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A B S T R A C T

The auditory cortex is the source o descending connections providing contextual eedback or auditory signal
processing at almost all levels o the lemniscal auditory pathway. Such eedback is essential or cognitive pro-
cessing. It is likely that corticougal pathways are degraded with aging, becoming important players in age-
related hearing loss and, by extension, in cognitive decline. We are testing the hypothesis that surace,
epidural stimulation o the auditory cortex during aging may regulate the activity o corticougal pathways,
resulting in modulation o central and peripheral traits o auditory aging. Increased auditory thresholds during
ongoing age-related hearing loss in the rat are attenuated ater two weeks o epidural stimulation with direct
current applied to the surace o the auditory cortex or two weeks in alternate days (Fernández del Campo et al.,
2024). Here we report that the same cortical electrical stimulation protocol induces structural and cytochemical
changes in the aging cochlea and auditory brainstem, which may underlie recovery o age-degraded auditory
sensitivity. Specically, we ound that in 18 month-old rats ater two weeks o cortical electrical stimulation
there is, relative to age-matched non-stimulated rats: a) a larger number o choline acetyltranserase immuno-
reactive neuronal cell body proles in the ventral nucleus o the trapezoid body, originating the medial olivo-
cochlear system.; b) a reduction o age-related dystrophic changes in the stria vascularis; c) diminished
immunoreactivity or the pro-infammatory cytokine TNFα in the stria vascularis and spiral ligament. d)
diminished immunoreactivity or Iba1 and changes in the morphology o Iba1 immunoreactive cells in the lateral
wall, suggesting reduced activation o macrophage/microglia; d) Increased immunoreactivity levels or calreti-
nin in spiral ganglion neurons, suggesting excitability modulation by corticougal stimulation. Altogether, these
ndings support that non-invasive neuromodulation o the auditory cortex during aging preserves the cochlear
eerent system and ameliorates cochlear aging traits, including stria vascularis dystrophy, dysregulated
infammation and altered excitability in primary auditory neurons.

1. Introduction

Age-related hearing loss (ARHL) is maniested by progressively
diminished hearing sensitivity starting at the high requency end o the
audible spectrum, along with dicult separation o auditory signals
rom background noise and limitations in speech discrimination and
perception (Patel and McKinnon, 2018; Keithley, 2020). ARHL is a

consequence o neurodegeneration linked to aging involving both the
peripheral auditory receptor and the central auditory pathways (Guer-
rieri et al., 2023; Tu and Friedman, 2018) which aects normal pro-
cessing o auditory inormation. Neural transduction and processing o
incoming acoustic signals rely on the cochlear sensory neuroepithelium
and neuronal pathways ascending rom the cochlea to the cortex
through relay nuclei in the medulla and pons, midbrain, and thalamus.
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Such “bottom-up” processing is mirrored by “top-down” modulation
through extensive descending pathways, organized in cascading,
multi-level eedback circuits rom the cortex down to the auditory
thalamus and brainstem (Asilador and Llano, 2021; Malmierca and
Ryugo, 2011; Schoeld, 2010). Mounting evidence supports that such
central descending eedback provides neural substrates or predictive
coding and signal discrimination during active or dicult listening,
essential or cognition and adaptive behavior (Asilador and Llano, 2021;
Carbajal and Malmierca, 2018; Elgueda and Delano, 2020). In this re-
gard, age-related disruption o pathways descending rom the auditory
cortex may be a crucial component o hearing degradation during aging
(Peelle and Wingeld, 2016).

Descending central auditory modulation originating in the cortex
extends down to the cochlea (Terreros and Delano, 2015), as neurons in
the superior olivary complex (SOC) in the pons giving origin to the
eerent olivocochlear (OC) pathway, receive abundant descending in-
puts, either directly rom the cortex or indirectly through intervening
relays at more rostral auditory nuclei (Terreros and Delano, 2015). The
OC pathway is the eector branch o a complex refex arc originating
rom aerent auditory nerve bers which provide indirect, polysynaptic
input to eerent OC neurons, comprising the medial and lateral OC
systems (MOC and LOC respectively) (reviewed in Lopez-Poveda 2018).
MOC neuronal cell bodies are located closer to the midline in the SOC, in
the ventral nucleus o the trapezoid body (VNTB), whereas LOC
neuronal cell bodies are localized more laterally, in and around the
lateral superior olive (Vetter et al., 1991; White and Warr, 1983). MOC
axons travel either to the contralateral cochlea, the majority, or to the
ipsilateral one, joining the auditory nerve. They end mostly at the base
o outer hair cells (OHCs) establishing unique cholinergic synapses
(Elgoyhen and Katz, 2012). Activation o MOC neurons by incoming
sound results in acetylcholine (Ach) being released rom their synaptic
endings, modulating contractility oOHCs. This results in reduced active
amplication o the mechanical vibrations o the basilar membrane, so
that dynamic ranges are extended, and signal detection may be
enhanced (Liberman and Liberman, 2019). The contribution o the MOC
system, as it pertains to degraded speech recognition in noise and aging
is controversial (Abdala et al., 2014; Gaoor and Uppunda, 2023;
Kawase and Liberman, 1993; Marruo-Pérez et al., 2018). However,
enhancing MOC synaptic nicotinic Ach receptor (nAChR) machinery by
overexpressing nAchR α9 subunit in genetically modied mice, pre-
serves cochlear structure and unction rom aging (Boero et al., 2020).

Also, interrupting eerent eedback accelerates traits o ARHL in the
mouse cochlea (Liberman et al., 2014), although mechanisms are un-
clear (Lauer, 2017). As ar as the LOC system is concerned, neurons
project their axons preerentially to the ipsilateral cochlea, where they
make multiple synapses with the peripheral processes o spiral ganglion
(SG) type I neurons, underneath inner hair cells (IHCs) (Hua et al.,
2021). LOC synaptic endings are heterogeneous in neurotransmitter
content, which includes Ach and dopamine, in combination with
neuroactive peptides and gamma-aminobutyric acid (Altschuler et al.,
1986; Gil-Loyzaga, 1995; Ruel et al., 2007). LOC system unctions are
less worked out, although it may directly regulate the activity o SG type
I neurons (Fuchs and Lauer, 2019, Le Prell et al., 2003). Such excitability
regulation may contribute to protect SG neurons rom noise over-
stimulation and to balance output rom both ears or accurate sound
localization (Liberman and Liberman, 2019). BothMOC and LOC protect
the auditory receptor rom noise overstimulation, and their activity may
also provide trophic support to sensory and supporting cells (Liberman
and Liberman, 2019; Lauer, 2017). As previously mentioned, integrity o
the OC pathway seems necessary or long-term maintenance o cochlear
unction (Liberman et al., 2014). It has been shown that a decrease in the
number o OC neurons during aging predominantly aects MOC neu-
rons, which puts ocus on the preservation o the MOC system to limit
the impact o ARHL (Vicencio-Jimenez et al., 2021).

Thereore, degraded OC input to the cochlea likely is involved in
ARHL and neurons in the auditory brainstem giving origin to the OC

pathways may be driven by direct and/or indirect corticougal inputs
(Terreros and Delano, 2015). Based on these two premises, a testable
hypothesis is that stimulation o the auditory cortex (AC) during aging
may activate corticougal pathways, ultimately driving OC neurons,
which may spread activity down to the cochlea through OC eerent -
bers, resulting in measurable preservation eects on traits o ARHL.

It is known that electrical stimulation delivered on the surace o the
brain cortex modulates neuronal excitability and ultimately activity o
the cortical network circuits (Mosilhy et al., 2022). Application o this
cortical neuromodulation principle has already shown benecial albeit
variably successul eects in several neurological and neuropsychiatric
disorders, including tinnitus distress (De Ridder et al., 2021; Leaucheur,
2008). There is evidence that minimally invasive, epidural anodal
electrical stimulation o the AC delivered in short sessions over a period
o two weeks, limits noise-induced hearing loss in the rat (Díaz et al.,
2021). Also, threshold shits associated with ARHL are signicantly
reduced, and wave amplitudes and latencies recover at the end o a
similar cortical electrical stimulation protocol applied to aged rats or
two weeks, as reported in a related paper in this issue (Fernández del
Campo et al., 2024 in this issue).

