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Abstract: Age-related decoupling of auditory nerve fibers from hair cells (cochlear synaptopathy) has
been linked to temporal processing deficits and impaired speech recognition performance. The link
between both is elusive. We have previously demonstrated that cochlear synaptopathy, if centrally
compensated through enhanced input/output function (neural gain), can prevent age-dependent
temporal discrimination loss. It was also found that central neural gain after acoustic trauma was
linked to hippocampal long-term potentiation (LTP) and upregulation of brain-derived neurotrophic
factor (BDNF). Using middle-aged and old BDNF-live-exon-visualization (BLEV) reporter mice
we analyzed the specific recruitment of LTP and the activity-dependent usage of Bdnf exon-IV
and -VI promoters relative to cochlear synaptopathy and central (temporal) processing. For both
groups, specimens with higher or lower ability to centrally compensate diminished auditory nerve
activity were found. Strikingly, low compensating mouse groups differed from high compensators by
prolonged auditory nerve latency. Moreover, low compensators exhibited attenuated responses
to amplitude-modulated tones, and a reduction of hippocampal LTP and Bdnf transcript levels in
comparison to high compensators. These results suggest that latency of auditory nerve processing,
recruitment of hippocampal LTP, and Bdnf transcription, are key factors for age-dependent auditory
processing deficits, rather than cochlear synaptopathy or aging per se.

Keywords: central compensation; cochlear synaptopathy; auditory nerve latency; age-related hearing
loss; activity dependent BDNF; long term potentiation

1. Introduction

Aging people often experience difficulties in perceiving speech in a noisy environment, even
without elevated audiometric thresholds [1]. The development of poor supra-threshold speech
processing during aging in humans was attributed to progressive cochlear synaptopathy, similarly to
phenomena observed in aging animals [2,3]. In rodents [4–6] and humans [7] it was recently shown
that loss of afferent auditory fibers (cochlear synaptopathy) can progress over aging or following
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‘non-traumatic’ loud sound. This can coincide with hearing deficits even when audiometric thresholds
are normal and independently from the loss of outer hair cells. In humans, older people who have
maintained good hearing sensitivity, nevertheless frequently report difficulties in acoustically complex
environments. This general profile of auditory deficiency, which can occur in individuals with a
normal audiogram, is supposed to reflect impaired processing of acoustic temporal cues due to
cochlear synaptopathy [8,9]. It was hypothesized that a reduction in the viable population of auditory
nerve fibers over age [5,10], particularly of the subpopulation of fibers with a low spontaneous firing
rate (low-SR) and a high threshold, might lead to auditory deficits at supra-threshold levels and in
challenging listening situations such as in the presence of background noise [2,5,6,11–13]. In accord,
these fibers with a low SR and a high threshold, that account for 40% of the total amount of fibers, have
a high vulnerability to noise and aging [10,14–16]. Unlike fibers with a high spontaneous firing rate
(high-SR) and a low threshold, low-SR fibers do not contribute to auditory threshold sensitivity [4,5,10].
Therefore, the loss of low-SR fibers would provide a rationale for the numerous studies that report
listening deficits in humans despite normal hearing thresholds, e.g., [5,10,17–19].

We have previously observed that temporal processing loss was not necessarily attenuated as a
consequence of cochlear deafferentation, if reduced auditory input was centrally compensated [6]. In
this study [6], stimulus-driven auditory steady state responses (ASSR) were determined, which reflect
attention-driven responses in the central auditory pathway to amplitude-modulated tones [20–22]. The
results demonstrated that only animals with a reduced neural gain over age showed a loss of temporal
resolution in auditory processing [6], suggesting neural gain and not cochlear synaptopathy per se as a
key factor for temporal processing. This notion is supported by a recent study on the detection abilities
for temporally and spectrally modulated stimuli in aging listeners. This study could not confirm a
causal link between compromised supra-threshold auditory nerve amplitudes and reduced temporal
processing [23].

We also observed that central auditory compensation after acoustic trauma-induced cochlear
deafferentation was linked to increased hippocampal long-term potentiation (LTP), and recruitment of
activity-dependent Bdnf exon-IV and -VI transcription [24], providing a mechanistic explanation for
the idea that temporal auditory processing abilities are related to each individual’s cognitive skills [25].

Here we asked how, during aging, cochlear synaptopathy is linked to a central compensation via
neural gain, hippocampal LTP and BDNF recruitment.

BDNF-live-exon-visualization (BLEV) reporter mice [26] were used to determine the
activity-dependent usage of Bdnf exon-IV and -VI promoters through bi-cistronic coexpression
of cyan- and yellow-fluorescent-protein (CFP/YFP), respectively [24,26]. Importantly, BLEV mice allow
the visualization of Bdnf exon-IV-CFP and Bdnf exon-VI-YFP transcripts at their sites of translation [26].

We compared young (2.9–6.6 months old), middle-aged (9.4–14.3 months old), and old (15.3–22.5
months old) BLEV mice to uncover differences in central responsiveness at defined states of age-related
cochlear synaptopathy. We measured auditory brainstem responses (ABR) to determine wave
amplitudes corresponding to the auditory nerve (wave I) and inferior colliculus (IC, wave IV) [27],
and examined ASSR, offering an insight in temporal resolution of auditory processing [6]. In addition,
we have determined hippocampal LTP and Bdnf transcripts to find a correlation between the central
auditory adjustment and a memory-dependent facilitation process [24,26]. Strikingly, we found that
independently of age and reduced amplitude of the ABR wave I animals with a lower central auditory
compensation capacity exhibited a prolonged auditory nerve latency and reduced sensitivity to follow
amplitude-modulated tones. These low-compensating groups exhibited reduced LTP after stimulation
of the hippocampal Schaffer’s collaterals and attenuated Bdnf exon-IV and -VI expression in and
around hippocampal capillaries, compared to animals with a higher central capacity to compensate.
Prevailed fast auditory nerve processing and the ability of the brain to recruit a LTP/BDNF-dependent
facilitation path may therefore play a key role for preventing age-related hearing difficulties caused by
cochlear synaptopathy.
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2. Materials and Methods

2.1. Animals

Animal care, procedure, and experimental protocols correspond to national and institutional
guidelines and were reviewed and approved by University of Tübingen, Veterinary Care Unit, and
the Animal Care and Ethics Committee of the regional board of the Federal State Government of
Baden-Württemberg, Germany. All experiments were performed according to the European Union
Directive 2010/63/EU for the protection of animals used for experimental and other scientific purposes.
In-house bred mice were kept according to the national guidelines for animal care in a specific pathogen
free animal facility at 25 ◦C on a 12 h/12 h light/dark cycle with average noise levels of around 50–60 dB
SPLRMS.

Female and male homozygous BLEV mice were used and categorized into different age groups.
Young animals were between 2.9 and 6.6 months, middle-aged between 9.4 and 14.3 months, and old
between 15.3 and 22.5 months old.

The mouse model was generated as described [26]. Briefly, the Bdnf exon-IV and -VI sequences,
both including the corresponding promoter sequences, were extended by CFP or YFP, respectively,
both containing a stop codon. A HA-tag was added to Bdnf exon-IV-CFP and a cMyc-tag to Bdnf
exon-VI-YFP. The translation of the protein-coding Bdnf exon-IX was enabled by an internal ribosomal
entry site sequence, which keeps the mRNA at the ribosome, despite the presence of a stop codon.
Additionally, the growth-associated protein 43, was added to anchor the fluorescent proteins at the site
of translation. This allows differential monitoring of the noncoding Bdnf exon-IV and Bdnf exon-VI by
the fluorescent proteins CFP and YFP without interfering with Bdnf exon-IX.

2.2. Hearing Measurements

Hearing measurements were done under anesthesia 75 mg/kg ketamine hydrochloride (Ketavet®,
Zoetis GmbH, Berlin, Germany), 5 mg/kg xylazine hydrochloride (Rompun®, Bayer Vital GmbH,
Leverkusen, Germany), and 0.2 mg/kg atropine (Atropinsulfat B.Braun, Melsungen, Germany) in a
soundproof chamber (IAC, Niederkrüchten, Germany), as previously described [28].

