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The acoustic sensory organs in mosquitoes (Johnston organs) have been thoroughly studied; yet, to date,
no data are available on the individual tuning properties of the numerous receptors that convert sound-
induced vibrations into electrical signals. All previous measurements of frequency tuning in mosquitoes
have been based on the acoustically evoked field potentials recorded from the entire Johnston organ.
Here, we present evidence that individual receptors have various frequency tunings and that differently
tuned receptors are unequally represented within the Johnston organ. We devised a positive feedback
stimulation paradigm as a new and effective approach to test individual receptor properties. Alongside
the glass microelectrode technique, the positive feedback stimulation paradigm has allowed us to obtain
data on receptor tuning in females from three mosquito species: Anopheles messeae, Aedes excrucians and
Culex pipiens pipiens. The existence of individually tuned auditory receptors implies that frequency anal-
ysis in mosquitoes may be possible.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction sound. Most behavioural experiments were conducted using male
The sensing of acoustic stimuli by mosquitoes was first reported
by Johnston (1855) when he described a sensory organ in the sec-
ond segment of the insect antennae, which was subsequently
named Johnston’s organ (JO). Since then, considerable morpholog-
ical, physiological and behavioural evidence has been accumulated
about audition in mosquitoes.
1.1. Behaviour

It has been established that males are able to detect conspecific
females by their flight sounds – the acoustic waves that are gener-
ated by wing strokes during flight (Belton, 1974; Clements, 1999;
Roth, 1948; Tischner and Schieff, 1955; Wishart et al., 1962). Be-
cause female mosquitoes produce a relatively low-amplitude
sound (Mankin, 1994), the male auditory system must be highly
sensitive. Many studies have been performed to explain the mech-
anisms of hearing in male mosquitoes. Meanwhile, until the begin-
ning of this century, it was believed that female mosquitoes
themselves did not demonstrate any behavioural response to
attraction to sounds of different frequencies, but this experimental
paradigm proved to be ineffective for females. Quite recently, it
was found that females of several mosquito species are attracted
to the sounds of their amphibian hosts (Bartlett-Healy et al.,
2008; Borkent and Belton, 2006; Borkent, 2008; Toma et al., 2005).

The recent finding that male and female mosquitoes mutually
alter their wing-beat frequencies when they hear the conspecific
signal (Cator et al., 2009; Gibson and Russell, 2006) allowed for
the measurement of behavioural tuning curves measured from
Toxorhynchites mosquitoes using alterations in wing-beat fre-
quency as a response to sound stimulation. The tuning curves of
males and females of this species are similar in shape, with their
best frequencies being close to 400 Hz; males are approximately
seven times more sensitive than females (Gibson and Russell,
2006).

When analysing the tuning curve of the auditory organs of a
mosquito, it is generally believed that its shape is determined as
acoustic vibrations are transduced into brain signals by the
mechanical tuning of the antenna, tuning properties of sensory
cells and active feedback mechanisms. Below, we briefly discuss
each of these steps.

1.2. Mechanical frequency tuning

In both males and females, the antennae are resonantly tuned
mechanical systems that move as simple forced-damped harmonic
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oscillators when acoustically stimulated. The resonant frequency
of the female antenna is approximately 230 Hz. That of the male
is approximately 380 Hz, which corresponds to the fundamental
frequency of female flight sounds (Göpfert et al., 1999). In recent
years following the discovery of the mutual wing beat frequency
adjustment in males and females of Toxorhynchites brevipalpis
(Gibson and Russell, 2006) and Aedes aegypti (Cator et al., 2009),
much attention has been paid to the nonlinearity of response char-
acteristics in the antennal mechanical complex (Gibson et al.,
2010; Jackson and Robert, 2006; Pennetier et al., 2010; Warren
et al., 2009).

In addition to the passive mechanical properties of the antenna,
the mosquito JO and the ears of many other animals demonstrate
active mechanics that enhance the sensitivity and tuning of the fla-
gellar mechanical response in physiologically intact animals,
amplifying sound-induced vibrations at specific frequencies and
low intensities (Avitabile et al., 2010; Göpfert and Robert, 2001;
Nadrowski et al., 2011)

1.3. Auditory neurons

Each of the two Johnston’s organs of a male mosquito contains
approximately 15,000 mechanosensory cells (Boo and Richards,
1975a), with approximately half that number present in females
(Boo and Richards, 1975b). These mechanosensory neurons are
grouped into radially arranged sensory units, called the scolopidia,
each of which consists of one to four bipolar sensory neurons and
typically three types of supporting cells (Belton, 1974; Boo and
Richards, 1975a; Hart et al., 2011). The sensory neurons mechano-
electrically transduce the nanometre-scale sound-induced vibra-
tions of the antennal flagellum into electrical signals (Göpfert
and Robert, 2000) and pass them on to the brain via the antennal
nerve.

To date, the majority of physiological data from the mosquito
auditory organ has been obtained by impaling the JO with tungsten
electrodes and recording acoustically evoked field potentials. The
results of these experiments highly depend on the filtering method
used during the recording (Cator et al., 2009; Pennetier et al., 2010)
and the author’s choice from different components of the complex
potential to measure auditory thresholds. Nevertheless, whatever
method was used to obtain the frequency threshold curve (audio-
gram), it was tacitly implied that the tuning characteristics of indi-
vidual receptor cells were similar to each other and to the tuning of
the entire JO. In other words, it means that mosquitoes, despite
possessing a comparably large number of auditory receptors, are
not capable of distinguishing different frequencies.

However, there have been recent observations that have con-
tradicted this assumption:

(1) Behavioural auditory tuning curves that are based on the
minimum threshold level of sound that elicits a change in
wing-beat frequency in response to pure tones were found
to be sharper than the mechanical tuning of the antennae
(Gibson and Russell, 2006).