We sought to test whether surace electrical stimulation o the AC
during aging induces changes in auditory brainstem neurons in the SOC
giving origin to the medial olivocochlear eerent system, as well as in
the aging cochlea. Such changes may unravel oundations o the
observed recovery o age-degraded hearing sensitivity induced by
cortical electrical stimulation (Fernández del Campo et al., 2024, in this
issue). We have used changes in choline acetyltranserase (ChAT)
immunolabeling patterns in MOC neurons in VNTB to assess eects o
cortical electrical stimulation on cochlear eerent circuits during aging.
In the aged cochlea, histological evaluation and immunocytochemical
markers were used to test eects o cortical stimulation on
age-dysregulated infammation in the lateral wall, including the stria
vascularis, aected early during cochlear aging. In addition, possible
changes in primary sensory neuron activity induced by cortical electrical
stimulation on aged SG neurons was assessed using calretinin immu-
nolabeling as surrogated marker o neuronal excitability. The picture
emerging rom this combination o markers suggests that descending
spread o cortical electrical stimulation recovers age degraded MOC
eerent neurons, ultimately reducing cochlear aging traits.

2. Materials and methods

Fourteen male Wistar rats were used. They were 6-month-old at the
beginning o the experimental protocol, with weights ranging rom 200
to 220 g. Sex uniormity was preerred to reduce sources o variability
and choice was made at random. Animal housing, handling and exper-
imental procedures were conducted according to Spanish and EU legal
provisions regarding the protection o animals used in scientic exper-
imentation (Royal Decree 53/2013–Law 32/2007, EU Directive 2010/
63) and European Union (Directive 2010/63/EU). Experimental pro-
tocols were approved by competent governmental authorities, ater
validation reports rom habilitated institutional “ad hoc” ethics com-
mittees on animal experimentation at the University o Salamanca
(USAL) and the University o Castilla-La Mancha (UCLM) (Permit
Number USAL: 2021-685; Permit Number UCLM: PR-2021-12-24).

2.1. Experimental groups, auditory brainstem recordings, electrode
implantation and cortical electrical stimulation

Details o the experimental design, including experimental and
control groups, auditory brainstem recordings (ABRs) testing, and
cortical electrical stimulation procedure can be ound in a related paper
by Fernández del Campo and coworkers (Fernández del Campo et al.,
2024, in this issue). Briefy, starting at six months o age, auditory
brainstem recordings (ABRs) were obtained monthly rom rats, using
click- and pure tones at 4, 8 and 16 kHz. Auditory thresholds obtained at
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6 months o age were taken as normal, baseline values in the Wistar rat
(Alvarado et al. 2014). As described previously in detail (Alvarado et al.,
2014) age-related threshold shits in the Wistar rat can be detected at 14
months o age. In this study, signicant threshold shits in click and pure
tone responses were consistently detectable at 16 months (64 weeks).
This age was thus taken as a sae initial reerence o ongoing age-related
hearing loss (Fernández del Campo et al. 2024, in this issue). Rats were
then implanted with the corresponding electrodes or cortical stimula-
tion (see below) and randomly separated into two groups, a control
sham-implanted group, with no electrical stimulation (NES group, n=7)
and a group receiving cortical electrical stimulation (ES group, n=7).
Animals in the NES and ES groups were handled in identical ways, up to
the step o electrical stimulation. At the age o 17.5 months, i.e., 70
weeks, animals in the ES group underwent seven, 10-min epidural
anodal electric stimulation sessions on alternate days, rom 70 to 72
weeks o age (see below). Five days ater the last stimulation session,
during week 73, designated or convenience as month 18, animals rom
both groups were euthanized or urther histological processing o the
auditory brainstem and cochleae, as detailed below.

2.1.1. Click and pure tone auditory brainstem response (ABR) recordings
The procedure is detailed in Fernández del Campo et al. (2024).

Briefy, recordings were carried out under gas anesthesia using a
real-time signal processing system RZ6 Multi I/O Processor [Tucker-
Davis Technologies (TDT), Alachua, Fl, United States]. Click stimuli
were 0.1-ms alternating polarity clicks, delivered at 21 clicks/s and in 10
dB SPL ascending steps rom 10 to 90 dB SPL. Tonal stimuli were 0.1-ms
pure tones o 4, 8 and 16 kHz delivered at 21 tones/s in descending steps
o 10 dB SPL rom 80 to 10 dB SPL. Acoustic stimulation was carried out
in an acoustically isolated chamber, in closed eld via a magnetic
speaker (MF1 Multi-Field Magnetic Speaker TDT). ABRs were recorded
through subcutaneous needle electrodes at the vertex and the two
mastoids. The evoked potentials were then amplied and digitized with
a Medusa TA16PA preamplier and a RA4LI head stage (TDT). The nal
signal was ltered with a 500 Hz high-pass lter and a 3000 Hz low-pass
lter. Monoaural ABRs were recorded rom the vertex, using the elec-
trode on the mastoid ipsilateral to the stimulated ear as reerence, and
that in the contralateral mastoid as the ground. ABRs were sequentially
recorded in both ears and analyzed separately. Thresholds were calcu-
lated using Matlab (© R-2017). They were dened as the minimum
sound intensity that evoked a signicant voltage change exceeding the
mean ±2 standard deviations o the voltage value o background ac-
tivity ater the rst 1.4 ms o recording.

2.1.2. Electrode implantation
Ater anesthesia with 2.5% isofurane, animals were placed in a

stereotaxic rame. The Paxinos and Watson stereotaxic coordinates
(Paxinos and Watson, 2005) were used to locate the AC
(IA:4.08mm/ML:4.5mm) on the surace o the let temporal bone. Then,
1-mm holes were drilled in these coordinates, dropping cold saline (4◦C)
to prevent thermal lesions. A 1-mm silver ball electrode, the anode, was
encrusted into the trepanation orice in the stimulation side, and a
1-mm diameter screw, serving as cathode, was inserted on the contra-
lateral side. An additional ground screw was inserted in the rostral-most
area o the skull. The electrode and the screws were glued to the surace
o the skull and covered with dental cement.

2.1.3. Cortical stimulation with direct current
An ISU 200 BIP isolation unit controlled by a CS20 stimulator

(Cibertec, Madrid, Spain) was used to deliver a 0.1 mA direct current
through the epidural bone-attached electrode (anode). The voltage
current was monitored or stability during stimulation sessions. Elec-
trical stimulation was applied to awake animals or seven sessions on
alternate days with a duration o 10 min per session (or details, see
Colmenárez-Raga et al., 2019).

2.2. Immunoperoxidase immunocytochemistry or ChAT in the auditory
brainstem

Ater completing the cortical stimulation protocol, rats in the ES
group, along with matched NES controls, were deeply anesthetized with
an intraperitoneal injection o 6% sodium pentobarbitone (60 mg/kg
bw) and perused transcardially with 4% paraormaldehyde in 0.1M
phosphate buer (PB). Brains were dissected, post-xed and serially
sectioned in the coronal plane at a thickness o 40 mm with a sliding
reezing microtome (HM 430 Sliding, Microm International, Waldor,
Germany). Sections through the superior olivary complex were immu-
nostained or ChAT with a polyclonal antibody obtained in goat against
ChAT rom human placenta (Merck Millipore #AB144P RRID:
AB_2079751).

