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The medial nucleus of the trapezoid body (MNTB) is an integral component

of the auditory brainstem circuitry involved in sound localization. The

giant presynaptic nerve terminal with multiple active zones, the calyx

of Held (CH), is a hallmark of this nucleus, which mediates fast and

synchronized glutamatergic synaptic transmission. To delineate how these

synaptic structures adapt to reduced auditory afferents due to aging, we

acquired and reconstructed circuitry-level volumes of mouse MNTB at

different ages (3 weeks, 6, 18, and 24 months) using serial block-face electron

microscopy. We used C57BL/6J, the most widely inbred mouse strain used for

transgenic lines, which displays a type of age-related hearing loss. We found

that MNTB neurons reduce in density with age. Surprisingly we observed

an average of approximately 10% of poly-innervated MNTB neurons along

the mouse lifespan, with prevalence in the low frequency region. Moreover,

a tonotopy-dependent heterogeneity in CH morphology was observed in

young but not in older mice. In conclusion, our data support the notion

that age-related hearing impairments can be in part a direct consequence

of several structural alterations and circuit remodeling in the brainstem.
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Introduction

Hearing loss (HL) is a multifactorial progressive symptom with a high prevalence
in society and with a projected increased impact for the next decades1 (Elgoyhen,
2022). Different environmental insults such as continuous exposure to high levels of
noise, pharmacological treatments with ototoxic compounds, as well as some dietary
components, are just a few of the environmental factors that lead to HL, in addition to

1 https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
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genetic causes (Haile et al., 2021). Furthermore, aging, with its
slowed or limited recovery from tissue damage, contributes to
the high occurrence of auditory impairments in older people
(Collins, 1997). In this sense, age-related hearing loss (ARHL,
also known as presbycusis) is a disability with high prevalence
(Gates and Mills, 2005; Fu et al., 2010; Lauer et al., 2019)
and one of the most important factors leading to cognitive
decline and dementia (Deal et al., 2018; Loughrey et al., 2018;
Livingston et al., 2020). It is widely accepted that pathological
alterations in the peripheral auditory organ and the consequent
changes in central plasticity are the mechanisms underlying the
ARHL (Frisina and Walton, 2006; Caspary et al., 2008; Hughes
et al., 2010; Parthasarathy and Kujawa, 2018; Wang M. et al.,
2021). Although cochlear deafferentation (synaptopathy) is an
early contributor to age-related auditory decline (Sergeyenko
et al., 2013; Parthasarathy and Kujawa, 2018; Boero et al., 2020),
the central alterations in multiple brainstem nuclei (Casey and
Feldman, 1982; Singh et al., 2018; Vicencio-Jimenez et al., 2021),
as well as in the auditory cortex (Hughes et al., 2010), are
less studied. Moreover, ARHL is frequently accompanied by a
deterioration in sound localization (Burke et al., 2022; Xiong
et al., 2022), an important auditory function of the brainstem
(Masterton et al., 1967).

The medial nuclei of the trapezoid body (MNTB), located
in the superior olivary complex, is one of the first auditory
relays involved in sound localization (Borst and Soria van
Hoeve, 2012). As other auditory structures, the MNTB is
topographically organized along a mediolateral axis, where high
frequencies (HF) are represented medially and low frequencies
(LF) laterally (Sommer et al., 1993). The synapse formed by
the principal neurons (PNs) of the MNTB and its presynaptic
terminal, the so-called calyx of Held (CH), is one of the most
studied synapse models (Baydyuk et al., 2016). The large size
of the CH enables paired patch-clamp recording on both the
nerve terminal and its postsynaptic target (Schneggenburger and
Forsythe, 2006), allowing the study of synaptic transmission.
In addition to the large excitatory (glutamatergic) calyceal
input, MNTB neurons also receive non-calyceal excitatory
inputs (Hamann et al., 2003) and somatic inhibitory inputs
from different origins (Awatramani et al., 2004), making it
an ideal model system to study neural circuit development
(Holcomb et al., 2013), as well as neural code integration.
Electrophysiological studies of the MNTB are oftentimes
complemented by gross morphological analysis using optical
approaches [e.g., intracellular calcium sensitive dyes (Helmchen
et al., 1997), genetically encoded fluorophores (Kronander
et al., 2018), and dextran dyes conjugated with fluorophores
(Grande and Wang, 2011)]. Since its first description by
Held (1893), a number of studies, primarily using electron
microscopy (EM), have been carried out in the MNTB (Lenn
and Reese, 1966; Nakajima, 1971; Jean-Baptiste and Morest,
1975; Rowland et al., 2000; Sätzler et al., 2002; Taschenberger
et al., 2002). These studies aimed at quantitatively studying the

cellular architecture of the CH, including individual active zones
(Rowland et al., 2000), synaptic vesicles (Taschenberger et al.,
2002), mitochondria (Thomas et al., 2019), and myelin sheath
(Sinclair et al., 2017). As previous work mainly focused on
rodents at prehearing (P0–P9; Hoffpauir et al., 2006; Holcomb
et al., 2013) or juvenile stages (P21–P35, Sinclair et al., 2017;
Thomas et al., 2019), knowledge concerning the age-related
ultrastructure changes in the MNTB has not been updated since
the 80s. These were only performed in random thin sections and
small blocks of rat brainstems (Casey and Feldman, 1985).

Making use of the recent advances in automation of serial
section EM techniques and artificial intelligence-assisted image
segmentation (Bock et al., 2011; Briggman et al., 2011; Kasthuri
et al., 2015; Motta et al., 2019), in the present work we acquired
large EM volumes of the MNTB covering the whole tonotopic
range in a mouse line which displays accelerated hearing loss
(C57BL/6J; Mikaelian et al., 1974; Henry and Lepkowski, 1978;
Mikaelian, 1979). Structural quantifications of the CH in young
(3 weeks), adult (6 months), as well as aging (18 and 24 months)
mice revealed age-related changes including a decrease in
neuron density, a reduction in CH morphological heterogeneity,
and a degradation of the tonotopy-dependent innervation
pattern. Both degenerated CHs and MNTB neurons were
prevalent in aging animals, with CH disintegration prior to PN
degeneration. This observation suggests that the degeneration of
the post-synaptic MNTB PN cells occurs as a consequence of the
expected deafferentation due to the lack of auditory input.