(2) We have recorded responses from auditory interneurons in
the brain neuropile of Culex pipiens pipiens males (Lapshin,
2012, 2011). The use of a glass microelectrode technique
allowed us to record from individual interneurons and to
measure their frequency characteristics. In addition to the
expected broadband frequency responses that fit the sum-
mary response of the JO, we found a significantly different
type of neurons that demonstrated very narrow-band
responses (peak width approximately 30 Hz at Th+10 dB).

In light of these facts, it was natural to ask whether all of the
auditory receptors have the same broadband frequency response
similar to the one that is usually observed in the extracellular field
potential recorded from JO. In other words, from where did these
sharp tuning curves appear?

Here, we present evidence that individual receptors within the
JO have different and discrete frequency tuning characteristics. We
have studied females from three common mosquito species that
are known to have different behavioural and feeding preferences
(Silver, 2007). Female mosquitoes were chosen instead of males
due to obvious gaps in our knowledge about their auditory system
and due to their relevance to humans. Similar results that we have
observed from male mosquitoes are currently being prepared for
publication.
2. Methods

2.1. Animal preparation

Female mosquitoes of Anopheles messeae Falleroni (33 speci-
mens), Aedes excrucians Walker (20 specimens) and Culex pipiens
pipiens L. (46 specimens) were collected from the wild in the Mos-
cow region of the Russian Federation. Mosquitoes were collected in
June (Ae. excrucians) and August–September (An. messeae and Cx. p.
pipiens) at the Kropotovo biological station (105 km south-west
from Moscow).

Individual mosquitos were glued to a small (10 � 5 mm) cop-
per-covered triangular plate by a flour paste with 0.15 M sodium
chloride added. This type of attachment simultaneously serves
three functions: it ensures good electrical contact of the mosquito
with the plate, which was used as a reference electrode, mechani-
cally fixes the mosquito and prevents it from drying during the
experiment. The head of the mosquito was glued to its body by a
bead of varnish. The plate with the mosquito was mounted on a
micropositioner within the sound stimulation chamber using a pair
of miniature magnets (Fig. 1A).
2.2. Microelectrode recordings

Recording from individual receptor axons requires a very sharp
electrode tip; we found the conventional tungsten electrode tech-
nique inapplicable. Glass microelectrodes can be pulled to a very
sharp tip but one that often breaks during the puncture of a hard
cuticle. Nevertheless, in our preliminary experiments, we found
an area at the lower edge of the pedicel where the cuticle was thin-
ner and softer (Fig. 1B), and adjusted the glass pulling conditions to
obtain an electrode tip that, after puncturing the cuticle, was still
sharp enough to record from a single or several neighbouring
receptor axons.

Recordings from the antennal nerve were made with borosili-
cate glass microelectrodes (1B100F–4, WPI Inc.) filled with
0.15 M sodium chloride. We used sodium rather than potassium
ions because most of our recordings were made extracellularly
and to minimise the damage caused by the solution flowing out
from the electrode onto the neurons of the antennal nerve.

The position of the microelectrode tip within the antennal nerve
was roughly estimated according to the reconstruction of mos-
quito’s deutocerebrum neuronal structure provided by Ignell
et al. (2005) and supported by the observation of the characteristic
response to the acoustic stimulation.

Freshly prepared electrodes had a resistance of 60–80 MX. Dur-
ing the puncture of the cuticle the tip of the electrode broke giving
a larger diameter and lower resistance which usually remained
constant at approximately 10 MX. Most of the recordings (extra-
cellularly measured tuning curves and autoexcitation experi-
ments) were made with these low-resistance electrodes. Often
we replaced an electrode in the course of a single experiment using
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Fig. 1. Experimental procedure. (A) The experimental setup for electrophysiological
recording and sound stimulation. 1 – primary loudspeakers, 2 – screening grid, 3 –
plastic tube connecting the two loudspeakers, 4 – mosquito, 5 – rotatable plate/
reference electrode, 6 – position of a secondary loudspeaker (present only in control
series), 7 – recording glass microelectrode, 8 – micropositioner, 9 – preamplifier. (B) A
photograph of a mosquito head with a glass microelectrode inserted at the base of the
pedicel. The microelectrode is outlined by a dotted line in the image; the tip of the
microelectrode was inserted by 0.05–0.1 mm below the cuticle. (C) Schematic
representation of the JO and the recording electrode (modified from Hart et al., 2011).
The electrode is inserted through the cuticle to the area of antennal nerve fibers.
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the previously made puncture in the cuticle to insert a new elec-
trode into the antennal nerve. The recordings of individual fibers,
presumably intracellular, were made with the electrode resistance
of 30–40 MX (measured immediately after the recording).

The electrode was manipulated by means of micropositioner
(with continuous signal recording and periodic sound stimulation:
filling frequency of pulses 120 Hz, duration 80 ms, amplitude 65 dB
SPVL, period 600 ms) until its tip reached the antennal nerve,
which manifested itself with a substantial rise of the response
amplitude and the appearance of the characteristic shapes of re-
sponse potentials. During the search of responses in An. messeae
the amplitude of stimulation was increased up to 75 dB SPVL.

Neuronal responses were amplified using a home-made DC
amplifier (input resistance >30 GX, bandpass 5–5000 Hz) and were
recorded together with stimulation signals using E14–440 A/D
board (L-Card, Russia) at 20 kHz sampling rate. A 5 Hz lower fre-
quency limit was set as a compromise between the possibility of
recording (at least partially) sustained neuronal potentials and to
avoid overloading the amplifier during the receptor autoexcitation
(see below). Partly due to this frequency limit the measurements of
the resting membrane potential were not made in the recordings
which we presume to be intracellular. Because the amplitude of
individual responses was comparably high, we did not average
the signals.
2.3. Sound stimulation

Sound stimuli were delivered through a pair of Visaton
WS 13 BF loudspeakers (8 Ohm, resonance frequency 51 Hz) posi-
tioned towards each other at the ends of cylindrical plastic cham-
ber (120 mm in diameter, 90 mm between loudspeakers diffusers,
see Fig. 1A). The loudspeakers were electrically connected to oper-
ate in counter phase via the balanced circuit. The entire chamber
was electrically shielded with the metallic mesh. At low frequen-
cies (40–500 Hz range, which we used in this study) when the
acoustic wavelength significantly exceeded the distance between
the loudspeaker diffusers, the air velocity within the chamber
was similar to the velocity of the diffuser movement.