Free-foating sections were washed in 0.1 M PB, pH 7.6, and
endogenous peroxidase activity was inhibited by incubation in 10%
methanol + 3% H2O2 in 0.1 M PB or 10 min. Sections were washed in
PB and 0.05 M Tris-buered saline, pH 8.0 + Triton X-100, 0.5% (T9284
Sigma, St. Louis, MO, USA; TBS-Tx), ater which they were incubated in
ChAT antiserum at 1:100 dilution in 0.05 M TBS+0.3%Triton-X (TBS-
Tx) or 48 h at 4◦C. Nonspecic labeling was blocked using 10% etal
cal serum. Ater washing three times in TBS-Tx or 15 min, sections
were incubated with an anti-goat biotinylated secondary antibody
(biotinylated anti-goat IgG H+L, BA-5000; Vector, Burlingame, CA,
USA) at 1:200 dilution in TBS-Tx or 120 min at room temperature.
Sections were then washed with TBS-Tx and incubated or 180 min in
avidin/biotin–peroxidase (ABC complex, Vectastain Standard ABC kit
PK-4000; Vector Laboratories,Spain) and urther washed with TBS-Tx,
ollowed by Tris HCl, pH 8.0. They were then incubated in 3,3́-dia-
minobenzidine tetrahydrochloride (DAB; D-9015; Sigma-Aldrich, St.
Louis, MO, USA) with 0.006% H2O2 to visualize the peroxidase reaction.
One section per case was used as a negative control, by processing
without the primary antibody to test the specicity o the immuno-
staining detection system. All incubation steps and development in DAB
were carried on paired sections rom ES and NES animals, with identical
times throughout all the steps o the immunostaining procedure to
secure consistent comparison o the immunolabeling signal.

2.3. ChAT immunoreactive neuronal cell body prole counts in the VNTB

Eight serial sections at equivalent interaural levels (rom IA -0.12 to
IA +0.24) containing VNTB were selected rom each animal in the ES
and NES groups to allow precise comparison o the number o ChAT
positive cell body proles. Microphotograph mosaic assemblies o the
VNTB ipsi- and contralateral to the electrode location were taken at 5X
magnication under a Leica DMRX microscope with a MBF camera
(MBF Bioscience CX9000; Williston, VT, USA) using the sotware Neu-
rolucida (NL-Vs 8.0, MicroBrightField®, Inc., Williston, VT, USA).

Immunoreactive neuronal proles were counted using the “Multi-
point” tool in the sotware ImageJ by two experienced microscopists,
blinded to the experimental (ES) or control (NES) conditions. Counts
were made separately or the ipsilateral and contralateral VNTB.

2.4. Cochlear histology

Cochleae rom rats in the ES and NES groups were also collected ater
transcardial xation. They were then postxed by intra-scalar instilla-
tion and urther immersion in 4% p-ormaldehyde in 0.1 M PB or 48
hours. Ater extensive washing in PB, cochleae were decalcied in 10%
EDTA or 7 days. Once decalcied, they were cryoprotected in 30%
sucrose in 0.1 M PB, urther embedded in a 10% gelatin solution in the
same cryoprotection medium and then stored at -80◦C. Ater tempera-
ture equilibration in the cryostat chamber, cochleae were oriented or
sectioning in the modiolus plane. Twenty µm-thick sections were ob-
tained in a cryostat and serially mounted onto gelatin-coated slides.
Alternate slides were stained with hematoxylin/eosin (H/E) or
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conventional photonic microscopy. For H/E, slides were stained in he-
matoxylin solution (Panreac AppliChem, Barcelona, Spain) or 1 minute,
rinsed in distilled water, counterstained in eosin (Merck Lie Science S.L.
U., Madrid, Spain) or 15 minutes, dehydrated in series o ethanol so-
lutions (50%, 70%, 95%, and 100%; 3 changes, 1 minute each), cleared
in xylene and nally cover slipped with Cytoseal (Stephens Scientic,
Kalamazoo, MI, USA).

In addition, double fuorescent staining with biotin-phalloidin (Pha)
(B7474; 1:100, Thermo Fisher Scientic), incubated or 1h in Alexa
Fluor 488 streptavidin (1:100; Thermo Fisher Scientic) and counter-
stained with antiade mounting medium with DAPI (H-1200-10; Vec-
tashield, Spain) was used or correlative higher resolution microscopy
analysis o the stria vascularis, using laser scanning conocal micro-
scopy, as described below.

2.4.1. Morphometry o the stria vascularis
Measurements were perormed on H/E-stained mid-modiolar

cochlear sections collected 20 μm apart. Four sections rom the cochlea
ipsi- and contralateral to the stimulated cortical side rom each animal in
the ES and NES groups were used. A similar procedure has been reported
elsewhere (Fuentes-Santamaría et al., 2022; Shin et al., 2019). Images o
selected elds (40x magnication) were captured, and the SV thickness
measured by using ImageJ sotware (NIH, Bethesda, MD, United States).
The SV o each cochlea was divided into 10 orthogonal measurements
along its length. Values were averaged and expressed as mean ±SD.

2.5. Immunofuorescence immunocytochemistry or TNFα and Iba1

Cochlear sections were also processed or double-
immunofuorescence labeling or Iba-1 (019-19741; rabbit polyclonal
antibody, 1:2000; Wako Pure Chemical Industries, Germany) and TNFα 

(SC-1351; goat polyclonal antibody, 1:100, Santa Cruz, Biotechnology,
Inc. Germany) or Iba-1 and phalloidin. Ater rinsing in PBS-Tx (0.2%),
cochlear sections were blocked or 1 h with 10% bovine serum albumin
in PBS-Tx (0.2%), and then incubated overnight in the primary anti-
bodies above-mentioned. The next day, they were rinsed in the same
buer solution and incubated in the corresponding secondary anti-
bodies, either in donkey anti-rabbit conjugated to Alexa Fluor 488 and
donkey anti-goat conjugated to Alexa Fluor 594 or in goat anti-rabbit
conjugated to Alexa Fluor 594 secondary antibodies (1:100, Thermo
Fisher Scientic) or 2 h at room temperature. Immunofuorescent sec-
tions stained with Iba1 were subsequently incubated with biotin-
phalloidin (Pha) or 2h, rinsed, incubated or 1h in Alexa Fluor 488
conjugated to streptavidin, counterstained with DAPI, cover slipped and
stored overnight at 40 C, as previously indicated.

Image acquisition was perormed with a multichannel laser scanning
conocal microscope (LSM 710; Zeiss, Germany) with excitation wave-
lengths: 405, 488, and 594 nm. For each dye analyzed, thin optical
sections (2.5 µm) were acquired under identical oset and gain condi-
tions using a 40x Plan Apo oil-immersion objective (1.4 NA) and stacked
to create high-resolution Z-series. Maximum intensity projections o a
conocal Z-stack were created using ZEN 2009 Light Edition sotware
(Zeiss).

2.6. Immunoperoxidase immunocytochemistry or calretinin

Fixed cochleae were decalcied and cryosectioned as previously
described. Sections were rinsed in phosphate-buered saline (PBS)
containing 0.2% Triton X-100 (Tx) and blocked or 1h at room tem-
perature with 10% bovine serum albumin in PBS-Tx (0.2%). Cochlear
sections were then incubated overnight in a humidity box at 4◦C with
goat anti-calretinin polyclonal primary antibody (7699/3H; 1:1000;
Swant, Bellinzona, Switzerland). The next day, ater several rinses in
PBS-Tx 0.2%, sections were incubated or 2h in biotinylated goat anti-
rabbit (1:200, Vector Laboratories, Spain), ollowed by 1h in avidin-
biotin-peroxidase complex solution (ABC) (ABC kit, Vector

Laboratories, Spain). The peroxidase chromogenic substrate 3,3’- dia-
minobenzidine tetrahydrochloride (DAB) with H2O2 was used to visu-
alize the reaction. Finally, sections were rinsed, and cover slipped using
Cytoseal. Images were captured using a DXM 1,200 C digital camera
(Nikon Instruments Europe B.V., Amsterdam, Netherlands) attached to a
Nikon Eclipse 80i photomicroscope (Nikon Instruments Europe B.V.,
Amsterdam, Netherlands).

