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ABSTRACT

In mammals, efferent projections to the cochlear
receptor are constituted by olivocochlear (OC) fibers
that originate in the superior olivary complex. Medial
and lateral OC neurons make synapses with outer hair
cells and with auditory nerve fibers, respectively. In
addition to the OC system, there are also descending
projections from the auditory cortex that are directed
towards the thalamus, inferior colliculus, cochlear
nucleus, and superior olivary complex. Olivocochlear
function can be assessed by measuring a brainstem
reflex mediated by auditory nerve fibers, cochlear
nucleus neurons, and OC fibers. Although it is known
that the OC reflex is activated by contralateral
acoustic stimulation and produces a suppression of
cochlear responses, the influence of cortical descend-
ing pathways in the OC reflex is largely unknown.
Here, we used auditory cortex electrical
microstimulation in chinchillas to study a possible
cortical modulation of cochlear and auditory nerve
responses to tones in the absence and presence of
contralateral noise. We found that cortical
microstimulation produces two different peripheral
modulations: (i) changes in cochlear sensitivity evi-
denced by amplitude modulation of cochlear micro-
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phonics and auditory nerve compound action
potentials and (ii) enhancement or suppression of
the OC reflex strength as measured by auditory nerve
responses, which depended on the intersubject vari-
ability of the OC reflex. Moreover, both corticofugal
effects were not correlated, suggesting the presence of
two functionally different efferent pathways. These
results demonstrate that auditory cortex electrical
microstimulation independently modulates the OC
reflex strength and cochlear sensitivity.

Keywords: olivocochlear, efferent system, auditory
cortex, top-down, corticofugal, electrical
microstimulation

INTRODUCTION

Neural reflexes are fundamental in animals for homeo-
stasis, survival, and reproduction. The basic circuit of a
reflex is constituted by a sensory receptor, a central
integrator, and an efferent pathway, and their presence is
ubiquitous in the neural system (Clarac 2005). Some
examples are the vestibule-ocular reflex which is funda-
mental to maintain visual fixation during head rotations
(Straka 2010) or muscle stretch reflexes which are
important for locomotion and posture control (Clarac
2008). In addition to this basic circuit, there are control
mechanisms that suppress or enhance the reflex strength
in different situations (Feldman and Orlovsky 1972). For
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instance, muscle stretch reflexes are enhanced by the
arousal level (McIntyre et al. 2004), while spinal flexor
reflexes are suppressed during anesthesia (Tang and
Schroeder 1973).

The olivocochlear (OC) reflex is activated by
sounds, and its physiological effect is to suppress
auditory nerve and cochlear responses (Buno 1978;
Liberman 1989). The neural circuit of this reflex is
located in the brainstem and is constituted by auditory
nerve fibers, postero-ventral cochlear nucleus neu-
rons, and medial olivocochlear (MOC) fibers, which
in turn make synapses bilaterally with cochlear
receptor cells (de Venecia et al. 2005). The relevance
of this reflex in hearing is still debated, and several
functions have been attributed to it, including
unmasking of auditory stimuli in background noise
(Kawase and Liberman 1993) and protection to
acoustic trauma (Maison and Liberman 2000). In
addition, the arousal level of subjects is a factor that
modulates the magnitude of the OC reflex, as it is
known that compared to the awake state, different
types of anesthesia reduce the strength of this reflex
on cochlear responses (Guitton et al. 2004; Chambers
et al. 2012).

In mammals, the olivocochlear system is part of an
efferent neural network that comprises pathways from
the auditory cortex to the cochlear receptor (Saldana
et al. 1996; Robles and Delano 2008; Schofield 2010;
Malmierca and Ryugo 2011). Cortical descending
projections originate from pyramidal neurons located
in layers V and VI of the auditory cortex and are
directed to the inferior colliculus (Bajo and Moore
2005), cochlear nucleus (Schofield and Coomes
2005), and even directly to medial olivocochlear
neurons (Mulders and Robertson 2000).

The physiological influence of cortical descending
projections in cochlear functioning has been demon-
strated by auditory cortex microstimulation in bats
and humans, as it modulates the amplitude of
cochlear responses and of otoacoustic emissions (Xiao
and Suga 2002a; Perrot et al. 2006). Moreover,
auditory cortex deactivations or lesions in rodents
and humans modulate the amplitude of thalamic,
inferior colliculus, brainstem, and cochlear responses
(Antunes and Malmierca 2011; Anderson and
Malmierca 2013; Lamas et al. 2013; Khalfa et al.
2001; Leon et al. 2012). However, there is still no
direct evaluation of how cortical descending pathways
influence the olivocochlear reflex.

Here, we evaluated possible control mechanisms of
auditory cortex descending projections on cochlear
sensitivity and on the olivocochlear reflex circuit. The
OC reflex strength was assessed by measuring cochle-
ar and auditory nerve potentials with and without
contralateral acoustic stimulation, before, during, and
after auditory cortex electrical microstimulation (MS).
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MATERIALS AND METHODS

Experimental Animals and Anesthetic Protocol

Fifteen adult chinchillas of either sex (Chinchilla laniger)
weighing between 400 and 700 g were anesthetized
(ketamine 30 mg/kg, xylazine 4 mg/kg, and atropine
0.04 mg/kg) and maintained under anesthesia with
repeated half doses every 30-45 min, or when necessary,
judging by the foot-withdrawal reflex. Rectal temperature
was maintained at 36-37 °C by means of a heating pad.
All procedures involving animals were made in accor-
dance with NIH Guidelines for the Care and Use of
Laboratory Animals, publication no. 86-23, revised 1996,
and were approved by the Institutional Bioethics Com-
mittee (Comité de Bioética de Investigacion en Animales,
Facultad de Medicina, Universidad de Chile, permit
number CBA #0262). At the end of each experiment,
deeply anesthetized animals were humanely euthanized
with an overdose of sodium thiopental (120 mg/kg).