Materials and methods

Animals

Male C57BL/6J mice of 3 weeks (3 W), 6, 18, and 24 months
(6 M, 18 M, and 24 M, respectively) were used in this study.
All mice used in this study were the C57BL/6J line originally
from Jackson Labs (Bar Harbor, ME). Animals (18 M, 24 M)
were supplied by Prof. A Qin (Shanghai Ninth People’s Hospital)
and young animals (3 W and 6 M) were purchased from the
Shanghai Jihui Laboratory Animal Care Co., Ltd (Shanghai,
China). All experimental procedures were approved by the
ethical committee of Shanghai Ninth People’s Hospital (No.
SH9H-2020-A420-1) and conducted at the Shanghai Institute
of Precision Medicine and Ear Institute of Shanghai Jiao Tong
University School of Medicine.

Auditory brainstem response (ABR)

Auditory Brainstem Response (ABR) measurements were
conducted as previously described (Wang H. et al., 2021;
Zhang et al., 2022). Briefly, animals were anesthetized with
isoflurane (2%) inhalation and the body temperature was
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maintained near 37◦C using a regulated heating pad with
a thermal probe placed under the abdomen (Homeothermic
Monitoring System, Harvard Apparatus, USA). Sound stimuli,
which were generated by a SigGen RP unit (Tucker-Davis
Tech. Inc., USA), were delivered via a speaker (MF1, Tucker-
Davis Tech. Inc., USA) placed 10 cm away in front of the
animal’s vertex. ABRs were evoked by a ramped cosine-type
waveform with 3 ms tone pips (1 ms rise-fall) and were recorded
via three subdermal needle electrodes placed at the animal’s
vertex (active electrode), left infra-auricular mastoid (reference
electrode) and right shoulder region (ground electrode). Signal
digitalization, acquisition, and routine speaker calibration were
done with the BioSigRZ software (Tucker-Davis Tech. Inc.,
USA). The raw signals were amplified (5,000×) and bandpass
filtered (0.03–5 kHz). The sound level of stimulus started from
90 dB SPL and was reduced in 5 dB steps to about 10 dB below
threshold (the threshold being defined as the lowest stimulus
needed for evoking visible responses).

Tissue preparation and staining

Animals were anesthetized using isoflurane and perfused
transcardially with 0.15 M sodium cacodylate buffer (pH 7.4),
followed by a fixation mixture containing 2% paraformaldehyde
and 2.5% glutaraldehyde (buffered with 0.08 M sodium
cacodylate solution, pH 7.4). An opening was created in the skull
by a posterior incision and the brains were kept in the open skull
in the fixative solution at 4◦C for 48 h. Then the brainstems were
dissected carefully and washed in ice-cold 0.15 M cacodylate
buffer (pH 7.4). While submerged in the same buffer, the tissue
was cut coronally at a thickness of 400 µm using a vibratome
(VT 1200S, Leica, Germany). Slices containing the MNTB
were anatomically identified under a dissecting microscope and
collected after careful removal of the surrounding nerve tissues
using a razor blade.

Staining of the MNTB samples was performed as described
by Hua et al. (2015) and Gour et al. (2021), with minor
modifications. In brief, the samples were washed twice in 0.15 M
cacodylate solution (pH 7.4) for 30 min each and sequentially
immersed in 2% OsO4 (Ted Pella, CA, USA), 2.5% potassium
ferrocyanide (Sigma Aldrich, MO, USA), and 2% OsO4 at
room temperature (RT) for 1.5, 1.5, and 1.0 h, respectively.
All solutions were buffered with 0.15 M cacodylate solution
(pH 7.4). After being washed in cacodylate (0.15 M, pH 7.4)
and nanopore-filtered water for 30 min each, the samples were
incubated in filtered 1% thiocarbonhydrazide (Sigma Aldrich,
MO, USA) for 1 h at RT, unbuffered OsO4 aqueous solution
(2%) for 1.5 h, 1% uranyl acetate (Sigma Aldrich, MO, USA)
at 50◦C for 2 h, and lead aspartate solution (0.03 M, pH 5.0
adjusted by KOH, EMS, USA) at 50◦C for 2 h, with intermediate
wash steps in nanopore-filtered water (twice, 30 min each). Next,
the stained tissues were dehydrated through a graded ethanol

series (50%, 75%, 90%, 100%, 30 min each at 4◦C), transferred
from there into pure acetone (three times, 45 min each at RT)
and infiltrated with a 1:1 mixture of acetone and Spurr’s resin
(4.1 g ERL 4221, 0.95 g DER 736, 5.9 g NSA and 1% DMAE;
Sigma Aldrich, MO, USA) overnight on a rotator at RT. Then
the samples were embedded in pure resin for 8 h and cured in a
prewarmed oven (70◦C) for 72 h. The orientation of the MNTB
was confirmed based on the morphological landmark delimited
by the middle line (medial region) and the VIII cranial nerve
(lateral region).

