier [or
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the active amplification of low-level and compression of high-level
basilar membrane displacements caused by sounds of different
intensity (Ashmore et al., 2010)].

In insect antennal ears, such as the mosquito JO, mechanical
amplification appears to be independent of Prestin (Kamikouchi
et al, 2010), but rather mediated by the motile properties of ciliated
auditory neurons and the force generated by transduction channels
coupled to adaptation motors and gating springs (Gopfert and
Robert, 2001, 2003; Gopfert and Albert, 2006; Mhatre, 2015). A
signature of active mechanical amplification of sound in both
vertebrate and mosquito ears is the occurrence of spontaneous,
frequency-specific vibrations of the ear in the absence of sound, so-
called spontaneous otoacoustic emissions (SOAEs) in vertebrates
(Dallos, 1992; Hudspeth, 1997) and self-sustained oscillations
(SSOs) in mosquitoes (Gopfert and Robert, 2001; Su et al., 2018).
Mosquito SSOs appear spontaneously only in males as large, mono-
frequent vibrations of around 350 Hz, though they can be induced in
females via injection of dimethyl sulfoxide (DMSO) (Su et al., 2018).
Although the biological significance of male-specific SSOs is yet to
be fully elucidated, they have been suggested to act as built-in signal
amplifiers of female flight tones, as the frequency range of both
significantly coincides (Warren et al., 2009; Pennetier et al.,, 2010; Su
et al.,, 2018).

Anatomy of the mosquito auditory
efferent system

Efferent input was long thought to be a unique feature of
vertebrate hearing. Functional studies into potential efferent
systems in D. melanogaster, the core insect hearing model, found
no apparent dependence of auditory neuron function on efferent
Parallel
concluded a lack of evidence of peripheral synapses within the
Drosophila JO (Kamikouchi et al., 2010). Though this exclusion of
an efferent modulation of JO neuronal activities has been since

modulation. immunohistochemistry studies likewise

slightly modified (see below), presynaptic terminals, the existence of
which is indicative of the release of neurochemicals via efferent
innervation, are essentially lacking within the Drosophila JOs.

The first evidence for the presence of auditory efferents in the
mosquito ear came from immunohistochemistry in Cx.
quinquefasciatus (Andrés et al.,, 2016, 2020). Labelling with the
presynaptic markers 3C11 (anti-synapsin) and nc46 (anti-SAP46)
revealed a complex staining pattern in multiple sites of the mosquito
JO including the base of the auditory cilia, the auditory neuron
somata and axons, the area underneath the basal plate, and along the
auditory nerve (Figure 2A). These findings supported the presence
of presynaptic sites within the mosquito JO. Retrograde tracing of
the efferent fibers and Golgi stainings of the mosquito brain assigned
the origin of some of these neurons to an area located in the lateral
protocerebrum adjacent to the optic lobes, providing evidence of its
efferent nature (Andrés et al., 2016).

Ultrastructural characterization of the efferent terminals in
males using transmission electron microscopy (TEM) showed
fundamental  differences  between  presynaptic  terminals
innervating the auditory nerve outside of the JO, and the rest of
the terminals identified within the JO (Figures 2B, C). Presynaptic

terminals innervating the axons in the auditory nerve were filled
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FIGURE 2

Ultrastructure of auditory efferent terminals. (A) Immunostaining of a male JO labelling the presynaptic protein synapsin (mAb 3C11, anti-synapsin,
green) suggesting the presence of presynaptic terminals within the male JO. Modified from Andrés et al. (2016). (B,C) Transmission electron microscope
images corresponding to distinct sections of a male Cx. quinquefasciatus JO. (B) Ciliary base region, showing a terminal filled with DCVs (yellow dashed
line) located in close proximity to the neuronal membrane around basal bodies. (C) Auditory nerve region depicting two axons and an adjacent
efferent fibre filled with SVs (blue area). A clear synaptic specialization in the postsynaptic axon can be visualized (arrowhead). AN: antennal nerve; AX:

afferent axons; BB: basal body; C: auditory cilia; SO: somata.

with small clear synaptic vesicles (SVs) and the corresponding
postsynaptic structures showed clear synaptic specializations
(Figure 2C). The abundance of synaptic sites with presynaptic
terminals filled with SVs suggests an intrinsic role of these
peripheral synapses in modulating the auditory nerve function
(Edwards, 1998).