The ABR, evoked by short duration sound stimuli, represents the summed activity of neurons
in distinct anatomical structures along the ascending auditory pathway [29] and was measured by
averaging the evoked electrical response recorded via subcutaneous cranial electrodes. In short, ABR
thresholds were elicited with click (100 ms), noise-burst (1 ms duration), or pure-tone stimuli (3 ms,
including 1 ms cosine squared rise and fall envelope, 2–45.2 kHz).

ASSRs were measured with amplitude modulated sinusoidal stimuli (carrier frequency 11.31 kHz).
The stimuli were presented between −10 and 60 dB in 5 dB steps relative to threshold (re thr). Stimuli
were amplitude modulated with 100% modulation depth and 512 Hz modulation frequency. A
modulation index was calculated for individual animals by building the ratio between the maximal
signal and the baseline (defined as the average of all points except the maximum and the neighboring
points). Even if measured threshold normalized, the data were not normalized by threshold for analysis.

2.3. Field Excitatory Postsynaptic Potential (fEPSP) Recordings in Hippocampal Slices

Extracellular fEPSP recordings were performed according to standard methods as previously
described [30,31].

In brief, 400 µm thick coronal brain slices were cut on a vibratome (Leica VT 1000S) in ice-cold
dissection buffer (mM): 127 NaCl, 1.9 KCl, 1.2 KH2PO4, 26 NaHCO3, 10 D-glucose, 2 MgSO4, and 1.1
CaCl2, constantly saturated with 5% CO2 and 95% O2 (pH 7.4). Slices were incubated in oxygenated
artificial cerebrospinal fluid (ACSF, in mM: 127 NaCl, 1.9 KCl, 1.2 KH2PO4, 26 NaHCO3, 10 D-glucose, 1
MgSO4, 2.2 CaCl2; pH 7.4) for 1 h at 30 ◦C and afterwards stored at room temperature. Recordings were
performed in a submerged-type recording chamber (Warner Instruments). Stimulation (TM53CCINS,
WPI) and recording (ACSF-filled glass pipettes, 2–3 MΩ) electrodes were positioned in the stratum
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radiatum (SR) to record Schaffer collateral field excitatory postsynaptic potentials (fEPSPs). Signals
were amplified with an Axopatch 200B (Molecular Devices), digitized at 5 kHz with an ITC-16 (HEKA)
and recorded using WinWCP from the Strathclyde Electrophysiology Suite. Stimuli (100 µs) were
delivered through a stimulus isolator (WPI). For each individual slice the strength of the stimulation
(typically between 30–125 µA) was chosen to evoke 40–60% of the maximal response, defined by initial
fEPSP slope. Only slices that showed stable fiber volley and fEPSP were used for further recording.
The same stimulus intensity was applied during baseline recording (0.067 Hz, 20–30 min) and induction
of LTP using 100 stimuli during 1 s (100 Hz, 1 s). The baseline was determined by averaging fEPSP
initial slopes from the period before the tetanic stimulation (at least 15 min of stable recording). The
level of LTP was determined by averaging fEPSP slopes from the period between 50 and 60 min after the
high-frequency stimulation. Before the tetanic stimulation, each slice was used to record input–output
relationship (IOR, 25–150 µA in 25 µA steps) and paired-pulse facilitation (PPF, 10–20–50–100–200–500
ms interpulse interval at the same stimulation strength as LTP recordings). IOR changes in fEPSP
slope and fiber volley amplitude were normalized within each slice (% from the maximal response
at the highest stimulus strength was calculated) and averaged values for each group were plotted
against the stimulus intensity. For PPF paired-pulse ratio of EPSP2/EPSP1 slope and amplitude at each
interstimulus interval were defined per slice and mean values per group were plotted. EPSP1 was
calculated as an average of EPSP1s from all interstimulus intervals for each single slice.

Four traces were averaged for each single data point analyzed.

2.4. Tissue Preparation

Tissue preparation was carried out as described in detail previously [32]. In brief, for
cochlear cross-section immunohistochemistry, cochleae were isolated, fixed by immersion in 2%
paraformaldehyde, 125 mM sucrose in 100 mM phosphate buffered saline (pH 7.4) for 2 h and then
decalcified for 45 min in RDO rapid decalcifier (Apex Engineering Products Corporation, Aurora,
IL, USA). Cochleae were stored in Sucrose-Hank’s solution rotated at 4 ◦C overnight before they
were embedded in Tissue-tek and cryosectioned in slices of 10 µm, and mounted on SuperFrost*/plus
microscope slides before storage at −20 ◦C.

Brains were fixed by immersion for 48 h in 2% paraformaldehyde (exchange of fixative solution
after 24 h) and then stored in 0.4% paraformaldehyde until embedded in 4% agarose. Brains were
cut in 60 µm slices with a vibratome (Leica VT 1000S) and stored at −20 ◦C in cryoprotectant (mix
150 g of sucrose in 200 mL 1× phosphate buffer saline and 150 mL ethylene glycol) until used
for immunohistochemistry.

2.5. Immunohistochemistry

Immunohistochemistry was carried out as described in detail previously [32]. Antibodies
against C-terminal-binding protein 2 (CtBP2)/RIBEYE (rabbit, diluted 1:1500; ARP American Research
Products, Inc.™, Waltham, MA, USA) or parvalbumin (PV, rabbit, diluted 1:8000; Abcam, Cambridge,
UK #ab11427) were used. Primary antibodies were detected using appropriate Cy3 secondary
antibodies (1:1500, Jackson Immuno Research Laboratories, West Grove PA, USA #AB_2338006).

All samples were viewed as previously described [33] using an Olympus BX61 microscope
(Olympus, Hamburg, Germany) equipped with epifluorescence illumination and analyzed with
CellSens Dimension software (OSIS GmbH, Münster, Germany). To increase spatial resolution, slices
were imaged over a distance of 15 µm within an image-stack along the z-axis (z-stack), followed by
3-dimensional deconvolution using CellSens Dimension’s built-in algorithm.
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2.6. Data Analyses

2.6.1. Statistics and Numbers

Unless otherwise stated, all data were presented as group mean with standard deviation (SD) or
with standard error of the mean (SEM) for n animals per experimental group. Data were tested for
normal distribution (Shapiro–Wilk Normality Test, α = 0.05). Differences of the means were compared
for statistical significance either by ungrouped two-tailed Student’s t-test (parametric)/Mann–Whitney
U test (nonparametric), 1-way, or 2-way analysis of variance (ANOVA, parametric)/Kruskal–Wallis test
(nonparametric) with α = 0.05 and correction for type 1 error after Tukey-test/Bonferroni’s multiple
comparisons test (parametric) or two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli
(nonparametric). In figures, significance is indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001). n.s. denotes nonsignificant results (p > 0.05). All statistical information and n numbers
can be found in Section 3 and in Table 1. Statistical calculations and visualizations were done with
GraphPad Prism.

Table 1. Statistical information of the results.

Figure Comparison Statistical
Test Test Value p-Value Post-Hoc Test

with p-Value n—Number

Tukey´s
multiple

comp. Test

Fig. 1a Click-ABR 1-way
ANOVA

F (2, 157) = 39.70 p < 0.0001
Y vs. M-A p > 0.05

Y n = 27
animals
M-A n =

14 animals
O n = 27
animals

Y vs. O p < 0.0001
MA vs. O p < 0.0001

Fig. 1b Noise-ABR 1-way
ANOVA

F (2, 157) = 27.23 p < 0.0001
Y vs. M-A p > 0.05

Y vs. O p < 0.0001
M-A vs. O p < 0.0001

Fig. 1c f-ABR 2-way
ANOVA

F (2, 741) = 73.33 p < 0.0001
Y vs. M-A p < 0.05 for all

freq > 22.6 kHz

Y vs. O p < 0.05 for all
freq shown

M-A vs. O
p < 0.05 for all

freq shown except
22.6 kHz

Tukey´s
multiple

comp. Test

Fig. 2b ABR wave I
ampl.