2.6.1. Densitometric quantication o calretinin immunolabeling
Procedures are described in detail elsewhere ( Alvarado et al., et al.,

2016; Fuentes-Santamaria et al., 2005, 2017, 2019). Briefy, captured
digital images with gray scale values rom 0 to 255 were normalized. A
threshold o two standard deviations above the intensity value o the
corresponding SG eld was set. The mean gray level o calretinin im-
munostaining in the SG was obtained as a surrogated measure o relative
protein content in the control (NES) and experimental (ES) conditions.
The percentage o variation o mean gray levels, expressed as a per-
centage o increase/decrease relative to the control condition was ob-
tained, to acilitate comparisons.

2.7. Statistical tests

To evaluate ChAT immunostaining, statistical analysis was per-
ormed using IBM® SPSS® sotware, version 26.0.0.2 or Mac (IBM
Corp. and SPSS Inc., Chicago, IL, United States, RRID: SCR_002865). The
F o Friedman non-parametric test was used to assess dierences be-
tween the number o cells ipsilaterally and contralaterally. . Dierences
between groups (NES and ES) in the number o ChAT positive cells in the
VNTB were determined using the non-parametric U o Mann-Whitney
test. Statistical signicance was set at p < 0.05.

To assess SV thickness and CR immunostaining in the cochlea,
comparisons among the dierent groups were perormed using two-way
analysis o variance (ANOVA). Electrode insertion with (ES) or without
(NES) cortical electrical stimulation was the independent variable and
SV thickness and densitometric measures o CR immunostaining were
dependent variables. The possible statistically signicant main eect o
cortical electrical stimulation on each dependent variable was evalu-
ated. I the analysis showed a signicant eect or interaction o the
variables, a Scheé post hoc analysis was used or comparisons among
groups. Signicance levels (α) and power (β) were set to 0.05 and 95%,
respectively.

3. Results

3.1. Changes in auditory thresholds ater surace electrical stimulation o
the auditory cortex in the aged rat

Age-related threshold shits in the Wistar rat have been described
previously (Alvarado et al., 2014). A detailed account o dierences in
ABR thresholds and wave amplitudes and latencies between ES and NES
animal groups can be ound in a related paper by Fernández del Campo
and coworkers (Fernandez del Campo et al., 2024, in this issue).As
shown in Table 1, threshold dierences greatly increased between 16
and 18 months o age in the NES group rats, both with clicks, showing

Table 1
Percent changes in ABR thresholds ater click and pure tone stimulation in NES
and ES animal groups at the end o the intervention protocol. (ater data rom
Fernandez del Campo et al 2024).

% change in
threshold

Click Pure tone 4
kHz

Pure tone 8
kHz

Pure tone 16
kHz

16 months-18
months NES

37.13
%

22.14 % 21.23 % 15.08 %

16 months-18
months ES

12.94
%

0.74 % 5.89 % 0.18 %
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threshold increases over 37% at 18 months, relative to threshold values
at 16 months, and pure tones, with increases ranging rom 15% to 22%,
depending on the tone requency (Table 1). In contrast, anodal electrical
stimulation o the AC initiated at the age o 17.5 months, delivered in 10
min sessions on alternate days or two weeks in the ES group, resulted in
a large reduction o threshold dierences between 16- and 18-month-old
animals, relative to the sham-stimulated NES group. Click thresholds
still increased between 16 and 18 months in the ES group. However,
increases were over three times lower than in the NES group. Such an
attenuation o age-related increases in click auditory thresholds was also
refected in pure tone thresholds (Table 1), supporting slowdown o
hearing sensitivity loss induced by electrical stimulation o the AC
during aging.

3.2. Eects o cortical electrical stimulation on ChAT-immunoreactive
MOC neurons in the VNTB o aged rats

Immunoperoxidase immunolabeling or ChAT in brainstem sections
showed immunostained neuronal cell bodies and dendrites in the SOC,
mainly in LSO and VNTB (Fig. 1A). For the aims o this study, we ocused
on ChAT immunoreactive neuronal cell bodies located in the VNTB, the
main origin o MOC neurons in the SOC (Guinan et al., 1983).

ChAT-immunoreactive neurons in the VNTB are packed between
commissural bers o the trapezoid body (TB) (Fig.1). Cell bodies are
medium to small in diameter and their neuronal shape is stellate or
usiorm, depending on the orientation o their dendritic elds relative
to the ber ascicles o the TB (Fig. 1A, B). In other words, their intensely

Fig. 1. ChAT immunoreactivity in the superior olivary complex ater cortical electrical stimulation during aging
A: Low magnication photomicrograph o a section through the superior olivary complex showing localization o ChAT immunolabeled neurons. Immunoperoxidase
immunostaining shows localization o ChAT immunolabeled neurons in the LSO and VNTB. D, dorsal; M, medial. C: Photomicrographs o representative ChAT
immunolabeled sections through equivalent caudal and rostral regions o the VNTB rom NES and ES animals ater completing the electrical stimulation protocol.
There are visible dierences in the density o ChAT immunoreactive neuronal cell bodies in ES and NES animals. D, dorsal; L, lateral.
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immunoreactive dendrites are parallel or orthogonal to the course o the
TB (Fig 1). Due to extensive dendritic distribution, qualitative evalua-
tion o ChAT immunoreactive dendrites, along with neuronal cell
bodies, among and across the TB ascicles also allows to detect dier-
ences between experimental (ES) and control (NES) groups. In this way,
by comparing serial sections between both experimental groups at
similar rostro-caudal levels, the immunostaining density o immunola-
beled neuronal somata, individual dendritic trunks, and dendritic pro-
cesses packed among TB ascicles appears less intense in the NES animals
(Fig. 1B). Counts o ChAT immunoreactive neuronal cell body proles in
the VNTB showed that the NES group had a statistically signicant lower
number o ChAT-immunoreactive neurons than the ES group ater
completing the electrical stimulation protocol at 18 months o age.
These dierences were detected both in the VNTB ipsilateral and
contralateral to the position o the stimulation electrode in the AC
(Fig. 2). Compared with the NES group, ater cortical stimulation in the
ES group there were on average 1.3 times more neuronal cell body
proles in the VNTB ipsilateral to the stimulation and 1.2 in the
contralateral side (Fig. 2).

3.3. Eects o cortical electrical stimulation on the microscopic structure
o the stria vascularis and spiral ganglion in the aging cochlea

Cochlear sections stained with hematoxylin-eosin (H/E) showed
better structural preservation o the stria vascularis (SV) in aged rats in
the ES group, i.e., ater a multisession, two-week cortical electrical
stimulation, than in aged, sham-implanted, non-stimulated control rats

in the NES group (Fig. 3). In the ES group, both cochleae, ipsi- and
contralateral to the stimulation electrode location consistently showed a
characteristic layered cellular arrangement o the SV, compared with
aged, non-stimulated animals in the NES group in which the normal
organization o the SV in marginal, intermediate and basal cell layers
was distorted and less distinguishable (Fig. 3A-B, 3F-G and 3K-L).
Degenerative/atrophic structural changes in the SV during aging in
the Wistar rat have been described previously (Fuentes-Santamaría
et al., 2022).