By contrast, presynaptic terminals identified along the ciliary
base, somata and axons within the JO do not present postsynaptic
specializations in close vicinity, despite being labelled by the
presynaptic markers 3C11 and nc46 (Yu et al., 2021), suggesting
volume transmission mechanisms of chemical communication
(Fuxe et al., 2010; Liu et al., 2021). Instead, presynaptic terminals
in these areas are mostly filled with large dense-core vesicles (DCVs),
which given the chemical nature of DCVs, could potentially be
comprised of biogenic amines and neuropeptides. Presynaptic
terminals were observed in the vicinity of all inner dendritic
segments (Figure 2B), suggesting that all type A and B scolopidia
receive efferent input. However, because of the absence of clear
postsynaptic structures, it was not possible to decipher the target
cells of these presynaptic terminals at the ciliary base, as both
auditory neuron and scolopale cell membranes were in close
proximity. The location of terminals along the somata and axons
within the JO was less stereotyped, probably due to a less organized
cellular arrangement of these JO regions.

Due to the complexity of the efferent pattern, we propose in this
article a new terminology for the efferent terminals innervating the

Frontiers in Cell and Developmental Biology

mosquito JO based on their localization and ultrastructural features.
We define five different efferent terminal types (Figure 3).

1) Type I terminals innervate the auditory nerve outside the JO and
are ultrastructurally characterized by being filled with SVs and
presenting clear synaptic specializations on the postsynaptic site,
hinting at a subnanometer scale, close-range mode of
intercellular chemical communication by synaptic transmission;

Types II-V are filled with DCVs and do not present synaptic
specializations in the postsynaptic site, suggestive of a volume
transmission mode of chemical release. Types II-V are classified
depending on their location as:

2) Type II terminals that innervate the inner dendritic segments of
auditory neurons close to the ciliary basal bodies and ciliary
rootlets;

3) Type III terminals that are scattered across neuronal somata;

4) Type IV terminals that innervate the auditory neuron axons
within the JO before joining the auditory nerve;

5) Type V terminals that innervate the region underneath the basal
plate.

A pioneering study compared the auditory efferent innervation

in An. gambiae, Ae. aegypti and Cx. quinquefasciatus (Su et al.,
2018). Across males, despite some minor species-specific differences
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Type | terminals (auditory nerve)

Type IV terminals (axons within JO)
Type V terminals (basal plate)

D

S Anophelines HRP,

Flagellum

Prong

FIGURE 3

New nomenclature proposed for the mosquito auditory efferent system. (A,C,D) Efferent terminals innervate the male and female mosquito JOs. JO
horizontal sections stained with a presynaptic marker (mAb 3C11, anti-synapsin, green) and counterstained with a neuronal marker (anti-HRP, red). (A)
Male mosquitoes (here a Cx. quinquefasciatus male JO) present an extensive efferent innervation that targets the auditory nerve (type | terminals), the
ciliary basis (type Il terminals), the somata (type Ill terminals), the axons within the JO (type IV terminals) and the basal plate (type V terminals). (B)
Schematic figure summarising the distribution of efferent presynaptic terminals in the male JO. This pattern is consistent in males across anopheline and
culicine mosquitoes. (C,D) Female mosquitoes present a reduced efferent system compared to males, but differences are clear between culicines (C) and
anopheline (D) mosquitoes. (C) Culicine female (here a Cx. quinquefasciatus female JO) present type Il and Il terminals, innervating the auditory neuron
cilia and somata, respectively. (D) An. gambiae females present a drastically reduced efferent innervation, with some sparse type Il terminals observed
across the neuronal cell bodies. (E,F) Schematics summarizing the distribution of the auditory efferent terminals in females. Culicine females (E) present a
more extensive auditory efferent pattern compared to anopheline females (F). Modified from (Andrés et al,, 2016) and (Su et al., 2018). AX: afferent axons;
C: auditory cilia. Scale bar: 10 pm.
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HRP, Serotonin HRP, GABA
FIGURE 4

Pharmacology of the auditory efferent system in mosquitoes. (A) Schematic of a male JO and the efferent presynaptic terminals corresponding to
the color coding in (B—D); efferent terminals shown as lines correspond to blue: octopamine, green: serotonin, yellow: GABA. (B—D) JO horizontal
sections stained with antibodies recognizing different neurotransmitters and counterstained with a neuronal marker (anti-HRP, red), (B) anti-octopamine
(light blue, arrowheads); (C) anti-serotonin (green, arrowheads) and (D) anti-GAD (yellow, enzyme required for GABA synthesis). Letters in pictures
represent the type of efferent terminals that release each neurotransmitter. Modified from (Andrés et al., 2016). AX: afferent axons; C: auditory cilia. Scale

bar: 10 pm.

in terminal distribution, all five different terminal types were present
and the general organization was well-conserved across mosquito
species despite their evolutionary divergence around 180 million
years ago (Figures 3A, B). This evolutionary conservation suggests
an inherent role of the efferent system in mosquito auditory
function. This work also showed a strong sexual dimorphism in
efferent innervation and greater variability in the efferent patterns
across females of these mosquito species (Figures 3C-F) (Su et al,,
2018). While Ae. aegypti and Cx. quinquefasciatus females presented
some type II and III terminals, female An. gambiae had very few
terminals (probably of III) and the extent of the system was
dramatically reduced (Su et al., 2018).

