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Abstract
Alterations in inhibitory circuits of the primary auditory cortex (pAC) have been shown to be an aspect of
aging and age-related hearing loss (AHL). Several studies reported a decline in parvalbumin (PV) immunoreactivity in aged rodent pAC of animals displaying AHL and conclude a relationship between reduced sensitivity
and declined PV immunoreactivity. However, it remains elusive whether AHL or a general molecular aging is
causative for decreased PV immunoreactivity. In this study, we aimed to disentangle the effects of AHL and
general aging on PV immunoreactivity patterns in inhibitory interneurons of mouse pAC. We compared young
and old animals of a mouse line with AHL (C57BL/6) and a mutant (C57B6.CAST-Cdh23Ahl1) that is not vulnerable to AHL according to their hearing status by measuring auditory brainstem responses (ABRs) and by an
immunohistochemical evaluation of the PV immunoreactivity patterns in two dimensions (rostro-caudal and
layer) in the pAC. Although AHL could be confirmed by ABR measurements for the C57BL/6 mice, both aged
strains showed a similar reduction of PV1 positive interneurons in both, number and density. The pattern of reduction across the rostro-caudal axis and across cortical layers was similar for both aged lines. Our results
demonstrate that a reduced PV immunoreactivity is a sign of general, molecular aging and not related to AHL.
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Significance Statement
Deficiency of sensory functions is one of the major detriments of aging. In hearing, aging affects both the
periphery and inhibitory circuits in the central system, resulting in hearing loss and altered perception.
Centrally, the major subclass of inhibitory interneurons [parvalbumin (PV)1] shows reduced PV immunoreactivity, which is believed to be related to altered inhibition. Identifying the factor that dominates this decline is
important to understand molecular aging in the central auditory system. Here, we demonstrate that the decreased PV immunoreactivity in the primary auditory cortex (pAC) of mice is dominated by general aging
rather than age-related hearing loss (AHL), suggesting that altered cortical inhibition in the auditory system
may not be secondary to peripheral changes, but a consequence of aging per se

Introduction
Age-related hearing loss (AHL), also referred to as presbycusis, is one of the most common sensory impairments

worldwide, approximately affecting one third of adults
above 65 years in forms of progressive loss of auditory
function (Roth et al., 2011; Loughrey et al., 2018).
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On the physiological level, the loss of hearing during
aging is usually related to a loss of sensory hair cells or a
decline of spiral ganglion cells (Frisina et al., 2016). Such
age-related morphologic changes have not only been observed in humans, but also in laboratory rodents, especially in mice (Hequembourg and Liberman, 2001;
McFadden et al., 2001; Li et al., 2002) which therefore
have been suggested to be a suitable model of AHL
(Gratton and Vázquez, 2003; Bowl and Dawson, 2015).
The decline of peripheral signal transmission has been
linked to subsequent pathologic changes within the central nervous system, especially in the primary auditory
cortex (pAC; Eckert et al., 2012). Alterations in inhibitory
circuits of the pAC have been linked to hearing loss and
the aged auditory system (Kotak et al., 2005; Takesian et
al., 2012; Peelle and Wingfield, 2016). The largest class of
cortical GABAergic interneurons, the parvalbumin (PV)
neurons, are believed to play an important role when it
comes to loss-of-input dependent changes in the neuronal inhibitory circuits of pAC. Several studies reported a
relationship between AHL and a decline in PV immunoreactivity in the rodent auditory cortex (de Villers-Sidani et al.,
2010; Martin del Campo et al., 2012; Brewton et al., 2016),
whereas others report a decline in PV immunoreactivity for
several cortical areas, unrelated to any decline in sensory
function (Miettinen et al., 1993; Ueno et al., 2018). Because
of these contrary findings, it remains elusive whether a decline of PV immunoreactivity in pAC is a result of progressive
AHL and the loss of input or if it is just a general phenomenon in the aging central (auditory) system.
In this study, we aimed to resolve the effect of aging
and AHL on the PV immunoreactivity in the pAC of mice.
To this end, we used a mouse line with a rapid, progressive development of AHL (C57BL/6) and the mutant
C57B6.CAST-Cdh23Ahl1, a congenic strain that carries
the wild-type allele of Cdh23, producing C57BL/6 mice
that are not vulnerable to AHL (Johnson et al., 1997;
Keithley et al., 2004; Mock et al., 2016). We compared
young and old animals of both lines according to their
hearing status by using auditory brainstem response
(ABR) measurements and an immunohistochemical evaluation of the PV immunoreactivity patterns in two dimensions (rostro-caudal and layer) of the pAC.

Materials and Methods
Experimental groups
All animal experiments were performed in accordance
with the animal welfare regulations of Lower Saxony and
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Table 1: Assignment of animals to the groups according to
hearing status and age
Group
Age
Histology ABR
10–12 weeks 6
6
YoungB6
9
YoungB6.CAST 10–12 weeks 2
AgedB6
12–15 months 8
7
9
AgedB6.CAST 12–15 months 6
Sum
22
28