Surgical Procedures

All surgical procedures were performed in a stereo-
taxic device that allowed free access to both external
auditory meatus, tympanic membranes, and temporal
bones with the head stabilized by means of a nose
clamp and an occipital fixation device.

Auditory Cortex Surgery A craniotomy was performed in
the left temporal bone following anatomic
descriptions and vascular landmarks given by
Harrison et al. (1996) and Harel et al. (2000). The
dura mater was incised and, in order to record and
stimulate deep cortical layers (V and VI), a low
impedance (<5 kQ, 200 pm diameter) Nichrome®
electrode was positioned and lowered 1,000-1,500 pm
into the left auditory cortex using a 3D-microdrive
arm (SM-11, Narishige®). The penetration site was
covered with agar, and auditory cortex-evoked poten-
tial (ACEP) latencies (<25 ms) were measured to
confirm that the electrode was positioned within
auditory cortices (Delano et al. 2008).

Cochlear Surgery The right cochlea was accessed by a
dorsal aperture of the tympanic bulla, and another
Nichrome® electrode (200 pm) was placed in the
right round window niche.

Auditory Stimuli

Ipsilateral (right) tones (1-8 kHz, 30-90 dB sound
pressure level (SPL)) and contralateral (left) broad-
band noise (55-60 dB SPL) were digitally generated
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by two synchronized National Instruments® PCI
boards (6071-E) at 100,000 samples/s, attenuated by
PA-5 programmable attenuators (Tucker Davis Tech-
nologies® system III), and delivered with ER-2
(Etymotic Research®) transducers through tubes
sealed to the external auditory meatus. Tones were
presented with alternating polarity at a rate of 4 Hz,
with duration of 15-30 ms, and 5 ms rise/fall time.
Noncontinuous broadband noise was presented at
4 Hz with duration of 170-200 ms. Sound pressure
levels were calibrated in both ears of every chinchilla
using an Etymotic® or Knowles® microphone. The
signal was analyzed using a custom-made spectrum
analyzer program written in C language
(LabWindows®), assuring that the second and subse-
quent harmonic components in the signal were
=40 dB below the level of the fundamental frequency
at the highest output level.

Electrophysiological Recordings

ACEPs were always recorded from the left hemisphere
and cochlear responses from the right round window.
The electrical signal from the round window was
amplified 10,000x and filtered between 300 and
10,000 and 300-20,000 Hz in response to low- and
high-frequency tones, respectively, using a BMA-200
differential preamplifier (Cwe-inc®) and a second
stage filter (Krohn-Hite®, model 3323). The cortical
signal was amplified 10,000x and bandpass filtered (1-
1,000 Hz) using a BMA-200 differential amplifier
(CGwe-inc®) and in a second stage low-pass filtered at
200 Hz (Frequency devices® 901). Both signals were
acquired and digitized at 40,000 samples/s with a
National Instruments® board (6071-E). The ground
and reference electrodes were inserted in midline
nose and in the occipital region, respectively.

Auditory Cortex Electrical Microstimulation

Trains of four biphasic square electrical pulses (2-
50 pA, 0.25 ms each, separated by 2.2 ms) were
delivered at different rates (1-32 Hz) to the auditory
cortex during 5 min, using an isolated pulse generator
(2100, AM-Systems®). However, as electric pulses
delivered at low rates did not produce changes in
the amplitude of cochlear potentials, all data present-
ed in this article were obtained with 32 Hz MS rate.
This protocol was based on previous experiments of
auditory cortex MS performed in the mustached bat
(Xiao and Suga 2002a, b).

Experimental Protocols

Experiments were controlled with custom-made pro-
grams developed in C language (LabWindows®). We
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performed two types of experiments: in protocol 1
(n=15), cochlear and auditory nerve responses were
evaluated before and after but not during auditory
cortex microstimulation, using current intensities
from 2 to 50 pA. In order to evaluate the temporal
course of descending effects on cochlear potentials,
we designed a second protocol (n=10), in which we
evaluated changes produced in cochlear and auditory
nerve potentials during simultaneous cortical MS.
Considering that current intensities larger than
10 pA produced large MS artifacts, only currents from
2 to 8 pA were applied in this protocol. In addition, to
avoid the superposition of the electrical artifacts
produced by MS with cochlear responses, tones were
presented with a time delay of 10 ms. The second
protocol also included the evaluation of the effect of
contralateral noise presented in the left ear with and
without left auditory cortex MS. This protocol allowed
us to evaluate the influence of descending projections
from the left auditory cortex to the ipsilateral superior
olivary complex and to the contralateral cochlea
(Fig. 1).

