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Hair cells in both the auditory and vestibular systems receive efferent innervation. A number of prior studies have indicated that efferent
regulation serves to diminish the overall sensitivity of the auditory system. The efferent pathway is believed to affect the sensitivity and
frequency selectivity of the hair cell by modulating its membrane potential. However, its effect on the mechanical response of the hair cell
has not been established. We explored how stimulation of the efferent neurons affects the mechanical responsiveness of an individual hair
bundle. We tested this effect on in vitro preparations of hair cells in the sacculi of American bullfrogs of both genders. Efferent stimulation
routinely resulted in an immediate increase of the frequency of hair bundle spontaneous oscillations for the duration of the stimulus.
Enlarging the stimulus amplitude and pulse length, or conversely, decreasing the interpulse interval led to oscillation suppression.
Additionally, we tested the effects of efference on the hair bundle response to mechanical stimulation. The receptive field maps of hair
cells undergoing efferent actuation demonstrated an overall desensitization with respect to those of unstimulated cells.
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Introduction
The auditory system furnishes us with rich information about the
external environment. It contributes crucially to the ability of
some species to navigate in space, enables communication with
conspecifics, and provides important cues for the avoidance of
danger and localization of food sources, among a plethora of
applications. These capabilities require not only the sensitivity to
detect weak signals as low as 0 dB (Robinson and McAlpine, 2009;
Hudspeth, 2014) but also the ability to extract that information
from environments containing multiple competing streams of
information with, potentially much louder, background noise. In
all of these instances, the auditory system is aided in its tasks by

the efferent system (Highstein and Baker, 1985; Highstein, 1991;
Micheyl and Collet, 1996; Micheyl et al., 1997; Jamali et al., 2009;
Rabbitt and Brownell, 2011; Guinan, 2018).

Furthermore, the delicate machinery of the inner ear is re-
quired to sustain very intense signals, sometimes as high as 120
dB (Hudspeth, 2014), without suffering immediate and irrepara-
ble damage. This otoprotective capacity has also been attributed
to the efferent system (Handrock and Zeisberg, 1982; Reiter and
Liberman, 1995; Maison and Liberman, 2000; Taranda et al.,
2009; Boero et al., 2018). Specifically, a number of studies have
shown that severing efferent neurons leads to greater levels of
ototoxicity. Exposure to moderate or loud sounds was shown to
lead to greater hair cell and synaptic damage in animals with
lesions to their medial olivocochlear bundle compared with con-
trols (Zheng et al., 2000; Kujawa and Liberman, 2009; Maison et
al., 2013), thus establishing an efferent role in protection from
acoustic trauma.

Recent research has uncovered even more utilities of the effer-
ent pathway. A set of studies has demonstrated that intact efferent
innervation from the lateral olivocochlear and medial olivoco-
chlear nuclei is crucial to maintaining the appropriate balance
between both ears (Darrow et al., 2006; Lopez-Poveda et al.,
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Significance Statement

The efferent system is an important aide for the performance of the auditory system. It has been seen to contribute to sound
detection and localization, ototoxicity prevention, and speech comprehension. Although measurements have demonstrated that
efference suppresses basilar membrane movement, there is still much unknown about how efferent activity affects hearing
mechanics. Here, we explore the mechanical basis for the efferent system’s capabilities at the level of the hair bundle. We present
optical recordings, receptive field maps, and sensitivity curves that show a hair bundle is desensitized by efferent stimulation. This
supports the hypothesis that efferent regulation may be a biological control parameter for tuning the hair bundle’s mechanical
sensitivity.
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2016). Since the comparison of interaural signals is essential to
accurate sound localization (Seebacher et al., 2019; Zirn et al.,
2019), a delicate calibration between the signals received from the
two ears must be maintained. Moreover, the efferent architecture
has been shown to have a significant function in the “cocktail
party effect,” which refers to the ability to parse one particular
auditory stream from a complex acoustic environment (Giraud
et al., 1997; Kumar and Vanaja, 2004; Kim et al., 2006; Andéol et
al., 2011; Smith and Keil, 2015; Lopez-Poveda et al., 2016).

As hearing loss constitutes a critical and potentially growing
public health problem, understanding the role of the efferent
system in controlling hearing sensitivity merits further study.
Although a broad literature has established the importance of the
efferent system in auditory function (Handrock and Zeisberg,
1982; Micheyl and Collet, 1996; Giraud et al., 1997; Micheyl et al.,
1997; Andéol et al., 2011), much less is known about the mecha-
nisms by which it exerts its effect. It has been shown that efferent
stimulation suppresses basilar membrane displacement evoked
by characteristic frequency tones (Murugasu and Russell, 1996;
Russell and Murugasu, 1997; Cooper and Guinan, 2006). Efferent
actuation must therefore play a modulatory role in the mechan-
ical response. However, there has been thus far no direct demon-
stration of the impact of efferent activity on the mechanical
responsiveness of the hair bundle.

The hair bundle, an organelle comprised of actin-packed ste-
reovilli arranged in rows of increasing height, sits on the apical
side of a hair cell and contains mechanically gated ion channels
connected to tip links. Upon deflection of the stereovilli by an
incoming sound, tension induced in the tip links causes the open-
ing of transduction channels, enabling the influx of ionic cur-
rents. The resulting depolarization of the hair cell leads to the
release of neurotransmitters at the afferent synapse (Hudspeth,
1983). The hair bundle’s transduction mechanism therefore pro-
vides a crucial step in detecting an auditory signal. As damage to
this delicate system leads to hearing loss, a protective mechanism
that modulates the hair bundle’s sensitivity of response would be
highly beneficial.

In the current work, we explore the hypothesis that actuating
efferent neurons directly affects the mechanical response of a hair
bundle. Specifically, we surmise that efferents modulate the bun-
dle’s intrinsic active oscillations and lead to a reduction of its
sensitivity to mechanical stimulus. To test this hypothesis, we
performed experiments on semi-intact preparations that main-
tained the hair bundles’ active motility. Mechanical measure-
ments were combined with efferent stimulation, allowing us to
directly probe the efferent impact on a hair cell’s mechanical
response.