Double
1
1
2
3
7

Total
11
7
13
12
43

with the approval from the local authorities (State Office
for Consumer Protection and Food Safety/LAVES, permission number 33.9-43502-04-13/1271).
In total, 43 mice were used in this study, of which 21
were used for ABR measurements only, 15 in histology
only, and seven animals in both.
Male C57BL/6J (stock number 017320; RRID: JAX:
017320) mice were used to serve as an animal model with
AHL. In contrast, male C57B6.CAST-Cdh23Ahl1 (stock
number 002756; RRID: JAX:002756) mice were used as
an animal model without the development of AHL. Both
strains were in-bred animals, originating from purchased
breeding pairs (The Jackson Laboratory) and kept in small
colonies with ad libitum access to water and food in the
local animal facility under standardized conditions until
terminal experiments.
The age groups were designed as follows: young animals (10–12 weeks) of both strains (youngB6, n = 11) and
youngB6.CAST, n = 7) and aged animals (12–15 month) with
AHL (agedB6, n = 13) and without (agedB6.CAST, n = 12; for
details, see Table 1).
Evaluation of hearing status, ABR
Animals were anesthetized with ketamine (initial 10 mg/
kg, maintenance 2.5 mg/kg) and medetomidine (initial
0.083 mg/kg, maintenance 0.01 mg/kg). The state of anesthesia was checked in regular intervals, if needed anesthesia was toped up with the maintenance dose (typically
every 1.5 h). Needle electrodes were placed subcutaneous with the recording electrode at the neck and the reference electrode at the vertex. The electrode signal was
bandpass filtered (300 Hz to 30 kHz) and amplified by an
ISO-80 Bio-amplifier (World Precision Instruments), before A/D-converted through a Fireface UC 24-bit sound
device at a sample rate of 96 kHz. The same device was
used for stimulus delivery. Stimuli were created by a custom MATLAB application. The sound was binaurally delivered directly into the ear canal of the animal through
horns that were attached to Vifa/Peerless XT-300 K4
loudspeakers. The system was calibrated before recording using small microphones (Knowles FG-23329) that
were inserted into replicas of mice ear canals.
In order to determine hearing thresholds at different
tone frequencies, tone pips (10 ms, 2-ms cosine ramps at
onset and offset) were presented binaurally at 4, 8, 12, 16,
20, 24, and 30 kHz. The intensity was varied between 35and 95-dB SPL in steps of 5 dB. Interstimulus intervals were
randomly chosen from the interval 50–150 ms. The sequence of stimuli was random. An automatic online artifact
rejection algorithm discarded trials with muscle potential
eNeuro.org
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artifacts according to a preset threshold. ABR data were recorded continuously and saved for offline evaluation.

Histology
Animals were injected with a lethal overdose of pentobarbital (Narcoren, Boehringer Ingelheim) and transcardially perfused with phosphate buffer (PB; pH 7.4)
followed by fixative (4% paraformaldehyde in PB). The
brains were removed and kept in immersion fixative overnight at 4°C, followed by four rinsing steps the next day
(PB). For cryoprotection, brains were stored in 30% sucrose solution in PB for 2–3 d at 4°C. After complete saturation, brains were frozen using tissue freezing medium
(TFM-5, TBS) and stored at 20°C.
Coronal frozen slices (25 mm) containing pAC were cut
(CM 1950, Leica) in series of 4. A mark was placed subcortically into the right hemisphere using a cannula for
poststaining distinctness. Slices of the first series were directly mounted on gelatin-coated object slides and airdried for Nissl staining. Remaining slices of series 2–4
were stored in a 24-well plate/series, containing cryoprotection solution (30% ethylenglycol and 30% sucrose in
PBS) and stored at 20°C until immunohistochemistry.
Nissl staining
The total number of cortical neurons may decrease during aging and this effect may be stronger in animals suffering from hearing loss. To account for this, an evaluation of
the total number of neurons in the pAC, a standard Nissl
protocol using 0.1% cresyl violet in watery solution was
applied. After staining, object slides were rinsed in distilled
water, followed by differentiation and complete dehydration with ascending alcohol concentrations. After clearing
with xylol, object slides were coverslipped using rapid nonaqueous mounting medium (Entellan, 107960, Merck).
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PV immunohistochemistry
The slices for visualization of PV1 interneurons were
treated free floating. Slices of one series were rinsed
5  5 min in PBS (pH 7.4), followed by 10-min permeabilization in 0.5% Triton X-100 in PBS at room temperature.
To prevent nonspecific binding, epitopes on the tissue
were blocked with 10% normal goat serum in PBS for
1.5 h at room temperature, followed by 24-h incubation
with a polyclonal primary antibody against PV produced
in rabbit (1:800, rabbit anti-PV PV27, Swant Swiss
Antibodies, RRID:AB_2631173) diluted in blocking solution at 4°C. After rinsing in PBS for 5  5 min, slices were
incubated with the polyclonal secondary antibody produced in goat (1:200, goat anti-rabbit Alexa Flour 488,
ab150077, Abcam) in blocking solution for 5 h at room
temperature in darkness. Slices were rinsed 3  5 min in
PBS and mounted on object slides (Superfrost Plus,
Thermo Scientific) and coverslipped with anti-fade mounting medium (Vectashield H-1000, Vector Laboratories).
Data analysis and statistics
ABR
For every stimulus at least 400 artifact free trials were
recorded. Thresholds at individual frequencies were determined by eye from the average stimulus-aligned traces
at each frequency as the lowest level that evoked an ABR
(Fig. 1A). If no response could be evoked up to 95 dB,
threshold was set to 95 dB, which was the highest level
we were able to present without distortions.
Histology
For quantitative analysis of the PV immunoreactivity in
young and old animals (with and without AHL), pAC was
photographed at 10  magnification using an Axioskop 2
MOT Plus (Carl Zeiss Microscopy GmbH) equipped with a
camera (Eos 7D, Canon). The pAC was identified by using
anatomic landmarks (method adopted from Martin del