Electron microscopy

The resin-embedded samples were mounted on an
aluminum metal rivet (Gatan, United Kingdom; Trim2, Leica,
Germany) and trimmed down (Leica Trim2) to a block size of
about 1.2 mm × 0.8 mm × 0.4 mm (XYZ) with the MNTB at
the center. The block faces were created by smoothing, using
an ultramicrotome (UC7, Leica, Germany) equipped with a
diamond knife (DIATOME Ltd, Nidau, Switzerland) and then
coated with a thin layer of carbon using a sputter-coater (Ted
Pella, CA, USA, 208C) for quick 2D low-resolution (pixel
size: 0.59 µm × 0.59 µm) EM scans (Gemini300, Carl Zeiss,
Germany). The orientation and dimension of the MNTB were
determined in each sample based on its characteristic soma
distribution of large principal neurons. For serial block-face
EM imaging, the sample blocks were further trimmed to a
smaller block-face (less than 800 µm × 500 µm) and coated
with a thin layer of gold (EM ACE600, Leica, Germany). Image
acquisition of the MNTB was carried out using a commercial
SBEM system (Gemini300, Carl Zeiss, Germany; 3View2XP,
Gatan, United Kingdom) in 1-by-4 montage mode with each
tile consisting of 7,000 × 10,000 pixels. Imaging parameters
were as follows: incident beam energy 2 keV; 15 nm pixel
size; pixel dwell time 1.5 µs. Serial sectioning was done at a
thickness of 50 nm. The in-plane stitching was done in FIJI
(plug-in; Preibisch et al., 2009) and consecutive slices were
then aligned using a self-written MATLAB script based on
cross-correlation maximum according to the dorso-vental (X),
medio-lateral (Y), and rostro-caudal (Z) axis. This resulted
in four large EM volumes of (XYZ) 122.5 µm × 541.8
µm × 92.0 µm (3 W), 136.1 µm × 560.8 µm × 77.2 µm
(6 M), 125.6 µm × 548.9 µm × 76.0 µm (18 M) and 152.9
µm× 583.1 µm× 92.4 µm (24 M).

Automated image segmentation

Automated image segmentation was performed with
Voxelytics (scalable minds GmbH, Potsdam, Germany;
developed in collaboration with Max-Planck-Institute for Brain
Research, Dept. of Connectomics). Briefly, a U-Net [modified
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from (1706.00120 Superhuman Accuracy on the SNEMI3D
Connectomics Challenge)2] was used to predict voxel-wise
affinities from which, subsequently, an initial over-segmentation
was generated through a seeded watershed transform. The
over-segmentation was then processed using a median-
affinity-based hierarchical agglomeration to produce neuron
segmentation (adapted from Funke et al., 2019). Note that this
automatic detection algorithm worked well for 3 W, 6 M, and
18 M but not for 24 M, due to the large number of degenerated
structures present at this age (see Figure 6). For this reason, we
decided to consider only the first three ages for quantification
and left the 24 M database just to illustrate the cell density drop,
the degree of degeneration and the poly-innervation.

Manual volume annotation

To identify objects of interest, the segmented datasets were
analyzed using the webKnossos open-source visualization and
annotation software (Boergens et al., 2017). The structures
of interest were principally identified based on the following
criteria: PN between 20 and 30 µm in diameter (contacted
at some point by at least one or more calyces); CH with
synaptic boutons or innervations (recognizable by the presence
of mitochondria, synaptic vesicles and active zones and axonal
cone, see Figure 1). The calyx structure was confirmed after
curation by its 3D reconstruction for 3 W, 6 M, and 18 M. In
some cells with a high degeneration degree at 24 M, it was not
easy to distinguish the PN from other cellular types. Thus, the
evidence of an axonal cone in those calyces contacting a PN was
needed to confirm the presence of a PN. For Figures 3–6, 12
cells were selected for each age to linearly represent the tonotopic
(medio-lateral) distribution of the MNTB. Each segmented
structure was associated with an identification number (ID) for
posterior identification.

Calyx and MNTB neuron reconstruction

With the segmentation as a starting point, the webKnossos
merger mode was employed to create final volume annotation,
as described in Boergens et al. (2017). Briefly, the initial
segmentation had been biased towards split errors, resulting
in a proto-segmentation that had no mergers in the structures
identified. Then, a second-order agglomerator was used to
reduce the number of splits. Lastly, segments were manually
identified and marked by skeleton nodes that together created
a complete volume model of the structure.

High-definition surface models were generated from
data downloaded from webKnossos (Figures 3–5). These
downloaded surface models (as STL files) were imported as

2 https://arxiv.org/abs/1706.00120

volumetric reconstructions into Blender 3.2 (Stichting Blender
Foundation, Amsterdam3). Calyx complexity was divided into
three classes based on the number of swellings according to
Grande and Wang (2011): 0–7 (Type 1), 8–14 (Type 2), and
more than 15 swellings (Type 3). Since calyx type can be
determined without segmentation, calyx reconstruction at 24 M
for Figure 4Bv was made manually.

Soma coverage measurement of calyceal
terminals

To measure the percentage of the soma surface that is
covered by calyceal terminals, the raw soma volume as annotated
above was loaded into Python and dilated with a ball element
of three pixels radius. This dilated volume was subtracted from
the original soma volume, thereby creating a thin S shell. Then,
the raw axon volume was loaded into Python and dilated with
a ball element of six pixels radius. The output of this operation
was called A. Then we created a manual soma annotation.
To conserve annotation time, small errors in the soma outline
(<20 px) were considered acceptable. This volume was also
loaded. To make sure that this annotation always contained the
soma surface it was dilated by a ball element of radius 30 pixels
and named M. At this point, the thin S shell still contained trunks
of dendrites to the extent that they were part of the supervoxels
of the segmentation. Therefore, a new volume S′ was created
that contained all voxels that were part of M and S. The soma
coverage fraction was determined by summing up all voxels
contained both in S′ and A and dividing that by the number of
voxels contained in S′.