Materials and Methods
Biological preparation
Experiments were performed on adult North American bullfrogs (Rana
catesbeiana) of either gender. The animals were anesthetized (sodium
pentobarbital: 150 mg/kg), double-pithed, then decapitated following
euthanasia protocols approved by the University of California, Los An-
geles Chancellor’s Animals Research Committee, in accordance with fed-
eral and state regulations. Sacculi were excised from the inner ears of the
animals. Saccular maculae were mounted in a two-compartment cham-
ber, which simulated the fluid partitioning of the in vivo environment.
The basolateral membrane was bathed in artificial perilymph (in mM as
follows: 110 Na �, 2 K �, 1.5 Ca 2�, 113 Cl �, 3 D-(�)-glucose, 1 Na �

pyruvate, 1 creatine, 5 HEPES), and the apical surface was immersed in
artificial endolymph (in mM as follows: 2 Na �, 118 K �, 0.25 Ca 2�, 118
Cl �, 3 D-(�)-glucose, 5 HEPES). Both solutions were titrated to match
the pH and osmolarity of the physiological conditions in the otic laby-

rinth and freshly oxygenated immediately before use. The overlying oto-
lithic membrane was enzymatically dissociated from the epithelium with
50 �g/ml collagenase IA-S (Sigma Millipore) for 8 min and gently re-
moved. Spontaneous oscillations were observed in hair bundles after the
membrane was decoupled and could be sustained for several hours after
dissection. For control experiments, 2 �M strychnine (Sigma Millipore),
1 �M tubocurarine chloride (Tocris Bioscience), or 50 �M apamin (Sigma
Millipore) was added to the artificial perilymph (Sugai et al., 1992; Guth
et al., 1994; Yoshida et al., 2001). The solution in the basal compartment
was replaced via a fluid exchange, and measurements were repeated after
a 5 min incubation period (Rossi et al., 1980; Prigioni et al., 1983; Mu-
rugasu and Russell, 1996).

Imaging and tracking hair bundle motion
Data acquisition was performed inside an acoustically isolated chamber
(Industrial Acoustics) with the microscope setup mounted on a
vibration-isolation table (Technical Manufacturing). Preparations were
imaged in an upright optical microscope (Olympus BX51WI) with a
water-immersion objective (Olympus XLUMPlanFL N, 20�, 1.00 NA).
Images were further magnified (for �400� total magnification with
camera pixel resolution of 52.1 nm/px) and projected onto a high-speed
CMOS camera (Photron FASTCAM SA1.1) recording at 1000 frames per
second. Hair bundles were imaged at the focal plane intersecting the
tallest row of stereocilia, and a hair bundle’s position was derived for
displacements toward and away from its kinocilium. For each prepara-
tion, multiple hair bundles could be tracked in an FOV. Recordings of
bundles within the same epithelium were therefore obtained simultane-
ously for all stimuli applied. From these recordings, the motion of a hair
bundle was tracked with software written in MATLAB (The Math-
Works). The position of the hair bundle in each frame was determined by
calculating the center of gravity of its intensity profile along a row of
pixels. To enhance the signal-to-noise ratio, this calculation was per-
formed with at least 10 rows of adjacent pixels to extract the mean posi-
tion in each frame. A time-dependent position trace of a hair bundle’s
movement was obtained by plotting the mean position for each frame of
the recording.

Efferent stimulation
The saccular nerve was pulled into a 0.5-mm-diameter silicon tube
(Castellano-Muñoz et al., 2010), which was electrically connected to the
positive electrode of a bipolar suction electrode (A-M Systems). The refer-
ence electrode was placed into the basolateral compartment. The prepara-
tions were measured to have resistances in the 1–2 M� range. A linear
stimulus isolator (World Precision Instruments A395) provided 10 –250
�A of current to the suction electrode, and stimulus protocols were sent
to the isolator via LabView (National Instruments). Throughout this
manuscript, a pulse train will be described by its “on” ( pulse duration)
and “off” (interpulse interval) times (Fig. 1B). A typical recording con-
sisted of 2–7 s without efferent stimulus, followed by 5–7 s of efferent
activity, and terminating with a return to the control (no efferent stim-
ulus) condition for 7–14 s.

Mechanical stimulation
A glass fiber �1 �m in diameter was created with a modified microforge
to fabricate an additional rod perpendicular to the tip of a borosilicate
glass capillary that had been pulled with a micropipette puller (Sutter
Instruments). The stiffness and viscous drag coefficient of the glass probe
were measured by recording the Brownian motion of the tip of the glass
fiber in water and fitting its power spectral density to a Lorentzian func-
tion (Howard and Hudspeth, 1987). The stiffness and drag coefficients of
the glass probes used in these experiments were 75–150 �N/m and 100 –
150 nN � s/m, respectively. With these specifications, a 10 nm probe
displacement corresponds to an �1 pN force on the bundle. Probes were
mounted on a piezoelectric actuator (Piezosystem Jena PA 4/12) at an
angle of �30 degrees with respect to the preparation and positioned to
attach to either the kinocilium or the tallest row of stereocilia. The probe
was micromanipulated to adjoin a single hair bundle, and visual confir-
mation was used to ensure that the glass fiber was in contact with only
one hair bundle (Fig. 1D). Before attachment, the fiber tip was dipped
into 5 mg/ml concanavalin-A, a highly charged polymer, to enhance the
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adhesion. Synchronously with efferent stimu-
lation and video acquisition, 3–50 Hz sinusoi-
dal signals with amplitudes ranging from 4 to
80 nm were sent to the piezoelectric amplifier
via LabView (National Instruments). Mechan-
ical stimuli of varying frequencies and ampli-
tudes were applied sequentially, without any
intervals between the signals. Unless indicated
otherwise, the sinusoidal amplitude is reported
as the amplitude applied to the base of the
probe. Displacements to the base of the probe
generated lateral sinusoidal displacements of
the hair bundle, mimicking the mechanical
stimulation produced by sound in vivo.