Data Analysis

Data were analyzed using a custom-made C program
(LabWindows®). Compound action potential wave-
forms from the auditory nerve (CAP) were obtained
by averaging eight trials of alternating tone polarity.
From the averaged CAP waveform, we obtained two
different neural measures: (i) N; to P; and (ii) Ny to
Py (Fig. 2A). The N; to P, response is considered to be
originated from distal auditory nerve, while the Ny to
Py response is proposed to be generated from the
proximal auditory nerve and ipsilateral cochlear
nucleus (Sellick et al. 2003; Brown and Patuzzi
2010). Both neural measures (N;-P;) and (No-Po) were
analyzed separately in this article. Fast Fourier trans-
forms in 12.8 ms windows that excluded the CAP
response were used to compute the power spectrum
of cochlear microphonics (CM) from the same eight
trials used to measure the CAP waveform. Standard
deviation from N;-P;, No-Py, and CM responses were
obtained from these eight trials that were presented at
4 Hz rate, meaning that we have CAP and CM
measures every 2 s of recordings. Meanz+standard
errors are displayed in figure plots. The amplitudes
and latencies of ACEP responses to auditory stimuli of
different intensities and frequencies (1 to 8 kHz and
30-90 dB SPL) were calculated before cortical MS
(Fig. 2C, F).

In protocol 1, the effects of cortical
microstimulation were evaluated by comparing the
amplitudes of CAP and CM obtained in the first 30 s
with those obtained in the last 30 s of the experimen-
tal protocol (periods (i) and (v) in Fig. 1). In protocol
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FIG. 1. Schematic illustration of experimental procedures. A
Round window electrical responses; CAP (N;-P; and N,-P,) and
CM were recorded from the right round window before, during, and
after left auditory cortex electrical microstimulation. A second
protocol also included the evaluation of the effect of contralateral
noise presented to the left ear. B Time courses of the experimental
protocols, including a control period without microstimulation (i), a
microstimulation period of 5 min (ii), and a recovery period after
cortical MS (v). The experiments with contralateral noise included a
condition in which noncontinuous broadband noise (without cortical
microstimulation) was presented during 2 min (iii) and another

condition in which the contralateral noise (iv) was preceded by
auditory cortex microstimulation (i) which began 90 s before the
contralateral noise onset and was delivered during 5 min. Conse-
quently, from 120 to 240 s, contralateral noise and auditory cortex
microstimulation were presented simultaneously. C Temporal repre-
sentation of tone bursts at a presentation rate of 4 Hz (i) without
microstimulation and (ii) with trains of four biphasic electrical pulses
presented at 32 Hz rate. In order to avoid a time coincidence
between electrical microstimulation artifacts and cochlear responses,
tones and electrical microstimulation onsets were synchronized with
a 10-ms time offset.
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FIG. 2. Examples of CAP (N;-P; and N,-P,) and CM changes
produced in the right cochlea with a 3,500-Hz tone after left auditory
cortex microstimulation delivered at 32 Hz rate. A Averaged CAP
waveforms showing an example of the measures used to compute
N;-P; and N,-P, neural potentials before and after cortical
microstimulation. B Averaged CM waveforms were obtained by
inverting the polarity of odd trials. Notice an amplitude decrease of

2, contralateral noise effects were assessed by the
reduction (or increase) in N;j-P;, No-Po, and CM
amplitudes compared in decibel to baseline ampli-
tudes (dB=20*LOG;o[amplitude/reference ampli-
tude]), obtained without contralateral noise and
without cortical microstimulation. Average effects of
contralateral noise were calculated in decibel from (i)
the complete period of OC reflex activation (120 s) or
(ii) dividing this period into three periods: the first,
middle, and last 40 s of contralateral noise stimula-
tion. The significance of the differences between data
with normal distribution (evaluated by the Shapiro-
Wilk test) in control and contralateral noise condi-
tions was determined by paired ¢ tests or with ANOVA
in auditory cortex microstimulation experiments,
while the Mann-Whitney or Kruskal-Wallis tests were
used for nonnormal distributions. Tukey post hoc
tests were used to evaluate significant differences
between groups. Spearman correlation indexes were
calculated to evaluate possible associations between
contralateral noise and cortical MS effects on cochlear
potentials (SigmaPlot®, v12.5).

RESULTS

Auditory cortex electrical microstimulation delivered
at 32 Hz rate, but not at 1, 2, 4, or 8 Hz rate (not
shown), produced a variety of changes in the ampli-

Sound level (dB SPL)

Sound level (dB SPL)

CM after cortical microstimulation. C Averaged ACEP waveforms
obtained at different sound pressure levels. D CAP and E CM input-
output level functions before and after auditory cortex MS, respec-
tively. Cochlear potentials (N;-P; (circles), N,-P, (triangles), and CM
(squares)) recorded before (black symbols) and after (red symbols) cortical
microstimulation. F ACEP input-output amplitude (left axis) and
latency (right axis) level functions obtained before cortical MS.

tude of N;-P;, No-Py, and CM responses to tones. In
these experiments (n=15), the amplitudes of N;-P,
No-Py, and CM were evaluated before and after a 5-
min period of microstimulation with current intensi-
ties between 2 and 50 pA. The average of maximum
reductions obtained after MS that were at least 0.5 dB
of change for N;-P; and No-Py and 0.2 dB of change
for CM responses was as follows: -1.6+0.5 dB for CM
(n=6), -2.8+0.9 dB for N;-P; (n=8), and -1.8+1.1 dB
for No-Py (n=5), while average maximum increases
obtained after cortical MS were 1.5+1.1 dB for CM
(n=8), 1.8+0.9 dB for N;-P; (n=3), and 1.5+0.4 dB for
No-Py (n=b). The most common type of CAP change
was N;-P; amplitude reduction (Fig. 2A, D) found in
eight cases, four of them accompanied with parallel
CM reduction (Fig. 2B, E), and three of them with CM
increase.