Pharmacology of the auditory efferent
system in mosquitoes

Immunohistochemical characterizations in Cx. quinquefasciatus
and Ae. aegypti have revealed which neurotransmitters are being
released at the different terminal types (Figure 4) (Andrés et al.,, 2016;
Xu et al,, 2022). The biogenic amines octopamine and serotonin are
released from terminals within the JO (terminals II-V, Figures 4B, C),
and the inhibitory neurotransmitter y-aminobutyric acid (GABA) is
released from type I terminals in the auditory nerve (Figure 4D). This
agrees with the TEM observations previously described, as biogenic
amines are stored in DCVs while amino-acid neurotransmitters are
stored in SVs (Stocker et al., 2018).

Frontiers in Cell and Developmental Biology

In Cx. quinquefasciatus males, octopamine is released from type
IL IIT, IV, and V terminals (Andrés et al., 2016). Serotonin efferent
patterns in males are highly conserved between Cx. quinquefasciatus
(Andrés et al., 2016) and Ae. aegypti (Xu et al., 2022), with serotonin
being released from III and IV terminals. Although anatomical
confirmation is lacking in An. gambige males, a similar
neurotransmitter distribution is expected due to similarities in
their efferent innervation pattern.

A recent paper has reported the expression of a broad range of
receptors from different neurotransmitter families in the ear of male
An. gambiae mosquitoes (Georgiades et al.,, 2022), including not
only octopamine, serotonin and GABA, but also other classical
neurotransmitters such as acetylcholine (ACh) and glutamate. It is
therefore plausible that ACh and glutamate are also released from
efferent terminals in the mosquito JO. Further investigation is
needed to understand the full chemical and neuroanatomical
nature of the mosquito auditory efferent system.

Interestingly, the same study also found expression of multiple
neurotransmitter receptors in the JO of female An. gambiae
mosquitoes (Georgiades et al., 2022), despite scarce labelling with
presynaptic markers (Su et al., 2018). Due to the smaller size of the
female JO compared to the male, it is plausible that volume
transmission mechanisms suffice to mediate the diffusion of
neurotransmitters from the brain to the receptors in the JO (Liu
et al,, 2021; Guidolin et al., 2022). Some neurotransmitters might
also reach the JO via the haemolymph as neurohormones.
Furthermore, it is also possible that some of the neurotransmitter
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TABLE 1 Relevant auditory parameters to be analysed for auditory efferent effects.

Stimulation type Recording type Parameters References
Unstimulated, free fluctuations LDV Flagellar mechanical state, best frequency, tuning sharpness, = Su et al. (2018); Georgiades
amplitude, power gain et al. (2022)

White noise (via loudspeaker playback or LDV Best frequency, displacement gain Andrés et al. (2016); Xu et al.

electrostatic actuation) (2022)

Force-steps (via electrostatic actuation) LDV, Flagellar stiffness, mechanical and electrical sensitivity Su et al. (2018); Georgiades
electrophysiology et al. (2022)

Frequency-modulated sweeps (via loudspeaker LDV, Mechanical and electrical frequency tuning, maximum Andrés et al. (2016);

playback or electrostatic actuation) electrophysiology flagellar sensitivity, flagellar fluctuation power Georgiades et al. (2022)

receptors localize to the auditory nerve connecting the JO to the
brain. Dissections for RNA-Seq involve removing whole pedicel
from the head, making it is plausible that the dissected material
might contain non-JO axonal sections (Georgiades et al.,, 2022),
potentially explaining the discrepancy between transcriptomic and
immunohistochemistry data.

Relevant to this, a recent RNA-Seq analysis of Drosophila JOs,
previously reported to lack any apparent efferent signatures
(Kamikouchi et al.,, 2010), also found significant levels of gene
expression for a broad range of neurotransmitter receptors
(Keder et al, 2020). The authors hypothesized that the
explanation for an apparent lack of synaptic activity within the
Drosophila JO but an enriched receptor expression profile could be
that these receptors are located in the axonal membrane of JO
auditory nerve, closer to the AMMC in the brain. A recent electron-
microscopy-based work led by Kim and others supports this
explanation (Kim et al, 2020), with their images showing the
auditory nerve outside of the JO as possessing postsynaptic sites,
hinting at a potential role of these innervations in modulating the
auditory electrical signal en route to AMMC. Studying the
localisation of neurotransmitter receptors using antibodies
(Gregor et al, 2022) or other genetic approaches will be
important to validate omics data and to understand the
that
neuromodulation of the JO physiology in mosquitoes.