Data analysis
Determination of spontaneous oscillation fre-
quency, amplitude, and open probability. In this
manuscript, positive displacement in the traces
corresponds to motion toward the kinocilium
and leading to channel opening, consistent
with the standard convention in the literature.
Before analysis, the effects of slow drift in the
epithelium were subtracted from hair bundle
position traces. Traces of hair bundles that un-
derwent only efferent stimulation were split
into three sections corresponding to record-
ings obtained before, during, and after the ap-
plication of the efferent stimulus and analyzed
separately. Each section was established as be-
ing oscillatory only if its Hartigans’ dip statistic
was �0.01 and the associated p value was
�0.001, an indication of multimodality in the position distribution
(Hartigan and Hartigan, 1985; Salvi et al., 2015, 2016). Our analysis only
included those position traces for which all three divisions were classified
as oscillatory.

Several parameters were extracted from the position traces using soft-
ware implemented in Python. The histogram of the bundle position was
calculated for each of the three sections, and a kernel density estimate was
applied to obtain a continuous probability distribution. The two local
maxima were identified in each distribution, and the minimum between
these peaks was selected to be the threshold between the open channel
and closed channel states. The amplitude of the spontaneous oscillation
was defined to be half of the distance between the two peaks. The mean
open probability was obtained by computing the area under the position
distribution plot with a position value greater than the threshold, divided
by the area under the full probability density function. Using the afore-
mentioned open channel threshold, any excursion of the bundle beyond
the threshold was designated as a positive transition to open transduction
channels. The period between two consecutive, positive threshold cross-
ings defined the instantaneous period of one cycle, from which we ac-
quired the instantaneous frequency. All instantaneous frequencies
tabulated within a section were averaged to obtain the mean oscillation
frequency. Each hair cell was treated as one element of an ensemble.
Thus, parameters that were extracted from cells undergoing the same
stimulus conditions were averaged together.

Receptive field maps and sensitivity curves. Receptive field maps were
measured by calculating the phase-locked component of a hair bundle’s
response to sinusoidal deflection over a range of mechanical drive fre-
quencies. The applied frequency spanned the range 3–50 Hz in 2 Hz
increments. Ten cycles were presented for each stimulus frequency. The
full sweep was administered at stimulus amplitudes varying from 4 to 80
nm. For a particular stimulus frequency and stimulus amplitude, the
corresponding bundle position trace was divided into 10 segments and
averaged. A single sine wave with the corresponding stimulus frequency
was fit to the averaged response, and its amplitude was extracted to
obtain the phase-locked component.

At a specific stimulus amplitude, a hair bundle’s sensitivity, �(�S), was
computed from the following:

�	�S
 �
Apl	�S


f	�S

, (1)

where �S is the stimulus frequency, Apl	�S
 is the phase-locked amplitude of
the bundle oscillation, and the force f(�S) is given by the following:

f	�S
 � 	KF � i�S�
 AS, (2)

where KF is the glass fiber’s stiffness, � is its viscous drag coefficient, and
AS is the stimulus amplitude (Martin and Hudspeth, 2001).

Statistical analysis
All statistical analyses were performed using Python. The difference be-
tween a control and a condition for a population was assessed using a
one-tailed paired t test. The differences were considered significant if p �
0.01. The sample size for an experiment was considered sufficient if the
resulting p values met the requirement for statistical significance. The sam-
ple size was defined to be the number of hair cells measured, as the focus of
this study is on the effect of efference on individual hair cells, which have
been mechanically decoupled by removing the otolithic membrane. The
innate activity of the hair bundles within a sacculus has previously been
shown to be uncorrelated (Ramunno-Johnson et al., 2009), as there is no
known transverse coupling between hair bundles or retrograde effects on
the efferent neurons.

Results
Efferent stimulation affects hair bundle
spontaneous oscillations
We recorded the motion of spontaneously oscillating hair bun-
dles from the sensory epithelium of the American bullfrog saccu-
lus before, during, and after electrically stimulating the saccular
nerve. There was no predetermined location within the macula
from which hair bundles were chosen, as all the hair cells in the
bullfrog’s sacculus have been shown to be highly innervated by
efferent fibers (Castellano-Muñoz et al., 2010). When the effer-
ents were actuated by application of a current to the nerve, hair
bundles oscillated with a noticeably higher frequency than they
did without efferent stimulation (Fig. 2A). This change occurred

Figure 1. A, The efferent neurons of the bullfrog sacculus were stimulated by inserting the eighth cranial nerve into a silicon
tube, which was connected to a suction electrode. A current stimulus was provided to the suction electrode via a linear stimulus
isolator. A two-compartment setup was used to mimic the ionic concentrations of the natural fluid environment of the sacculus. B,
Each pulse of a pulse train stimulus was characterized by its amplitude, pulse duration (“on” time), and interpulse interval (“off”
time). C, In the experiments requiring a mechanical stimulus, a flexible glass probe (stiffness � 100 �N/m) was attached to the
kinocilium (red dot) of the hair bundle (HB). A displacement at the base of the probe caused a displacement in the position of the
hair bundle. D, Bright field image of a single hair bundle with a glass fiber attached to the kinocilium.
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immediately after the onset of the stimulus (Fig. 2B) and ceased
upon its termination. The temporal profile of the oscillation also
changed upon the stimulus onset, showing smaller and sharper
excursions of the bundle. Quantitative analysis of the spontane-
ous oscillation frequencies of 47 hair cells confirmed the observed
change and return to original value (Fig. 2C). The oscillation
frequencies of the hair bundles increased by an average of 15.86 �
13.53 Hz (one-tailed paired t test, t(46)  8.04, p  1.31 � 10�10).
Moreover, analyzing the open probabilities of these same hair
cells revealed that the open probability declined during efferent
activity and recovered upon cessation of the stimulus (Fig. 2E).
The open probabilities of the hair bundles decreased by an aver-
age of �0.09 � 0.07 (one-tailed paired t test, t(46)  �9.11, p 
3.66 � 10�12). While each hair bundle’s frequency and open
probability increased and decreased, respectively, by a different
factor, the same trend was observed across all of the cells mea-
sured and by the average behavior of the sampled cells. Further-
more, by computing the individual ratios of the frequency during
stimulation (F2) to the frequency before stimulation (F1) and
averaging over the cells, we found the oscillation frequencies in-
creased by a mean factor, �F2/F1�, of 2.20 � 0.84 (one-tailed
paired t test, t(46)  6.36, p  4.21 � 10�8; seen in Fig. 2D). A
similar calculation was performed for the open probability, and it
yielded a mean ratio, �O2/O1�, of 0.83 � 0.13 (one-tailed paired t
test, t(46)  �9.35, p  1.67 � 10�12).