Figure 3 shows examples of the variety of descend-
ing effects of auditory cortex MS with 10 and 50 pA on
cochlear responses to stimuli at different frequencies
and sound pressure levels. The main effects of 10 pA
cortical MS were CM reductions produced in the 1-4-
kHz range of frequencies, at low to moderate sound
pressure levels and almost no effect in N;-P; ampli-
tudes and mixed effects at 1 kHz in No-Po amplitudes,
with reductions at low pressure levels accompanied by
small increases at high pressure levels. The peripheral
effects of 50 pA MS at the same cortical site (Fig. 3B)
were similar in CM responses to those observed with
10 pA MS, CM reductions at 2 to 8 kHz, but
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accompanied by CM enhancements at 1 and 8 kHz
and higher sound levels, while in the case of No-Py
potentials, the efferent effect was inverted at 1 kHz,
and a new amplitude reduction appeared at 2 kHz.
These results suggest differential effects of cortical MS
at different intensities on cochlear hair cell and
neural responses.

To evaluate the temporal course of corticofugal
effects produced by auditory cortex MS, in the
following experiments, we recorded and analyzed
round window responses (at 4 Hz rate) throughout
the period of cortical MS (delivered at 32 Hz rate).
The aim of this type of experiments was to evaluate
ongoing efferent effects produced during cortical MS
in cochlear and auditory nerve responses. Only
currents from 2 to 8 pA were used, as intensities
higher than 10 pA produced large artifacts in the
round window signal. Figure 4 shows an example of
the temporal dynamics of N;-P; and CM amplitude
changes produced during cortical MS, evaluated at
different stimulus frequencies (2, 4, and 8 kHz).

A two-way ANOVA (frequency and MS as factors)
for CM responses showed significant effects of
frequency (Fy, §4=142.329, p<0.001) and MS
(I, 84=288.345, p<0.001) and a significant interac-
tion between frequency and MS (I, 4=137.227,
$<0.001) in CM amplitudes. The Tukey post hoc
test revealed significant effects of MS on CM
responses at 2 and 8 kHz. On the other hand, a
two-way ANOVA (frequency and MS as factors) for
N;-P; responses showed no effect for frequency (f%,
84=2.378, $=0.099), a significant effect of MS (F;, g4=
7.351, $<0.008), and a significant interaction be-
tween frequency and MS (F5 g4=3.605, p=0.031) in
N;-P; amplitudes. The Tukey post hoc test revealed a
significant effect of MS only for N;-P; responses
obtained at 4 kHz stimuli.

The temporal course of the efferent effects was
slow, in the order of tens of seconds, most of the times
requiring between 1 and 2 min to obtain a significant
buildup of the efferent effects. Fast effects (immediate
changes with cortical MS) were not observed with this
protocol.

Taken together, these results demonstrate that
auditory cortex MS modulates cochlear and audi-
tory nerve sensitivity probably by changing the
activity of descending projections originated in
layers V and VI of the auditory cortex. In addition,
the differential effects observed at CM responses
with different frequencies could be reflecting
cortico-olivocochlear frequency specificity. Howev-
er, whether these corticofugal effects were affecting
the functioning of the olivocochlear reflex circuit
remained uncertain. Next, we evaluated the effects
of cortical MS on the strength of the olivocochlear
reflex, assessed by the presentation of a broadband
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noise to the left ear, which is ipsilateral to the
stimulated auditory cortex and contralateral to the
recorded round window (Fig. 1A).

Contralateral noise produced amplitude in-
creases, and reductions of the N;-P; and No-Py
responses, however, did not produce any changes
in CM responses. Therefore, in the following
results, only CAP data (N;-P; and Ng-Py) are
shown. Figures 5, 6, 7, and 8 show characteristic
examples from different single experiments that
illustrate the variety of effects obtained. Figure 5A
shows that the presentation of a contralateral noise
without auditory cortex MS produced a small
reduction effect at the onset of the contralateral
acoustic stimulation in the N;-P; responses, which
was enlarged by auditory cortex MS (repeated
measures ANOVA, F5 4,=122.08, p<0.001, Tukey
post hoc test). In contrast, there was no difference
between the effect of the contralateral noise on No-
P, responses obtained with and without cortical MS
(Fig. 5B). Figure 6 shows an example in which the
polarity of the contralateral noise effect on N;-Py
and No-Py responses was inverted with auditory
cortex MS (repeated measures ANOVA, F =
78.58, $<0.001, Tukey post hoc test), while CM
responses remained stable (not shown). Figure 7
shows an example in which a large effect of the
contralateral noise on the amplitude of N;-P; was
reduced by cortical MS (Kruskal-Wallis, Hs=
255.284, p<0.001).

It is known that the OC reflex strength is
variable in different subjects (Maison and
Liberman 2000; Backus and Guinan 2007); there-
fore, next we explored whether the variability of
the OC reflex strength on CAP responses was a
factor that influences the level of modulation
produced by the auditory cortex MS on the OC
reflex strength on N;-P; and Ny-Po responses.
Figure 8 shows an example of a large CAP effect
(N;-P; and No-Py) of contralateral noise without
microstimulation at 4 kHz (Fig. 8A, C), which was
not affected by cortical MS. In contrast, at 2 kHz,
there was no CAP effect of contralateral noise
without MS, but with cortical MS and simultaneous
contralateral noise, an increasing suppressive effect
appeared (Fig. 8B, D) (N;-P;: repeated measures
ANOVA, F;, 60=23.61, p<0.001, Tukey post hoc test;
No-Py: repeated measures ANOVA, [F; 40=31.22,
$<0.001, Tukey post hoc test).