The better the symmetry of the acoustic parameters of the two
loudspeakers, the more accurately the air within the chamber fol-
lowed the movement of loudspeaker diffusers. Unavoidable varia-
tions in loudspeaker parameters increased the variable pressure
level within the chamber; the latter was measured by a micro-
phone inserted into the chamber through an opening in its side-
wall. By adjusting the balanced circuit it was possible to
minimise the level of variable pressure and thus achieve a better
symmetry for the entire stimulation system.

The loudspeakers were calibrated using several different
methods:

First, the loudspeaker oscillation amplitude was measured opti-
cally by a contrast mark put on its diffuser and stroboscopic obser-
vations, while the rate of stroboscopic flashes was set 1 Hz higher
than the frequency of the sound.

The rms particle velocity (pV, mm/s) was defined by

pV ¼
ffiffiffi

2
p

2
pfAp�p

where p = 3.141..., f is the frequency in Hertz of the signal driving
the loudspeaker and Ap–p is the full range of the loudspeaker dif-
fuser oscillation in millimetres.

To control the stimulation level at a variable frequency, a Shure
M75-6S phonograph cartridge was mounted at the central dome of
one of the loudspeakers; this type of cartridge functions as a broad-
band sensor of vibrational velocity. Mechanical contact of the car-
tridge with the central dome of the loudspeaker was adjusted to
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provide a better amplitude linearity when recording low frequency
oscillations. The amplified signal from the cartridge was visualised
on a voltmeter with a logarithmic scale and recorded in parallel
with the neuronal responses.

Finally, pV within the stimulation chamber was measured by an
Oktava ML-53 ribbon microphone, which was previously cali-
brated in the far field according to the technique described by War-
ren et al. (2010) using the B&K 2253 sound level meter with a B&K
4135 microphone.

A comparison of the results provided by different calibration
methods showed a 1 dB (10%) difference; therefore, the accuracy
of the measurements was accepted as sufficient. All pV data in this
study are given in the logarithmic scale in dB SPVL (sound particle
velocity level), with a reference level of 0 dB being equal to
4.85 � 10�5 mm/s, which corresponds in the far field to the stan-
dard reference sound pressure of 20 lPa.

The mosquito was positioned such that the stimulation acoustic
waves caused a dorso-ventral deformation of the antenna flagel-
lum except for the control experiments with a different loud-
speaker (see below). The movement of air particles during the
stimulation in the dorsal direction was taken as the positive
direction.

Sinusoidal signals for acoustic stimulation were synthesised by
a GSPF-051 DAC board (Rudnev–Shilyaev, Russian Federation) and
amplified using a homemade power amplifier.

To control for the influence of the loudspeaker physical proper-
ties and the geometric orientation of a mosquito towards the
source of the sound, an additional series of experiments was con-
ducted using a significantly different loudspeaker serving as a
source of the stimulation sound. A miniature 8-Ohm loudspeaker
(YD58, Senon Audio; main mechanical resonance at 540 Hz) was
set 3 cm away from the mosquito behind the metallic mesh screen;
acoustic waves from this speaker caused a lateral instead of dorso-
ventral deformation of the flagella.

2.4. Feedback stimulation

The essence of the method that was developed during this study
is described in Section 3. To initiate the autoexcitation of auditory
receptors, we used their amplified and frequency-filtered response
as a signal to drive the stimulation loudspeaker, thus forming a po-
sitive feedback loop.

The stimulation signal passed through a complex frequency fil-
ter to compensate for the influence of the loudspeaker mechanical
resonance at lower frequencies. Additionally, the signal was low-
pass-filtered with a slope of –6 dB per octave above 500 Hz to re-
duce the second and higher harmonic components of the receptor
response.

Stimulation signals were limited within the amplitude of
100 dB SPVL to prevent their uncontrolled rise due to positive feed-
back. While moving the recording electrode through the antennal
nerve, we searched for sites that demonstrated a sustained
autoexcitation.

The complete feedback loop included the following elements:
the JO receptor and its axon in the antennal nerve, recording
microelectrode, amplifier, stimulation amplitude adjustor, fre-
quency filter, switchable phase inverter (from 0� to 180�), 100 dB
SPVL amplitude limiter, power amplifier, loudspeakers and, closing
the loop, the mosquito’s antenna attached to the JO.

2.5. Data analysis

Digitised recordings were examined with Sonic Visualiser (Can-
nam et al., 2010), Sound Forge Pro 10 (Sony) and a homemade soft-
ware. To improve accuracy, all frequency measurements in spectra
and sonograms were made on higher harmonic components.
The method of threshold measurements was described in detail
previously (Lapshin, 2012). The criterion of the response threshold
was set at 2 dB of sustained excess of amplitude above the average
noise level in a given recording (110–150 lV for extracellular
recordings). The signal amplitude was increased by 1 dB steps from
the apparent sub-threshold level until the rate of impulses corre-
lating with periodic stimulation abruptly increased at the ampli-
tude discriminator output.

When summarising data on individual autoexcitation frequen-
cies of receptors, we had to define how to put the data into the
histogram:

(i) To take every instance of autoexcitation in a given specimen.
Many AFs were found several times in a single experiment,
but we could not be sure that the recording from the same
axon was never repeated;

(ii) To take only unique AFs regardless of how many times they
appeared in a single specimen; two AFs were treated to be
equal if they were within 5 Hz.