We confirmed that the efferent synaptic activity was crucial
for the observed effect by introducing 2 �M strychnine or 1 �M

D-tubocurarine into the basolateral compartment. Both strych-
nine and D-tubocurarine block ACh from binding with nicotinic

receptors (nAChRs) in the hair cell soma and thereby abolish any
effect that the efferent synapses exert on the cell (Sugai et al.,
1992; Guth et al., 1994). Upon the addition of either strychnine or
D-tubocurarine into the perilymph solution, the hair bundles’
oscillation profiles remained unchanged during the efferent pulse
train (200 �A, 1 ms “on,” 10 ms “off”) stimulus (Fig. 3A,D). This
was markedly different from the increased frequencies measured
in standard perilymph. We observed a full recovery of the original
response to efferent actuation in the innate oscillation frequen-
cies of the hair bundles (Fig. 3B,E) after completing a rinse back
to standard perilymph. In standard perilymph, the hair bundles
in Figure 3B experienced an average frequency increase of
22.62 � 13.84 Hz (one-tailed paired t test, t(10)  5.42, p 
0.00015) during efferent modulation. After the addition of
strychnine, the average change in frequency upon efferent stim-
ulation was 0.12 � 1.75 Hz (two-tailed paired t test, t(10)  0.23,
p  0.82). In the case of Figure 3E, hair bundles immersed in
standard perilymph demonstrated, on average, a frequency in-
crease of 19.32 � 9.81 Hz (one-tailed paired t test, t(10)  6.53,
p  3.30 � 10�5) under efferent stimulation. When D-
tubocurarine was used to block the nAChRs, the average change
in frequency was reduced to �0.11 � 0.81 Hz (two-tailed paired
t test, t(10)  �0.45, p  0.66). This control was also performed
for a step (200 �A) stimulus and resulted in the same outcome
(Fig. 3C,F), with the effects of efferents fully abolished by the
blockers. The control experiments confirmed that our method of
electrically stimulating the saccular nerve was exerting its effect
on hair bundles by activating the efferent neurons.

Figure 2. The frequency of spontaneous oscillations increased immediately upon the onset of the efferent stimulus. A, Spontaneous oscillations before, during, and after efferent modulation
(pulse train: 200 �A, 1 ms “on,” 10 ms “off”) are displayed for five representative hair bundles procured from three different sacculi, shown in different colors, and offset for clarity. The efferent
stimulus was in effect for the duration occurring between the two black triangles illustrated below the hair bundle position traces. B, A zoom-in of the region between the dashed lines in A shows
that the stimulus exerts an effect rapidly upon onset. C, On average, hair bundles demonstrate an increase in oscillation frequency during stimulation and a return to their original spontaneous
oscillation frequency upon cessation of the stimulus. Individual frequency data points are plotted in various colors for hair bundles undergoing the pulse train efferent stimulation described in A. Hair
bundles from the same sacculus are plotted in the same color. The corresponding error bars were calculated from the SDs of the instantaneous frequencies given by the oscillation cycles during the
efferent stimulus. The colored data points in each of the three sections were averaged over 47 hair cells, and the averages are displayed by the large black data points. Black error bars were calculated
from the SDs of the individual bundle frequencies. The data shown were taken from recordings of 47 hair bundles obtained from 11 sacculi. E, Hair bundles display, on average, a decrease in open
probability during efferent activity, and a return to the original open probability after stimulus. The colored data points represent the open probabilities of individual hair bundles, and their error bars
were obtained by calculating the integrated squared error of the probability density function. Hair bundles from the same sacculus are plotted in the same color. For each stimulus condition, the
averages were calculated over 47 hair cells and are plotted in black. Error bars were calculated from the SDs of the individual bundle open probabilities. The data shown were obtained from the same
hair bundles in C. D, The ratio of the frequency during efferent modulation (F2) to the frequency prestimulus (F1), as well as the ratio of the frequency after stimulus (F3) to F1, were calculated for
every hair bundle shown in C. The means of the averages �F2/F1� and �F3/F1�, computed over 47 cells, are plotted in blue. Analogous open probability ratios (�O2/O1� and �O3/O1�) were computed,
averaged and are shown in orange. Error bars were derived from the SDs of the individual ratios. C–E, All cells were stimulated with the same pulse train parameters detailed in A.
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Hair bundle’s response to efferent modulation is dependent
on stimulus parameters
When an electrical pulse is sent to the presynaptic terminal, the
terminal becomes depolarized and releases ACh (Wedemeyer et
al., 2018). The ACh binds to �9�10 nicotinic receptors (Gómez-
Casati et al., 2005; Ballestero et al., 2011; Guinan, 2011), which
enhances the influx of Ca 2� ions into the hair cell soma. The
elevated Ca 2� level triggers the opening of Ca 2�-activated SK2
K� channels (Blanchet et al., 1996; Oliver et al., 2000; Rohmann
et al., 2015), and the efflux of K� hyperpolarizes the cell (Fuchs
and Murrow, 1992; Fuchs, 2002; Kong et al., 2008). The extent to
which the hair cell becomes hyperpolarized is hence deter-
mined by the amount of ACh that is released at the synapses,
which is in turn influenced by the applied electrical signal
(Taylor and Brown, 1999; Westfall, 2009). We therefore varied
the parameters of the efferent stimulus trains and observed the
effects of this variation on the hair bundle’s spontaneous os-
cillation profile.