MNTB along the tonotopic axis

Based on the automatic segmentation and posterior manual
curation, PNs and CHs were identified. For Figures 2 and
3, the total number of cells in the whole stack for each age
was taken into account for total density analysis. In the case
of neuron density by tonotopic regions, we divided the whole
tonotopic axis into three regions (medial, central, and lateral).
After identification of the lateral and medial regions, the same
cube (XYZ: 70 µm × 70 µm × 70 µm; 0.000343 mm3) was
used for all databases and regions. The cube size was chosen
in agreement with the following criteria: (a) to cover at least
3 cells in the tonotopic axis; (b) include at least 10 cells within the
volume; and (c) not bigger than one-third of the tonotopic axis.
In this case, we randomly placed these cubes four times in each
region, and the number of cells was averaged. A cell is considered
inside the cube when minimally 60% of its area is inside in

3 http://www.blender.org
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FIGURE 1

Auditory Brainstem Response (ABR) and SBEM imaging of mouse MNTBs at different ages. (A) Average ABR thresholds of C57BL/6J mice at
different ages. Plots adapted from Zhang et al. (2022), (open circles) and animals used in this study (triangles) exhibit comparable hearing function
at each corresponding age group. Error bars indicate mean ± SEM. (B) Top: schematic illustration of the mammalian auditory brainstem. The
medial nuclei of the trapezoid body (MNTB) neuron (light blue) receives a monosynaptic projection from a globular bushy cell (red) in the
contralateral cochlear nucleus (CN; LSO: lateral superior olive). Bottom: scanning electron micrograph of a brainstem coronally sliced and
stained with heavy metals. The MNTB (red box) appears less dark due to densely packed neural cell bodies. Scale bar 200 µm. (C) High-resolution
EM image of MNTB principal neurons (PN, pink), which are wrapped by calyx nerve endings of (CH, blue). Scale bar 20 µm. Inset: magnification
of a representative image showing one calyx terminal forming multiple active zones (AZs; green) onto the cell body of a MNTB neuron. Orange
indicates the nucleus (n). Scale bar 10 µm. (D) Four SBEM volumes of similar dimensions were acquired from brainstem coronal slices of 3-week,
6-month, 18-month, and 24-month animals, whose ABR thresholds are shown in (A).

at least two of the three planes. For Figures 3–6, 12 random
cells along the tonotopic axes were chosen for quantification.
Poly-innervated MNTB neurons were evaluated in each dataset
(Figure 3B). For low and high-frequency comparisons, only
those cells located in these regions were used to calculate the
percentage of poly-innervated cells per region (Figures 2D, 3C).

Age-related synapse degeneration

A structure (CH or PN) was considered degenerated when
non-uniform cellular or nuclear membranes were observed

(Casey and Feldman, 1985). It should be noted that the degree
of degeneration coincided with a decreased performance of the
segmentation algorithm.

Statistics

All statistical tests were performed using a Python
module for statistics (scipy.stats, version1.5.2). The group
comparisons were done using Kruskal-Wallis and Wilcoxon
rank-sum for comparisons between the two groups. For
comparing the percentage of neuronal density by region
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FIGURE 2

Tonotopic distribution of MNTB cells at different ages. (A) Representative scheme of the MNTB showing the dorso (D)—ventral and medio (M)
—lateral axes. The high frequency (HF) region is located in the medial and the low frequency (LF) in the lateral side of the MNTB. (B) Distribution of
MNTB neurons along the tonotopic axis at different ages. Color boxes represent MNTB cells. Dashed black lines delimit the three MNTB regions
(lateral, media, and medial). (C) Density of MNTB neurons over the whole dataset for each age expressed as the total number of neurons/mm3.
(D) Percentage of neuronal density by region of MNTB cells normalized to the total density of the LF and HF regions. A cube of (XYZ): 70 µm × 70
µm × 70 µm; 0.000343 mm3, was randomly placed four times in each region and the number of cells was averaged. The maximal cell density
drop between the lateral and medial region occurs at 18 M. Error bars indicate mean ± SEM. *p < 0.05. Up and Down arrows indicate a decrease
or increase of the right versus left condition.

(Figure 2D) and the poly-innervation by region (Figure 3C),
we consider each age as independent of each other
(n = 4). When multiple comparisons after the Kruskal-
Wallis test were needed, the Bonferroni correction was
applied to reduce false positives. Thus, the alpha value
chosen for the Wilcoxon rank-sum test (α = 0.05) was
divided by the number of multiple comparisons (in our
case 3 due to comparison between: 3 W vs. 6 M, 3 W
vs. 18 M, and 6 M vs. 18 M) reaching a new alpha value
of α = 0.0167. P-values obtained by the Wilcoxon test
were lower than this new α-value taking into account
statistical differences in Figure 4B. All error bars indicate
mean± SEM.

Results

Auditory brainstem response along the
life span

To examine whether auditory perception declines during
the life span, ABRs were measured in mice at 3 W, 6, 18, and
24 M. Young mice (3 W) displayed normal (Zhang et al., 2022)
and low ABR thresholds at all frequencies tested (Figure 1A).
However, at 6 M the ABR thresholds were elevated at high
frequencies and this progressed toward the lower frequency
regions in older animals. While at 18 M only middle frequencies
were conserved, a profound hearing loss was seen at 24 M.
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FIGURE 3

Poly-innervation of MNTB cells is present beyond the critical period. (A) Three-dimensional reconstruction of a principal neuron (PN, pink) and its
presynaptic (calyx of Held, CH) terminal in the case of a mono-innervated (blue, left) or poly-innervated (blue and gray, right) MNTB cell. Scale bar:
20 µm. (B) Percentage of poly-innervated cells at different ages. Note that the value (about 10%) is conserved throughout the analyzed lifespan.
(C) Percentage of poly-innervated cells at different ages, comparing the HF and LF regions. Note that the LF displays higher poly-innervated cells
than the HF.

These results agree with previous ones describing the initial
high-frequency decline at 3 months in C57BL/6J mice line
(Zhang et al., 2022).