mechanisms of chemical transmission mediate the

Function of the auditory efferent
system in mosquitoes

Mosquito auditory function has been studied using laser
Doppler vibrometry (LDV) to record mechanical responses of
the flagellum (sound receiver). Corresponding electrical

responses of the nerve have been measured using
electrophysiology. Analytical pipelines include measuring the
spontaneous vibrations of the flagellum in the absence of sound
(free fluctuations), followed by mechanical stimulation exposure.
Different parameters such as the flagellar mechanical state,
mechanical and electrical frequency tuning (including best
frequency and tuning sharpness), sensitivity and stiffness of the
system can be extracted from these measurements (Andrés et al.,
2016; Su et al., 2018; Georgiades et al., 2022). Analysing the effects
of individual neurotransmitters on these parameters is important

to understand how the efferent system influences the mosquito
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auditory perception and future functional studies should take them
into account (Table 1). It is important to consider that emerging
properties of the system might be challenging to study given the
limitations of the experimental setup. Examining potential
circadian time-dependent changes in the effects of the efferent
neurotransmitters is also necessary, as mosquito auditory
physiology is influenced by circadian time (Georgiades et al,
2022).

Global effects

Given the lack of neurotransmitter receptor antibodies for
mosquitoes, as well as a paucity of genetic tools, it has been
challenging to identify the nature and expression pattern of
neurotransmitter receptors located within the JO. However,
recent advancements in mosquito genome engineering using
CRISPR-Cas9, such as the generation of promoter-specific QF
driver lines and QUAS-fluorescent reporter marker line, have
opened up new avenues to finally start characterising the sensory
neurons determining mosquito behaviors (Coutinho-Abreu and
Akbari, 2022; Herre et al., 2022; Konopka et al., 2022).

Although antibodies and genetic resources are not yet widely
available, researchers have already started profiling the functional
role of the auditory efferent system by interfering with the function
of all receptors within the JO via injection of either tetrodotoxin
(TTX) or tetanus toxin (TeNT) to disrupt all afferent/efferent
signalling pathways, thus acting as a palimpsest of more targeted
Drosophila experiments driving TTX specifically in auditory
neurons (Kamikouchi et al., 2010). Injection of either TTX or
TeNT resulted in males exhibiting SSOs, whilst females showed
essentially no change when compared to either pre-injection status
or control injections with a physiological Ringer solution (Su et al.,
2018). That severing efferent signalling led to SSO initiation suggests
that some component of this efferent system controls SSO onset;
however, it remains unclear exactly which neurochemicals are
responsible for driving this phenomenon.

Octopamine and tyramine

The two biogenic amines octopamine and tyramine are
invertebrate-specific counterparts of the vertebrate adrenergic
neurotransmitters adrenaline and noradrenaline (Roeder, 2005).
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TABLE 2 Known effects of neurotransmitters on male mosquito hearing function.

Neurotransmitter

JO

Mosquito

Neurotransmitter

Receptors

10.3389/fcell.2023.1123738

Effect of

References

type species tested IHC release sites identified in JO  neurotransmitter
(presynaptic (via RNA-Seq exposure on hearing
terminals) or RT-qPCR) function
Octopamine Cx. Yes I, 101, IV, V Yes Increase in mechanical tuning Andrés et al.
quinquefasciatus/ frequency and flagellar stiffness. =~ (2016); Georgiades
An. gambiae SSO frequency and amplitude et al. (2022)
modulation
Serotonin Cx. Yes 11, III Yes Increase in mechanical tuning Andrés et al.
quinquefasciatus/ frequency (2016); Georgiades
An. gambiae/Ae. et al. (2022); Xu
aegypti et al. (2022)
GABA Cx. Yes I Yes Increase in mechanical tuning Andrés et al.
quinquefasciatus/ frequency/change in nerve (2016); Georgiades
An. gambiae response et al. (2022)
Acetylcholine An. gambiae No Unknown Yes Unknown Georgiades et al.
(2022)
Glutamate An. gambiae/Cx. No Unknown Yes Unknown Andrés et al.
quinquefasciatus (2016); Georgiades
et al. (2022)
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Invertebrate and vertebrate systems share many similarities
regarding neurotransmitter biosynthesis pathways, pharmacology
and signalling via G-protein-coupled receptors (GPCRs) (Farooqui,
2007). The octopaminergic/tyraminergic system of insects controls a
plethora of vital physiological processes and behaviours, including
locomotion, egg laying, feeding, olfaction, sleep and mating (Linn
et al., 1996; Flecke and Stengl, 2009; Ma et al., 2015; Schendzielorz
et al., 2015; Zhukovskaya and Polyanovsky, 2017).