2-way
ANOVA

F (2, 2214) =
236.1

p < 0.0001
Y vs. M-A p < 0.05 for all SPL

> 20 dB re Thr Y n = 24
animals
M-A n =

25 animals
O n = 22
animals

Y vs. O
p < 0.05 for SPL

between 15 and 85
dB re Thr

M-A vs. O p > 0.05

Fig. 2c ABR wave IV
ampl.

2-way
ANOVA

F (2, 2025) =
414.7

p < 0.0001
Y vs. M-A p < 0.05 for all SPL

> 15 dB re Thr

Y vs. O p < 0.05 for all SPL
> 20 dB re Thr

M-A vs. O
p < 0.05 for SPL

between 50 and 75
dB re Thr

Fig. 2e

IHC ribbons
apical

1-way
ANOVA

F (2, 85) = 11.34 p < 0.0001
Y vs. M-A p < 0.01

Y n = 7
animals

M-A n = 8
animals
O n = 7
animals

Y vs.O p < 0.001
M-A vs. O p > 0.05

IHC ribbons
medial

1-way
ANOVA

F (2, 88) = 4.61 p = 0.0125
Y vs. M-A p > 0.05

Y vs. O p < 0.05
M-A vs. O p > 0.05

IHC ribbons
midbasal

1-way
ANOVA

F (2, 85) = 11.34 p < 0.0001
Y vs. M-A p < 0.01

Y vs. O p < 0.001
M-A vs. O p > 0.05
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Table 1. Cont.

Figure Comparison Statistical
Test Test Value p-Value Post-Hoc Test

with p-Value n—Number

Fig. 3b

Amplification
Y Regression

y = 0.9322x +
1.7392 R2 = 0.6005

Y n = 34
animals
M-A n =

29 animals
O n = 29
animals

Amplification
M-A

y = 0.9081x +
1.1758 R2 = 0.7313

Amplification
O

y = 0.8248x +
0.6833 R2 = 0.5378

Comparison
between ages

Steepness of
regression

lines
F (2, 86) = 0.12 p = 0.883

Are regression
lines different? F (2, 88) = 20.79 p < 0.0001

Fig. 3c

Compensation
Y

Regression

y = 2.2714x−0.277 R2 = 0.2768

Compensation
M-A y = 2.3313x−0.532 R2 = 0.3446

Compensation
O y = 2.6943x−0.502 R2 = 0.2068

Compensation
all y = 2.4733x−0.405 R2 = 0.2815

Bonferroni’s
multiple

comp. test

Fig. 4a

ABR wave I
strength

1-way
ANOVA

F (2, 35) = 21.98 p < 0.0001
HC vs. LC p > 0.05

LC n = 5
HC n = 7 Y

n = 26
animals
mean of
both ears

Y vs. HC p < 0.001
Y vs. LC p < 0.001

ABR wave IV
strength

1-way
ANOVA

F (2, 35) = 41.15 p < 0.0001
HC vs. LC p < 0.1
Y vs. HC p < 0.001
Y vs. LC p < 0.001

Fig. 4b

ABR wave I
latency

1-way
ANOVA

F (2, 36) = 12.55 p < 0.0001
HC vs. LC p < 0.001
Y vs. HC p < 0.001
Y vs. LC p > 0.05

ABR wave IV
latency

1-way
ANOVA

F (2, 35) = 4.592 p = 0.0169
HC vs. LC p < 0.1
Y vs. HC p < 0.05
Y vs. LC p > 0.05

Fig. 4c Central
conductance

1-way
ANOVA

F (1, 34) = 4.045 p = 0.0266
HC vs. LC p > 0.05
Y vs. HC p > 0.05

Y vs. LC p < 0.05 HC n = 7
LC n = 6

Fig. 4d

IHC ribbons
apical

1-way
ANOVA

F (2, 34) = 9.1 p < 0.001
HC vs. LC p > 0.05

Y n = 7
animals

M-A n = 8
animals
O n = 7
animals

Y vs. HC p < 0.05
Y vs. LC p < 0.001

IHC ribbons
medial

1-way
ANOVA

F (2, 35) = 9.72 p < 0.001
HC vs. LC p < 0.05
Y vs. HC p > 0.05
Y vs. LC p < 0.001

IHC ribbons
midbasal

1-way
ANOVA

F (2, 35) = 41.93 p < 0.0001
HC vs. LC p < 0.001
Y vs. HC p < 0.01
Y vs. LC p < 0.001

Fig. 4e
ASSR

input–output
function

2-way
ANOVA F (1, 106) = 7.52 p = 0.0072 HC vs. LC p > 0.05 HC n = 7

LC n = 6

Fig. 5b
HC baseline
vs. post HFS Mann–Whitney

U
U (21) = 0 p < 0.0001

n =
animals/slices
Y n = 7/21

HC n =
7/21

LC n =
5/15

LC baseline vs.
post HFS U (15) = 0 p < 0.0001

Fig. 5c LTP HC vs.
LC

Mann–Whitney
U U (21, 15) = 74 p = 0.0066

Two-stage
linear step-up
procedure of
Benjamini,

Krieger, and
Yekutieli

Fig. 5d

LTP high and
LC dependent
on age and Y
control group

1-way
nonparametric

ANOVA on
ranks

(Kruskal–Wallis
test)

H (5) = 20.18, p
= 0.0005

p < 0.001

HC M-A vs. O p < 0.01
low comp.
M-A vs. O p > 0.05

Y vs. M-A HC p > 0.05
Y vs. M-A LC p > 0.05

Y vs. O HC p > 0.05
Y vs. O LC p < 0.01
M-A HC vs.

LC p < 0.01

O HC vs. LC p > 0.05
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Table 1. Cont.

Figure Comparison Statistical
Test Test Value p-Value Post-Hoc Test

with p-Value n—Number

Fig. 6c

Bdnf
exon-IV-CFP Mann–Whitney

U

U (4) = 24.31 p < 0.0001

Bdnf
exon-IV-YFP U (4) = 4.994 p = 0.0075

Parvalbumin U (4) = 2.127 p = 0.1005

Fig. S1b IOR fEPSP
slope

2-way
ANOVA F (2, 300) = 1.446 p = 0.2371

Two-stage
linear step-up
procedure of
Benjamini,

Krieger, and
Yekutieli

n =
animals/slices
Y n = 7/21

HC n =
7/20

LC n =
5/12

Fig. S1c
IOR fiber

volley
amplitude

2-way
ANOVA

F (2, 300) = 4.127 p = 0.0171
HC vs. LC p > 0.05
Y vs. HC p > 0.05
Y vs. LC p > 0.05

Fig. S1d
fEPSP slope vs.

fiber volley
amplitude

Difference
between

regression
lines (slopes)

F (2, 323) = 0.69 p = 0.5023

Fig. S2b

Paired-pulse
ratio

EPSP2/EPSP1
(slope)

2-way
ANOVA

F (2, 330) =
0.9445 p = 0.3899 n =

animals/slices
Y n = 7/21

HC n =
7/20

LC n =
5/16

Two-stage
linear step-up
procedure of
Benjamini,

Krieger, and
Yekutieli

Fig. S2c
Paired-pulse

ratio
EPSP2/EPSP1
(amplitude)

2-way
ANOVA

F (2, 330) = 4.487 p = 0.0120
HC vs. LC p > 0.05
Y vs. HC p > 0.05

Y vs. LC (only
at 10 ms

interpulse
interval)

p < 0.01

Y = young, M-A = middle-aged, O = old, HC = high compensator, LC = low compensator.

2.6.2. ABR Analysis

For each individual ear, the peak input–output function and the latency (averaged for intensities
between 0 and 30 dB re thr) of the noise-ABR measurements were analyzed as previously described [34].