We presented pulse train stimuli via the suction electrode (as
described in Materials and Methods), and separately varied the
pulse duration (“on” time) and the interval between pulses (“off”
time). For the first set of experiments, the amplitude was kept
constant at 200 �A and the “off” time at 10 ms, with the pulse
duration incrementally extended from 0.5 to 50 ms (Fig. 4A).
Initially, the hair bundles oscillated more rapidly with increas-
ing pulse duration. As the “on” time was further increased, the
hair bundles began to show rapid, spike-like excursions and an
increasing propensity for the closed channel state. In addition,
a slow cumulative offset in the negative direction was observed
in the last few traces of Figure 4A. This induced negative drift
was detected for the majority of the hair bundles measured. Of
the hair bundles that exhibited this characteristic (9 of the 10
cells recorded across two preparations), the magnitude of the
drift positively correlated with the “on” time. At the highest

“on” time of 50 ms, the bundles drifted by an average of 55 �
35 nm in the negative direction (away from the kinocilium),
with some bundles drifting up to 140 nm. All bundles were
observed to recover from their negative offset, with recovery
from stimuli with longer pulse durations being more protracted.
Likewise, the bundles that were seen to oscillate with a lower fre-
quency directly after stimulus were observed to return to their initial
spontaneous oscillation frequencies. Subsequently, the interpulse
interval was decreased from 40 to 1 ms while maintaining a constant
amplitude of 200 �A and a pulse duration of 1 ms (Fig. 4C,D).
Decreasing the “off” time of the pulse train elicited similar results to
those observed when increasing the “on” time of the pulse train; the
frequency of the bundle oscillations increased as the “off” time
decreased.

Last, we investigated the dependence of the hair bundles’ os-
cillation profiles on the amplitude of the applied efferent stimu-
lus. We increased the amplitude of the pulse train (3 ms “on” time
and 10 ms “off” time) from 10 to 250 �A. The bundle traces
shown in Figure 5A demonstrate that the rising current ampli-
tude elevates the impact of the efferent activity. A similar out-
come was achieved when the experiment was repeated with a
current step applied instead of a pulse train (Fig. 5B). Oscillation
suppression was attained more readily with the step stimulus
than with the pulse train stimulus. Additionally, half (6 of the 12
hair cells recorded across 3 preparations) of the hair bundles were
observed to negatively drift during the step stimulus.

To quantify the impact of varying efferent stimuli on the in-
nate motility of hair bundles, we used oscillation analysis soft-
ware implemented in Python (see Materials and Methods). Three
parameters were extracted to characterize the temporal profile of
the bundle oscillation: oscillation frequency (Fig. 6A,D,G), oscil-
lation amplitude (Fig. 6B,E,H), and mean channel opening
probability (Fig. 6C,F, I). The changes induced in the hair bun-
dles’ oscillations were measured with changing stimulus pulse

Figure 3. Strychnine and D-tubocurarine, added into the perilymph bath solution, abolish the effects of efferent stimulation. The control was performed for both pulse train (A,D; stimulus: 200
�A, 1 ms “on,” 10 ms “off”) and step (C,F; stimulus: 200 �A) stimuli, and three different bundles are shown in each subfigure. Upon blockage of the receptors, the efferent stimulus exerts no visible
effects on innate bundle motility. The average hair bundle oscillation frequency does not change upon efferent stimulation when strychnine (B) or D-tubocurarine (E) is introduced into the basal bath
solution. Circles, triangles, and squares represent oscillation frequencies in standard perilymph, strychnine or D-tubocurarine perilymph, and standard perilymph (rinse), respectively. B was averaged
from 11 bundles (2 sacculi). E was averaged from 11 bundles (2 sacculi). Hair bundles originating from the same sacculus were plotted in shades of the same color. The effects in C and F were observed
in 8 bundles (2 sacculi) each. Error bars indicate the SDs of individual hair bundle oscillation frequencies.
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durations (“on” time), interpulse intervals (“off” time), and am-
plitudes. As aforementioned, hair bundles oscillated more briskly
with increasing “on” times; however, for most bundles, their os-
cillation frequencies declined once they began spiking (Fig. 7A).
However, approximately one-third of the bundles we recorded
did not exhibit spiking; instead, their oscillation frequencies pla-
teaued with rising “on” times (Fig. 7B). Figure 6A represents the
mean behavior of both of these classes. All cells showed a
decrease in their oscillation amplitudes in conjunction with
increasing “on” times (Fig. 6B), as observed qualitatively. The
change from regular oscillations to rapid, spike-like motion is
reflected by the increased occurrence of the closed-channel
state, and hence lower mean opening probability (Fig. 6C).
There were no observable behavioral differences between the

two classes of cells for Figure 6B, C. Similarly, the plots detail-
ing the relationship between the variable “off” time with the
measured bundle oscillation frequency and oscillation ampli-
tude (Fig. 6 D, E) predictably followed the visible trends shown
in Figures 4C and 5A. The mean opening probability was very
weakly affected by variations in the “off” time of the stimulus
train (Fig. 6F ). The effect of increasing current amplitude was
to enhance the frequency (Fig. 6G) and decrease the amplitude
of the bundle oscillation (Fig. 6H ); the impact on mean open-
ing probability was similarly weak (Fig. 6I ). The data in Figure
6A–C, Figure 6D–F, and Figure 6G–I were obtained by aver-
aging over 10, 7, and 9 bundles, respectively.

Our results from varying the stimulus parameters are con-
sistent with the hypothesis that efferents exert their effect by

Figure 4. Variations of the pulse train stimulus applied to the saccular nerve resulted in changes to the spontaneous oscillation profile of the hair bundles. The amplitude of the pulse
train was kept constant at 200 �A, whereas the pulse duration (“on” time) and the interval between pulses (“off” time) were separately varied. A, The interpulse interval was kept at 10
ms while the pulse duration was systematically altered. As the pulse duration increased, the oscillation frequency of the bundle correspondingly increased until the bundle began to
exhibit short spike-like excursions, seen in the zoom-in (B) of the region between the dashed lines in A. C, The interpulse interval was systematically varied, with the pulse duration held
constant at 1 ms. The hair bundle’s oscillation frequency increased with decreasing interpulse interval, seen clearly in the zoom-in (D) of the region between the dashed lines in C. The
efferent stimulus occurred between the two black triangles illustrated below the hair bundle position traces. A, C, Left schematics represent the manner in which the pulse train stimulus
is being varied and, for purposes of visibility, are not drawn to scale.