Putative octopamine release sites were found in type II, III, IV
quinquefasciatus mosquitoes, as
B) (Andrés et al, 2016). The
octopaminergic innervation was

and V terminals of male Cx.
described above (Figures 4A,
functional significance of this
tested using a pharmacological approach. Thoracic injections of
octopamine or the octopamine receptor agonist, clonidine, were
performed, and effects in the flagellar mechanics were measured by
LDV. Both compounds affected flagellar mechanics and shifted
mechanical frequency tuning to higher values. They increased
flagellar sensitivity to sound and boosted the fluctuation power of
male ear vibrations, indicating enhanced JO neuron motility and
mechanical amplification (Table 2). Further administration of the
octopamine receptor antagonist, phentolamine, induced a near
complete reversion of the flagellar mechanics to its pre-activation
state, demonstrating the specificity of the octopaminergic effect on
(male) hearing function.

Recent work indicates that in An. gambiae, octopamine appears
to also play a conserved role in influencing mosquito hearing
function in a sexually dimorphic and circadian time-dependent

manner (Georgiades et al, 2022). Multiple homologs of
Drosophila octopamine receptors were identified in the An.
gambiae JO (Figure 5A). Exposing male mosquitoes to

octopamine altered the flagellar mechanics of Anopheles males at
multiple levels, including flagellar fibrillae erection (fibrillae are
permanently erected in Cx. quinquefasciatus so this was not
investigated in the previous study), a significant upward shift of
the flagellar mechanical tuning frequency and an increase in flagellar
stiffness values. The sensitivity of the male ear to octopamine
exposure changed throughout the day, with male flagellar
mechanics appearing more prone to changes (and showing a
larger extent of change) upon octopamine administration during
swarming, as compared to non-swarming times.

Interestingly, AGAP002886, the octopamine P2 receptor
(OctP2R) ortholog in An. gambiae (Figure 5A), was identified as
the key octopamine receptor mediating the auditory responses to
octopamine administration. AGAP002886 '~ males show defects in
the erection of flagellar fibrillae during swarming time and
octopamine injections failed to rescue such defects. Building onto
this, these mutant males also failed to respond to exogenous
octopamine in terms of hearing function, showing almost
unaltered mechanical tuning frequency upon octopamine exposure.

In Drosophila, the activation of Octf2R by octopamine elevates
intracellular cAMP levels in neurons (Lim et al, 2014). Octp2R,
which is itself an autoreceptor, reinforces octopamine signalling by
switching on the cAMP and CREB-dependent autoregulatory
positive feedback mechanism. It would be interesting in the
future to examine if the mosquito Octp2R AGAP002886 similarly
possess autoreception properties, and if so, how the efferent
octopaminergic fibres use such autoregulatory mechanism to alter
the hearing function of mosquitoes.
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Differential levels of octopamine and tyramine in the insect
nervous system have been implicated in regulating important insect
behaviours (thus far largely in Drosophila) such as olfaction,
locomotion, feeding, and mating (Roeder, 2005; Yang et al,
2015). The antagonistic actions of octopamine and tyramine (the
intermediate product of the octopamine biosynthesis pathway) have
been reported to coordinate the switch in olfactory preference
between gregarious and solitary locusts (Ma et al., 2015). Future
work looking into the role of tyramine in addition to octopamine
would also provide insights as to whether the time-dependent
modulations of the hearing system of mosquitoes can be
attributed to the antagonist actions of octopamine and tyramine.

Serotonin

As another key biogenic amine, serotonin (also known as 5-
hydroxytryptamine or 5-HT) regulates different aspects of animal
behaviours by acting mostly via GPCRs (Tierney, 2018). In D.
melanogaster, differential
serotonin receptors has been implicated in mediating behaviours

binding of serotonin to distinct
such as mating, aggression, sleeping, feeding and circadian
entrainment (Page, 1987; Yuan et al., 2005; Becnel et al,, 2011;
Pooryasin and Fiala, 2015; Sun et al., 2020). Five distinct serotonin
receptors, split across 3 families exist in D. melanogaster, though
further 5-HT7 family members have been found in both Ae. aegypti
and An. gambiae (Fuchs et al., 2014; Ling and Raikhel, 2018; Ngai
et al,, 2019; Xu et al., 2022) (Figure 5B).