We have chosen the second method after considering the
underestimation of low-frequency-tuned receptors, which were
most numerous in all three species studied. If the AF was shifting
gradually during the experiment, it contributed to all correspond-
ing bins of the histogram but only once to each within a single
experiment.
3. Results

During our preliminary studies, we often obtained frequency
curves of significantly variable shape from nearby sites within
the antennal nerve in the course of a single experiment; the effect
was demonstrated in all three mosquito species studied. Supported
by our previously published data on auditory interneuron re-
sponses (Lapshin, 2011), we decided to record individual receptor
responses, suspecting them to have various individual frequency
tuning.
3.1. Obtaining the responses of individual receptors

From the onset of electrical contact of the electrode with the
cuticle surface, we recorded the compound (so called microphonic)
potentials in response to 65 dB SPVL 120 Hz acoustic stimulation.
Following the puncture of the cuticle, the amplitude of the re-
sponse increased up to 100 lV but during the deeper penetration
towards the antennal nerve, the response decreased. At some
point, the amplitude increased to ca. 1 mV, and the response
gained its characteristic shape (Fig. 2A); we assumed this type of
potential to be the response of the JO auditory receptors recorded
extracellularly from the axons of the antennal nerve. As well as the
compound potentials traditionally recorded from the JO using a
tungsten electrode, the responses we observed showed an empha-
sised second harmonic component while the glass microelectrodes
provided a higher recording amplitude.

In several experiments, we observed response parameters char-
acteristic of the intracellular recording, although not all criteria of
the intracellular recording were met: for example, we did not mea-
sure the resting potential of the cells. The onset of a presumably
intracellular recording was accompanied by a sudden drop in po-
tential, changes in the nature of the noise observed and a signifi-
cant increase in the response amplitude of up to 10 mV (Fig. 2B).
While not stable long enough to measure a frequency–response
curve, these recordings answered several questions which were
crucial for this study.
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Fig. 2. Examples of responses to different types of stimulation recorded from the antennal nerve. Glass microelectrode recording from the axons of antennal nerve (primary
auditory receptors), voltage scale is given for the neuronal response (upper trace in each record). Stimulation signal recorded from the loudspeaker diffuser is shown in lower
trace. (A) Response to a tonal pulse, extracellular recording, Cx. p. pipiens, stimulation 90 Hz 65 dB SPVL. Note the doubled frequency in the response. (B) Response to a tonal
pulse, presumably intracellular recording, Ae. excrucians, stimulation 120 Hz 70 dB SPVL. Note the almost counterphase shape of the response (arrows). (C–E) Responses to a
positive feedback stimulation when the response signal itself (amplified and frequency-filtered) was used to to drive the stimulation loudspeaker, thus forming a positive
feedback loop. (C) The onset of autoexcitation while entering the axon, presumably intracellular recording, Cx. p. pipiens. Most probably, the abrupt increase of the response
amplitude and, accordingly, the feedback level, led to the onset of autoexcitation. Note the spontaneous change of autoexcitation frequency in the right part of the recording –
from 54 Hz to 95 Hz; during the change, both frequencies are present in the signal simultaneously. (D) The onset of autoexcitation during a gradual increase of feedback level.
Autoexcitation (140 Hz) started abruptly on reaching the threshold, the level of stable autoexcitation was 80 dB SPVL, Cx. p. pipiens. (E) Autoexcitation at 125 Hz via
extracellular response, Cx. p. pipiens. (F). Autoexcitation at 117 Hz via extracellular response, 85 dB SPVL, An. messeae.
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First, we found that auditory receptor axons in the antennal
nerve work in analogue mode rather than by firing action poten-
tials as proposed previously (Jackson et al., 2009). The waveform
of the receptor responses at the recording site mimicked the signal
driving the loudspeaker with a phasic shift that varied among dif-
ferent axons. The amplitude of presumably intracellular response
followed, although non-linearly, the amplitude of the stimulation
sounds. This result was expected because the comparably short
distance from the JO to the brain must allow the neurons to pass
a potential of several millivolts without significant attenuation.
The amplitude of the higher harmonic components was low com-
pared to the extracellular recordings made in this study as has
been reported in previous studies (Arthur et al., 2010; Jackson
et al., 2009; Pennetier et al., 2010; Warren et al., 2009). Thus, the
presence of a 2:1 frequency ratio in the compound potentials re-
corded from the JO must be due to the specific recording procedure
and is not an intrinsic property of JO neurons.

We did not observe the characteristic sustained deflections that
were reported by Cator et al. (2009) and Arthur et al. (2010), at
least with amplitudes comparable with those of the periodic oscil-
lations we recorded.

3.2. Autoexcitation of auditory neurons

The fact that mosquito auditory receptors pass the analogue
representation of a sound vibration through the antennal nerve al-
lowed us to elaborate and successfully apply a new method of
searching for specific frequency tuning among the individual
receptor cells. The essence of this method is a positive feedback
loop established using the amplified receptor response as the sig-
nal to drive the stimulation loudspeaker. In other words, the recep-
tor chose its ‘‘best frequency’’ (or characteristic frequency) during
the stimulation. We hypothesise that that autoexcitation fre-
quency (AF) is close (although not equal, see below) to the tuning
frequency of the responding receptor.

The symmetrical structure of the JO implies that every receptor
must respond to a certain phase of the sound, while the phasic
properties of a randomly chosen receptor in our experiment would
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not be predictable (note the almost counterphase response in
Fig. 2B). To resolve this issue, we added a phase switch (from 0�
to 180�) into the stimulation circuit to adapt, at least approxi-
mately, the phase of the stimulation signal to the properties of a gi-
ven receptor. We tested both phases of stimulation at each
recording site.