Figure 1. Hearing status of the different groups. A, Examples of averaged ABR traces in response to tone pips at 4 kHz, played
back at levels ranging from 40 to 80 dB. The dashed line indicates the onset of a 10-ms tone pip. The asterisks mark the level at
which the threshold was set. Left, Individual from the agedB6 group. Right, Animal from the agedB6.CAST group without AHL, both
animals were measured at an age of 14 months. B, Mean threshold for all four groups at different sound frequencies. Circles depict
B6 animals, squares display animals from the B6.CAST line. Open symbols represent young and filled symbols aged animals
(mean 6 SEM).
May/June 2020, 7(3) ENEURO.0511-19.2020
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Figure 2. Analysis of histology. A, Identification of the pAC. The pAC was identified by using the hippocampal fissure (HF; DG, dentate gyrus) as a reference structure. Three selected regions along the rostro-caudal axis are shown (from left to right, y coordinate
relative to bregma: 3.68, 3.005, 2.48 mm). The landmark was chosen according to the mouse brain reference atlas and centered under the microscope. By following a straight line, the camera section was moved to the cortex (CTX) and the center of pAC
was photographed. The magenta rectangle symbolizes the ROI that was used for the counting procedure. For the confirmation of
the cortex position, see Extended Data Figure 2-1 and Tsukano et al. (2016). TH: thalamus; CP: caudoputamen. B, Example image
with ROI for the counting of PV1 neurons. C, Example image with ROI for the counting of Nissl-stained neurons. Detailed image,
distinguishing between neurons and other cell types (arrow, neuron; asterisk, non-neuronal cell type).

Campo et al. (2012)) and a mouse brain atlas as reference
(Allen Mouse Brain volumetric atlas 2012; https://mouse.
brain-map.org). Images were acquired directly above the
center by placing the pAC into the middle of the camera
section (Fig. 2A). Images were exported as TIFF.
Neurons and PV1 neurons were counted within the region of interest (ROI; 400-mm height for PV slices and
50 mm for Nissl slices; Fig. 2B,C), which was placed
above the center. We previously confirmed the position
of auditory cortex in B6.CAST animals (Extended Data
Fig. 2-1; Gothner et al., 2019). Counting was performed
manually by a person who was blind to the experimental
condition using the cell counter plugin in Fiji for non-automated quantification (Schindelin et al., 2012). Only
neurons with a clearly identifiable soma were labeled as
positive. In Nissl slices, only cells with the neuron-characteristics perikarya and soma staining were counted
(Fig. 2C). Neurons which were touching the lateral (relative to cortex) border where included, whereas those
touching the medial border of the ROI were excluded.
May/June 2020, 7(3) ENEURO.0511-19.2020

For each animal, at least eight slices (both hemispheres), distributed along the rostro caudal axis were analyzed to calculate the mean number of PV1 neurons. The
depth of the cortex (from pia to white matter) was labeled
in each slice to calculate the mean density of PV1 neurons
(neurons/mm2). The total number of neurons (Nissl) was
multiplied by the factor of eight and the mean served as a
control for the evaluation of possible cell loss during aging
and/or AHL.
All variables (number of neurons, number of PV1
neurons and density of PV 1 neurons) were statistically
analyzed (IBM SPSS Statistics version 25, IBM) for the
following groups: young (including both, young B6 and
youngB6.CAST), agedB6 and agedB6.CAST . Data were
tested for normal distribution and homogeneity of variances
the ANOVA. Effect size was calculated
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pbefore
as ¼ h 2 =1  h 2 . Power (1- b , see Table 2) was calculated using GpPower (Faul et al., 2007). A one-sided post
hoc test (Dunnett) was applied according to the hypothesis
of a reduction in PV cells in aged animals of both groups
eNeuro.org

Research Article: New Research

5 of 9

Table 2: Statistics
Ref # Data structure
A
Three independent samples:
youngB6/B6.CAST (n = 8),
agedB6 (n = 8),
agedB6.CAST (n = 6)
B
Three independent samples:
youngB6/B6.CAST (n = 8),
agedB6 (n = 8),
agedB6.CAST (n = 6)
C
Three independent samples:
youngB6/B6.CAST (n = 8),
agedB6 (n = 8),
agedB6.CAST (n = 6)

Parameters tested
Total number of neurons/ROI

Type of test Power (1- b err prob) Figure
ANOVA
0.3739166
3A

Number of PV1 interneurons/ROI

ANOVA

0.9993094

3B

Density of PV1 interneurons, number of PV1/mm2 ANOVA

0.8839026

3C

(youngB6/B6.CAST . agedB6 and agedB6.CAST). Because of
the small sample size of all groups, the level of significance
was set to a = 0.01.
Differences in number and density of PV1 interneurons
might not be observable in the whole sample but could be
dependent of the cell position in the dimension of layer or
rostro-caudal axis. In order to evaluate the laminar distribution of PV1 in the different animal groups, cell coordinates were projected onto the axis between pia and
white-matter boarder in each individual slice. Laminar position was calculated as the distance from the pia relative
to pia-white matter distance. Laminar position was binned
in 10 equally sized windows and averaged to obtain a
laminar distribution for each animal. Subsequently, mean
distributions for each group were calculated.
In order to obtain a position along the rostro-caudal
axis, slices were aligned to the Allen Mouse Brain volumetric atlas (Allen Mouse Brain volumetric atlas 2012;
https://mouse.brain-map.org) and referenced to bregma
coordinates. Slice positions were binned in 204 mm windows ranging from 2458 to 3681 mm caudal relative to
bregma. All cells within a specific laminar bin and on slices within each rostro-caudal bin were counted to obtain
distributions of PV1 neurons along the rostral-caudal and
laminar axes for each animal group.