The spiral ligament (SL) underlying the SV requently appeared
partially detached rom the adjacent basal cell layer o the SV in aged
rats in the NES group, with long, empty gaps between them (arrows in
Fig. 3B). However, such detachments were less evident or absent in
cochleae rom aged rats in the ES group, in which there was little or no
intervening discontinuity between the SL and the SV (arrows in Fig.3G
and 3L), other than spaces occupied by recognizable small blood vessels.
Other areas o the SL, such as the brocyte IV/II regions and adjacent
root cells did not show dierences between the ES and NES cochleae
(Fig. 3C, 3H and 3M). As ar as SG neurons are concerned, no dierences
were observable with H/E staining in SG neuronal packing in Rosenthaĺs
canal between aged, electrically stimulated rats in the ES group and NES
controls (Fig. 3D, 3I and 3N), although ormal quantication was not
carried out. In addition, the morphology o SG neurons did not dier
between both groups. SG neuron cell bodies with similar structural
eatures, including regular, visible nuclei were easily recognized (arrows
in Fig. 3E, 3J and 3O).

3.3.1. Correlative conventional light microscopy and conocal laser
scanning microscopy and morphometry o the stria vascularis

Higher resolution microscopic analysis o the SV, carried out by
correlating H/E staining with double fuorescence with DAPI and
phalloidin analyzed with laser scanning conocal microscopy, conrmed
a comparatively less distorted architecture o the SV in aged rats in the
ES group (Fig. 4A-F). In this experimental group, the intermediate and,
even more evidently, the basal layer o the SV showed more regularly
arranged and packed DAPI-stained nuclei (Fig. 4D, F) in comparison
with the SV in aged rats in the NES group (Fig. 4B). Also, in the NES
group detachments between the disorganized basal cell layer o the SV
and the adjacent SL were more evident than in rats in the ES group, with
the higher resolution provided by double fuorescence combined with
conocal microscopy (Fig. 4A, C, E). Besides a better-preserved cellular
organization, measurement o the thickness o the SV showed that in the
ES group the SV was signicantly thicker on average (22.45 ±1) than in
the NES group (25.66 ±2.81 and 26.24± 1.49; or the SV ipsi- and
contralateral to the stimulation sides; respectively) (Fig. 4G).

3.4. Changes in Iba1 and TNFα immunolabeling in the lateral wall o the
cochlea ater cortical electrical stimulation during aging

Besides degenerative/atrophic changes in the SV and SL, several
infammation-related markers were upregulated during aging in the
lateral wall o the cochlea in the rat, including the SV and SL, as pre-
viously reported in detail with immunocytochemistry (Fuentes-Santa-
maría et al., 2022).

The ionized calcium binding adapter protein 1, or Iba1, is a marker o
activated macrophage/microglia, an essential component o the in-
fammatory response. Intense immunofuorescence immunolabeling or
Iba1 was seen in the SV and SL o aged rat cochleae in the NES group
(Fig. 5A, B, see also Fig. 6B). There were abundant Iba1 immunolabeled
cells with thick and short cytoplasmic expansions, giving cells an
ameboid appearance (Figs. 5B, 6B). In contrast, in the SV and adjoining
SL o aged rats in the ES group, Iba1 immunofuorescence immunolab-
eling was overall less evident (Fig. 5D-E, 5G-H and Fig. 6B, 6E and 6H).
Also, in the ES group immunolabeled macrophage/microglia had regu-
lar, more delicate contours with longer and thinner cytoplasmic pro-
cesses (Fig. 5E, 5H and Fig. 6E, H). Iba1-immunolabeled cellular proles

Fig. 2. Counts o cell body proles in the VNTB o ES and NES rats
Bar graph with counts o ChAT-immunolabeled cell body proles in VNTB,
showing signicantly increased numbers in electrically stimulated (ES) relative
to non-stimulated (NES) animals. The F o Friedman non-parametric test was
used to assess dierences between the number o cells ipsilaterally and con-
tralaterally. Dierences between groups (NES and ES) in the number o ChAT
positive cells in the VNTB were determined using the non-parametric U o
Mann-Whitney test. *p<0.05, **p<0.01.
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were also seen in the SG, processes meandering among neuronal cell
bodies (Fig. 5C, 5F and 5I). No dierences in morphology or distribution
o Iba1 immunolabeled cells in the SG were observed between NES
(Fig. 5C) and ES rats (Fig 5F, 5I).

Control NES aged rats showed extensive immunolabeling or the
early pro-infammatory cytokine marker TNFα in the SV and SL (Fig. 6A,
C). In contrast, in ES rats TNFα immunolabeling in the SV and SL
consistently showed comparatively attenuated intensity in both
cochleae, ipsi- and contralateral to the stimulation electrode location
(Fig. 6F, 6I). Diminished TNFα immunolabeling in the SV and SL o ES
rats relative to NES rats, was better visualized in combination with Iba1
immunolabeling. In NES rats, immunolabeling or Iba1 in activated
macrophage/microglia requently co-localized with TNFα (Fig. 6 A-C).
This was particularly evident in clearly delineated, co-labeled macro-
phage/microglia (Fig. 6A) extending thick processes orming a “pali-
sade” lining the border between the SV and underlying SL (Fig. 6A, B). In
contrast, in ES rats Iba1 co-localization with TNFα in double immuno-
staining experiments (Fig. 6D, 6G) was visually less intense than in NES
control rats (Fig. 6A).

3.5. Cortical electrical stimulation and calretinin immunolabeling in
spiral ganglion neurons during aging

Immunoperoxidase immunostaining with calretinin in cochlear sec-
tions, showed dierences in immunostaining intensity in SGN cell
bodies between aged rats in the ES and NES groups (Fig. 7A-F). Overall,
calretinin immunolabeling was clearly more intense in SGN cell bodies
ater cortical stimulation, in rats rom the ES group, both ipsi- and
contralateral to the side o electrode placement, as shown in the example
o Fig. 7 (C-F), taken rom representative sections rom middle cochlear
turns. As shown in Fig. 8, dierences in calretinin immunostaining in SG
neuron cell bodies were evident throughout Rosenthaĺs canal in the
basal, middle, and apical turns, with SGN cell bodies in rats in the NES
group showing consistently diminished immunolabeling intensity
throughout the entire spiral ganglion extension, compared with rats in
the ES group (Fig. 8A-I).

Quantication o calretinin immunolabeling intensity conrmed and
extended qualitative microscopic observations. Mean gray levels o
calretinin immunoreaction product density were signicantly increased
in SG neuron cell bodies o rats in the ES group, both ipsi- and contra-
lateral to the stimulation electrode placement in the cortex, relative to
levels in SG neuron cell bodies o rats in the NES group (Fig. 8J). To
acilitate comparisons, the percentage o variation o mean gray levels

Fig. 3. Spiral ligament, stria vascularis and spiral ganglion ater electrical stimulation o the auditory cortex during aging.
A, F, K: Hematoxylin/eosin-stained sections o the lateral wall rom the cochlea o (A) a representative 18 month-old sham-implanted rat receiving no cortical
electrical stimulation (NES) and the same region rom a rat o the same age ater two weeks o cortical electrical stimulation (F, K), corresponding to the lateral wall
o the cochlea ipsi- (ES-IPSI) or contralateral (ES-CONTRA) to the stimulated side. Inserts in A, F and K outlining the stria vascularis and underlying spiral ligament
are shown at higher magnication in photomicrographs B, G and L. Inserts in A, F and K outlining the spiral prominence region are shown at higher magnication in
photomicrographs C, H and M. B, G, L: Higher magnication photomicrographs o the corresponding inserts in A, F and K, showing details o the stria vascularis in
NES (B) and ES rats in the cochleae ipsi- (G) and contralateral (L) to the cortical stimulation side. In ES rats, the layered architecture o the stria vascularis is better
dened, with more nuclei visibly aligned, particularly in intermediate and basal layers (compare B with G and L). In addition, in ES animals, the basal layer o the
stria vascularis shows continuity with the underlying spiral ligament (white arrows in G and L), whereas in NES rats the stria vascularis oten appears detached, with
elongated empty spaces separating it rom the spiral ligament (black arrows in B). C, H, M: The region o the spiral prominence shows no visible dierences between
NES (C) and ES animals (H, M). D, I, N: Rosenthaĺs canal rom the same sections. Inserts E, J, O are shown at higher magnication in the corresponding photo-
micrographs. There are no dierences in the packing or distribution o spiral ganglion neuron cell bodies between NES (D) and ES animals, be it in the cochlea
ipsilateral (I) or contralateral (N) to the stimulated auditory cortex. E, J, O: Higher magnication photomicrographs o the inserts in D-N. Spiral ganglion neuron cell
bodies have similar morphologies in NES (E) and ES rats (J, O). Scale bars: 100µm in F; 50µm in H; 100µm in I and 50µm in J.
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or calretinin immunolabeling in the SGN in the ES group is shown in
Fig. 8K.