An example of presumably intracellular recording with the on-
set of autoexcitation is shown in Fig. 2C and D. However, the use of
intracellular recording together with stimulation feedback proved
to be ineffective in our experiments; the low stability of the intra-
cellular recording caused a continuous variation in response ampli-
tude and, accordingly, the feedback threshold. Our preliminary
studies showed that intracellular recording was not required for
autoexcitation, as an extracellularly recorded signal, being much
more stable over the course of the experiment, was sufficient to
provide the feedback necessary for receptor autoexcitation
(Fig. 2E and F). Moreover, autoexcitation could be elicited using
the compound neural activity recorded by the electrode tip located
outside of the JO (i.e., without damaging the antennal nerve axons,
see below).

Because we were unable to control for all of the factors affecting
the feedback level (one was the orientation of a given JO receptor
towards the direction of sound wave propagation) to normalise
the stimulation, we measured the average level of sound (pV)
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Fig. 3. Dynamics of the autoexcitation response. Sonograms of the responses of JO recep
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affecting the mosquito antennae. A gradual increase in stimulation
amplitude by 5–7 dB from a sub-threshold level eventually elicited
the further abrupt increase of the sound amplitude and appearance
of an autoexcitation effect (Fig. 2D). The level of stimulation imme-
diately before such an increase was defined as the threshold of
autoexcitation. These thresholds were highly dependent on the
quality of the recording and usually varied from 68 to 85 dB SPVL.
Harmonic components of the stimulation signal (those compo-
nents originating from the extracellular recording of axon poten-
tials) also affected the measurement of the stimulus amplitude,
although they did not contribute to autoexcitation at the funda-
mental frequency. The phase of response relative to the stimulus
varied among the recording sites (compare Fig. 2E and F).

Usually, the AF changed slightly during the alteration of the
feedback level: as a rule, the AF decreased at lower feedback levels
(becoming 0.9–0.95 of the initial AF at –10 to –16 dB from the level
that initiated the autoexcitation, Fig. 3A), but the opposite shift in
frequency was also observed. The direction of shift that was caused
by the decrease in the feedback level denoted the position of the
‘‘true’’ resonance of the receptor, while the AF at the onset of feed-
back stimulation was determined by the complex phasic properties
of the entire feedback path: the spatial position of the receptor in
the JO with respect to the vector of the acoustic wave and the over-
all phasic properties of the circuitry driving the loudspeaker.
0

100

200

300

0 5 10 15

B

180° 0° 180° 0°

0

50

100

150

0 10 20 30 40

D

50Hz
60Hz

75Hz
90Hz

tors to the positive feedback stimulation when the response signal itself (amplified
g a positive feedback loop. In this scheme the receptor was allowed to choose its
l increase and decrease of the feedback levels. A single AF at 103 Hz appeared during
g the further feedback increase and returned back during the feedback decrease. The
g receptor. Ae. excrucians, 73 dB SPVL at the maximum. (B) Two different AFs at the
nes (arrows) in place of the respective AFs at the opposite phase of stimulation. Ae.
ss the antennal nerve. The electrode was moved back and forth in an axial direction
15 lm). The autoexcitation switched between 75 Hz and 87 Hz. Cx. p. pipiens, 90 dB
80 dB SPVL) with a 5 Hz step. AFs determined previously at the same recording site
AFs (in sonograms brighter spots (or red spots in colour illustration) represent the



834 D.N. Lapshin, D.D. Vorontsov / Journal of Insect Physiology 59 (2013) 828–839
In addition to the fundamental tone equal to the AF, the re-
sponse contained several (from 2 to 6, Fig. 3B and C) gradually
decreasing harmonics; in the extracellular recordings, the ampli-
tude of the second harmonic often exceeded the amplitude of the
fundamental frequency.

In many recordings, we observed more than one AF, either one
followed by the other or, more often, simultaneously (Fig. 2C). In
the latter case, autoexcitation usually began at one AF with the sec-
ond AF appearing at higher levels of stimulation feedback; these
two frequencies were not multiple. The proportion of experiments
where two AFs were observed simultaneously (at the same phase
of stimulation) was as follows: Ae. excrucians – 14 of 20; An. mes-
seae – 12 of 19; Cx. p. pipiens – 19 of 28. We propose two different
explanations for these observations: (i) two receptor axons were
situated at the comparable distances from the electrode tip or (ii)
two different receptor axons formed a functional group with a
strong (most likely electrical) connection between each other.

The majority of recording sites within the antennal nerve dem-
onstrated autoexcitation with both the 0�and 180� phases of feed-
back stimulation (Fig. 3B), but the AFs observed for these pairs
were not equal. In several cases, only one of the stimulation phases
resulted in autoexcitation; in those cases, the opposite phase
merely increased the level of broadband noise in the recording,
which, we believe, corresponded to an increase in receptor activity
below the autoexcitation threshold (Fig. 4A).

When we switched to the opposite phase of feedback stimula-
tion following the establishment of a sustained autoexcitation at
a certain frequency, we often observed a narrowband suppression
of noise at the same frequency (Fig. 4A and B). The width of the
range of noise suppression was proportional to its central fre-
quency, and there was no noise suppression at the expected second
or higher harmonics.
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Fig. 4. Noise suppression at the frequency of autoexcitation caused by an opposite
representation – frequency spectrum of the neuronal response. Since the phasic propertie
the preparation was stimulated with a phasic shift of either 0� or 180� relative to the reco
chosen recording sites (A and B) with two opposite phases of stimulation (upper and lo
harmonic peak at twice that frequency. After switching the phase of stimulation to the
(arrow) but no suppression was observed at the harmonic. (B). Reciprocal suppression at t
stimulation, and vice versa at 0�.
A gradual axial shift of the electrode within the antennal nerve
often caused an abrupt switch from one AF to another. To ensure
that we were able to move between two different recording sites
without any significant damage to either site, we performed sev-
eral back and forth shifts of the electrode to jump from one AF to
another (see an example in Fig. 3C; although some luck was re-
quired to reproduce this effect, it was successfully repeated in 15
specimens).

Sometimes it was possible to find the same specific pair of AFs
at different recording sites across the antennal nerve but using the
opposite phasic relations (i.e., the same AF was recorded with 0�
phase at one site and with 180� at the other, while the second AF
in a pair appeared with the opposite phases of stimulation).