Two peak classes were selected: (1) early peaks (at 1.2–1.8 ms, wave I) interpreted as the sum of
the first stimulus-related action potential within the auditory nerve, and (2) delayed peaks (at 4.1–4.9
ms, wave IV), the response from the auditory midbrain.

For further analysis, the strength of the ABR growth function was determined. Therefore the mean
of the three values within the supra-threshold growth function with the highest wave amplitude was
calculated (more detailed described in [26]) with Excel (Microsoft Excel 2016).

Wave VI/I ratio was calculated by dividing for individual animals at all intensities relative to
threshold (re thr) the ABR wave VI amplitude by ABR wave I amplitude. For further analyses, the
mean between 20 and 80 dB (re thr) was calculated.

To determine the level of central compensation for individual animals, wave IV/I ratio was plotted
against wave I strength. The power function (y = a*xˆb) was inserted as a regression line for each
group. Only animals with wave I strength smaller than 1.9 µV (which is the mean of all ears in all
groups) were subdivided along the black regression line (all ears of all groups). Animals below the
line were low compensators, while animals above were high compensators.
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2.6.3. fEPSP Recordings in Hippocampal Slices

Data were analyzed and processed using Clampfit 10 (Molecular Devices) and Microsoft Excel.
The data presented per experimental group/condition contained (additionally to mean ± SEM) single
dots which showed the fEPSP slope values for each individual brain slice. The n indicates the number
of slices and animals (slices/animals) used in the analysis.

2.6.4. Fluorescence Analysis of Immunohistochemistry

Pictures acquired from brain sections stained for PV, were analyzed using the free Image J software
(NIH, Bethesda, MD, USA). For each section, pictures for each single channel (YFP, CFP, PV) were
saved and analyzed independently. For the 10×magnified pictures, after conversion to an 8-bit image,
background was reduced using the rolling bar algorithm (available as a tool for Image J) with standard
parameters in each single channel picture. Afterwards the integrated density of the fluorescence of
CFP and YFP within the picture was calculated. For analysis, data were normalized between both
groups. For each individual animal two pictures from duplicate immunostainings were taken and
finally the results were averaged to include each animal only once in statistics.

For IHC ribbon counting, pictures were taken from all turns of both ears from duplicate
immunohistochemical stainings.

2.6.5. Data Availability

The datasets generated and/or analyzed during the current study are available from the
corresponding author upon request.

3. Results

3.1. Auditory Brainstem Response-Evoked Thresholds Are Elevated in Old but Not Middle-Aged Animals

To study the compensation mechanisms underlying age-related synaptopathy, we first compared
the hearing thresholds between young (2.9–6.6 months, n = 54/27 ears/animals), middle-aged (9.4–14.3
months, n = 28/14 ears/animals), and old (15.3–22.5 months, 54/27 ears/animals) BLEV reporter mice.
The ABR evoked by low frequency-containing (click), high frequency-containing (noise burst), and
pure tone frequency-specific auditory stimuli were tested as described [35]. Old BLEV mice showed
a significant increase in threshold compared with young and middle-aged animals measured by
click-evoked ABR (Figure 1a; all statistical findings and details of the tests can be found in the
figure legends and in Table 1), noise-burst stimuli (Figure 1b), and pure tone frequencies (Figure 1c).
Middle-aged BLEV animals showed no different results compared to young BLEV animals upon click
and noise stimuli but revealed an increased threshold for frequencies higher than 16 kHz (Figure 1c).

In conclusion, BLEV reporter mice showed an increase of auditory thresholds mainly in the last
third of their life span (old animals). This threshold increase started at high frequencies in middle-aged
animals but finally all frequencies were affected in old animals.
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Figure 1. Analysis of the hearing threshold over age. In old animals, hearing thresholds became
significantly worse. This was shown for (a) click stimuli (1-way ANOVA, F (2, 157) = 39.70, p < 0.0001,
Tukey’s post hoc test: young vs. middle-aged p > 0.05, young vs. old p < 0.0001, middle-aged vs.
old p < 0.0001) and (b) noise stimuli (1-way ANOVA, F (2, 157) = 27.23, p < 0.0001, Tukey´s post hoc test:
young vs. middle-aged p > 0.05, young vs. old p < 0.0001, middle-aged vs. old p < 0.0001). (c) With
pure-tone frequency-specific auditory stimuli, specifically for high frequencies already middle-aged
animals showed increased thresholds compared to young BLEV mice (2-way ANOVA, F (2, 625) =

70.73, p < 0.0001, Tukey’s post hoc test: bars indicate significant differences between respective groups
in the shown range). n for all comparisons: young n = 54/27; middle-aged n = 28/14; old n = 54/27
(ears/animals). **** p < 0.0001. Mean ± SEM.

3.2. Late Supra-Threshold ABR Wave Varies in Middle-Aged and Old Animals

Aging and acoustic trauma have been shown to induce degeneration of auditory fibers (auditory
neuropathy) which damages nerve terminals of the inner hair cell (IHC) (synaptopathy) in mice,
non-human primates, and humans [36–38]. Auditory-nerve degeneration may occur independently of
outer hair cell loss and is called hidden hearing loss [4,10]. To investigate the impact of age on the
vulnerability of pre- and post-synaptic structures of the IHC, we analyzed a potential neuropathy
by comparing supra-threshold ABR wave amplitudes (Figure 2a) in BLEV mice at different ages.
Supra-threshold ABR wave amplitudes change proportionally with discharge rates and the number of
synchronously firing auditory fibers [39], the latter of which is defined by the number of IHC synaptic
ribbons [40]. Therefore, auditory neuropathy and IHC synaptopathy is well reflected by changes in
supra-threshold ABR wave amplitudes, and IHC ribbon numbers, respectively [4,6,34,41].
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Figure 2. Supra-threshold analyses of auditory brainstem response (ABR) waves I and IV and inner hair
cell (IHC) function. (a) Schematic drawing of the auditory pathway and correlated stimulus-evoked
deflections of ABR waves. AN = auditory nerve, CN = cochlear nucleus, SOC = superior olivary
complex, IC = inferior colliculus, MGB = medial geniculate body, AC = auditory cortex. (b) ABR
wave I amplitude was significantly reduced over age in comparison to young animals (2-way repeated
measurements ANOVA, F (2, 2214) = 236.1, p < 0.0001, Tukey’s post hoc test: bars indicate significant
differences between respective groups in the shown range). (c) ABR wave IV amplitude was also
significantly reduced over age (2-way repeated measurements ANOVA, F (2, 2025) = 414.7, p < 0.0001,
Tukey’s post hoc test: bars indicate significant differences between respective groups in the shown
range). The middle-aged group had a significantly higher ABR wave IV amplitude between 50 and
75 dB (re thr) than the old animals. For (b,c): young n = 54/27; middle-aged n = 28/14; old n = 54/27
(ears/animals). Mean ± SEM. (d) Antibody against CtBP2/RIBEYE was used as marker for IHC ribbon
synapses with afferent auditory neurons. Nuclei were stained with DAPI (blue). Scale bars: 10 µm.
(e) Immunopositive dots were counted to estimate the number of auditory nerve fiber synapses per
IHC, which decreased over age. Arrows indicate a reduced number of CtBP2/RIBEYE-positive dots at
the base of IHCs (apical: 1-way ANOVA, F(2, 85) = 11.34; p < 0.0001; Bonferroni’s multiple comparisons
test: young vs. middle-aged p < 0.01; young vs. old p < 0.001; middle-aged vs. old p > 0.05; medial:
1-way ANOVA, F(2, 88) = 4.61; p < 0.05; Bonferroni’s multiple comparisons test: young vs. middle-aged
p > 0.05; young vs. old p < 0.05; middle-aged vs. old p > 0.05; midbasal: 1-way ANOVA, F(2, 85) =

11.34; p < 0.0001; Bonferroni’s multiple comparisons test: young vs. middle-aged p < 0.01; young vs.
old p < 0.001; middle-aged vs. old p > 0.05). Young n = 7 mice; middle-aged n = 8 mice; old n = 7 mice.
* p < 0.05; ** p < 0.01; *** p < 0.001. Mean ± SEM.