4. Discussion

In this report, we show that surace, epidural electrical stimulation o
the auditory cortex (AC) in the aging rat with an extended, two-week,
multisession stimulation protocol with DC current (see Fernández del
Campo et al., 2024 in this issue) resulted in histological and cyto-
chemical changes suggesting eects on auditory aging in the auditory
brainstem and in the cochlea. Gathered evidence supports that such
eects on auditory aging may involve spread o electrical stimulation
down corticougal pathways reaching neurons in the VNTB o the SOC,
originating the MOC eerent system, ending primarily on cochlear
OHCs.

4.1. VNTB: Larger numbers o ChAT-immunoreactive neuronal cell body
proles ater cortical electrical stimulation

Firstly, we ound that ater completing the cortical electrical stimu-
lation protocol, ChAT immunostaining in the VNTB increased in the
experimental ES group relative to the control NES group as seen by
increased ChAT immunolabeling, with signicantly larger numbers o
immunolabeled neuronal cell body proles in VNTB in the ES experi-
mental group. There is evidence in many species including the rat,

supporting that most MOC neuronal cell bodies are localized in the
VNTB (White and Warr, 1983) and that they contain ChAT or the
synthesis o Ach (Vetter et al., 1991), their main neurotransmitter
released at their synaptic contacts on the base o cochlear OHCs (Blan-
chet et al., 1996). Thereore, changes in ChAT immunolabeling in the
VNTB are inormative o ongoing changes in the MOC system occurring
or instance during aging (Vicencio-Jimenez et al., 2021). In our case,
electrical stimulation-elicited neural activity propagating down rom the
AC to the VNTB, resulted in increased numbers o ChAT immunoreactive
cell body proles in the VNTB o ES aged rats, compared to those in the
NES group. Biases in cell body counting were limited by dual blinded
counting, thus rendering reliable counting ratios, which are a reasonable
approximation to dierences between the experimental (ES) and control
(NES) groups. . Thus, the number o ChAT immunoreactive neurons in
the aged VNTB likely increases ater cortical electrical simulation due
either to preservation rom death, recovery o detectable ChAT levels
because o activity-induced increase in protein synthesis (Hyson and
Rubel, 1995), or both. The act that the same rostro-caudal levels o the
VNTB were compared in ES and NES animals and that ChAT immuno-
cytochemistry was carried out under identical incubation conditions
strengthens this interpretation. In other words, age-related loss o MOC
neurons, and corresponding eerent innervation to the cochlea, shown
by us and previously reported in other rodents (Radtke-Schuller et al.,
2015; Vicencio-Jimenez et al., 2021) may be reversed or slowed down
by electrical stimulation o the AC. In this regard, modulation o ChAT

Fig. 4. The stria vascularis ater electrical stimulation o the auditory cortex during aging
A, B: Photomicrographs o the stria vascularis rom cochlear sections stained with double fuorescence or Phalloidin (red) and DAPI (blue) (A) or hematoxylin/eosin
(B) rom a sham implanted, non-stimulated (NES) 18-month-old rat. C, D, E, F: Photomicrographs o the stria vascularis rom cochlear sections stained with double
immunofuorescence or Phalloidin (red) and DAPI (blue) (C, E) or hematoxylin/eosin (D,F) rom an rat o the same age, ater two weeks o cortical electrical
stimulation (ES), corresponding respectively to the stria vascularis o the cochlea ipsi- (ES-IPSI) or contralateral (ES-CONTRA) to the electrically stimulated side. In
the stria vascularis rom the ES rat, intermediate and basal cell layers appear better organized and preserved and cytoplasmic structure and cellular limits are better
dened (C-F) than in the NES rat (A, asterisks in B). G: Bar graph showing variation in the thickness o the aged stria vascularis ater electrical stimulation o the
auditory cortex. ES rats show statistically signicant increases in the thickness o the stria vascularis relative to NES rats. Comparisons among the dierent groups
were perormed using two-way ANOVA (F (2, 128) =56.89) and Scheé post hoc analysis was used or comparisons among groups. Signicance levels (α) and power
(β) were set to 0.05 and 95%, respectively, ***p < 0.001. Abbreviations: SV, stria vascularis; SL, spiral ligament. Scale bars: 10µm in E; 25µm in F.
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immunostaining levels in MOC endings underneath OHCs has been
shown using a similar approach o cortical electrical stimulation ater
noise exposure (Diaz et al., 2021). It is also relevant that the expression
o nicotinic Ach receptor subunits alpha9/10 which mediate cholinergic
neurotransmission at MOC eerent synapses with OHCs depends on the
integrity o the AC (Lamas et al., 2017) and by extension o descending
auditory projections originating rom the cortex.

In sum, the reported results predict that relatively prolonged elec-
trical stimulation o the AC during aging promotes survival, potentiates
the activity, or both, o aged VNTB neurons suggesting that preservation
o the MOC system may participate in delaying ARHL. Whereas unrav-
eling specic mechanisms awaits urther experimental analysis, this is
the rst report supporting eects o electrical stimulation o the AC
during aging in neurons originating the OC eerent system.

Secondly, we tested whether the eects o electrical stimulation o
the AC, ater being “relayed” at least on MOC neurons, propagate down
to the aging cochlea, the end target o OC eerent projections. Against
the backdrop o aging mechanisms (López-Otín et al., 2023), cochlear
aging and associated ARHL recapitulate the multiaceted series o events
that characterize the aging process and age-related pathologies (Mel-
gar-Rojas et al., 2015; Keithley, 2020; Wang and Puel, 2020). An ac-
count o the sequence o such cochlear aging processes and mechanisms

is out o the scope o this discussion, and details have been reviewed
elsewhere (Keithley, 2020; Wang and Puel, 2020). Suce to say, or the
aims o the present work, that we ocused on histological and cyto-
chemical markers which may be indicative o changes triggered by
cortical electrical stimulation on such cochlear aging process.

4.2. Stria vascularis: reduced dystrophy

One o such cochlear aging processes involves degenerative damage
to the lateral wall, including the SV and associated spiral ligament (SL).
Since originally proposed by Schuknecht (Schuknecht and Gacek, 1993)
dystrophic degeneration o the SV has emerged as a central component
in the pathogenesis o ARHL (Fetoni et al., 2011; Melgar-Rojas et al.,
2015; Ohlemiller and Frisina, 2008; Wang and Puel, 2020; Yamasoba
et al., 2013). Age-related degeneration o the SV has been reported,
particularly in rodents (Ding et al., 2018; Fuentes-Santamaría et al.,
2022; Lang et al., 2023; Mannström et al., 2013; Spicer and Schulte,
2002) and primates, including humans (Suzuki et al., 2006). Here we
show that ater two weeks omulti-session cortical electrical stimulation
in aged Wistar rats, the SV in cochleae rom ES animals was around 15%
thicker than the SV o control NES cochleae. In addition, the micro-
architecture o the SV was better preserved in cochleae rom rats in the