The presence of serotonin in the ears of Ae. aegypti and An.
gambiae was reported over a decade ago (Siju et al., 2008), with
identification in the male Cx. quinquesfasciatus ear following in 2016
(Andrés et al,, 2016). In Cx. quinquefasciatus and Ae. aegypti male
mosquitoes, serotonin is released from S and A efferent terminals in
the JO (Xu et al,, 2022). The distribution pattern of serotonin signals
in the female Ae. aegypti JO also appear to be highly similar to their
male counterparts, with the only major difference being a far greater
extent of co-localization between serotonin and the presynaptic
marker 3CI1 in the somata of females than males, suggesting
different actions of mechanisms of serotonin in both sexes (Xu
et al, 2022). The apparent minimal co-localization between
3C11 and serotonin signals in males yet an abundant serotonin
distribution in the male somata could be attributed to local serotonin
production within the male and female Ae. aegypti JO neurons, as
demonstrated by both males and females expressing the key
serotonin synthesis enzyme, tryptophan hydroxylase (TPH) in
their JOs, which is also indicative of JO neurons themselves
being serotonergic (Xu et al, 2022). The pattern of serotonin
efferent innervation is different to octopamine, suggesting distinct
and specific mechanisms of action.

Indeed, functional studies of the Ae. aegypti ear upon serotonin
exposure support its role as an efferent neuromodulator, with the
mechanical tuning frequency of the male ear increased by far greater
an amount than females upon serotonin exposure (Xu et al., 2022)
(Table 2). However, it is still interesting that the female tuning
frequency mildly shifted given the relative non-dynamic nature of
the female flagellar mechanics compared to the males (Su et al,
2018). Interestingly, inhibition of serotonin synthesis via alpha-
methyltryptophan (AMTP) exposure leads to a reduction in the
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male ear mechanical tuning frequency as well as a change in male
hearing behavior. As receptors from the 5-HT7 family show higher
expression in the ears of Ae. aegypti mosquitoes in relation to the
brain (Georgiades et al., 2022; Xu et al., 2022), these receptors have
been proposed to be the primary molecular target of serotonin
signalling in the ears and their activation or inhibition may lead to
downstream changes in the hearing function.

GABA

GABA, the major inhibitory neurotransmitter found in the nervous
systems of vertebrates and invertebrates serves key roles in many
physiological processes. For instance, GABA plays a conserved role
in regulating the sleep-wake cycle of mammals and insects (Ono et al.,
2018; Ki and Lim, 2019; Massah et al, 2022). Fluctuating levels of
GABA in clock neurons are known to set the rhythmicity of activity
profiles in insects (Ki and Lim, 2019; Massah et al., 2022). GABA
differentially regulates neuronal excitability by binding to two
structurally- and functionally-distinct receptor families, namely,
GABA,, ligand-gated chloride ion channels and GABAg, a
metabotropic G-protein coupled receptors (Bowery and Smart,
2006). Figure 5C shows the conservation of these receptor families
in mosquitoes and Drosophila. Owing to the distinct receptor kinetics
and mechanisms of action of these two receptor families, the effect of
inhibitory GABAergic input on the target neurons may differ
depending on the GABA receptor profiles that they display (Bowery
and Smart, 2006).

GABAergic innervation of the nerve bundles (type I terminals)
axons of JO neurons in the male Cx. quinquefasciatus ears has been
demonstrated via staining of the male ears with glutamic acid
decarboxylase (GAD) (Figure 4D), an enzyme responsible for the
conversion of glutamate into GABA (Buddhala et al., 2009). The
central origin of such GABAergic innervation is supported by the
absence of GAD signals in the JO cell bodies, supporting the idea
that JO neurons themselves are likely not GABAergic. In line with
the anatomical evidence, functional studies have demonstrated that
picrotoxin-mediated blocking of GABA, receptors in Cx.
quinquefasciatus males leads to an increase in the mechanical
frequency tuning as well shifts in the DC response of afferent
action potential signalling from auditory neurons (Andrés et al,
2016), hinting at the possibility of GABAergic influence on the
peripheral auditory frequency tuning and first-level acoustic
information processing of auditory electrical signals within JO
neurons.

Potential GABA receptors in the JO that may be receiving
efferent GABAergic inputs have recently been identified in the
ears of An. gambiae (Georgiades et al., 2022). Building parallels
to the GABAergic innervation of AN terminals in the JO of male Cx.
quinquefasciatus (Andrés et al., 2016), GABA receptors are most
likely located in the axonal membrane along the auditory nerve in
both Cx. quinquefasciatus and the malaria mosquitoes. It would be
interesting to study how potential combinations of different GABA
receptors determine inhibitory signals of the auditory afferent
information in mosquitoes. The inhibitory GABAergic system
has also been implicated as serving key roles in the central
processing of auditory signals (Lin and Feng, 2003; Pinaud et al.,
2008; Lai et al,, 2012). In D. melanogaster, the tuning of a subset of
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higher order auditory circuits to sound relies in part on GABA.
GABAergic systems have also been found to play roles in song
preference learning in D. melanogaster, with expression of the
GABA, receptor Resistance to dieldrin (Rdl) in pCl neurons
songs
heterospecific sounds (Li et al, 2018). Rdl may thus play a

essential for learning to select conspecific from
similar role in auditory learning processes in mosquitoes.