Results
Aged animals from the B6.CAST line do not show AHL
We aimed to test whether the previously reported decline in PV immunoreactivity in the auditory cortex of
C57/B6 mice could be a result of their early onset AHL.
To this end we compared aged wild-type C57/B6 mice
(agedB6) with a control group of the mutant C57B6.
CAST-Cdh23Ahl1 (agedB6.CAST) that is not susceptible to
AHL.
In a first step, we therefore confirmed the difference in
AHL between the two aged groups (Fig. 1). In agedB6 we
found an increase of the threshold over the entire tested
frequency range (Fig. 1B) with the mean threshold increasing from 44.6 6 7.2-dB SPL (mean 6 SD, n = 6) to
89.8 6 3.2-dB SPL (n = 7). For the B6.CAST group, we
could observe almost no change in thresholds across all
frequencies (mean thresholds young 44.0 6 7.0-dB SPL,
n = 6 vs 47.2 6 8.3-dB SPL in the agedB6.CAST group,
May/June 2020, 7(3) ENEURO.0511-19.2020

n = 9). ABR thresholds for young animals of the two lines
were not different (44.6 6 7.2 vs 44.0 6 7.0-dB SPL).
Consequently, data from youngB6 and youngB6.CAST have
been pooled in the immunohistochemical experiments.
Aging causes a reduction in PV immunoreactivity in
the pAC of mice with and without AHL
In the present study, we investigated the number and
density of PV1 neurons in the pAC of youngB6/B6.CAST
(both lines pooled) and old mice with and without the
presence of AHL, previously determined by the ABR
measurements.
Possibly, a decline in total number of neurons may be
stronger in one of the aged groups which could confound
the interpretation of the total number of PV1 cells. To ensure that our results of the immunohistochemical verification were not influenced by a global decline in cortical
neurons, the total number of neurons was investigated
using a Nissl protocol. A mild, non-significant decrease of
neurons was present in agedB6.CAST and agedB6 compared
with youngB6/B6.CAST (F(2,19) = 3.523; p = 0.05, ANOVA;
f = 0.61, 1- b = 0.374; post hoc pair-wise comparison
Dunnett, one-sided, youngB6/B6.CAST . agedB6: p = 0.021;
youngB6/B6.CAST . agedB6.CAST: p = 0.056; Fig. 3A).
The immunohistochemical verification has been performed to investigate whether (1) a decline of PV immunoreactivity exists during aging and (2) whether it is stronger
in animals suffering from progressive AHL. A significant decrease in number of PV1 neurons could be observed for
agedB6.CAST and agedB6 groups (F(2,19) = 1.182; p , 0.001,
ANOVA; f = 1.49, 1-b = 0.9993; Fig. 3B). The one-sided
pairwise comparison to youngB6/B6.CAST animals revealed a
strong difference for both, youngB6/B6.CAST versus agedB6
and youngB6/B6.CAST versus agedB6.CAST (p , 0.001).
Additionally, we investigated the density of PV1 neurons by taking the cortical depth of each analyzed imaged
into account (400-mm ROI width  cortical depth, calculated as neurons/mm2; Fig. 3C). The density of PV1 neurons/mm2 differed significantly (ANOVA, F(2,19) = 9.301;
p , 0.01; f = 0.99, 1- b = 0.884). Similar to the absolute
counts, we found a significant lower density in both
agedB6 versus youngB6/B6.CAST (p , 0.01) and agedB6.CAST
versus youngB6/B6.CAST (p = 0.001).
eNeuro.org
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Figure 3. Total number of neurons and PV1 immunoreactivity of the different groups. Circles depict B6 animals, squares display animals from the B6.CAST line. Open symbols represent young and filled symbols aged animals (mean 6 SEM), significance values
are displayed by number of asterisks: *p , 0.01; **p , 0.001. A, Mean total number of neurons/ROI. No significant difference could
be revealed for the total number of neurons. B, Mean number of PV1 neurons/ROI. When compared with youngB6/B6.CAST, both
agedB6 and agedB6.CAST show a significant decrease in number of positive neurons. C, Mean PV1 density. Young animals show a
significant higher density of PV1 neurons compared to aged animals of both groups.