The auditory stimulus-evoked ABR wave I (Figure 2a,b) reflects the summed activity of the
auditory nerve fibers [27] and is a useful functional biomarker of auditory-nerve degeneration after
noise exposure [42]. ABR wave IV, on the other hand (Figure 2a,c), reflects the sound-induced activity
generated at the level of the IC and lateral lemniscus [27]. The analysis of supra-threshold ABR wave
I (Figure 2b) and IV (Figure 2c) revealed a significant reduction of both waves in middle-aged and
old BLEV mice compared with young BLEV mice. Although the averaged ABR wave I amplitude of
middle-aged BLEV mice was similar to that of old BLEV mice, the ABR wave IV of the former showed
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a larger amplitude between 50 and 75 dB (re thr) in comparison to old animals, indicating that these
animals may compensate a reduced ABR wave I amplitude through a disproportionally enhanced
ABR wave IV amplitude.

In young, middle-aged, and old animals we quantified the number of
CtBP2/RIBEYE-immuno-positive dots as indicators for ribbon synapses derived from dendrites from
spiral ganglion neurons [43] and as an estimation for deafferentation [4] (Figure 2d,e). As especially
shown by quantifications of the midbasal cochlear regions (midbasal: >17 kHz [28]) (Figure 2d, right
panel) numbers of ribbons in IHCs from young mice were higher than those counted in middle-aged
and old mice. This analysis confirmed that the number of CtBP2/RIBEYE-stained ribbon synapses
tends to decrease over age (Figure 2e), as also previously observed for aging rats [6].

In conclusion, the auditory input was significantly reduced during the last two thirds of the
lifespan of BLEV mice and central output activity varied in middle-aged and old animals.

3.3. Central Compensation and Auditory Processing Following Age-Related Reduced Auditory Nerve Activity
Differs Depending on Prevailed Latency of Auditory Nerve Response

ABR wave amplitudes and latencies corresponding to click-evoked neuronal activity in the
auditory nerve (wave I) and lateral lemiscus and IC (wave IV) were analyzed [27] for increasing
stimulus levels. We were interested to what extent the age of animals contributes to the individual’s
ability to centrally compensate for reduced auditory nerve activity. We therefore tested the correlation
between wave I and wave IV in all age groups. We calculated the strength of wave amplitudes in
each individual by averaging the three highest amplitude values (Figure 3a). Upon plotting the
strength of wave I against the strength of wave IV, we observed a linear correlation between them in
all three age groups (Figure 3b). The steepness of regression lines, that represents the degree of wave
IV amplification depending on the strength of wave I, was similar in young, middle-aged, and old
animals. This indicated that the aging process per se does not affect the physiological amplification
mechanism in the ascending auditory pathway. However, the general sensitivity for stimuli, which is
determined by y-axis intercepts, is decreasing over age (Figure 3b). These results mirror the analysis of
ABR waves I and IV amplitude growth functions (Figure 2), which were decreased over age.

To test whether age causes a disproportionally increasing wave IV/I ratio (neural gain), this ratio
was calculated for all age groups and the average value between 20 and 80 dB (re thr) was used to plot
wave I strength against the wave IV/I ratio (Figure 3c). The power function (y = a*xˆb) was inserted
as a regression line for each age group and additionally another regression line was plotted for all
ears of all groups (black) (Figure 3c). While young animals exhibited a rather flat curve at relatively
high values of wave I (Figure 3c, grey), both middle-aged (blue) and old animals (red) showed a wide
spreading in the wave IV/I ratio (Figure 3c, y-axis) at rather constantly low values of wave I (Figure 3c,
x-axis). In a subgroup of animals later used for LTP measurements (see below), we also noticed that
middle-aged and old animals could be subdivided into two groups (Figure 3d): animals characterized
by dots lying below the black regression line were defined by exhibiting a small neuronal gain, which
from now on will be called low compensators. In contrast, animals reflected by dots above the black
trend line exhibited a large neuronal gain, indicating a high central compensation (high compensators).
Interestingly, individual animals defined as either high (Figure 3d, green arrow) or low compensators
(Figure 3d, dark grey arrow), were present in both middle-aged and old mice (Figure 3d, red and
blue dots).



Brain Sci. 2020, 10, 710 12 of 26

Figure 3. Neural gain mechanisms over age and temporal auditory processing in high and low
compensators. (a) The ABR wave strength was calculated by averaging the three largest values of
wave amplitudes in the I/O function. (b) Similar waves I–IV amplification mechanisms (steepness of
lines; 2-way ANOVA, F (2, 86) = 0.12, p > 0.05, young n = 34 animals, middle-aged n = 29 animals,
old n = 29 animals) but decreasing sensitivity over age (y-axis intercept; 2-way ANOVA, F (2, 88) = 20.79,
p < 0.0001). (c) Wave IV/I ratio dependent on the wave I amplitude was plotted to picture the central
compensation in animals. Regression lines were fitted by power function (y = a*xˆb). (d) Middle-aged
and old animals with reduced wave I (inside grey box; ABR wave I < 1.9 µV) were subdivided along
the black regression line (regression of all three groups) into low compensators (dark grey arrow) and
high compensators (green arrow). In both groups of age high and low compensators were found.

High and low compensators did not differ in the strength of ABR wave I which was reduced in
both of these groups compared to young animals (Figure 4a, left panel).
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Figure 4. Auditory fine structure analysis and IHC ribbons in high and low compensators. (a) ABR wave I
strength was similar for high and low compensators and reduced compared with young animals (1-way
ANOVA; F(2, 35) = 21.98; p < 0.0001; Bonferroni’s multiple comparisons test: high vs. low compensator
p > 0.05; young vs. high compensator p < 0.001; young vs. low compensator p < 0.001). ABR wave IV
strength was reduced in both ages groups compared to young animals, but high compensators had a
trend for a higher ABR wave IV strength compared to low compensators (1-way ANOVA; F(2, 35) = 41.15;
p < 0.0001; Bonferroni’s multiple comparisons test: high vs. low compensator p < 0.1; young vs. high
compensator p < 0.001; young vs. low compensator p < 0.001). (b) The latency of both, ABR waves I and IV
was similar for high compensators and young animals, while low compensators had a prolonged latency
(ABR wave I: 1-way ANOVA; F(2, 36) = 12.55; p < 0.0001; Bonferroni’s multiple comparisons test: high vs.
low compensator p < 0.001; young vs. high compensator p < 0.001; young vs. low compensator p > 0.05;
ABR wave IV: 1-way ANOVA; F(2, 35) = 4.592; p < 0.05; Bonferroni’s multiple comparisons test: high vs.
low compensator p < 0.1; young vs. high compensator p < 0.05; young vs. low compensator p > 0.05). (c)
Low, but not high compensators had a prolonged conduction of central processing, measured by duration
between ABR waves II and IV (1-way ANOVA, F(2, 34) = 4.045; p < 0.05; Bonferroni’s multiple comparisons
test: high vs. low compensator p > 0.05; young vs. high compensator p > 0.05; young vs. low compensator
p < 0.05). For (a–c): Low compensators n = 5; high compensators n = 7; young n = 26 animals. (d) While
high compensators showed only moderate reduction of IHC ribbons in the apical and midbasal turns when
compared to young animals, low compensators showed a highly significant reduction of ribbons in all three
cochlear turns in comparison with young animals, which was most prominent for high-frequency cochlear
regions (apical: 1-way ANOVA, F(2, 34) = 9.1; p < 0.001; Bonferroni’s multiple comparisons test: high vs. low
compensator p > 0.05; young vs. high compensator p < 0.05; young vs. low compensator p < 0.001; medial:
1-way ANOVA, F(2, 35) = 9.72; p < 0.001; Bonferroni’s multiple comparisons test: high vs. low compensator
p < 0.05; young vs. high compensator p > 0.05; young vs. low compensator p < 0.001; midbasal: 1-way
ANOVA, F(2, 35) = 41.93; p < 0.0001; Bonferroni’s multiple comparisons test: high vs. low compensator p <