We have summarised the autoexcitation data from each of the
three mosquito species studied in the histograms shown in Fig. 5.
Their shapes are evidently bimodal; the third peak can be surmised
at 180–240 Hz.

3.3. Autoexcitation and microphonic potential

Even before puncturing the cuticle, is was possible to record the
microphonic potential; when used as a stimulation signal with the
amplitude of 90–100 dB SPVL, it was effective in producing autoex-
citation. This series of recordings (n = 10) was made to serve as a
control for the other experiments involving autoexcitation; be-
cause the electrode did not penetrate the cuticle of the JO, the
autoexcitation effects could not be attributed to any mechanical
damage made to the receptor axons. As a rule, several AFs and sets
of respective harmonics for each could be observed (Fig. 6). In
many spectra, there was a suppression of noise at 80–90 Hz
(Fig. 6A), but autoexcitation within the same range could also be
present (Fig. 6B). Following a switch in stimulation phase, some
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phase stimulation. The same kind of stimulation as in Fig. 3, but different data
s of a randomly chosen receptor within the antennal nerve would not be predictable,
rded receptor response. Spectra of feedback stimulation are given for two randomly
wer spectra), Ae. excrucians. (A) At 0�, there was autoexcitation at 154 Hz; note the

opposite, suppression in the broadband noise at the very same AF was observed
he opposite phases: autoexcitation at 97 Hz and suppression at 136 Hz, both at 180�
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Fig. 5. Summarised autoexcitation frequencies for the three mosquito species. The whole amount of data on autoexcitation frequencies (AFs) is summarized in histograms for
each of three mosquito species. AFs higher than 240 Hz were not observed in this study. An underestimation of low frequencies is likely, as only unique AFs from each
specimen were taken into the histogram while low AFs (75–95 Hz) were often repeated in a single specimen. See Section 2 for the description of histogram calculation
method. The averaged response of JO most likely integrates the frequency properties of individual receptors (compare the histograms to the averaged frequency tuning curves
in Fig. 7A–C). (A) An. messeae, n = 19. (B) Ae. excrucians, n = 20. (C) Cx. p. pipiens, n = 28.
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AFs were replaced by others or were slightly shifted from their ini-
tial positions. The noise ratio was greater compared to the extra-
cellular recordings made from within the antennal nerve. Most of
the data on microphonic potential was obtained from Cx. p. pipiens
specimens (8 of 10), while in An. messeae, we could not record any
microphonic potential despite repeated attempts.
3.4. Audiograms

The measurement of the frequency response curve (audiogram)
did not include any positive feedback in the stimulation circuit; in-
stead, we used a series of tonal pulses for stimulation. The shape of
the frequency–threshold curve was highly dependent on the
choice of recording site. Therefore, below the two datasets are pre-
sented independently.

At the beginning of each experiment, a complete audiogram
was measured using a 10 Hz step with the electrode tip randomly
located within the antennal nerve. These audiograms generally
showed a typical shape (see the averaged curves in Fig. 7A–C).
The second types of audiograms were measured with a 5 Hz
step at the recording sites chosen beforehand using the autoexcita-
tion method (see above). When the electrode was positioned to
provide a stable recording with a low level of feedback (70–80 dB
SPVL) sufficient to produce autoexcitation and the AFs were deter-
mined, the feedback was turned off, and the recording site (which
we expected to be close to the responding neuron) was considered
good enough to measure the audiogram. These experiments were
based on the assumption that those receptors that previously
had demonstrated sustained autoexcitation would contribute
more greatly to the summary response.

Examples of frequency tuning curves recorded using this meth-
od are shown in Fig. 7D. Those curves significantly varied in shape,
but there were consistently several local peaks of sensitivity or
sometimes a single peak at 75–80 Hz (only in Cx. p. pipiens, data
not shown). To ensure that the recording quality was stable during
the measurements and did not affect the audiogram shape, the test
in the middle of the frequency range (at approximately 120 Hz)
was repeated several times within the tests of the other frequen-
cies. The positions of local peaks on a tuning curve were close
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Fig. 6. Example spectra of autoexcitation elicited by the compound response. It was possible to record the microphonic potential from outside the cuticle of JO. Although
being noisy compared to the recording from within the antennal nerve, when used as a stimulation signal it was effective in producing autoexcitation; the high amplitude of
90–100 dB SPVL was required. These recordings were made to serve as a control for the other experiments involving autoexcitation. Two typical examples of autoexcitation
spectra are given. Both spectra (A and B) – Cx. p. pipiens. We typically observed a suppression of noise at 80–90 Hz (A), but autoexcitation within the same range was also
possible (B).

836 D.N. Lapshin, D.D. Vorontsov / Journal of Insect Physiology 59 (2013) 828–839
but, as a rule, not equal to the AFs previously measured at the same
recording site. This was expected because the AF generated in the
feedback loop, which includes a resonant system, is normally
shifted from the true resonance frequency (see the diagram in
Fig. 3A).

At many autoexcitation sites with unstable quality of recording,
we utilised a quick test of frequency tuning rather than the time-
consuming measurement of the full audiogram by applying a series
A B

C D

Fig. 7. Receptor tuning curves. Standard audiograms (frequency-threshold curves) mea
during the ‘search’ stimulation (80 ms, 120 Hz, 65 dB SPVL, period 600 ms) providing tha
response threshold was set at 2 dB of sustained excess of amplitude above the averag
increased by 1 dB steps from the apparent sub-threshold level until the rate of imp
discriminator output. (A–C) Averaged frequency tuning curves as measured from the ante
Cx. pipiens, n = 40. (B) An. messeae, n = 11. (C) Ae. excrucians, n=14. (D) Examples of ind
sustained autoexcitation was exhibited before. The approximate central frequencies of
recording site were 83, 116, 126 and 179 Hz. Lower curve – Cx. pipiens, AFs were 87, 14
of tonal pulses of the same amplitude with a 5 Hz step. An example
of such a test is shown in Fig. 3D; quite predictably, the response
was greater at the frequencies close to the previously determined
AFs independent of their phasic properties.