Taken together, data from Figures 5, 6, 7, and 8
suggest that cortical MS increases the suppressive
strength of the OC reflex in those cases of positive
or small reduction effects without MS (Figs. bA, 6, and
8B, D), while large OC suppressive effects obtained
without MS are diminished by cortical MS (Figs. 7A
and 8A, C). This pattern of cortical MS effects on the
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FIG. 3. Amplitude changes in cochlear potentials at different
frequencies and sound levels induced after auditory cortex
microstimulation at two current intensities. The upper and lower rows
display amplitude changes (dB) produced with 10 and 50 pA,
respectively. Green color represents no amplitude changes, while blue
and violet represent significant decreases and yellow and red significant
increases (frequency and intensity level paired t tests, p<0.05). A
Amplitude changes produced by 5 min of MS at 10 pA. A reduction of
CM is seen between 1 and 4 kHz at low pressures, while N;-P;
presents tiny amplitude changes at 4 and 8 kHz. A strong N,-P,

strength of the OC reflex was confirmed by the
analysis of the average effect of contralateral noise
measured in all experiments, as displayed in Figure 9.
Moreover, we found that both types of corticofugal
effects were independent, as there was no correlation
between them (Fig. 9A, B). On the other hand,
there was a linear correlation between the strength
of the OC reflex without and with cortical MS
(Fig. 9C), while OC reflex strength without cortical
MS correlated with the differential OC reflex effect
obtained with MS (Fig. 9D). In addition, the effects
of cortical MS on the OC reflex strength were
mostly centered in auditory stimuli with frequen-
cies between 1 and 4 kHz (Fig. 9E). The largest
effects on N;-P; were obtained with ACEP latencies
<15 ms, as the median absolute value of these
effects was 0.545 dB, while for those experiments
with latencies >15 ms was 0.229 dB (Mann-Whitney
test, U=100, p=0.009) (Fig. 9F). There was no
significant difference in the ACEP latencies of No-
Py effects.

As the effects of contralateral noise on CAP
responses presented a variety of temporal courses

AN,-P, (dB)

3 45678 1 2 3

Frequency (kHz)

3 45678 1 2 3
Frequency (kHz)

229

AN,-P, (dB)

amplitude
‘ change (dB)

—-— -4
—-_— -3
—-— -2
- 1
0

1

2
3
- 4

4 5678
Frequency (kHz)

L

L

4 5678
Frequency (kHz)

reduction was observed at 1 kHz at 20 and 30 dB SPL, while focused
increases were observed at 50 and 70 dB SPL at the same frequency.
B Corticofugal effects obtained at 50 uA. Note that a CM reduction in
the 2-kHz region, similar to the 10-uA changes, was observed, but it
extended to the 4- and 8-kHz frequencies. The change pattern was
also modified for the N;-P;, in which the reduction moved from 4 to
1 kHz. In the case of the N,-P, response, there was a frequency shift
of the diminishing effect to the 2-kHz region, while changes at 1 kHz
were inverted, with an amplitude increase at 20 dB SPL and
reductions at 50 and 70 dB SPL.

(Figs. 5, 6, 7, and 8), next, we separately analyzed the
average effects obtained in the first, middle, and last
40 s of contralateral acoustic stimulation. Figures 10
and 11 show no systematic differences in contralateral
noise effects on CAP responses between the three
periods of stimulation and that these effects were
similar to those obtained with average data for the
whole period of contralateral stimulation displayed in
Figure 9.

DISCUSSION

Here, we demonstrated that auditory cortex elec-
trical microstimulation produced two different
types of corticofugal effects on cochlear and
auditory nerve responses. The first type was an
amplitude change of cochlear potentials, including
CAP (N;-P; and Ny-Ps) and CM responses, while
the second type was a modulation of the strength
of contralateral acoustic stimulation effects on CAP
responses, without changes in CM amplitudes.
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FIG. 4. Auditory cortex electrical microstimulation modulates the
amplitudes of N;-P; and CM responses. Amplitudes of round
window responses (at 4 Hz rate) were referenced to baseline
amplitude (first 30 s) and displayed as decibel of change. Circles
represent N1-P; responses and red squares CM responses to tones. The
red-shaded area represents the period of cortical microstimulation

Previous studies of auditory cortex microstimulation
found corticofugal effects at the most peripheral level of
the auditory pathway, including frequency-specific am-
plitude changes of cochlear microphonics in bats (Xiao
and Suga 2002a), amplitude reduction of otoacoustic
emissions in humans (Perrot et al. 2006), and modulation
of neural responses in the cochlear nucleus of mice (Luo

(4 pA at 32 Hz rate). A black dotted line represents baseline amplitude.
A-C Changes for tones of 2, 4, and 8 kHz correspondingly, obtained
from a single experiment. Notice that auditory cortex
microstimulation produced significant decreases of CM responses
to 2 and 8 kHz, while significant N;-P; reductions were obtained
only at 4 kHz stimuli.

et al. 2008). Some important differences of the
present work with previous studies are (i) we
recorded cochlear and auditory nerve responses
simultaneously, (ii) we studied the temporal course
of corticofugal effects in a millisecond scale, and
(iii) we directly assessed the corticofugal effects of
auditory cortex microstimulation on the strength of
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FIG. 5. Auditory cortex electric microstimulation enhances the
suppressive effect of contralateral noise on N;-P; responses. The red-
shaded area represents the period of cortical microstimulation (4 pA at
32 Hz rate), while the blue-shaded area represents the period in which
the contralateral noise was presented. Black-filled symbols (circles and
triangles) represent N;-P; and N,-P, potentials recorded without
microstimulation, while white-filled, red border symbols (circles and

the olivocochlear reflex evoked by contralateral
noise.