0.001; young vs. high compensator p < 0.01; young vs. low compensator p < 0.001). Young n = 4 mice; low
compensators n = 5 mice; high compensators n = 5 mice. (e) Input–output relationship of auditory steady
state responses with a carrier frequency of 11.32 kHz, a modulation frequency of 512 Hz, and a modulation
depth of 100% showed a reduction of temporal auditory resolution in low compensators (2-way ANOVA,
F(1, 106) = 7.52, p < 0.01; Bonferroni’s multiple comparisons test for all stimulus intensities: p > 0.05). Low
compensators n = 5; high compensators n = 7. (*) p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001. Mean ± SEM.
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In contrast, the strength of ABR wave IV in high compensators had a trend for a higher level
compared to low compensators, while both were significantly reduced in comparison to young animals
(Figure 4a, right panel), indicating that high and low compensators differed in central compensation
rather than in the size of the auditory nerve amplitude. Strikingly, however, the latency of ABR waves
I and IV was significantly prolonged in low compensators in comparison to high compensators and
young animals (Figure 4b). Taking into account that, at any given characteristic frequency in the
auditory system, high-SR fibers with low thresholds have the shortest latencies in comparison to
fibers with low-spontaneous firing rates and high thresholds [44,45], our findings suggest that low
compensators exhibit compromised high-SR auditory fiber processing.

Additional to prolonged latency of ABR wave I in low compensators, the duration from ABR
wave II to ABR wave IV was longer in low compensators compared to young BLEV mice (Figure 4c),
indicating that not only the auditory nerve response is delayed but also the central conductance is
prolonged in these animals.

Next, we were interested if high and low compensators also differ in their number of IHC ribbons.
Both high and low compensators had reduced numbers of IHC ribbons (Figure 4d). However, the
decline was much higher in low compensators (Figure 4d). Especially in high-frequency cochlear
regions the difference between high and low compensators was most prominent and ribbon loss in low
compensators exceeded > 50% reduction, indicating a significant contribution of high-SR auditory
fibers (Figure 4d, midbasal).

We finally searched for a difference in temporal processing between high and low compensators
using ASSR as described [6], using the amplitude of a carrier frequency of 11.32 kHz that was modulated
by a second, slower frequency of 512 Hz with a modulation depth of 100%. Especially for high SPLs > 60
dB a significant attenuated temporal resolution of auditory stimuli was observed in low compensators
in comparison to high compensators (Figure 4e). This suggests that the reduced strength of ABR
wave IV (Figure 4a, right panel) and the prolonged latency of ABR wave I and ABR wave IV in low
compensators (Figure 4b), as well as reduced number of IHC ribbons (Figure 3d) may be linked to a
lower temporal auditory resolution in this group.

Conclusion: We observed that both middle-aged and old animals could be subdivided in groups
with a lower and higher ability to centrally compensate reduced cochlear synaptopathy. Auditory
nerve activity (ABR wave I), although not different in ABR wave size, was prolonged in latency and
central conduction time in low compensators in comparison to high compensators and young animals.
Furthermore, compared with high compensators, the number of IHC ribbons was strongly reduced in
high-frequency regions of low compensators. All of these findings were linked to an attenuated ASSR
to follow amplitude-modulated tones in low compensators. This suggests that over age the ability of
the brain to disproportionally elevate output activity relative to cochlear input activity (neural gain)
and temporal auditory processing is compromised when fast auditory processing is diminished.

3.4. Delayed Auditory Nerve Response and Attenuated Central Auditory Processing Due to Age-Dependent
Reduced Auditory Nerve Activity Is Linked with Lower Hippocampal Long-Term Potentiation

We previously observed that central compensation of cochlear synaptopathy is compromised when
a critical diminution of auditory input, encompassing high-SR auditory fibers, hampers hippocampal
field excitatory postsynaptic potentials (fEPSPs) [24]. Hypothesizing differences in memory-linked
facilitation pathways between low and high compensating groups, LTP was measured as described [24].
The recording electrode was placed in the stratum radiatum (SR) of the CA1 region, while stimulating
the CA3 Schaffer’s collateral axons which have synaptic contacts to CA1 pyramidal cells [24]. LTP
was induced in acute coronal brain slices of young, middle-aged, and old BLEV mice. LTP recordings
from middle-aged and old animals were then subdivided according to high and low compensators,
regardless of their age.
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LTP was induced by high-frequency stimulation (HFS; 1s, 100 Hz) and the mean of the last 10
min from the 60 min recording showed that the post HFS fEPSPs were significantly different from the
baseline in both low and highly compensating animals (Figure 5a,b).

Figure 5. Long-term potentiation (LTP)-induced changes of field excitatory postsynaptic potentials
(fEPSPs) in low and high compensators. (a) Representative traces before (baseline) and after (post high
frequency stimulation) LTP induction as well as (b) averaged time courses of fEPSP slopes in acute
coronal brain slices displayed prominent LTP in all groups of animals (baseline vs. post HFS; high
compensators: Mann–Whitney U test, U (21) = 0, p < 0.0001; low compensators: Mann–Whitney U test,
U (15) = 0, p < 0.0001). (c) Highly compensating BLEV mice (153.38% ± 7.56%; n = 7/21 animals/slices)
showed significantly elevated LTP in comparison to low compensating (127.39% ± 5.05%; n = 5/15
animals/slices) BLEV mice (Mann–Whitney U test, U (21, 15) = 74, p < 0.01). (d) Highly compensating
animals are present in both, middle-aged (174.69% ± 9.96%; n = 4/9 animals/slices) and old (137.39% ±
11.08%; n = 3/9 animals/slices) groups and do not differ significantly from young animals (163.84%
± 16.31%; n = 7/21 animals/slices; Kruskal–Wallis test with two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli: young vs. middle-aged high compensator, p > 0.05; young vs.
old high compensator, p > 0.05). At the same time, we observed significant differences between
highly compensating middle-aged (174.69% ± 9.96%; n = 4/9 animals/slices) and highly compensating
old animals (137.39% ± 11.08%; n = 3/9 animals/slices), but no prominent difference between low
compensating middle-aged (128.35% ± 7.46%; n = 2/5 animals/slices) and low compensating old animals
(126.90% ± 6.86%; n = 3/10 animals/slices; Kruskal–Wallis test with two-stage linear step-up procedure
of Benjamini, Krieger, and Yekutieli: highly compensating middle-aged vs. highly compensating old, p
< 0.01; low compensating middle-aged vs. low compensating old, p > 0.05). ** p < 0.01; *** p < 0.001.
Mean ± SEM. In (c,d) each dot represents fEPSP slope (average of last 10 min post HFS) of a single
coronal brain slice.

However, animals that showed poor central compensation of cochlear synaptopathy (Figure 4d),
had significantly reduced hippocampal LTP maintenance compared to animals with a higher capacity
for central compensation (Figure 5c). Subdivision of high and low compensators according to age
(Figure 5d) revealed that for high compensators age still plays a role, as middle-aged high compensators
(blue circles) had a significantly higher LTP than old high compensators (Figure 5d; red circles). In
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contrast, for low compensators no difference between middle-aged (Figure 5d; blue triangles) and old
animals (Figure 5d; red triangles) could be observed (Figure 5d). Interestingly, the LTP in middle-aged
high compensators was not different from that of young control animals (Figure 5d; light grey).

Importantly, neither high nor low compensators exhibited changes in basal synaptic transmission
compared to young animals (Figure S1a) as both highly and low compensating groups displayed a
similar growth of fEPSP slopes (Figure S1b), but shifted slightly in fiber volley amplitude changes
(Figure S1c). However, a regression between both (fEPSP slopes and fiber volley amplitudes) was not
different (Figure S1d). This indicates that no changes in presynaptic function occurred which could have
caused the observed differences, and thus point to normal activity in pre-synaptic Schaffer’s collaterals
in both highly and low compensating groups. Moreover, paired-pulse facilitation (PPF) was similar
between both groups of animals (Figure S2a–c). Additionally, both high and low compensators’ PPF
was similar to that of young animals at almost every interpulse interval applied (Figure S2b,c) with the
exception of the paired-pulse ratio of the EPSP2/EPSP1 amplitude observed at 10 ms (Figure S2c). This
implies that rather than diminished presynaptic fEPSPs and deficient short-term plasticity, attenuated
postsynaptic fEPSPs and LTP is linked to reduced central compensation in low compensating groups
in comparison to high compensators.