When measuring thresholds, we observed the so-called ‘hyster-
esis effect’: the level of sound at which the response disappeared
during the amplitude decrease was often lower than the level at
which it appeared during the amplitude increase. We attribute this
80 150
205
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180
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45

sured with a 10 Hz step. The recording site within the antennal nerve was chosen
t the amplitude of response to this stimulation was above 1 mV. The criterion of the
e noise level (110–150 lV for extracellular recordings). The signal amplitude was
ulses correlating with periodic stimulation abruptly increased at the amplitude
nnal nerve, mean ± standard deviation, data averaged for each mosquito species. (A)
ividual tuning curves, measured with 5 Hz step at the recording sites where the

local threshold minima are indicated. Upper curve – An. messeae, AFs at the same
8 and 215 Hz.
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effect to the active tuning process, which was previously described
(Avitabile et al., 2010; Göpfert and Robert, 2001).
3.5. Control of loudspeaker properties

To avoid the possibility of data distortion caused by the physical
properties of the primary loudspeakers used in this study, an addi-
tional series of tests was made with a significantly different source
of stimulation sound situated at a different angle to the mosquito
(see Section 2). With this loudspeaker, we repeated the tests with
feedback stimulation (n = 10, data not shown). Because we did not
find any significant differences between the results obtained with
two types of stimulation loudspeakers – both invoked autoexcitation
at similar AFs although with different stimulation amplitude – we
assumed that the mechanical resonance of the primary loudspeakers
(51 Hz) and the orientation of mosquito towards the source of the
sound did not significantly affect our measurements.
4. Discussion

One of the most important aspects of this study was to ensure
that the autoexcitation effect that we observed arose from the
intrinsic properties of auditory receptors, indicating frequency tun-
ing rather than being an artefact. Below, we consider several
hypotheses that could explain the receptor frequency tuning as
an artefact followed by a list of observations with which we reject
them.

1. Frequency tuning is the result of mechanical damage to recep-
tor axons caused by a microelectrode.

The following observations go against this explanation:

(i) Autoexcitation could be elicited using compound neural
activity recorded without damage, with the electrode tip
located outside the antennal nerve (Fig. 6).

(ii) Certain AFs were site-specific within the antennal nerve; we
could return to the site several times and obtain the same
AFs (Fig. 3C).

2. Each frequency peak of the so-called autoexcitation is the result
of complex mechanical properties of the antenna and not the
property of the receptors.

The results of laser vibrometry measurements of the female
mosquito antenna (Göpfert et al., 1999) argue against this hypoth-
esis: the optimal tuning of the antenna was found to be higher than
most of the AFs we observed, and there were no sharp local peaks
demonstrated in the mechanical tuning curve of the antenna.

3. The autoexcitation arose from the specific resonant properties
of stimulation loudspeakers.

To test that we have switched between the two types of loud-
speakers with significantly different mechanical characteristics
(see Section 2). Both types of loudspeakers allowed us to invoke
autoexcitation while recording similar AFs.

4. There were non-linear effects on the receptors that were
exposed to the positive feedback stimulation. The tuning fre-
quencies (AFs) that we observed did not exist beyond these spe-
cific experimental conditions.

There are several observations against this hypothesis:
(i) After the phase of the feedback stimulation was switched to
the opposite (i.e., positive feedback became negative for a
given receptor) we observed a narrowband suppression of
noise at the same frequency where the autoexcitation peak
was previously observed (Figs. 3B and 4). This observation
is consistent with the fact that negative feedback should also
be the most effective at the optimal frequency tuning. Note
that in Fig. 4A, lower spectrum, the autoexcitation was not
evoked at all, although the respective noise suppression
was still present.

(ii) The lack of such noise suppression at higher harmonics
(Figs. 3B and 4): a relatively high ratio of second and higher
harmonics appears to be a feature of extracellular recording
from JO receptors. At the same time, these harmonics, even
when present in the stimulation signal, did not cause noise
suppression at the respective frequencies.

(iii) The agreement between the AFs and the frequency tuning
curves measured from the same recording site (Figs. 3D
and 7D).

The question still remains as to whether the AF represents the
true intrinsic tuning frequency of a given receptor cell.

We can propose that the damage caused to the receptor axon by
the recording electrode resulted in depolarisation that, in turn,
could change the resonant properties of a cell (a possible mecha-
nism for this effect was described by Smotherman and Narins
(1998)). Although we cannot deny such a possibility for every
one of our recordings, the existence of low-frequency AFs (60 Hz
and below) and the results of our autoexcitation experiments, in
which the electrode was located outside the antennal nerve, sup-
port the assumption that the AFs exhibited by JO receptors must
be close to their intrinsic tuning frequencies.

Special attention should be paid to the pronounced noise sup-
pression at 80–90 Hz, which was remarkable for many autoexcita-
tion spectra when stimulated with the microphonic potential
recorded from the surface of the JO (Fig. 6A).

We believe that this observation is in strong agreement with
the shape of the summary distributions of the AFs, as a large pro-
portion of receptors exhibited tuning within the same frequency
range (Fig. 5). Initiating autoexcitation (positive feedback) required
a precisely set amplitude and phase of the stimulation signal, while
noise suppression at the tuning frequency must be effective in a
wider range of signal properties and was especially pronounced
in the noisy recordings of low-amplitude microphonic potential.