Tonotopic distribution of MNTB cells

In order to study the impact of diverse grades of HL
at the brainstem level, we decided to study morphological
alterations in the MNTB (Figure 1B) at different ages by SBEM
(Figures 1C,D). This technique permits big volume data analysis
enabling structural studies along the entire MNTB mediolateral
axis with a high spatial resolution required for a comprehensive
ultrastructure analysis. The analysis was performed in mice of
different ages (3 W, 6, 18, and 24 M), resulting in 3D-aligned
volumes of (XYZ) 122.5 µm × 541.8 µm × 92.0 µm,
136.1 µm × 560.8 µm × 77.2 µm, 125.6 µm × 548.9
µm × 76.0 µm, 152.9 µm × 583.1 µm × 92.4 µm at
15 nm × 15 nm × 50 nm voxel size for 3 W, 6, 18, and
24 M, respectively (Figure 1D). Quantification was done by
machine learning-based image processing tools (segmentation,

see Section “Materials and methods”) and a subsequent manual
curation using webKnossos, an open-source visualization and
annotation software (Boergens et al., 2017).

We quantified the number of cells in the whole MNTB
at different ages (Figures 2A,B). An overall decrease in cell
counts was observed with age (3 W: 221 cells; 6 M: 172 cells;
18 M: 155 cells; 24 M: 165 cells). Due to the fact that block
size was not the same for all databases (3 W: 0.0036 mm3;
6 M: 0.0038 mm3; 18 M: 0.0041 mm3; 24 M: 0.0051 mm3),
we normalized the number of cells to the volume analyzed.
Using this metric, the cell density shrank monotonically from
3 W to 24 M (3 W: 61,146; 6 M: 44,925; 18 M: 38,396; 24 M:
32,114 cells/mm3, Figure 2C). The global neuron loss was largest
from 3 W to 6 M (27%), compared to a loss of 15% between
6 M and 18 M and 16% between 18 M and 24 M. Despite the
parity observed at 24 M (LF: 47.9 ± 2.7 vs. HF: 52.1 ± 2.7,
n = 4, Wilcoxon, p = 0.39), cell density was lower in the high
frequency region at 3 W (LF: 55.7± 1.5 vs. HF: 44.3± 1.5, n = 4,
Wilcoxon, p = 0.021) and 6 M (LF: 55.7± 1.2 vs. HF: 44.3± 1.2,
n = 4, Wilcoxon, p = 0.031), being more evident at 18 M (LF:
61.6 ± 3.2 vs. HF: 38.4 ± 3.2, n = 4, Wilcoxon, p = 0.043;
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FIGURE 4

Coverage area of MNTB cells by the CH. (A) Three-dimensional reconstructions of MNTB cells showing the heterogeneity in the gross
morphology of mature calyces of Held. Calyces with simple (Type 1, circles), medium (Type 2, triangles), or complex structure (Type 3, boxes)
were defined according to their cover area (see text). (B) Quantification of the PN (i) area and volume (ii). Asterisks denote statistically significant
differences. Area: 3 M vs. 18 M (n = 12; Wilcoxon, p = 0.03) and 6 M vs. 18 M (n = 12; Wilcoxon, p = 0.03). Volume: 3 W vs. 6 M (n = 12;
Wilcoxon, p = 0.012) and 6 M vs. 18 M (n = 12, Wilcoxon, p = 0.006). Quantification of the CH volume (iii) and the PN coverage area (iv) displayed
no significant differences between ages (n = 12, Kruskal-Wallis, p = 0.92 and n = 12, Kruskal-Wallis, p = 0.12, respectively). Note that complex
calyces (Type 3) displayed larger volumes and coverage areas than simple ones (Type 1). The proportion of calyx types by age (v) displayed a clear
presence of complex structures in older animals (chi-square, p = 0.0016). Error bars indicate mean ± SEM. (C) Percentage of the coverage area
along the tonotopic axes considering each individual CH contacting a PN (top panel). In the case of poly-innervated cells (boxes), the coverage
area was summed up reaching the total covered area per each PN (bottom panel). Note that, for example, at 3 W PN1 is poly-innervated by
CH1A and CH1B, whereas PN2 is mono-innervated by CH2. Despite the presence of poly-innervated MNTB cells at 18 M (Figure 3B), all randomly
selected cells displayed mono-innervation. At 3 W there was a linear correlation between the covered area and the tonotopic axes (R2 = 0.93)
with higher values at the LF region (45.4 ± 2.9%) and smaller in the HF (28.1 ± 1.7%; n = 4, Wilcoxon, p = 0.02). *p < 0.05; **p < 0.005.
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FIGURE 5

Adult MNTB cells receive multiple contacts in addition to calyx of Held inputs. (A) Representative micrograph of a MNTB cell (pink) receiving a calyx
of Held (blue) and other non-calyceal inputs (green, arrowheads). (B) Three-dimensional reconstruction of a mono- (top) and poly-innervated
(bottom) cell with non-calyceal afferences. The color code for non-calyceal inputs was automatically assigned by the platform webKnossos,
without any particular connectivity significance. (C) The number of non-calyceal calyx inputs at 3 W displayed larger afferent contacts in the HF
(90 ± 9, n = 5) than LF region (74 ± 5, n = 5, Wilcoxon, p = 0.028). Error bars indicate mean ± SEM. *p < 0.05.

Figure 2D), in line with a relatively higher ABR threshold in the
high-frequency region as from 6 M onwards (Figure 1A).

The EM block contained just a part of the MNTB. Based on
our database (Figures 1D, 2B), the medio-lateral (tonotopic) and
the dorso-vental axes were better represented than the rostro-
caudal (Z) axis (80 µm depth). While the average depth of the
MNTB is about 800 µm (Sonntag et al., 2009), only a tenth of
the MNTB in the rostro-caudal axis was sampled in our datasets.
Considering the cell count in our analysis in a young, but mature
animal (3 W: 221 PN), we can predict about 2,200 PN per MNTB,
a number of cells in agreement with a previous report at a
young age (Krohs et al., 2021). This estimation highlights that
the age-related decline in the number of cells is associated with
the aging process instead of a technical or analytical problem.