Conclusively, this finding suggests that low compensators with delayed and reduced auditory
nerve response and attenuated ability to respond with central compensation and temporal precision
exhibit a less pronounced ability to recruit hippocampal LTP in comparison to high compensators with
an auditory nerve response which is not delayed.

3.5. Delayed Auditory Nerve Response and Attenuated Central Auditory Processing Due to Age-Dependent
Reduced Auditory Nerve Activity Is Linked to Lower Levels of Hippocampal BDNF

Attenuated central compensation following crucial diminution of auditory input was previously
shown not only to hamper LTP, but was also linked to diminished recruitment of Bdnf exon-IV-CFP
and exon-VI-YFP transcripts in the hippocampus [24]. To test if low and high compensators differ in
recruitment of activity-dependent Bdnf transcripts, we analyzed activity-dependent changes of CFP
and YFP, tagged via bi-cistronic expression to translational sites of Bdnf exon-IV and -VI mRNAs in
BLEV reporter mice, as described previously (see introduction, Figure 6a, [26]).

We examined Bdnf exon-IV-CFP and exon-VI-YFP in deconvoluted high resolution fluorescence
stacks in the hippocampus (red framed schematic view in Figure 6b). Stacks were costained with
parvalbumin (PV) used to identify changes in fast-spiking GABAergic interneurons [24,46]. Among one
pair of middle-aged high and low compensators and two pairs of old high and low compensators tested,
all high compensators expressed significantly higher levels of Bdnf exon-IV-CFP and exon-VI-YFP
(Figure 6c, averaged for both age groups, each performed in duplicates). At low magnification of the
hippocampal CA3 region, higher Bdnf exon-IV-CFP and exon-VI-YFP expression could be observed
in high compensators (Figure 6d) compared to low compensators (Figure 6e). Higher magnification
revealed the presence of more abundantly overlapping CFP and YFP puncta in the stratum lucidum
(SL) of high compensators in comparison to low compensators (Figure 6d, lower panel). For the SL,
between the CA1 region and dentate gyrus (DG) (Figure 6b, frame around SL), numerous YFP-positive
Bdnf exon-VI transcripts were translated in nerve terminals [26] close to CFP-positive Bdnf exon-IV
transcripts expressed in capillaries [26], particularly in high compensators (Figure 6f) in comparison to
low compensators (Figure 6g). So far, no differences in the levels of PV labeling were seen between low
and high compensators at any age. Further quantifications of higher magnification images may be
required to elucidate if more subtle differences in labeling of PV-positive staining may be identified at
perisomatic or axo-dendritic positions between low and highly compensating groups.

Conclusively, in both, middle-aged and old animals, Bdnf transcript-IV/VI levels were diminished
in low compensating groups in comparison to high compensators (Figure 6).
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Figure 6. Bdnf exon IV/VI and PV expression in the hippocampus of low and high compensators.
(a) Bdnf gene construct depicting insertion sites of the BLEV construct. (b) Abstract scheme of
hippocampal coronal section. Red boxes indicate the inset seen in d/e (CA3 region) or f/g (SL/DG).
SL = stratum lucidum; DG = dentate gyrus; SP = stratum pyramidale; SO = stratum oriens; FH =

fissura hippocampalis; SR = stratum radiatum; MF = mossy fiber. (c) Quantification of SL/DG region
shows larger CFP (Mann–Whitney U test; U(4) = 24.31; p < 0.0001) and YFP (Mann–Whitney U test;
U(4) = 4.994; p = 0.0075) expression in high compensators but no difference of PV in both groups
(Mann–Whitney U test; U(4) = 2.127; p > 0.05). High compensator n = 3/6; low compensator n =

3/6 (animals/hippocampal hemispheres). ** p < 0.01; *** p < 0.001. Bars represent Mean. (d) Highly
compensating animal showing strong expression of Bdnf exon IV (CFP) and Bdnf exon VI (YFP) in the
hippocampal CA3 region (upper panel). With higher magnification, a colocalization of CFP and YFP
could be observed (middle panel). (e) A low compensating animal showed reduced expression of CFP
and YFP in the hippocampal CA3 region (upper and middle panel) compared to high compensators.
(f) In the SL, a prominent CFP and YFP expression could also be observed in the high compensators,
(g) which was reduced in the low compensator animals.
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Overall the findings suggest that independently from an animal being middle-aged or old, some
animals with a delayed and reduced auditory nerve response exhibited a lower central neural gain
(Figure 7, right panel, ABR wave, low compensators) in comparison to those with a response that was
not delayed and a higher central neural gain (Figure 7, left panel, ABR wave, high compensators).
These low compensators exhibited an attenuated sensitivity to follow amplitude-modulated tones
(Figure 7, ABR wave, minus), generated less pronounced LTP response (Figure 7, hippocampus, minus)
and diminished levels of Bdnf exon-VI-YFP and Bdnf exon-IV-CFP transcripts close to capillaries in
hippocampal regions (Figure 7, yellow, cyan hippocampus and inset).

Figure 7. Abstract scheme of mechanisms in the auditory pathway caused by central compensation.
High compensators (left side) show disproportionally increased ABR wave IV despite reduced ABR
wave I. This is reflected by intact LTP and prominent expression of CFP (Bdnf exon-IV) and YFP (Bdnf
exon-VI). Low compensators (right side) cannot overcome the reduced ABR wave I and therefore
have also a reduction in ABR wave IV. Furthermore, LTP is decreased, and CFP and YFP expression is
diminished. The black arrows represent the ascending auditory pathway, beginning in the cochlea,
from where the signal is sent via auditory fibers to the auditory brainstem (DCN, VCN), midbrain (IC)
and the medial geniculate body (MGB), from where it is directly sent to the cortex (AC) and indirectly
via the basal forebrain (BasF) to the hippocampus.

4. Discussion

We here describe that independently from being middle-aged or old and unrelated to an overall
reduced maximal auditory nerve amplitude size, delayed auditory nerve activity is linked to a
lower central compensation and temporal coding capacity and a reduced ability to recruit LTP and
hippocampal Bdnf transcripts. This indicates that not age-dependent cochlear synaptopathy per se,
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but attenuation of fast (high-SR) auditory processing, may limit memory-dependent temporal auditory
precision and thereby contribute to age-dependent deficits in speech understanding in the presence
of noise.

4.1. Auditory (Temporal) Processing Deficits Due to Age-Dependent Cochlear Synaptopathy Differ Depending
on Prevailed Latency of Auditory Nerve Response

Age-related hearing loss has long been discussed in the context of problems of understanding
speech in the presence of background noise (see [47–49] for a review). Even when elderly listeners
retained near-normal audiometric thresholds, hearing difficulties in acoustically complex environments
have been reported (e.g., [17–19,49]). Moreover, recent studies suggest that already before hearing
loss is measurable in a standard clinical audiogram, a reduction of supra-threshold stimuli encoding
precision can be observed that may be linked to a cochlear neuropathy [8,9,50] and may cause poor
speech discrimination [2]. Until now fibers with a low SR and a high threshold were suggested to be
responsible for temporal processing deficits [5,10], as (i) they emerge perceptually at supra-threshold
levels and in challenging listening situations such as in the presence of background noise [51], providing
a rationale for the numerous studies that report listening deficits in humans despite normal hearing
thresholds (e.g., [5,10,17–19]). High-SR auditory fibers would be driven to saturation under these
conditions [2,12,13], as envelope cues that are important for speech-on-speech masking release rely
particularly on low-SR supra-threshold coding [52], and (ii) low-SR fibers were also shown to have a
high vulnerability to noise and aging [10,14–16]. However, recently some conflicting findings which
debate the hypothesis that low-SR linked cochlear synaptopathy is the main source of temporal auditory
resolution were reported. Thus, despite similar peripheral sensitivity between young and middle-aged
groups a loss of temporal resolving power with reduced speech understanding was found starting
from middle-age [48]. In line with this observation various studies could not find a direct association
between a potential substrate of cochlear synaptopathy and deficits in the detection of proper envelope
time cues in humans [23,53–55].