Figure 5. Increasing the stimulus amplitude for both a pulse train and a step efferent stimulus intensified the effect of the efferent stimulation. A, A pulse train was applied, with 3 ms “on” and
10 ms “off” time. B, A continuous step stimulus was applied to the saccular nerve. For both types of stimuli, the frequency of the spontaneous oscillations increased. For the step stimulus, the
oscillations were suppressed at high amplitudes of the current. The labels shown between the two panels represent the current amplitudes used in both A and B.
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hyperpolarizing the hair cell. As a control, we applied efferent
stimulation in the presence of apamin, a known blocker of the
SK2 channels, which was introduced into the perilymph solu-
tion. Before the apamin was introduced, the hair bundles os-
cillated, on average, 7.42 � 5.81 Hz (one-tailed paired t test,
t(9)  4.04, p  0.0015) more quickly under efferent stimula-
tion. After the addition of apamin into the perilymph, the
difference in oscillation frequency during efferent modulation

was 0.17 � 0.54 Hz (two-tailed paired t test, t(9)  0.98, p 
0.35). The blocker hence eliminated the effects of efferent
activity (Fig. 8).

Efferent activity leads to hair bundle desensitization
We next explored how efferent modulation changes the mechan-
ical properties of a hair cell by observing how a hair bundle re-
sponds to a mechanical stimulus both with and without
simultaneous efferent stimulation. In conjunction with the effer-
ent stimulation described in the previous sections, we provided a
mechanical stimulus to the hair bundle through a flexible glass
probe. As evident from Figure 9, the bundle’s motions are signif-
icantly less phase-locked by the mechanical stimulus in the pres-
ence of efferent stimulation. To fully explore this phenomenon,
we applied a drive to the hair bundle at frequencies 3–50 Hz,
sampled in 2 Hz increments, with amplitudes (measured as dis-
placements at the base of the probe) of 4, 8, 12, 16, 20, 30, 40, 50,
and 80 nm. Each frequency and amplitude pair was presented for
10 cycles. The first panel of Figure 10A illustrates the synchroni-
zation dynamics of a hair bundle, without any efferent modula-
tion, in the form of a receptive field map. At low mechanical
stimulus amplitudes, the hair bundle showed entrainment only
over a limited frequency range. However, the extent of the phase-
locking grew with mechanical stimulus amplitude and created a
triangular formation seen in the graph.

The hair bundle’s receptive field map was drastically altered by
the application of a pulse train efferent stimulus with amplitudes
of 100 and 200 �A, shown in the second and third panels, respec-
tively, of Figure 10A. As these two panels demonstrate, the hair
bundle showed much weaker phase-locking than it had in the
absence of an efferent stimulus and only did so for the highest

Figure 6. Varying the parameters of a pulse train stimulus affected a hair bundle’s oscillation frequency, amplitude, and open probability. A–C, Increasing the “on” time from 0.5 ms up to 50 ms
led to a decrease in both the oscillation amplitude and the open probability. Averaging the behavior of both types of bundles seen in Figure 7 produces a peak in the oscillation frequency with a
softened falloff. D–F, Decreasing the “off” time from 40 to 1 ms led to an increase in the oscillation frequency. Similarly, the oscillation amplitude declined, whereas the open probability was fairly
unaffected. G–I, Predictably, increasing the amplitude of the pulse train raised the oscillation frequency and reduced the oscillation amplitude. However, the open probability remained relatively
constant. A–C are the results of averaging the data from 10 bundles (2 sacculi). Similarly, D–F were derived with data from 7 bundles (2 sacculi) and 9 bundles (2 sacculi) for G–I. Error bars were
computed from the SDs of the measurements of individual hair bundles.

Figure 7. Incrementally changing a pulse train’s “on” time resulted in two categories of
hair bundle responses. In both categories, increasing the pulse duration initially elevated
the bundle’s oscillation frequency. Afterward, some bundles experienced a peak in their
oscillation frequency, followed by a frequency decline corresponding to the exhibition of
spiking behavior (A). The other group of bundles displayed a plateau in their oscillation
frequency (B). Error bars were calculated in the same manner described for the individual
hair bundles in Figure 2C.
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stimulus amplitudes. Although some synchronization still oc-
curred, the phase-locked region dramatically decreased, indicat-
ing that the hair bundle became significantly less sensitive while
the efferents were activated. After the efferent stimulus was
switched off, the hair bundle sensitivity showed a full return,
exhibiting its original mechanical response. The sensitivity curves
in Figure 10B,C further demonstrate that efferent modulation
mechanically desensitizes a hair cell.

We repeated the measurements, with a step stimulus substi-
tuted for the pulse train (Fig. 11). As a step stimulus exerts a
stronger effect than a pulse train (equivalent to 0 ms “off” time),
the efferent stimulus was set to amplitudes of 50 and 100 �A. The
results are shown in the second and third panels, respectively, of
Figure 11A. At 50 �A, the phase-locked region of the bundle’s
receptive field map was considerably reduced; and at 100 �A, the
bundle exhibited only weak entrainment and showed no fre-
quency selectivity. This supports an increased effect on the hair
bundle with increasing efferent stimulus level. Moreover, there
was a discernible difference in the sensitivity curves (Fig. 11B,C)
between the two levels of efferent modulation. These two figures
reveal that a hair bundle’s mechanical sensitivity diminishes with
increasing amplitude of a step current applied to the efferent
neurons.