Given the abundance of SVs-enriched type I presynaptic
terminals that come into contact with the JO nerve bundles of
male Cx. quinquefasciatus (Andrés et al., 2016) it would also be
relevant to investigate whether, in addition to GABA, other amino-
acid neurotransmitters such as glycine may also innervate this
region and thus influence processing of auditory electrical signals.
Investigating potential glycinergic innervations of JO nerve bundles
would be an interesting approach, as previous work identified close
clustering of glycinergic and GABAergic receptors at inhibitory
postsynaptic sites (Groeneweg et al,, 2018). In addition to the
chief inhibitory neurotransmitter GABA, glutamate, the precursor
of GABA and a key excitatory neurotransmitter itself, also has
receptor counterparts identified in the ears of An. gambiae
(Georgiades et al, 2022). The presence of both inhibitory
GABAergic receptors and excitatory glutamatergic receptors in
the JO suggests that this pair of antagonistic neurotransmitters

may interact to influence JO neuron properties.

Other neurotransmitter families

Beyond the aforementioned three major neurotransmitter types,
a multitude of other families also exist, though no published studies
describe their function in modulating mosquito auditory efferent
systems. JO neurons across Drosophila species are highly cholinergic
(Sivan-Loukianova and Eberl, 2005). Equivalent studies in
mosquitoes are lacking, but based on an analysis of the recent
An. gambiae JO RNAseq dataset many cholinergic receptor
subunits are expressed in the mosquito JO (Georgiades et al,
2022), suggesting that ACh might be involved in both the
afferent and efferent auditory signalling pathways in mosquitoes.
Targeting individual subunits of the cholinergic receptors might
shed light on its auditory role, though this may be challenging given
the plethora of existing receptors and potential redundant roles
(Figure 5D).

The importance of song-dependent learning in D. melanogaster,
and the extensive innervation of multiple brain regions (including
AL) in mosquitoes by tyrosine hydroxylase (Wolff et al.,, 2023),
suggest that dopamine may play a central role in terms of auditory
information processing. Given the crucial role of the dopaminergic
system in mediating learning and memory formation, the
involvement of dopamine in mosquito auditory-related learning
processes may be of interest for future investigations (Berry et al.,
2012).

Comparison between invertebrate and
vertebrate efferent systems

Whilst auditory efferent systems have not been reported in

insects outside of mosquito species (though see previous
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discussion on D. melanogaster), all vertebrates show descending
efferent control of their hearing. Efferent innervation has been
described across reptile, fish, avian and mammalian species
(Manley, 2000). In most vertebrates, the main auditory efferent
activity is cholinergic and controls the sensitivity of the auditory
system (Guinan, 2018; Lopez-Poveda, 2018).

In mammals, central control of peripheral hearing function is
mediated via olivocochlear efferent neurons that originate in the
superior olivary complexes of the brain and project to the cochlea
(Ryugo et al, 2010). They split into two groups depending on
whether they start from medial or lateral sides: medial
olivocochlear (MOC) neurons that innervate outer hair cells
(OHC) and lateral olivocochlear (LOC) neurons that synapse on
afferent fibers innervating inner hair cells. Both groups of efferent
neurons utilise ACh as the major neurotransmitter (Ryugo et al.,
2010) although other neurotransmitters have been described mostly
in LOC. Despite obvious differences across invertebrate and
vertebrate ears, there are common structural and functional
principles shared across their auditory efferent systems (Albert
and Kozlov, 2016).

A common and integral feature of invertebrate and vertebrate
hearing is an active and intensity-dependent mechanical
amplification of sound, which has been shown to be controlled
by efferent activity. In mammals, MOC efferent innervation on
OHC turns down the gain of the cochlear amplifier and affects
Prestin-mediated OHC electromotility (He et al., 2003; Guinan,
2018). These mechanisms have been linked to aiding in the
discrimination of sound in noisy environments and protecting
the ear from acoustic trauma. In mosquitoes, efferent control also
affects the mechanical amplification of sounds and reduce the extent
of flagellar mechanical responses induced by sound stimulation (Su
et al, 2018; Georgiades et al, 2022). It is worth noting that a
modulation of signal-to-noise ratio by efferent control could be
essential in the sensory context of the swarm, where hundreds of
mosquitoes fly together. The swarm is a highly noisy and dynamic
environment, and its sensory ecology can greatly vary depending on
a number of factors such as changes in mosquito numbers,
temperature or wind. The detection of the faint female flight
tones by males in this challenging context might have acted as a
selection pressure to drive the emergence of an efferent network to
control the mosquito auditory system, thus enhancing the
performance and plasticity of male hearing. It would be worth
exploring if other insects that mate in swarms and rely on the
acoustic detection of mating partner, such as midges (Fedorova and
Zhantiev, 2009) also present efferent innervation of their ears,
perhaps establishing an association between the acoustic ecology
of the swarms and the presence of auditory efferent systems.