Poly-innervation of MNTB cells by
calyceal structures

It has been extensively described that presynaptic CH
terminals make multiple small contacts on MNTB neurons
during the early developmental critical period (first postnatal
week), followed by an early stage of functional and structural
transformation (Kandler and Friauf, 1993; Taschenberger et al.,
2002; Wimmer et al., 2006; Rodríguez-Contreras et al., 2008).
During this pruning, multiple inputs strengthen and compete
until a final single innervation is established (Holcomb et al.,
2013; Sierksma et al., 2020). Recently, it was reported that the

MNTB can still display multiple CH inputs in young mice even
after the critical period (3 W and 4 W; Milinkeviciute et al., 2019,
2021). To study if poly-innervation is also present at mature ages,
we next examined the proportion of MNTB neurons receiving
more than one calyceal presynaptic terminal in older animals
(Figure 3A). A complete reconstruction of the datasets showed
an average of approximately 10% of poly-innervated MNTB
neurons at all ages [poly-innervated/total number of cells; 3 W:
20/163 (12%), 6 M: 17/118 (14%), 18 M: 11/126 (9%); 24 M:
12/107 (11%), Figure 3B]. Despite the similar ratio observed
at 24 M comparing LF 2/4 [50%] vs. HF 2/4 [50%], it is
important to note that the large percentage of poly-innervated
MNTB neurons was higher in the low compared to the high
frequency region at 3 W [LF 4/6 (67%) vs. HF 2/6 (33%)], 6 M
[LF 6/8 (75%) vs. HF 2/8 (25%)], and 18 M [LF 3/4 (75%)
vs. HF 1/4 (25%)]; n = 4, Wilcoxon, p = 0.03; Figure 3C).
Taken together, these results demonstrate that poly-innervation
of MNTB neurons is conserved beyond the critical period.

Coverage area of MNTB PN cells by the
CH

During the first two postnatal weeks, the CH structure
develops from a single cup-shaped to a more complex
fenestrated structure (Kandler and Friauf, 1993; Rowland et al.,
2000; Wimmer et al., 2006). According to reported data (Ford
et al., 2009; Grande and Wang, 2011; Grande et al., 2014)
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FIGURE 6

Age-related degeneration of PN and CH. (A) Representative micrograph (top) of a normal PN and CH structure at 18 M (i) and its corresponding
segmentation (bottom). CH and PN are delimited with a white dashed or a black dashed line, respectively. Degeneration is evidenced in both
structures at 18 M (ii, iii). Note that the automatic detection failed to detect homogeneous structures evidenced by a mix of colors. Arrowheads
indicate a fragmented CH terminal. Aging pigments are seen within the PNs (asterisks). (B) Quantification of age-pigments per cell. The size of
aging spots was split in three ranges (1.2–2.2; 2.2–3.4, 3.4–5.2 µm) and grouped by age. Smaller spots were usually found at early stages with
a progressive increase to higher size at 24 M. Error bars indicate mean ± SEM. Inset. Zoom-in of representative aging spots for each range. (C)
Percentage of degenerated structures at different ages. In this case, both CH and PN structures were grouped. (D) Percentage of degenerated
structures denoting the contribution of CH and PN by region and age. Note that PN degeneration appeared later than CH alterations and the HF
region tends to be more affected.

and that presented in this work (Figure 4A), there are at least
three types of morphological mature CHs phenotypes, which
lead to different coverage areas of MNTB PN cells. Similar
to that described by Grande and Wang (2011), we did not
observe any tonotopic distribution of calyx complexity along the
tonotopic axis. We chose 12 random PNs along the tonotopic
axes (Figures 4B,C) to compare several morphological aspects
at different ages. The area of the PNs was similar for 3 W
(1,598± 43 µm2) and 6 M (1,783± 115 µm2, n = 12, Wilcoxon,
p = 0.17), but was reduced at 18 M (1,389 ± 45 µm2, n = 12,
Wilcoxon, p = 0.005, Figure 4Bi). PNs volume differences were
observed between 3 W and 6 M (3 W: 3,743 ± 120 µm3, 6 M:
5,396 ± 457 µm3; n = 12; p = 0.002) and between 6 M and

18 M (18 M: 3,545 ± 153 µm3; n = 12, Wilcoxon, p = 0.001,
Figure 4Bii). Comparable mean volumes of CH terminals were
observed at all ages: 3 W (437 ± 49 µm3), 6 M (532 ± 65
µm3), and 18 M (490 ± 33 µm3; n = 12, Kruskal-Wallis,
p = 0.92, Figure 4Biii). Interestingly, a reduction in CHs volume
dispersion was observed at 18 M (CV: 0.23) compared to other
ages (CV 3 W: 0.43; CV 6 M: 0.37; Figure 4Biii). This was mainly
due to the lack of low volume CHs (Figure 4Biii). Complex
calyces (Type 3, boxes) displayed larger volumes (Figure 4Biii)
than simple ones (Type 1, circles).

A relevant morphological feature with physiological
implications is the area of a PN covered by the CH. PNs
were similarly covered by the calyx at all ages analyzed (3 W:
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31.9 ± 3.7%, CV: 0.45, n = 15; 6 M: 33.8 ± 3.6%, CV: 0.41,
n = 15, and 18 M: 43.3± 2.5%, CV: 0.19, n = 12, Kruskal-Wallis,
p = 0.12, Figure 4Biv). However, a reduced data dispersion was
observed at 18 M, in line with more complex structures at old
ages (Figure 4Bv, Chi-squared, p = 0.0016).