The stated observations for pulse train and step stimuli were
noted across eight hair bundles. By shifting the x axis to reflect the
amount of detuning from the bundle’s characteristic frequency,
we were able to capture the mean effect of efferent activity on a
hair bundle’s mechanical responsiveness. The visualization of
this mean effect in Figure 12 mirrors the findings attained from
individual bundles. Figure 12A,B were each averaged over four
bundles, with each bundle originating from a different sacculus.
Each bundle was subjected to only one of the two forms of effer-
ent stimulation. The averaged sensitivity curves (Fig. 12C,D) ob-
tained from the receptive field maps confirmed the observed
sensitivity reduction during efferent stimulation.

Discussion
Efferent impact on bundle mechanics is consistent with
hyperpolarization of the hair cell soma
The physiology of efferent neurons has been widely explored in
prior studies. A subset of the efferents synapse directly onto hair
cells, releasing the neurotransmitter ACh and stimulating the
�9�10 nicotinic ACh receptors. The resulting cascade of opening
ion channels in the cell soma induces changes in the membrane
potential (Wersinger and Fuchs, 2011). While the ramifications
of these channel openings lead to a complex range of behaviors,
efferent activity is inhibitory for most of the stimuli applied
(Llinás and Precht, 1969; Rossi et al., 1980; Furukawa, 1981; Ash-
more and Russell, 1982; Prigioni et al., 1983; Valli et al., 1986;
Sugai et al., 1991) and generally leads to hyperpolarization of the
hair cell soma (Art et al., 1984; Goutman et al., 2005). In one
study, hyperpolarization of the membrane potential in response to
efferent stimulation was demonstrated on hair cells from the
bullfrog sacculus (Castellano-Muñoz et al., 2010). Repeated
pulses of efferent stimulus intensified the degree of hyperpolar-
ization up to a saturating level. These electrophysiological data
are in accordance with the influx of Ca 2� current through cho-
linergic receptors and a subsequent outward K� current through
SK2 channels. The hyperpolarization of the soma in response to
efferent actuation seems to be consistent across a number of spe-
cies studied (Art et al., 1984; Wersinger and Fuchs, 2011). Con-
current with hyperpolarization, stimulation of the efferent axons
was shown to generate both a reduction in sensitivity to tones at
the characteristic frequency and a loss of frequency selectivity, as

Figure 8. Apamin, a SK2 channel blocker, nullified the effects of efferent stimulation when added into the perilymph bath solution. The control was performed for a pulse train stimulus (A,
stimulus: 200 �A, 1 ms “on,” 10 ms “off”). Efferent modulation imposed no visible effects on the spontaneous bundle oscillations consequent to the blockage of the SK2 channels. B, The average hair
bundle oscillation frequency did not change upon efferent activity when apamin was incorporated into the basal bath solution. Circles, triangles, and squares represent oscillation frequencies in
standard perilymph, apamin perilymph, and standard perilymph (rinse), respectively. B was averaged from 10 bundles (3 sacculi). Hair bundles originating from the same sacculus were plotted in
shades of the same color. Error bars indicate the SDs of individual hair bundle oscillation frequencies.

Figure 9. A hair bundle’s response to sinusoidal mechanical stimuli differed greatly depend-
ing on the presence and level of efferent modulation (stimulus: 1 ms “on,” 10 ms “off”). The
bundle visibly phase-locked with the mechanical stimulus in the top and bottom traces. This
characteristic is lost with the introduction of efferent stimulation. All four traces were recorded
from the same hair bundle. The scale bars are applicable to both the bundle traces (black) and
the stimulus (red).
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measured by the evoked response in afferent neurons and the
somatic voltage (Art et al., 1982; Art and Fettiplace, 1984).

It is important to note that the other subset of efferents target
the afferent terminals of hair cells. The stimulus protocol acti-
vates both of these efferent types, as well as afferent neurons.
However, there is no known retrograde effect of afferents on hair
cell activity. Hence, we assume purely efferent effects on the ob-
served phenomena.

It is not fully understood how changes in the membrane
potential of the hair cell affect active bundle mechanics. How-
ever, a number of studies have established that such an effect
exists. Transepithelial electrical stimulation was shown to trig-
ger and entrain active bundle motility (Bozovic and Hudspeth,
2003). A combination of cell electrophysiology and mechani-
cal bundle manipulation likewise demonstrated that mem-
brane potential impacts active motility (Meenderink et al.,
2015). Steady-state changes in the membrane potential were
found to modulate the frequency, amplitude, and shape of
spontaneous oscillations. Specifically, hyperpolarizing a hair
cell evoked an increase in the spontaneous oscillation fre-

quency of the hair bundle, a decrease in the amplitude, and a
reduced mean opening probability.

The repercussions on hair bundle mechanics that we ob-
served with efferent stimulation are hence consistent with
these prior studies. Efferent modulation typically raised the
frequency and reduced the amplitude of spontaneous oscilla-
tions, concurring with the effect of hyperpolarizing the cell
electrophysiologically. Moreover, the shape of the oscillation
changed in a manner consistent with hyperpolarization, with
bundles spending increasing fractions of time in the channel-
closed state. This response was quantified for different levels
of efferent stimulation and found to exhibit similar dependen-
cies to those observed with increasing hyperpolarization of the
hair cell. These parallels are compatible with the correlation
between efferent activity and modulation of the membrane
potential of the hair cell soma.

Furthermore, hair bundles became mechanically desensitized
and their frequency selectivity vanished. We hypothesize that
these observations are a result of the efferents shifting the hair
bundle dynamics to a low-sensitivity spiking regimen, wherein