Corticofugal Effects on CAP and CM Responses

In addition to MOC neurons, the OC system is also
constituted by lateral olivocochlear neurons (LOC)
which make synapses with auditory nerve fibers.
Consequently, a modulation of LOC activity would
only affect CAP but not CM responses (Groff and
Liberman 2003), while a MOC modulation can
change CAP and CM amplitudes (Elgueda et al.
2011).

In a previous study of auditory cortex inactiva-
tion, we found a large diversity of corticofugal
effects, suggesting the presence of an auditory
cortex efferent basal tone that modulates the
amplitudes of CAP and CM responses (Leon
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triangles) represent N;-P; and N,-P, responses recorded with
auditory cortex microstimulation. All amplitudes are referenced to
the first 30 s, displayed as decibel of change. Notice that auditory
cortex microstimulation A produced a significant increase of the
suppressive effect of contralateral noise in Ny-P;, while B in the case
of the N,-P, potential did not alter the suppressive effect of
contralateral noise.

et al. 2012). Here, we found that auditory cortex
electrical microstimulation also produced a variety
of effects, including CAP amplitude changes (N;-P;
and No-Py) that were in the range of +3 dB,
accompanied by CM changes in the range of
+1.6 dB. As the modulation of CM responses is
only achieved through MOC fibers, these results
suggest that cortical MS modified the basal tone of
cortical neurons that constitute the direct or
indirect (through inferior colliculus) descending
pathways to the medial olivocochlear complex.
However, a concomitant modulation of LOC neu-
rons by cortical MS cannot be discarded (Fig. 12).

Frequency Dependence of Corticofugal Effects

Auditory cortex microstimulation produces sharp
frequency-specific CM effects in bats (Xiao and Suga



232

>

-
L

A

N,-P, amplitude change (dB)
o

2
0 30 120

N,-P, amplitude change (dB)

0 30 120

Dracicevic T AL.: Auditory Cortex Modulates Olivocochlear Neurons

240 330

Time (s)

240 330

Time (s)

FIG. 6. Auditory cortex microstimulation inverts the polarity of the contralateral noise effect on N;{-P; and N,-P, responses. A, B
Without cortical MS, there is an amplitude increase of N{-P; and N,-P, potentials with contralateral noise stimulation that was inverted
to N;-P; and N,-P, suppressions when presenting contralateral noise preceded by cortical microstimulation.

2002a, b) and also tuned effects in ipsilateral and
contralateral cochlear nucleus neurons in mice (Luo
etal. 2008; Liu et al. 2010; Kong et al. 2014). Here, the
majority of the descending effects were obtained at
frequencies between 1 and 4 kHz, which is in
agreement with our previous experiments of auditory
cortex inactivation (Leon et al. 2012). Moreover,
electrical stimulation of the medial olivocochlear
bundle in chinchillas also produced the largest CAP
effects at 2 kHz (Elgueda et al. 2011), a frequency that
corresponds to a location at about the middle of the
chinchilla cochlea, which receives most of the
olivocochlear innervation (Eldredge et al. 1981;
Azeredo et al. 1999). In relation with this frequency
preference of the corticofugal effects, the present
study has two limitations: (i) we evaluated a limited set
of frequencies (1 to 8 kHz, in steps of 1.0 or 0.5 kHz),
and (ii) we used ACEP responses obtained by
averaging local field potentials, a less frequency-
specific technique than unitary recordings (Gaucher
et al. 2012). For these reasons, we cannot discard that

cortico-olivocochlear effects were actually more
frequency-specific than the results described in this
work.

Temporal Course of Corticofugal Effects

The electrical activation of medial olivocochlear
neurons can elicit two effects with different tem-
poral course: a fast effect which has a time
constant of tens of milliseconds and a slow effect
with a time constant of tens of seconds (Sridhar
et al. 1995). Here, as corticofugal effects of
electrical microstimulation were evaluated within
pulse trains (Fig. 1C), we were able to study the
temporal course of the cortico-olivocochlear effects
in a more precise time scale than previous cortico-
olivocochlear studies (Xiao and Suga 2002a; Perrot
et al. 2006), evaluating fast and slow effects. In all
cases, corticofugal effects were obtained only in a
slow time scale requiring tens of seconds to appear
at the cochlear level, and for that reason, the
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FIG. 7. Auditory cortex electric microstimulation reduces the suppressive effect of contralateral noise on N1-P1 responses. A Notice that
auditory cortex microstimulation diminished the suppressive effect of contralateral noise on N;-P; B but did not affect the suppressive effect of

contralateral noise on N,-P, responses.

second protocol (simultaneous MS and contralat-
eral acoustic stimulation) was designed with a
period of 90 s of cortical microstimulation before
contralateral noise stimulation.

Corticofugal Effects of Auditory Cortex MS on the
Strength of the OC Reflex

Several authors have described a large variability in
the strength of the olivocochlear reflex, which has
been attributed to different functions, like protection
to acoustic trauma (Maison and Liberman 2000), or as
a factor that prevents age-related hearing loss or
presbycusis (Liberman et al. 2014). Moreover, Larsen
and Liberman (2009) have suggested that slow
fluctuations in the strength of the OC reflex can be
attributed to central modulation of olivocochlear
neurons. Here, we directly demonstrated that audito-
ry cortex activity modulates the strength of the

olivocochlear reflex in CAP (N;-P; and No-Py) but
not in CM responses.