Differences in number and density of PV1 interneurons
might not be observable in the whole sample but could be
dependent of the cell position in two dimensions: layer
positions defined as cortical depth and along the rostrocaudal axis. In order to receive a detailed description of
the immunoreactivity pattern, we performed an analysis
of PV immunoreactivity in in these two dimensions in the
pAC of all animals. We observed a clear layer dependence
of PV1 neurons revealed by the analysis of the density as
a factor of cortical depth, with a strong peak in deep (subgranular) layers (Fig. 4A). The largest density was present
in the middle layers of pAC (maximum just below Layer
IV). This layer dependence occurred with a nearly uniform
distribution across the rostra-caudal axis of pAC (data of
all animals, Fig. 4B). Subsequently, we analyzed layer dependence and rostro-caudal distribution for the factor of
age and AHL. We could not observe a robust overall pattern of reduction along the rostro-caudal axis, but slightly
higher reduction of PV1 neurons in the rostral portion of
pAC in agedB6 compared with young and agedB6.CAST
(Fig. 4C). In contrast, the reduction was stronger in the
caudal region in aged animals without AHL (agedB6.CAST).
When comparing groups according to the factor of cortical depth (Fig. 4D), the reduction across lamina was uniform in both, agedB6.CAST and agedB6. PV density in the
middle layers was mildly more reduced for animals from
the agedB6.CAST, group than from agedB6. In summary,
the combined pattern of reduction (Fig. 4E) across laminar
and rostro-caudal axis appears to be very similar for aged
animals with AHL (agedB6) and without (agedB6.CAST).

Discussion
We aimed to reveal whether a decrease in PV immunoreactivity during aging is stronger in the presence of AHL,
as previously indicated (de Villers-Sidani et al., 2010;
Martin del Campo et al., 2012; Brewton et al., 2016). On
that account, we investigated the hearing thresholds and
the PV immunoreactivity in the pAC of aged animals from
a mouse line with progressive, early onset AHL (C57BL/
6J) and from a congenic strain which is not vulnerable to
May/June 2020, 7(3) ENEURO.0511-19.2020

AHL (C57B6.CAST-Cdh23Ahl1), in comparison with young
animals. The main outcome of this study is a decline in PV
immunoreactivity in the pAC of aged mice, regardless of
AHL. Although AHL could be confirmed by our ABR
measurements for the agedB6 animals (Fig. 1), both aged
strains showed a similar reduction of PV1 positive interneurons in pAC in both number and density (Fig. 3). The
pattern of reduction across the rostro-caudal axis and
across cortical layers was similar in both strains (Fig. 4).
Specificity of reduction of PV cells
We investigated PV immunoreactivity in the pAC of all
experimental groups by an indirect, immunofluorescent approach, using a primary antibody against PV. Additionally,
as a control, the total number of neurons was evaluated to
test for possible unequal cell loss between aged groups,
following a standard Nissl protocol. Reduced PV immunoreactivity and thus a smaller number of positive cells may
have been the results of a global loss of neurons for the
aged groups compared with young animals and may be
more severe in animals suffering from AHL. In our study,
we found the total number of neurons in the pAC to be decreased in both aged groups, albeit not significantly (Fig.
3A). This mild, non-significant decrease in number of neurons for aged animals has been previously reported, at
least for the rat auditory cortex (Burianova et al., 2015). In
relation to our data from the evaluation of PV immunoreactivity (Fig. 3B,C), it can be concluded that a decreased
number of PV1 interneurons is not solely based on a cortical neuronal decline in only one of the experimental
groups. However, the identity of the lost neurons (reflected
by the mild decrease in number of neurons) cannot be
clearly defined with our experimental approach. It remains
to be shown whether PV1 neurons remain intact but display a reduced protein expression or if the density of these
specific inhibitory interneurons is decreased.
Reduction of PV6 interneurons is present in aged
animals with preserved hearing thresholds
Regarding the number and density of PV1 neurons,
agedB6.CAST and agedB6 show a decrease of both.
eNeuro.org
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Figure 4. Distribution of PV1 neurons across layers and along the rostro-caudal axis. A, Illustration of the relative laminar mapping
of the cell positions within the single slices. The pia was set to depth = 0 and the border to white matter was set to depth = 1. B,
Population overview. Relative density of PV1 neurons resolved by the rostro-caudal position of slices and cortical depth of cell
body is shown. Here, density was averaged over all slices from all animals to reveal an age-independent overview about the general
PV pattern in the pAC. Density was normalized to the maximum of the distribution. C, Cell density resolved by rostro-caudal position of the slices (relative to bregma). Each bar depicts mean density for all slices within the respective bin along the rostro-caudal
axis. Left, Young animals of both lines. Middle, agedB6 group. Right, agedB6.CAST group. D, Laminar distribution of PV1 neurons in
the three groups (mean 6 SEM). Positions are relative to the pia (see A). E, Relative density of PV1 neurons in the slices resolved by
rostro-caudal position and cortical depth in the three groups. Color-coded densities are normalized to the maximum mean density
in the young group (left, youngB6/B6.CAST; middle, agedB6; right, agedB6.CAST). Plots (B–E) were generated using MATLAB (version
R2018b; The MathWorks Inc.).

Indeed, a reduction in PV immunoreactivity seems to be
dominated by the factor age rather than by hearing loss.
This is in line with results from other studies, reporting decreased inhibitory properties in the aged auditory cortex
independent of hearing status (Ueno et al., 2018; Kessler
et al., 2020) and a reduction in PV1 neurons in other cortical areas, like somatosensory or motor (Miettinen et al.,
1993).
One main reason for controversial results might be
strong strain differences of PV immunoreactivity levels in
animals. These differences are not only present on the
molecular but also on the physiological level (Brewton et
al., 2016; Bowen et al., 2019). All work that has been done
so far to reveal the influence of AHL on the PV immunoreactivity pattern used either two different strains of laboratory rodents with/without the development of AHL (Ouda
et al., 2008; Brewton et al., 2016) or compared old versus
young animals of the same strain (de Villers-Sidani et al.,
2010; Martin del Campo et al., 2012). It is possible that
not only physiological properties differ between strains,
but also the development of PV immunoreactivity patterns
over time. In our study, the only difference between the
two mouse strains used is the wild-type allele of Cdh23 in
agedB6.CAST animals, eliminating the possibility of general
strain differences in basal PV immunoreactivity patterns.
However, it cannot be ruled out that patterns of PV immunoreactivity in the central auditory system depend on the
genetic, peripherally acting cause of AHL. As the cause in
our hearing impaired agedB6 animals, the missense
May/June 2020, 7(3) ENEURO.0511-19.2020