In order to analyze the tonotopic distribution of PN coverage
for each age we compared the properties of four randomly
selected cells in the high-frequency region to four randomly
selected cells in the low-frequency region. The 3 W and
6 M sample sets contained both single and poly-innervated
neurons. Since no correlation was found when single calyces
were considered (Figure 4C, top panel for 3 W and 6 M),
we decided to sum up the coverage areas of those calyces
that innervated the same PN (poly-innervated PNs). At 3 W
there was a linear correlation between the total coverage area
and the tonotopic axes (R2 = 0.93), with higher values at low
(45.4 ± 2.9%) compared to high-frequency areas (28.1 ± 1.7%;
n = 4 LF and n = 4 HF neurons, Wilcoxon, p = 0.02; Figure 4C).
This correlation was absent at 6 M (R2 = 0.032, n = 4 LF and
n = 4 HF neurons, Wilcoxon, p = 0.77) and at 18 M (R2 = 0.045;
n = 4 LF and n = 4 HF neurons, Wilcoxon, p = 1). Additionally,
at both 6 and 18 M the covered area was close to 40% (6 M:
LF = 42.9 ± 2.3%, HF: 42.1 ± 4.1; 18 M: LF = 44.7 ± 7.2%,
HF: 41.6 ± 1.2), similar to that observed in the low-frequency
region in 3 W old mice. Taken together, these results suggest a
prevalence of complex calyx structures in older animals and a
disruption of the coverage pattern along the tonotopic axis in an
age-dependent manner.

MNTB cells receive multiple contacts in
addition to calyx inputs in aged animals

It has been extensively described that the calyx of Held is
the most prominent innervation onto the PNs of the MNTB.
However, they also receive somatic inhibitory (Awatramani
et al., 2004) and also excitatory inputs (Guinan and Li, 1990;
Hamann et al., 2003; Hoffpauir et al., 2006; Rodríguez-Contreras
et al., 2008), which exert a modulatory function (Zhang et al.,
2021). This large body of reports describes these non-calyceal
innervations in prehearing rodents. Figures 5A,B show the
presence of different types of inputs onto MNTB neurons.
While the presence of these inputs was observed at all ages
(data not shown), we analyzed its prevalence at the hearing-
functionally-intact 3 W old mice (Figure 1A). We selected
five representative neurons per each region and quantified the
number of non-calyceal inputs onto the PN (Figure 5B). We
found that PNs in the low-frequency region received a lower
average number 74± 5 (n = 5; CV = 0.07) of non-calyceal inputs
compared to the high frequency region 90 ± 9 (n = 5; CV = 0.1;
Wilcoxon, p = 0.028). Note that MNTB neurons contacted by
two CH (poly-innervated), were also contacted by other afferents

(Figure 5B, lower panel), suggesting that a modulatory effect is
also present in these cells.

Age-related degeneration

For the morphological analysis shown in Figures 1–5,
only cells with a conserved cytoarchitecture on both synaptic
components (the CH and the PN) were taken into account.
However, morphological alterations have been described in
older animals (Casey and Feldman, 1985). The present
electron microscopy analysis evidenced several morphological
phenotypes associated with cellular deterioration, including a
non-uniform cellular and/or nuclear membrane. Since small
electrodense spots can be related to methodological artifacts,
we focused our analysis on the largest spots (more than 1.2
µm) which are frequently associated with metabolic deficits
of proteins, sugars, or lipids (Moreno-García et al., 2018).
Electrodense pigments (Figure 6A) usually dispersed within the
cytoplasm were detected in MNTB cells even in 3 W-old mice. At
3 W, the majority of these spots were less than 1 µm in diameter
and just a few larger spots (between 1.2 and 2.2 µm) were
occasionally observed (Figure 6B). However, the incidence of
these spots increased with age, reaching its maximal prevalence
and size at 24 M (Figure 6B).

Another age-related morphological observation was the
presence of degenerated CH terminals and PN (Figures 6Aii,iii)
which increased with age (Figure 6C, left panel). Interestingly,
CH disintegration preceded PN degeneration, being more
pronounced within the high-frequency region (Figure 6C, right
panel; Chi-squared, p = 0.035). It should be noted that at 18 M
and at 24 M, the presence of degenerated PNs with intact CH
was observed (18 M: 11 degenerated PNs with nine normal CHs;
24 M: four degenerated PNs with two normal CHs; data not
shown). Taken together, these data are in line with a premature
decline of auditory high-frequency perception.

Discussion

In the present work, we used high-throughput volume EM
and artificial intelligence assisted image processing techniques
to characterize age-related structural changes in a central
auditory nucleus. Despite recent developments in volume EM
techniques, it is still technically challenging and resource-
demanding to acquire high-resolution serial-sectioning datasets
in the nanoliter volume range. In addition, the segmentation and
manual curation turn out to be time-consuming for such large
datasets, even with an established analysis pipeline. However,
the ability of 3D electron microscopy to image tissue in an
unbiased fashion (Kornfeld et al., 2017; Schmidt et al., 2017;
Svara et al., 2018; Motta et al., 2019; Karimi et al., 2020;
Morgan and Lichtman, 2020; Hua et al., 2021) could thereby
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generate unexpected results and trigger further studies using,
for example, X-ray computed tomography (Bosch et al., 2022).
Nevertheless, our work complements prior 3D EM studies [P2,
P3, P4, P6, and P9 (Holcomb et al., 2013); P7, P21 (Thomas
et al., 2019); P21, P180, P540, and P720, this study] providing a
framework for studying connectomic and morphomic changes
in the MNTB over the lifespan of rodents. To the best of our
knowledge, previous EM works on the MNTB primarily focused
on pre-hearing states (Hoffpauir et al., 2006; Holcomb et al.,
2013) or on very young animals (Sinclair et al., 2017; Thomas
et al., 2019). However, the hallmarks of aging remained largely
elusive, except for the limited insights obtained from a single
work on older rats (Casey and Feldman, 1985), due to the small
tissue block analyzed in that study. In the present manuscript,
we covered the whole mediolateral (tonotopic) MNTB axis
from very young post-hearing to old mice. Overall, our data
shows MNTB age-related morphological alterations leading to
brainstem circuit remodeling.