The effect of cortical MS on OC reflex strength
depends on the magnitude of the OC reflex
without cortical microstimulation. In the cases of
CAP enhancements or weak reductions (<1 dB
effect) with contralateral noise without MS, the
average suppressive effect of the reflex is enhanced
with MS (Figs. 5A and 6A, B), while in those cases
of large OC suppressions without MS (>2 dB), the
effect is reduced with MS (Fig. 7A). Moreover,
these data suggest that auditory cortex MS over-
rides the suppressive effect of the OC reflex to an
optimal average strength of about 0.97 dB for Nj-
P, suppression and about 0.86 dB for NPy
suppression, values calculated using the average
values of the OC reflex strength with auditory
cortex MS.

The ACEP latency in chinchillas is an electro-
physiological value used to delimit primary
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FIG. 8. The magnitude of corticofugal effects on CAP responses depends on the OC reflex strength without cortical MS. Left panels were
obtained with 4-kHz stimuli, while right panels with 2 kHz. A Notice that auditory cortex microstimulation did not affect the suppressive effects
of contralateral noise on N;-P; and N,-P, at 4 kHz. B But it increased the suppressive effect of contralateral noise on N-P; and N,-P, at 2 kHz.

(<15 ms) and secondary (>15 ms) auditory cortex
responses (Harel et al. 2000). Cortical modulations
of the OC reflex strength in N;-P; responses were
larger in cortical sites with ACEP latencies <15 ms
(Fig. 9F), suggesting that electric microstimulation
of primary auditory cortex sites was more effective
in modifying the OC reflex strength than that of
secondary auditory cortex sites. This latency de-
pendent difference on the strength of the OC
reflex is in agreement with neuroanatomical stud-
ies showing that the primary auditory cortex is the
main source of descending projections to the
inferior colliculus and to the superior olivary
complex (Bajo and King 2013; Doucet et al. 2002).

The anesthetic state of the animals could have
reduced the magnitude of the cortical effect on
the OC reflex strength and could also explain the
lack of effect of contralateral noise on CM
responses, as it is known that MOC activity is
influenced by the arousal level (Guitton et al.
2004; Chambers et al. 2012). These questions
should be addressed in future experiments in
awake animals.

Two Independent Corticofugal Effects

Figure 12 proposes a working model to explain
independent corticofugal effects on (i) cochlear
sensitivity and (ii) olivocochlear reflex strength. In
the experiments presenting modulation of cochlear
sensitivity (affecting right CAP and CM responses),
descending pathways from the left auditory cortex
to the ipsilateral medial olivocochlear system are
probably modulated, and thus crossed fibers from
the left olivocochlear complex could mediate this
cortico-olivocochlear effect. On the other hand, in
experiments in which there was a modulation of
the olivocochlear reflex strength on right CAP
responses, descending pathways from left auditory
cortex to the ipsilateral cochlear nucleus
(Schofield and Coomes 2005) could be modulating
the three neuron pathways of the uncrossed OC
reflex. Therefore, we propose that the effect of the
broadband noise presented in the left ear is
probably modulated by descending pathways
reaching the left cochlear nucleus and that the
corticofugal modulation of the olivocochlear reflex
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FIG. 9. Average effect of contralateral noise stimulation (CNS)
calculated during the 120 s period of OC activation, with and
without auditory cortex microstimulation (ACMS) in all experi-
ments. In this graph, data was obtained at 70 dB SPL and from
different frequencies (n=40 recordings with and without ACMS).
The ordinates show the following: In panel A, mean OC reflex
strength without ACMS; in panels B and C, mean reflex strength
with cortical MS; and in panels D-F, the difference between
average CNS effects with and without ACMS. Gray circles and red
triangles represent N;-P; and N,-P, amplitude changes (dB),
respectively. A There was no correlation between the effect of
ACMS on CAP amplitudes (X-axis) and the magnitude of OC reflex
strength without cortical MS (Y-axis) B and the magnitude of OC
reflex with auditory cortex MS (Y-axis). Notice that positive effects
larger than 1 dB and reductions larger than —4 dB elicited by OC
reflex without MS (Y-axis in panel A) disappeared when eliciting
OC reflex with ACMS (Y-axis in panel B), thus centering the effects

strength found in this work could be mediated by
uncrossed fibers from the right olivocochlear
complex. An alternative model could also include
the LOC circuit, as Darrow et al. (2006) have
suggested that LOC neurons can reduce or
increase the excitability of auditory nerve neurons.
In our work, the modulation of right LOC activity
by left auditory cortex microstimulation could
explain why in some cases we found N;-P; and

Frequency (kHz)

-4
10 12 14 16 18 20 22 24 26
Auditory cortex
evoked potential latency (ms)

around —1 to =2 dB. C There was a linear correlation between OC
reflex strength without and with cortical MS (N;-P;: ?40=0.5947,
Spearman p<0.0001; N,-P,: r40=0.502, Spearman p<0.0001).
The small numbers inside gray circles indicate the specific
examples given in Figures 5, 6, (at 2 kHz), 7 (at 4 kHz), and 8
for N;-P;. D There was a significant linear correlation between OC
reflex strength without cortical MS (X-axis in panel D) and OC
reflex strength difference with and without cortical MS (N;-P;:
P40=0.4402, Spearman p<0.001; N,-P,: r?40=0.472, Spearman
p<0.001). Although the mean OC reflex strength without ACMS
is one of the values used to calculate the difference effects
displayed in the ordinate of panel D, a priori, this fact does not
allow to predict the effect of ACMS on OC reflex strength. E The
majority of the effects were obtained with frequencies between 1
and 4 kHz (evaluated from 1 to 8 kHz). F Relation between ACEP
latencies (ms) and the effect of cortical MS on CNS effect. Note
that most of the large effects were obtained with latencies <15 ms.