mutation of Cdh23 is believed to result in a defective encoded protein that acts as a component of the stereocilia
tip links in hair cells. The defect can cause a weakening of
the tip links over time, which may result in progressively
impaired mechanotransduction in the aging individual
(Kazmierczak et al., 2007; Schwander et al., 2009;
Johnson et al., 2010). Whether our results can be directly
transferred to other mutations needs to be further investigated, e.g., in mutations of Sod1, which encodes for a defective superoxide dismutase, resulting in increased
oxidative stress and therewith hair cell loss in the inner ear
(McFadden et al., 2001; Jiang et al., 2007; Johnson et al.,
2010). However, our results can be interpreted as a first
step toward a better understanding about the central molecular alterations in Cdh23-mediated presbycusis.
Pattern of PV immunoreactivity along the rostrocaudal axis and cortical depth
To get an overall impression of the neuronal PV pattern
in the pAC of young, aged, and aged mice expressing
hearing loss, we provide a two-dimensional descriptive
analysis of the rostro-caudal and layer-dependent distribution of PV1 interneurons. Our data indicate an overall
similar rostro-caudal distribution for all tested groups.
However, the loss of PV immunoreactivity varies considerably between adjacent individual rostro-caudal sections
(Fig. 4C) and may show differences between the groups.
For a more fine-grained, unbiased evaluation of differences
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between immunoreactivity patterns, it should be considered to analyze multiple samples per animal along the rostro-caudal axis of the structure of interest as done in this
study. Small sample sizes confined to narrow rostro-caudal sections could lead to false-positive differences that
might disappear when analyzing a sample size distributed
along the rostro-caudal axis or vice versa.
The PV density as a function of cortical depth peaks in
middle layers, with a small population of neurons in the
deeper and the fewest number in the superficial layers
(Fig. 4D) as previously revealed by others (del Río et al.,
1994; Martin del Campo et al., 2012; Brewton et al., 2016;
Ueno et al., 2018). Regarding age and hearing status, we
could not detect a difference between distributions of an
agedB6.CAST or an agedB6 animal. Thus, an altered density
of PV1 neurons along the cortical depth is related to the
factor age and remains unaltered by hearing status, similar to what we observed for PV immunoreactivity along
the rostro-caudal axis.
Reduced PV immunoreactivity in the pAC, a sign of
central molecular aging in the mouse model
The C57BL/6 mouse is commonly used as an animal
model to study presbycusis due to its progressive, early
onset AHL which is the result of the degenerating basal
portion of the cochlear (Ison et al., 2007; Park et al., 2010;
Martin del Campo et al., 2012). This process can be confirmed by analyzing ABRs, and it has been shown to become histologically detectable by the age of three months
(Park et al., 2010). In parallel, a second aging-induced
process seem to act on the central (auditory) system in
form of reduced PV immunoreactivity in the inhibitory network of the cortex. Our data indicates that this process is
independent of declined hearing sensitivity and should
rather be interpreted as a sign of central molecular aging.
The consequences of reduced intraneuronal protein levels
in inhibitory system are not fully understood yet. Hence, it
remains controversial to what extent a reduction of PV immunoreactivity affects inhibition and therewith central
sensory processing in the (auditory) cortex.
PV itself as a calcium-binding protein is believed to
serve the distinct function of buffering intracellular Ca21,
enabling the neuron to fire rapid spike trains and protecting it from toxic intracellular calcium levels (Ferguson and
Gao, 2018; Fairless et al., 2019). This might support the
unique function of this neuronal subtype: PV1 interneurons are known for their remarkable fast spiking phenotype
with a local widespread of activity regulating contacts to
nearly every pyramidal neuron in their surrounding
(Kawaguchi and Kubota, 1997; Packer and Yuste, 2011;
Ferguson and Gao, 2018). On a functional level, this organization principle allows for strong feedback and feedforward inhibition with a precision in the millisecond range
(Cardin, 2018; Hu et al., 2014). A change in the physiology
of PV1 cells may be particularly impactful in the auditory
cortex, where precise modulation of sensory input is of
great importance as it sharpens spike timing, shapes receptive fields, provides gain control and is involved in the
generation of network oscillations (Wehr and Zador, 2003;
Sohal et al., 2009; Moore and Wehr, 2013; Hu et al., 2014;
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Gothner et al., 2019). In that context, a reduced PV immunoreactivity could result in declined inhibitory properties
in cortical circuits, which seems to be independent of
AHL.
An additional potential role of PV that is discussed in
current research is its involvement in (synaptic) plasticity:
PV seems to prevent cumulative facilitation and maintains
the strength of the synapse near its resting level (Caillard
et al., 2000; Tripodi et al., 2018). Additionally, a few studies indicate that the PV immunoreactivity pattern cannot
be interpreted as a static rather than an ongoing plastic
process, influenced by environmental factors as previously demonstrated by de Villers-Sidani et al. (2010), who
showed that decreased PV immunoreactivity in the aged
auditory cortex of rats can be recovered by auditory
training.
Given the importance of PV1 inhibition and the strong
reduction of PV immunoreactivity in the aging auditory
cortex as shown here, further research is urgently needed
to reveal the actual consequences of age-related reduction of PV immunoreactivity on inhibitory circuits on a
physiological level. However, given the results presented
here, physiological and possibly perceptual consequences of PV1 reduction in pAC will have to be seen as a result of general, molecular aging in the auditory cortex
instead of being restricted to individuals suffering from
AHL.