Figure 10. Receptive field maps of a hair cell were obtained with and without efferent stimulation. A, Each plot was constructed by mechanically driving the bundle at 24 frequencies (3–50 Hz
in 2 Hz increments) with 10 mechanical stimulus amplitudes (0, 4, 8, 12, 16, 20, 30, 40, 50, and 80 nm). The first and last panels represent measurements obtained in the absence of efferent
stimulation. The second and third panels represent the mechanical response of the bundle measured while the efferent neurons were stimulated with pulse trains (3 ms “on”/10 ms “off”) of 100 and
200 �A amplitudes, respectively. Each combination of mechanical stimulus frequency and amplitude was presented for 10 cycles. Linear interpolation was applied along the stimulus amplitude
direction to yield the color maps. The bundle shows decreased phase-locking and frequency selectivity with efferent stimulation. The sensitivity curves at glass probe base displacements of (B) 12
nm (corresponding to the solid lines in A) and (C) 50 nm (corresponding to the dashed lines in A) demonstrate that the cell’s sensitivity decreased upon efferent actuation. Circles, triangles, squares,
and diamonds represent sensitivity curves with efferent stimulus amplitudes of 0 (initial), 100, 200, and 0 �A (final), respectively. The sensitivity curves were smoothed by applying a running
average of three data points. Error bars indicate the SDs from these means.
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the bundles mostly do not entrain in a frequency-dependent
manner (Fredrickson-Hemsing et al., 2012). Although our exper-
iments focused on the efferent impact manifested by individual
bundles, we note that in vivo many species exhibit mechanical
coupling from overlying structures, as well as efferent coupling
from divergent innervation patterns, with each neuron synapsing
onto multiple hair cells. Hence, activation of one efferent fiber is
likely to have an inhibitory effect on many hair cells in parallel. In
the presence of mechanical coupling between cells, there may
exist a regimen in which the efferents improve the sensitivity of
the system. This is a possible avenue for future study.

The efferent system provides a biological mechanism for
controlling the mechanical sensitivity of hair bundles
Hair bundles exhibit remarkable sensitivity, which can be at least
partly explained by several characteristics of its mechanics. First,
its response is highly nonlinear, with a power-law dependence on
the applied stimulus (Eguíluz et al., 2000; Hudspeth et al., 2000;
Martin et al., 2000; Martin and Hudspeth, 2001). This feature has
been measured in vitro and is consistent with in vivo nonlineari-
ties observed across many species (Maoiléidigh and Ricci, 2019).
Second, the hair bundle response contains internal active mech-

anisms (Martin et al., 2001; Ricci et al., 2002; Nadrowski et al.,
2004). In certain species, the bundles can even exhibit innate
oscillations, driven by internal ATP-consuming processes (Mao-
iléidigh and Ricci, 2019). These spontaneous oscillations are
phase-locked by an applied stimulus of much smaller amplitude,
leading to an amplified response (Martin and Hudspeth, 1999;
Martin et al., 2000).

There are many indications that the efferent pathway could
serve as a complex gain control mechanism for both hair cells and
hearing. Studies performed on the mammalian auditory system
have shown that the olivocochlear efferent system plays an im-
portant role in maintaining the integrity of hearing and in fine-
tuning its detection properties (Smith and Keil, 2015; Guinan,
2018; Lopez-Poveda, 2018). Prior work has shown that efferent
activity reduces the voltage-dependent tuning of the hair cell
soma (Art et al., 1982). Our study adds the finding that bundle
mechanics likewise show a reduction in tuning, suggesting that
these could be different manifestations of the same phenomenon.
Furthermore, despite obvious physiological differences, the oto-
protective role of efferents seems to be consistent across the spe-
cies measured. Additionally, prior electrophysiological studies of
hair cells and efferent neurons performed in vitro have shown

Figure 11. Receptive field maps of a hair cell were measured for varying current step amplitudes (50, 100 �A) of efferent stimulation (A). A, Each plot was constructed by mechanically driving
the bundle at 24 frequencies (3–50 Hz in 2 Hz increments) with 10 mechanical stimulus amplitudes (0, 4, 8, 12, 16, 20, 30, 40, 50, and 80 nm). Linear interpolation was applied along the stimulus
amplitude direction. As with the pulse train stimulus, the hair bundle showed reduced phase-locking with efferent modulation. The sensitivity curves at glass probe base displacements of (B) 8 nm
(corresponding to the solid lines in A) and (C) 20 nm (corresponding to the dashed lines in A) show that the cell became desensitized with efferent activity. Circles, triangles, squares, and diamonds
represent sensitivity curves with efferent stimulus amplitudes of 0 (initial), 50, 100, and 0 �A (final), respectively. The sensitivity curves were smoothed by applying a running average of three data
points. Error bars indicate the SDs from these means.
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Figure 12. The receptive field maps in Figures 9 and 10 were offset along the x axis to represent the detuning relative to a hair bundle’s characteristic frequency. These modified maps
were averaged and plotted for both pulse train (A) and step (B) stimuli. The characteristic frequency of each hair bundle was determined from its spontaneous oscillations. A, B were
averaged from 4 bundles each, coming from 8 sacculi. C, D, Averaged sensitivity curves at glass probe base displacements of 30 and 40 nm, respectively, corresponding to the solid lines
in A and B, respectively. Circles, triangles, squares, and diamonds represent averaged sensitivity curves with efferent stimulus amplitudes of 0 (initial), 100, 200, and 0 �A (final),
respectively, for C, and 0 (initial), 50, 100, and 0 �A (final), respectively, for D. The sensitivity curves were smoothed by applying a running average of three data points. Error bars indicate
the SDs from the means.
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that efference modulates the somatic membrane potential. This
effect has also been seen in different end organs, indicating that
some aspects of the efferent pathway are consistent across the
species.

In the current study, we demonstrated that the activation of
efferent neurons leads to changes in mechanical responsiveness at
the level of the hair bundle. Visible changes in the innate motility
of the bundle showed that its internal active processes are signif-
icantly impacted. Further, the sensitivity of the mechanical re-
sponse, characterized across a range of stimulus frequencies and
amplitudes, was drastically reduced. This reduction in the evoked
motility of the bundle could be an important contribution to the
mechanisms that underlie the otoprotective capabilities of the
efferent architecture. The efferent system may therefore be
viewed as a biological control mechanism that tunes the mechan-
ical responsiveness of the hair bundle.
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Blanchet C, Eróstegui C, Sugasawa M, Dulon D (1996) Acetylcholine-
induced potassium current of guinea pig outer hair cells: its dependence
on a calcium influx through nicotinic-like receptors. J Neurosci 16:2574 –
2584.

Boero LE, Castagna VC, Di Guilmi MN, Goutman JD, Elgoyhen AB, Gómez-
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