The delay in auditory nerve response in the group of low compensating animals observed in
the present study that is linked with a significantly increased ribbon loss in high-frequency cochlear
turns compared to high compensators (Figure 4), suggests that a critical proportion of high-SR
auditory fibers, shown to account > 60% of auditory fibers [56], may be affected. High-SR auditory
fibers are known to be responsible for the shortest latencies of auditory responses at any given
characteristic frequency [44]. This, therefore, may best explain the delayed auditory nerve response
and prolonged central conductance (Figure 3) observed in low compensators in comparison to high
compensators. High-SR auditory fibers mature after hearing onset with fast auditory processing by
developing active feedforward and feedback PV+ interneuron microcircuits providing thereby the basis
of auditory-specific connectivity to fronto-striatal brain regions responsible for contrast-amplification
and neural gain (see [57] for a review). This suggests that a crucial attenuation of high-SR auditory fiber
activity, as here suggested for low-compensating groups, might be functionally linked to the reduced
central compensation in these groups (Figure 4). Indirectly the requirement for sustained numbers of
high-SR fibers with low thresholds for central compensation of synaptopathy was already predictable
from a computerized model that argued that the persistence of a crucial level of high-SR fibers with low
thresholds after acoustic noise trauma is a prerequisite for the generation of a sufficient homeostatic
increase in discharge rate in auditory brainstem neurons that are targeted by auditory fibers [58]. Within
this view a crucial level of maintained spike trains in auditory fibers is essential to drive compensating
increases in spike trains in target neurons after deprived auditory input [58,59]. Regarding this
scenario, the higher firing rates in auditory brainstem regions following deafferentation may be
driven by a homeostatic decrease in inhibition, as shown to occur in numerous studies following
hearing loss [60–63]. This enhanced neural activity is likely to be amplified through cholinergic
memory-dependent facilitation circuit (see below). Only previously these central compensation circuits
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that are generated through neural gain were suggested as a prerequisite for sustained temporal auditory
processing following cochlear synaptopathy over age [6].

Conclusively, independently from age and size of the auditory nerve amplitude, lower and higher
central compensation (with a correspondingly lower or higher temporal resolution) is linked to delayed
or normal auditory nerve response and more or less IHC ribbon loss, respectively. Different kinds of
cochlear synaptopathy linked to differential power of the brain to centrally compensate for auditory
deprivation, must, therefore, be interpreted in the context of proper central auditory processing
over age.

4.2. Auditory (Temporal) Processing Deficits Due to Age-Dependent Cochlear Synaptopathy Differ Depending
on Hippocampal LTP and Bdnf Transcript Recruitment

We here report that independently of being middle-aged or old, animals with prolonged auditory
nerve latencies exhibit reduced central auditory compensation, lower hippocampal LTP levels and
lower recruitment of Bdnf transcripts in hippocampal regions in comparison to animals with prevailed
auditory nerve activity. Central auditory compensation is a complex process that, similar to the
attention-driven contrast amplification of auditory responses, has only previously been suggested to
involve coactivation of auditory and fronto-striatal regions such as (i) the basal forebrain to accentuate
particular auditory stimuli [64–66], (ii) the inferior frontal gyrus activity, to distinguish new or deviant
signals from previous ones [67,68], (iii) the hippocampus to extract and memorize the behaviorally
relevant signal and to adjust synaptic strength [64,65,69], and (iv) prefrontal cortex regions to balance
attention-driven plasticity responses [70–72].

During this process, auditory information, processed in the medial geniculate body, can activate
the network of fronto-striatal brain areas [65,66,71]. Although not explicitly shown for age-dependent
hearing loss, previous and present studies demonstrating central neural gain following age-dependent
cochlear synaptopathy ([6], present study), may suggest that increased spontaneous and evoked activity
in the cochlear nucleus, as shown to occur after acoustic trauma [24,63,73–78], can be amplified through
an attention- and learning-dependent circuit. Central neural gain thus likely requires critical high-SR
auditory fiber power that maintains a proper baseline of PV+ interneuron-dependent microcircuits
(review [57]), on the basis of which central compensating adjustment and contrast-amplification
processes occur, the latter of which are crucial for listeners to properly attend to relevant stimuli, while
ignoring irrelevant ones [57,79–83].

As shown for contrast amplification pathways [71], these central amplification processes following
auditory deprivation are suggested to require a context-specific signal, to assure that synchronized
output responses (neural gain) occur specifically in the frequency-deprived regions [24]. Thus,
activity-dependent activation of Bdnf transcripts was previously suggested as a context-specific
carrier [24]. Accordingly, following mild acoustic trauma or sound enrichment, increased levels of Bdnf
exon-IV-CFP and -VI-YFP were observed in the auditory brainstem and hippocampus that correlated
with enhanced or compensated central neural gain and enhanced hippocampal LTP levels [24,84]. In
contrast, upon a trauma-induced reduction of auditory input that comprised critical high-SR auditory
fiber contribution, hippocampal LTP and Bdnf transcript recruitment was diminished similar to central
neural gain [24].

In line with this, in the present study a crucial reduction of auditory input in low compensating
aged groups was accompanied by lower hippocampal LTP levels and lower recruitment of Bdnf
transcripts in hippocampal regions compared to same aged high compensators.

Interestingly, this effect was not only independent of age (Figure 3c,d) but also independent of
short term plasticity changes, measured by PPF (Figure S2). This may suggest that the long-term
consolidation process of memory that e.g., requires activity-dependent BDNF and glucocorticoid
receptor-triggered spine formation to form and maintain learning-dependent synapses [85], rather is a
part of a central neural gain processes and subsequent to prevailed fast (high-SR) temporal coding.
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Considering how Bdnf transcript recruitment may act during facilitation circuits, it is interesting
to take into account that the increased levels of Bdnf exon-VI-YFP fluorescence in high-compensator
groups (Figure 6) were most likely observed in presynaptic nerve endings. This is concluded from
studies that showed that BDNF was targeted via anterograde transport in an activity-dependent way to
mossy fiber nerve terminals [86] and from colocalization of Bdnf exon-VI-YFP with vesicular glutamate
transporters in nerve terminals of pyramidal neurons [26]. Low compensating groups showed less
Bdnf exon-IV-CFP expression in capillary vessels within the highly vascularized fissura hippocampalis
region (Figure 6). Bdnf exon-IV was traced in these regions to platelets [26], where it was suggested
to respond to the activity of store-operated calcium channels [87]. Regarding that specific neuronal
activity may tightly regulate blood flow [88], we may hypothesize that the link between reduced
recruitment of activity-driven Bdnf exon-VI transcripts in nerve endings and of Bdnf exon-IV-CFP
expression in capillary vessels in low compensators in comparison to high compensators (Figure 6),
may reflect a lower ability of neuro-vascular coupling, a feature that requires more extensive future
studies. It is also important to point out that temporal auditory processing was not only shown to rely
on speed and working memory [25,55,89,90], but also that hypertension-linked memory-deficits over
age were linked with lower BDNF levels [91] and that attention- and memory-linked accentuation
processes can fail due to deficits in age-dependent circulation of blood flow [92].

Within this context, hearing loss, which is linked to an increased risk of cognitive decline
in epidemiological studies [93–95], may reflect the fragility of an individual’s neural substrates,
particularly of those that control fast (high-SR) auditory processing and auditory-modality specific
recruitment of LTP-BDNF-dependent processing, rather than hearing loss, cochlear synaptopathy or
age per se.
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