References
Bowen Z, Winkowski DE, Kanold PO (2019) Functional organization
of mouse primary auditory cortex in adult C57BL/6 and F1
(CBAxC57) mice. bioRxiv. doi: https://doi.org/10.1101/843300.
Bowl MR, Dawson SJ (2015) The mouse as a model for age-related
hearing loss - a mini-review. Gerontology 61:149–157.
Brewton DH, Kokash J, Jimenez O, Pena ER, Razak KA (2016) Agerelated deterioration of perineuronal nets in the primary auditory
cortex of mice. Front Aging Neurosci 8:270.
Burianova J, Ouda L, Syka J (2015) The influence of aging on the
number of neurons and levels of non-phosporylated neurofilament
proteins in the central auditory system of rats. Front Aging
Neurosci 7:27.
Caillard O, Moreno H, Schwaller B, Llano I, Celio MR, Marty A (2000)
Role of the calcium-binding protein parvalbumin in short-term synaptic plasticity. Proc Natl Acad Sci USA 97:13372–13377.
Cardin JA (2018) Inhibitory interneurons regulate temporal precision
and correlations in cortical circuits. Trends Neurosci 41:689–700.
de Villers-Sidani E, Alzghoul L, Zhou X, Simpson KL, Lin RCS,
Merzenich MM (2010) Recovery of functional and structural agerelated changes in the rat primary auditory cortex with operant
training. Proc Natl Acad Sci USA 107:13900–13905.
del Río J, de Lecea L, Ferrer I, Soriano E (1994) The development of
parvalbumin-immunoreactivity in the neocortex of the mouse.
Brain Res Dev Brain Res 81:247–259.
Eckert MA, Cute SL, Vaden KI, Kuchinsky SE, Dubno JR (2012)
Auditory cortex signs of age-related hearing loss. J Assoc Res
Otolaryngol 13:703–713.
Fairless R, Williams SK, Diem R (2019) Calcium-binding proteins as
determinants of central nervous system neuronal vulnerability to
disease. Int J Mol Sci 20:2146.
Faul F, Erdfelder E, Lang A-G, Buchner A (2007) GpPower 3: a flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav Res Methods 39:175–191.
eNeuro.org

Research Article: New Research
Ferguson BR, Gao W-J (2018) PV interneurons: critical regulators of
E/I balance for prefrontal cortex-dependent behavior and psychiatric disorders. Front Neural Circuits 12:37.
Frisina R, Ding B, Zhu X, Walton J (2016) Age-related hearing loss:
prevention of threshold declines, cell loss and apoptosis in spiral
ganglion neurons. Aging (Albany NY) 8:2081–2099.
Gothner T, Gonçalves PJ, Sahani M, Linden JF, Hildebrandt KJ
(2019) Sustained activation of PV1 interneurons in auditory cortex
enables robust divisive gain control for complex and naturalistic
stimuli. bioRxiv. doi: https://doi.org/10.1101/832642.
Gratton MA, Vázquez AE (2003) Age-related hearing loss: current research. Curr Opin Otolaryngol Head Neck Surg 11:367–371.
Hequembourg S, Liberman MC (2001) Spiral ligament pathology: a
major aspect of age-related cochlear degeneration in C57BL/6
mice. J Assoc Res Otolaryngol 2:118–129.
Hu H, Gan J, Jonas P (2014) Fast-spiking, parvalbumin1 GABAergic
interneurons: from cellular design to microcircuit function. Science
345:1255263.
Ison JR, Allen PD, O’Neill WE (2007) Age-related hearing loss in
C57BL/6J mice has both frequency-specific and non-frequencyspecific components that produce a hyperacusis-like exaggeration of the acoustic startle reflex. J Assoc Res Otolaryngol 8:539–
550.
Jiang H, Talaska AE, Schacht J, Sha S-H (2007) Oxidative imbalance
in the aging inner ear. Neurobiol Aging 28:1605–1612.
Johnson KR, Erway LC, Cook SA, Willott JF, Zheng QY (1997) A
major gene affecting age-related hearing loss in C57BL/6J mice.
Hear Res 114:83–92.
Johnson KR, Yu H, Ding D, Jiang H, Gagnon LH, Salvi RJ (2010)
Separate and combined effects of Sod1 and Cdh23 mutations on
age-related hearing loss and cochlear pathology in C57BL/6J
mice. Hear Res 268:85–92.
Kawaguchi Y, Kubota Y (1997) GABAergic cell subtypes and their
synaptic connections in rat frontal cortex. Cereb Cortex 7:476–
486.
Kazmierczak P, Sakaguchi H, Tokita J, Wilson-Kubalek EM, Milligan
RA, Müller U, Kachar B (2007) Cadherin 23 and protocadherin 15
interact to form tip-link filaments in sensory hair cells. Nature
449:87–91.
Keithley EM, Canto C, Zheng QY, Fischel-Ghodsian N, Johnson KR
(2004) Age-related hearing loss and the ahl locus in mice. Hear
Res 188:21–28.
Kessler M, Mamach M, Beutelmann R, Lukacevic M, Eilert S,
Bascuñana P, Fasel A, Bengel FM, Bankstahl JP, Ross TL, Klump
GM, Berding G (2020) GABAA receptors in the Mongolian gerbil: a
PET study using [18F]flumazenil to determine receptor binding in
young and old animals. Mol Imaging Biol 22:335–347.
Kotak VC, Fujisawa S, Lee FA, Karthikeyan O, Aoki C, Sanes DH
(2005) Hearing loss raises excitability in the auditory cortex. J
Neurosci 25:3908–3918.
Li S, Price SM, Cahill H, Ryugo DK, Shen MM, Xiang M (2002)
Hearing loss caused by progressive degeneration of cochlear hair
cells in mice deficient for the Barhl1 homeobox gene.
Development 129:3523–3532.
Loughrey DG, Kelly ME, Kelley GA, Brennan S, Lawlor BA (2018)
Association of age-related hearing loss with cognitive function,
cognitive impairment, and dementia: a systematic review and
meta-analysis. JAMA Otolaryngol Head Neck Surg 144:115–126.
Martin del Campo HN, Measor KR, Razak KA (2012) Parvalbumin immunoreactivity in the auditory cortex of a mouse model of presbycusis. Hear Res 294:31–39.