CM parallel reductions, while in others these
cochlear responses were dissociated.

Functional Relevance of Auditory Cortex
Descending Pathways: Cognitive Processes and
Tinnitus Perception

Some of the proposed functions of the cortico-
olivocochlear network are modulation of cochlear
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FIG. 10. Average effect of contralateral noise stimulation evaluated
at the first, middle, and last 40 s of the OC reflex with and without
auditory cortex microstimulation. Similarly to the results displayed in
Figure 9, in the first 40 s (A and B), middle 40 s (D and E), and in the
last 40 s (G and H) of CNS, there was no correlation between the
effect of ACMS on CAP amplitudes and the magnitude of OC reflex
strength without cortical MS and the magnitude of OC reflex with

sensitivity during selective attention to visual or
auditory stimuli (Oatman 1971; Delano et al. 2007;
Srinivasan et al. 2012; Wittekindt et al. 2014) and
during awake and sleep stages (Velluti et al. 1989).
Dissociated effects on cochlear potentials during
selective attention to visual stimuli were obtained

auditory cortex MS. Linear correlations between OC reflex strength
without and with cortical MS were also obtained in these three
periods (C) (N;-P;: r?40=0.4906, Spearman p<0.001; N,-P:
P40=0.491, Spearman p<0.001), (F) (N;-P;: *40=0.4867, Spearman
p<0.001; Nj-P,: 40=0.4537, Spearman p<0.001), and (I) (N;-P;:
?40=0.6345, Spearman p<0.0001; N,-P,: ?40=0.4198, Spearman
p<0.001).

in chinchillas (Delano et al. 2007), that is CAP
reductions concomitant to CM augmentations,
while parallel changes of CAP and CM responses
have been reported during sleep stages (Velluti
et al. 1989). Based on the present results, we
propose that the different effects obtained in these
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FIG. 11. Significant correlations between OC reflex strength
without cortical MS (X-axis in panels (A), (D), and (G)) and OC
reflex strength difference with and without cortical MS in the first
(N1-Py: ?40=0.4273, Spearman p<0.0071; N,-P,: r?4,=0.5866,
Spearman p<0.001), middle (N;-Py: r’4,,=0.4402, Spearman
p<0.001; Ny-P5: #40=0.4894, Spearman p<0.001), and last 40 s of

CNS (N4-Py: P40=0.4223, Spearman p<0.001; N,-P5: ?40=0.5002,
Spearman p<0.001). Similarly, to results displayed in Figure 9, the
majority of the effects in these three periods ((B), (E), and (H)) were
obtained with frequencies between 1 and 4 kHz. In addition, most of
the large effects in the first (C), middle (F), and last 40 s (I) of CNS
were also obtained with latencies <15 ms.
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FIG. 12. Proposed model for independent corticofugal modulation
of cochlear sensitivity and olivocochlear reflex strength.
Microstimulation was delivered to deep layers of the left auditory
cortex. Descending projections from pyramidal neurons to the
ipsilateral cochlear nucleus (Schofield and Coomes 2005) could be
modulating the three-neuron olivocochlear reflex circuit (de Venecia
et al. 2005), mediated by left auditory nerve fibers, left cochlear
nucleus neurons, and right olivocochlear neurons that constitute the
uncrossed olivocochlear bundle to the right cochlea (orange
pathways). On the other hand, descending projections from pyrami-
dal neurons to the ipsilateral superior olivary complex (Mulders and

works can be mediated by two independent mech-
anisms, which are modulation of cochlear sensitiv-
ity and regulation of the olivocochlear reflex
strength.

Cortical descending pathways could be involved
in the mechanism for diminishing the perception
of tinnitus. One of the most studied treatments to
alleviate tinnitus is the electrical stimulation of
auditory cortex using direct current stimulation
(Fenoy et al. 2006; Fregni et al. 2006; Zhang
et al. 2011) or indirect repetitive transcranial
magnetic stimulation (De Ridder et al. 2005;
Langguth and De Ridder 2013). Several mecha-
nisms have been proposed to explain how the

Dracicevic T AL.: Auditory Cortex Modulates Olivocochlear Neurons

Left Auditory Cortex

Left
broad-band
noise

Robertson 2000) could be modulating left medial olivocochlear
fibers that cross to the right cochlea and thus modulate cochlear
sensitivity (blue pathways). Both descending pathways can be
directly mediated from cortex to cochlear nucleus or superior olivary
complex or indirectly through synapses in the left inferior colliculus.
In addition, a third pathway from left auditory cortex to right inferior
colliculus (Bajo and King 2013) and to right lateral olivocochlear
neurons (Thompson and Thompson 1993) could be also modulating
CAP responses (green pathways). CN cochlear nucleus, IC inferior
colliculus, LOC lateral olivocochlear, MOC medial olivocochlear,
OC olivocochlear neurons.

cortical stimulation can suppress tinnitus, including
(i) modulation of neural hyperactivity related to
tinnitus, (ii) modulation of cortical synchronization
and coherence within brain centers, and (iii)
modulation of peripheral gain (Zhang 2013). Here,
we show that the activation of descending projec-
tions from the auditory cortex can modulate the
OC reflex strength. This mechanism could be
involved in tinnitus suppression and should be
considered as an important factor to measure in
future clinical trials.

In summary, we demonstrated that auditory cortex
electrical microstimulation independently modulates
cochlear sensitivity and the strength of the
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olivocochlear reflex probably through parallel effer-
ent pathways from cortex to the brainstem and
cochlear receptor.
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