There seems to be a convergence in the effects of the efferent
innervation in controlling the ear’s spontaneous activity across
vertebrates and mosquitoes. SSOs, which much like SOAEs in
vertebrates are the most impressive signature of mechanical
feedback amplification in mosquitoes, disappear when efferent
signalling is ablated, suggesting that in addition to having a
transducer-based mechanism, the auditory efferent system of
males also acts concertedly to control the male ear mechanical
amplification (Su et al,, 2018). Recent work in male An. gambiae
shows that exogenous octopamine administration mimicking
efferent octopamine release into the JO causes an increase in SSO
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frequency coupled to a decrease in amplitude that ultimately leads to
SSO cessation, likely mediated through an increase in the flagellar
stiffness (Georgiades et al., 2022). Likewise, the effect of MOC on
SOAEs is a reduction of their amplitude and a shift to higher
frequencies (Zhao and Dhar, 2011; Zhao et al., 2015).

From a neurochemical perspective, MOC fibers release ACh
onto OHC. In this system, ACh plays an inhibitory role mediated
by the a9al0 nicotinic cholinergic receptor (a9al0 nAChR),
which is highly permeable to Ca®**, that in-turn activates K*
channels to hyperpolarize OHC (Glowatzki and Fuchs, 2000;
Oliver et al., 2000). In An. gambiae mosquitoes, transcriptomic
analysis found evidence of multiple a nAChR subunits being
expressed in the JO (Georgiades et al., 2022), although its
function remains elusive. It is worth noting that GABA co-
localizes with ACh in MOC terminals, suggesting a putative
modulation of ACh release by GABA (Maison et al, 2003,
2006; Katz and Elgoyhen, 2014). In mosquitoes, there is large
GABAergic innervation of the auditory nerve (Figure 4D) that
inhibits sound-induced electrical responses of the auditory nerve
(Andrés et al., 2016). A better understanding of GABA functions
in both systems could help to establish parallel methods of
inhibitory auditory control. Although LOC efferent function is
less understood, different reports show that apart from ACh, LOC
terminals also release other neurotransmitters such as GABA
(Plinkert et al., 1993), serotonin (Gil-Loyzaga et al, 1997),
dopamine (Wu et al, 2020), calcitonin gene-related peptide
(CGRP) (Le Prell et al, 2021) and other opiod peptides
(Safieddine et al., 1997; Lioudyno et al., 2002). Interestingly, an
ortholog of CGRP receptor has been found to be expressed in the
An. gambiae JO (Georgiades et al., 2022).

Biogenic amines have been shown to play an essential role in the
efferent modulation of mosquito hearing (Georgiades et al., 2022; Xu
et al., 2022). Octopamine’s effect on the auditory tuning of the male
mosquito is circadian-time dependent and has been linked to
increase the female audibility in the swarm (Georgiades et al,
2022). In mammals, auditory function is affected by circadian
rhythms (Meltser et al., 2014; Basinou et al., 2017), although the
efferent system has not been yet implicated in this regulation.
However, the mechanisms identified to be under circadian-clock
control in the cochlea include the sensitivity to noise trauma
(Meltser et al., 2014) and the frequency of SOAEs (Haggerty
et al.,, 1993; Cacace et al., 1996), both of which are linked to the
MOC efferent activity. It would be interesting to explore whether the
auditory efferent system confers circadian rhythmicity to peripheral
cochlear function.

Conclusion

Understanding the physiology and function of the mosquito
auditory efferent system raises many tantalising questions. The
presence of efferent innervation in evolutionarily diverse
mosquito species suggests that it is an intrinsic component of
the mosquito auditory system that may be linked to boosting
relevant sound detection in the sensory context of male-
The
modes of action, sites of release and target cell-binding

dominated swarms. diversity in neurotransmitters,

suggest complex modulatory patterns comparable to auditory
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efferent systems in vertebrates. Understanding the effects of
efferent activity on the physiology of the mosquito ear can
illustrate basic biophysical principles inherent to the auditory
function in a system far more accessible than their vertebrate
counterparts. More research is required to enable the molecular
and genetic dissection of these processes that can potentially
inform research in more complex mammalian and human
systems. Moreover, since accurate auditory efferent control is
linked to mosquito mating fitness, the receptors might offer new
the control of disease-

and exciting opportunities for

transmitting mosquito populations.
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