Because our feedback sound stimulation was limited to above
500 Hz to reduce the influence of higher harmonics of the recorded
signal (see Section 2), we cannot claim that there are no receptors
in the JO tuned higher than those observed, although the shape of
histograms summarising the data on AFs recorded in this study
suggests that this is the case (Fig. 5). In addition to and despite re-
peated attempts, we did not find any high-frequency responses
during the audiogram measurements (Fig. 7) when the stimulation
circuit was not low-pass-filtered; the thresholds were significantly
high (more than 110 dB SPVL) above 380 Hz for all three species
studied. Even if we temporarily will not consider the sustained
oscillations that we did not manage to record, still there is a dis-
crepancy between our data and the results of previous studies.
For example, Arthur et al. (2010) recorded periodic oscillations
up to 1559 ± 192 Hz in females of Ae. aegypti. Further studies are
required to find the reasons for this difference, especially those
that will allow for the comparison of different recording methods:
the field potential recording from the whole JO vs. local recording
from a group of axons in the antennal nerve and tungsten vs. glass
microelectrode techniques.

Additionally, we cannot rule out the possibility that the field
potentials that can be recorded in the head of a mosquito in
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response to sounds originate from both the JO receptors and other
sources of sensory input; for example, from the sensory hairs on
the body or on the antennae. Because the tuning of these sensory
hairs is not limited by the mechanical properties of the antenna,
these receptor elements may demonstrate sensitivity within a
broader range of frequencies (Shimozawa and Kanou, 1984), albeit
being less sensitive than highly specialised sensory system like the
JO.

Lehnert et al. (2013) in their recent study demonstrated that the
responses of JO receptors in Drosophila highly depended on the
functioning of the voltage-gated sodium channels. According to
the authors, it means that action potentials (spikes) make the larg-
est contribution to the summary response of JO receptors. On the
contrary, we have not seen the spike activity in our recordings
from the antennal nerve of mosquitoes, although one would expect
some similarities in auditory signal processing in these two groups
of Diptera. Certainly our results cannot prove the absence of spik-
ing neurons in the JO of Culicidae (especially since Lehnert et al.
have found some source of spikes in Drosophila JO), but we can
be fairly certain that in mosquitoes such cells are not in the major-
ity. Their activity had to be very noticeable in the responses to the
near-threshold stimulation when due to stochastic processes
spikes do not occur on every wave of sinusoidal stimulus. Since
the spike amplitude does not depend on the stimulation level,
spikes must be easily detected above the noise floor even in extra-
cellular recordings made with a sharp electrode when responses of
only several cells are summarised in the recording. Still, the volt-
age-gated sodium channels can participate in the amplification of
the receptor potentials in JO neurons without the generation of
spikes; this mechanism was theoretically described (Taylor et al.,
1995) and most probably exists in non-spiking retinal bipolar cells
(Zenisek et al., 2001) as well as in other neurons.

Our findings demonstrate that, even within a low-frequency
range, the individual tuning properties of auditory receptors do
not match the frequency-threshold curve based on the extracellu-
lar field potential recorded from the whole JO. Comparing the sum-
marised data on individual receptor tuning (Fig. 5) and the
averaged audiogram for each species (Fig. 7A–C), we can say that
the latter integrates the responses of differently tuned receptors
according to their ratios within the JO, although we must keep in
mind the probable underestimation of low-tuned units in the his-
tograms (peak centred at 80–90 Hz).

Based on the available data, we cannot yet draw conclusions as
to whether the mosquito CNS utilises the difference in tuning of
receptors belonging to the same peak in the distribution
(Fig. 7A–C): there could be a pool of receptors representing a single
frequency channel with a randomly scattered properties of individ-
ual units or, alternatively, the central projections of receptors could
be orderly organised to provide the data for fine frequency analy-
sis. Given that two or more AFs were often observed simulta-
neously at the same recording site (Fig. 2C), it is possible that
differently tuned receptor neurons are interconnected, at least in
part, to provide the first step of auditory signal processing before
entering the brain.

Due to a lack of appropriate data, we can only speculate about
the mechanism of receptor tuning in mosquitoes. It seems likely
that frequency tuning is accomplished via the electrical properties
of the sensory neurons, an effect known as ‘‘electrical resonance’’,
which has been observed in the auditory receptors of fishes, frogs,
turtles, lizards and birds (see Fisher et al. (2011) for short review).

Given the variety of differently tuned auditory receptors in the
JO, it is natural to presume the ability of mosquitoes to analyse a
spectrum of sound frequencies. This presumption, in turn, raises
the question: what is the function of an advanced form of hearing
in female mosquitoes? Most likely, their auditory system plays a
role in critically important areas of mosquito behaviour such as
(i) precopulatory identification; (ii) host detection by the noise
accompanying its movements; and (iii) evasive behaviour against
dragonflies and birds. The first has been extensively studied (Cator
and Harrington, 2011; Cator et al., 2009; Gibson et al., 2010;
Pennetier et al., 2010) while the other two remain to be investi-
gated, especially in light of the discovery of the attraction of
frog-biting midges (Corethrellidae) to their hosts by sound alone
(Borkent and Belton, 2006).

Acoustic signals from conspecific male mosquitoes, prey ani-
mals and flying predators differ significantly in their spectral prop-
erties and dynamic patterns. The multi-channel organisation of the
mosquito auditory system with its anatomically short pathways
(Ignell et al., 2005) could provide a rapid parallel processing of
the incoming signal with a prompt determination of the type of
its source. The limits of the auditory system frequency range
may be attributed to the spectral properties of environmental
noise on the one hand, and the frequency of mosquito’s own wing
beats on the other.

Most likely, male mosquitoes with their more developed JO’s
possess an even more complex set of individually tuned receptors;
the aim of our future studies is to obtain data on these, and we al-
ready have promising preliminary results.

5. Conclusions

Individual auditory receptors show tuning to various frequen-
cies, and differently tuned receptors are unequally represented in
the Johnston organ of female mosquitoes. The existence of individ-
ually tuned auditory receptors implies the possibility of frequency
analysis. Our positive feedback stimulation, as a new approach to
test individual receptor properties, proved to be effective and can
be used in future studies of primary receptor tuning in different
animal species.
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