Fig. 5. Iba1 immunolabeling in the cochlear lateral wall and spiral ganglion ater cortical electrical stimulation during aging
A, D, G: Low magnication laser scanning conocal photomicrographs showing Iba1 immunolabeling (red) in the lateral wall. Iba1 immunolabeling is concentrated
in a band at the border between SV and SL. Immunolabeling density and intensity appear higher in control NES (A) than in in the ES rat (D, G). Boxed inserts B, E and
H are areas shown at higher magnication in the central panel. B, E, H: Iba1 immunolabeled cells (red) in the SV and SL (white arrows) are more densely packed and
overall, more intensely stained in the NES control (B) than in the ES condition (E, H). Iba1 immunolabeled activated macrophage/microglia are seen packed in a
distinct “palisade” pattern at the border between the SV and SL in NES control (B). Such “microglial palisade” is seen more attenuated in the ES condition in both
cochleae, ipsilateral (E, ES-IPSI) and contralateral (H, ES-CONTRA) to the side o the cortical electrical stimulation. Immunolabeled cellular processes in the lateral
wall look longer and thinner in the ES condition (E, H). C, F, I: Iba1 immunolabeled cell processes (red) are seen among spiral ganglion neurons counterstained with
Phalloidin (green). No dierences are seen in their distribution and morphology between NES (C) and ES (F, I) conditions. Blue staining corresponds to DAPI-
counterstained nuclei. Abbreviations: SV, stria vascularis; SL, spiral ligament. Scale bars: 50µm in G; 20µm in H and I.
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ES group, with a discernible three cell-layered structure, characterized
by more regular nuclear distribution and more homogeneous cyto-
plasmic denition, as well as ewer and smaller gaps between adjacent
cells and tighter intercellular compartments than in the SV o the NES
animal group. Altogether, these observations support that descending
activation ater electrical stimulation o the AC reaches the peripheral
auditory receptor, improving the trophic maintenance o the SV during
cochlear aging (Spicer and Schulte, 2002; Mansström et al., 2013; Ding
et al. 2018; Fuentes-Santamaría et al., 2022). Such microstructural
protection rom age-related damage to the SV might be unctionally
refected in a reversion o the age-related reduction o the endocochlear
potential (Ohlemiller et al., 2006), essential to drive the activity oOHCs
and hence cochlear amplication. Thereore, diminished age-related
degeneration o the SV may be a key contributor to the eect o
cortical electrical stimulation in reducing threshold elevation during
aging, as reported by Fernández del Campo and co-workers (2024).
However, thickness variations in the SV, although still likely to refect
the trophic status o the lateral wall (Suzuki et al., 2006), have been

challenged as direct markers o loss o hearing sensitivity in ARHL
(Engle et al., 2013; Lang et al., 2023). Additional markers must be
explored to urther understand the eects o cortical electrical stimu-
lation on cochlear unction in aging.

4.3. Reduced infammatory markers in the stria vascularis and spiral
ligament

In this regard, another hallmark o cochlear aging is linked to the
notion o dysregulated infammation in the aging process and pathol-
ogies associated with aging (Franceschi and Campisi, 2014; López-Otín
et al., 2023). The origins o progressively altered regulation o infam-
matory mechanisms during aging are multiple. Details are, however,
unknown (López-Otín et al., 2023). Regardless this gap in knowledge, it
is increasingly clear that one central characteristic o aging is a
lingering, chronic state o “low grade” infammation, dubbed with the
highly descriptive term o “infammaging” (Franceschi and Campisi,
2014), which is damaging or tissues and organs (López-Otín 2023).

Fig. 6. TNFα and Iba1 in the stria vascularis and spiral ligament ater cortical electrical stimulation during aging
A, B, C: Laser conocal scanning photomicrographs o the stria vascularis (SV) and adjacent spiral ligament (SL) rom cochlear sections immunostained or Iba1
(green) and TNFα (red) rom a sham implanted, non-stimulated (NES) 18-month-old rat. A is a merged image to show co-localization patterns o Iba1 and TNFα. D-I:
Images rom an old rat o the same age, ater two weeks o cortical electrical stimulation (ES), corresponding respectively to the SV o the cochlea ipsilateral (ES-IPSI.
D, E, F) or contralateral (ES-CONTRA. G, H, I) to the electrically stimulated side. D and G show co-localization o the Iba1 and TNFα. In the NES rat, abundant Iba1
immunolabeled activated microglia populate the SV and adjacent SL. Immunolabeled cells have thick, heterogeneous cytoplasmic extensions (white arrows in B). In
contrast in the ES rat, Iba1 immunolabeling is less intense, and immunolabeled cells have thinner and longer cytoplasmic prolongations (white arrows in E and H)
characteristic o less active or resting microglia. In the NES rat the overall immunolabeling intensity or TNFα in the lateral wall is higher than in the ES rat, both ipsi-
and contralateral to the stimulation side (C, F and I, same conditions across immunocytochemistry runs). Activated macrophage/microglia also are immunolabeled
or TNFα (white arrows in C, F and I). Co-localization o Iba 1 and TNFα is more visible in the NES control than in the ES condition (asterisks in A, D and G),
suggesting down-regulation o age-related infammation in the lateral wall ater cortical electrical stimulation. Scale bar in I: 20µm.

V. Fuentes-Santamaría et al.



Hearing Research 447 (2024) 109008

11

“Infammaging” also is emerging as a key process in cochlear aging
leading to ARHL (Fuentes-Santamaría et al., 2022; Lang et al., 2023;
Menardo et al., 2012; Parekh and Kaur, 2023; Seicol et al., 2022; Watson
et al., 2017). The lateral wall including the SV seems to play a central
role in the initiation and progression o this process (Fuentes Santamaría
et al., 2022; Lang et al., 2023). We have previously ound signicantly
increased levels o immunostaining or the pro-infammatory cytokine
IL1β in the SV during aging in the Wistar rat (Fuentes Santamaría et al.,
2022). TNFα, another pro-infammatory cytokine which has been shown
to be involved in the progression o noise-induced hearing loss and
accelerated ARHL. (Fuentes-Santamaría et al., 2022, 2017), also in-
creases its expression in the cochlea during aging (Lyu et al., 2020; Wu
et al., 2022). Thereore, these cytokines are regarded as markers o
age-related chronic infammation (Franceschi and Campisi, 2014),
including cochlear aging and associated ARHL, which is particularly
evident in the lateral wall, including the SV (Watson et al., 2017). We
show that ater long-term electrical stimulation o the AC during aging,
there are visible changes in TNFα immunolabeling in the SV and un-
derlying SL. Such changes in immunostaining suggest modulation o
age-related infammation in the cochlea induced by cortical electrical
stimulation. This is urther supported by changes both in the immuno-
labeling pattern o Iba1, a marker o macrophage/microglia activated

during the cellular transormation andmigration events o infammation
(Ohsawa et al., 2004), and in the morphology o Iba1- immunolabeled
cells. In the lateral wall o ES rats, including the SV and SL,
Iba1-immunolabeled macrophages had a comparatively slenderer
morphology, with thinner and longer processes than their NES coun-
terparts. Iba1 immunolabeled cells look “chubbier”, with thicker and
shorter cytoplasmic prolongations. The latter morphology is associated
with activated macrophage/microglia participating in ongoing infam-
matory/immune responses, whereas the ormer denotes cells in resting,
or comparatively inactive, cell pools (Benarroch, 2013). Also, Iba1 and
TNFα immunoreactivities very oten co-localize (Fuentes-Santamaria
et al., 2022). In our experimental series, co-localization o Iba1 with
TNFα showed diminished intensity in the lateral wall o ES rats relative
to NES rats, particularly in macrophage/microglia at the border between
the SV and SL. Because activated microglia are an important source o
TNFα (Clausen et al., 2008), this may be an indication o
down-regulation o “infammaging” in the cochlea by cortical electrical
stimulation. These ndings gain additional interest in view o recent
elegant evidence supporting that the density o activated macro-
phage/microglia in the SV is a reliable marker and predictor o the
initiation and progression o degraded hearing sensitivity in ARHL (Lang
et al., 2023).