May/June 2020, 7(3) ENEURO.0511-19.2020

9 of 9

McFadden SL, Ding D, Salvi R (2001) Anatomical, metabolic and genetic aspects of age-related hearing loss in mice. Audiology
40:313–321.
Miettinen R, Sirviö J, Riekkinen P, Laakso MP, Riekkinen M,
Riekkinen P (1993) Neocortical, hippocampal and septal parvalbumin- and somatostatin-containing neurons in young and aged
rats: correlation with passive avoidance and water maze performance. Neuroscience 53:367–378.
Mock BE, Vijayakumar S, Pierce J, Jones TA, Jones SM (2016)
Differential effects of Cdh23 753A on auditory and vestibular functional aging in C57BL/6J mice. Neurobiol Aging 43:13–22.
Moore AK, Wehr M (2013) Parvalbumin-expressing inhibitory interneurons in auditory cortex are well-tuned for frequency. J
Neurosci 33:13713–13723.
Ouda L, Druga R, Syka J (2008) Changes in parvalbumin immunoreactivity with aging in the central auditory system of the rat. Exp
Gerontol 43:782–789.
Packer AM, Yuste R (2011) Dense, unspecific connectivity of neocortical parvalbumin-positive interneurons: a canonical microcircuit for inhibition? J Neurosci 31:13260–13271.
Park SN, Back SA, Park KH, Kim DK, Park SY, Oh JH, Park YS, Yeo
SW (2010) Comparison of cochlear morphology and apoptosis in
mouse models of presbycusis. Clin Exp Otorhinolaryngol 3:126–
135.
Peelle JE, Wingfield A (2016) The neural consequences of age-related hearing loss. Trends Neurosci 39:486–497.
Roth TN, Hanebuth D, Probst R (2011) Prevalence of age-related
hearing loss in Europe: a review. Eur Arch Otorhinolaryngol
268:1101–1107.
Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez
J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A
(2012) Fiji: an open-source platform for biological-image analysis.
Nat Methods 9:676–682.
Schwander M, Xiong W, Tokita J, Lelli A, Elledge HM, Kazmierczak
P, Sczaniecka A, Kolatkar A, Wiltshire T, Kuhn P, Holt JR, Kachar
B, Tarantino L, Müller U (2009) A mouse model for nonsyndromic
deafness (DFNB12) links hearing loss to defects in tip links of mechanosensory hair cells. Proc Natl Acad Sci USA 106:5252–5257.
Sohal VS, Zhang F, Yizhar O, Deisseroth K (2009) Parvalbumin neurons and gamma rhythms enhance cortical circuit performance.
Nature 459:698–702.
Takesian AE, Kotak VC, Sanes DH (2012) Age-dependent effect of
hearing loss on cortical inhibitory synapse function. J Neurophysiol
107:937–947.
Tripodi M, Bhandari K, Chowdhury A, Mukherjee A, Caroni P (2018)
Parvalbumin interneuron plasticity for consolidation of reinforced
learning. Cold Spring Harb Symp Quant Biol 83:25–35.
Tsukano H, Horie M, Hishida R, Takahashi K, Takebayashi H,
Shibuki K (2016) Quantitative map of multiple auditory cortical regions with a stereotaxic fine-scale atlas of the mouse brain. Sci
Rep 6:22315.
Ueno H, Takao K, Suemitsu S, Murakami S, Kitamura N, Wani K,
Okamoto M, Aoki S, Ishihara T (2018) Age-dependent and regionspecific alteration of parvalbumin neurons and perineuronal nets in
the mouse cerebral cortex. Neurochem Int 112:59–70.
Wehr M, Zador AM (2003) Balanced inhibition underlies tuning and
sharpens spike timing in auditory cortex. Nature 426:442–446.

eNeuro.org