Fig. 7. Calretininin immunolabeling in the spiral ganglion ater electrical stimulation o the auditory cortex during aging
A, C, E: Low magnication photomicrographs o cochlear sections immunostained with immunoperoxidase or the localization o calretinin in a sham implanted,
non-stimulated (NES) 18-month-old rat (A) and in a rat o the same age ater two weeks o cortical electrical stimulation (ES) in the cochlea ipsilateral (C, ES-IPSI)
and contralateral (E, ES-CONTRA) to the stimulated auditory cortex. Labeled inserts in A, C and E with contours o Rosenthaĺs canal is shown at higher magnication
in photomicrographs B, D and F. Notice immunolabeling intensity or calretinin is higher in the spiral ganglion o ES-IPSI (C) and ES-CONTRA (E) than in the NES rat
(A). B, D, F: Higher magnication detail o calretinin immunolabeling in spiral ganglion neurons shown in inserts B, D, F. Increased calretinin immunolabeling is
visible in spiral ganglion neurons rom ES rats (examples highlighted with white arrows) both in the ipsilateral (D) and contralateral sides (F) o the electrically
stimulated cortex, relative to spiral ganglion neurons in NES animals (black arrows). Sl: spiral limbus. Scale bars: 100µm in E; 50µm in F.
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At this stage, it is only possible to speculate on mechanisms medi-
ating the observed eects o cortical electrical stimulation on age-
related dystrophy and infammatory dysregulation in the SV and SL.
Damage to OC eerents accelerates age-related loss o hearing sensi-
tivity suggesting that integrity o these inputs to the cochlea is necessary

or long-term maintenance o cochlear unction (Liberman et al., 2014).
However, it is unclear whether this eect depends only on cholinergic
neurotransmission on OHCs (Lauer, 2017). On the other hand, there is
evidence o modulation o cochlear activity and auditory nerve re-
sponses ater cortical stimulation (reviewed in Terreros and Delano,

Fig. 8. Details o changes in calretinin immunolabeling in spiral ganglion neurons ater cortical stimulation during aging
A-I: Photomicrographs rom sections o the spiral ganglion immunostained with immunoperoxidase or the localization o calretinin in a sham implanted, non-
stimulated (NES) 18-month-old rat (A, basal turn, D, middle turn, and G apical turn) and in a rat o the same age ater two weeks o cortical electrical stimula-
tion (ES) in the cochlea ipsilateral (ES-IPSI. B, basal turn, E, middle turn and H, apical turn) and contralateral (ES-CONTRA. C, basal turn, F, middle turn, I, apical
turn) to the stimulated auditory cortex. More intense immunolabeling or calretinin is detectable in spiral ganglion neuron cell bodies rom the ES (B, C, E, F, H, I)
than rom the NES rat (A, D, G). Increased calretinin immunolabeling ater cortical electrical stimulation is seen in spiral ganglion neuron cell bodies across all
cochlear turns. J: Bar graph showing mean gray level o calretinin immunolabeling in spiral ganglion neuron cell bodies rom NES and ES rats. A signicant increase
in immunolabeling intensity is ound in spiral ganglion neuron cell bodies in ES rats, both in ES-IPSI and ES-CONTRA. K: Bar graph showing percentage o variation
o calretinin immunolabeling between mean gray levels in spiral ganglion neuron cell bodies rom ES-IPSI and ES-CONTRA. Notice a greater eect o cortical
electrical stimulation on calretinin immunoreactivity levels on spiral ganglion neuron cell bodies in the side contralateral to the stimulated cortex. Comparisons
among the dierent groups were perormed using two-way ANOVA (F (2, 39) =12.89) and Scheé post hoc analysis was used or comparisons among groups. Sig-
nicance levels (α) and power (β) were set to 0.05 and 95%, respectively. *p<0.05; ***p < 0.001. Scale bar: 50µm in G.
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2015). In this context, normal expression o cholinergic receptor sub-
units, involved in MOC neurotransmission on OHCs, and prestin tran-
scripts involved in OHC motility and cochlear micromechanics, require
integrity o the AC (Lamas et al., 2017, 2015) urther supporting that
cochlear activity is infuenced by projections descending rom the AC.
Activity gain in the aging cochlea ater cortical electrical stimulation
may promote recovery o trophic interactions among cell populations
leading to reduced damage to the SV and its microcirculation, which
may downregulate cochlear infammation (Fuentes-Santamaría et al.,
2022). Clearly, more work is needed to unravel mechanisms in detail.

4.5. Increased calretinin in spiral ganglion neurons

Finally, we report increased calretinin immunoreactivity in SG
neuron cell bodies ater the stimulation protocol, supporting that pri-
mary auditory neurons react to cortical electrical stimulation. Calretinin
is a Ca++-binding protein, involved in regulation o neuronal excitability
by providing ast intracellular Ca++ buering (Camp and Wijesinghe,
2009). SG neurons express dierent combinations o calretinin and
calbindin, another Ca++-binding protein (Fischer et al., 2019; Liu and
Davis, 2014; Shrestha et al., 2018; Wang et al., 2023). It has been pro-
posed that its expression levels depend on cochlear activity (Alvarado
et al., 2016; Shrestha et al., 2018). Also changes in immunolabeling
intensity o Ca++-binding proteins have been reported in peripheral and
central auditory neurons in ARHL, and these may be linked at least in
part to adaptive or compensatory mechanisms or progressively
degraded hearing activity (Fischer et al., 2019; Idrizbegovic et al., 2004;
Ouda et al., 2012; Wang et al., 2023). Insoar increased calretinin levels
may be construed as part o excitability modulation mechanisms in SG
neurons, increased calretinin immunoreactivity shown in the ES group,
evokes compensatory adaptation o primary auditory neurons to cortical
electrical stimulation during aging. We have previously shown that
integrity o the AC is needed or normal expression in the cochlea o gene
transcripts coding or ionotropic glutamate receptor subunits in SG
neurons, involved in excitatory neurotransmission at the IHC-SG neuron
synapse (Lamas et al., 2017). Thus, SG neuron excitability seems to be
regulated by corticougal pathways, which may be one oundation o
previously reported descending modulation o cochlear responses
(Lesicko and Llano, 2017; Terreros and Delano, 2015). Our ndings,
however, do not allow to draw conclusions about how electrical stimuli
delivered to the surace o the AC are channeled to modiy excitability in
aged SG neurons. In this regard, it is known that the LOC system mod-
ulates activity on primary auditory neurons (Gro and Liberman, 2003,
Le Prell et al., 2003) and that ring o LOC neurons is induced by pro-
jections descending rom the auditory midbrain (Gro and Liberman,
2003). These in turn may be activated by corticougal projections
(Terreros and Delano, 2015), although they have not been characterized
so ar. In addition, one limitation o our level o analysis based on
quantitative ChAT immunolabeling on brainstem neurons is that it only
allowed to recognize eects o cortical electrical stimulation on MOC
neurons in VNTB, but not in LOC neurons, or which unambiguous
identication was not possible. To what extent both MOC and LOC
systems are involved in mediating the eects o cortical electrical
stimulation on the aging cochlea and its specic contributions must be
addressed in the uture.

5. Conclusions

Long-term electrical stimulation o the AC may result in activation o
descending pathways, propagating down to the cochlea. Preservation o
ChAT immunolabeling in MOC neurons in the VNTB supports eects o
cortical electrical stimulation on cochlear aging mediated through
activation o the eerent system. Structural preservation o the SV and
reduced immunolabeling or infammatory markers along with possible
modulation o activity in aged SG neurons shown ater AC stimulation,
determines an eective delay in cochlear aging. Both set o results

together, as well as previous evidence o the otoprotective eect o the
eerent system in cochlear unction, supports that MOC preservation
through corticougal electrical activation at the level o the AC may be a
good approach or ameliorating the impact o presbycusis.
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