Animal model of ARHL

C57BL/6J is the most widely used inbred strain in which
many transgenic mice lines have been produced (Bryant, 2011)
and it is commonly used in brain slice recordings. This model
has also been extensively studied because of the presence of a
type of age-related hearing loss (Henry and Lepkowski, 1978;
Willott, 1986; Li et al., 1993; Taberner and Liberman, 2005).
Unlike other strains, C57BL/6J displays accelerated hearing loss
(Mikaelian et al., 1974; Henry and Lepkowski, 1978; Mikaelian,
1979), making this genetic background a problematic model
for many auditory physiology studies. However, it is a suitable
model for studying age-related degenerative problems due to a
progressive sensorineural impairment, occurring primarily after
the auditory system has matured (Willott, 1986). Moreover,
the early degradation of high frequency hearing, encourages a
comparative study between low and high-frequency tonotopic
regions along the life span. The observed normal auditory profile
at 3 W with an initial hearing decline at 6 M initially affecting the
high frequencies, is in agreement with that previously reported
(Mikaelian, 1979; Spongr et al., 1997; Sonntag et al., 2009; Zhang
et al., 2022). Since the C57BL/6J mice represent a very specific
model with early onset of age-related hearing loss, one might
expect different results from other mouse models showing minor
age-related hearing loss.

Age-related decline in MNTB neuron
density

Quantitative comparison of the MNTB datasets displayed an
age-related decline in the density of MNTB neuron, where high
frequencies at 3 W, 6 M, and 18 M were more affected than low

frequencies, in line with the ABRs. One possible scenario for
the lack of tonotopic differences at 24 M might be the presence
of both, hearing loss and aging occurring simultaneously. Thus,
the age-related deterioration of synaptic transmission (partially
attributed to mitochondrial impairments in elderly mice, Singh
et al., 2018), can contribute to neuronal cell loss due to the
hearing deficit seen in young animals. However, the decline of
total cell density with aging is in accordance with a progressive
emergence of age-related degeneration phenotypes of CHs
and PNs, which include the presence of age pigments and
degenerated structures. While the molecular underpinnings of
age-related brain changes are still not well understood (Moreno-
García et al., 2018), the identity of age pigments can be associated
with lipofuscin (Casey and Feldman, 1982, 1985), defined as
electron-dense pigment granules that accumulate progressively
over time in lysosomes of postmitotic cells (Terman and Brunk,
1998). In addition, the buildup of metabolic anomalies on
lipids, metals, and proteins can also promote the formation
of these precipitates (Moreno-García et al., 2018). Note that
age pigments were detected earlier than degenerated structures,
suggesting that these precipitates could be involved in the
deteriorating process. Calyx of Held disintegration preceded
the degeneration of PNs and it was much more pronounced
within the high-frequency region. Taking into account that
6 M is generally considered a young age for mice, but that
the C57BL/6J mouse strain displays a reduced auditory input,
one can speculate that the morphological alterations at this age
are more related to deafferentation, rather than an age-related
decline. Furthermore, the early appearance of CH alterations at
6 M without PN degeneration, further indicates that, at this early
age, alterations are due to a lack of auditory input. However,
the fact that at 18 M degenerated PNs were observed in the
presence of intact CH, indicates intrinsic age-related MNTB
morphological alterations in addition to those resulting from
deafferentation.

It is worth noting that at 3 W the number of non-calyceal
inputs displayed a medio-lateral gradient, when compared to
the medio-lateral gradient of the coverage area of PNs by CHs.
The nature of the non-calyceal modulatory neurotransmission
engages both inhibitory and excitatory neurotransmitters. Thus,
PNs of the MNTB receive glycinergic and/or GABAergic
inhibitory inputs from the ipsilateral ventral nucleus of the
trapezoid body (VNTB) and the MNTB itself (Kuwabara et al.,
1991; Albrecht et al., 2014; Dondzillo et al., 2016) and excitatory
cholinergic input from the superior olivary nuclei (Zhang et al.,
2021). Since a higher expression level of GAD-67 (McCullagh
et al., 2017), GABA vesicular transporter (VGAT; Yu and Wang,
2022), and glycine transporter 2 (GlyT2; McCullagh et al., 2017)
is observed in the lateral side of the MNTB, one can propose
that the increased number of non-calyceal inputs in the medial
region could arise from the cholinergic innervation. However,
based on the lack of sufficient knowledge, an increase of other
neuromodulatory inputs cannot be precluded.
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Poly-innervation of MNTB cells is
sustained beyond the critical period

During development, MNTB neurons receive multiple
proto-calyceal synaptic inputs from the globular bushy cells
located in the cochlear nucleus. Already before hearing onset
(around P12–P14), just one giant calyx terminal contacts one
postsynaptic cell, after a process of elimination of multiple small
inputs, pruning and strengthening of the “winner” terminal
(Kuwabara et al., 1991; Hoffpauir et al., 2006; Holcomb et al.,
2013; Sierksma et al., 2020). In some pathological conditions like
the deletion of bone morphogenetic protein (Xiao et al., 2013),
alteration in the microglia (Milinkeviciute et al., 2019, 2021)
or potentiation of the medial olivocochlear system (Di Guilmi
et al., 2019), the presence of multiple calyces on a principal
MNTB has been reported beyond the critical period. In addition,
it has recently been reported that in young wild type mice
(3–4 postnatal weeks) a subset of MNTB neurons has multiple
calyceal inputs (Milinkeviciute et al., 2019, 2021). Notably, our
work demonstrates that an average of approximately 10% of
poly-innervated MNTB cells is conserved along the mouse
lifespan and its prevalence is larger in the lateral part of the
MNTB, a region where low frequencies are processed. Calyx
of Held fenestration can be considered a maturity marker
and those CH located in the high-frequency region fenestrate
earlier than those located in the low-frequency region (Ford
et al., 2009). This temporary developmental gradient along
the tonotopic axis is established during the critical period
before the hearing onset (P12–P14). Considering that calyceal
competition occurs during the same developmental windows
(Rodríguez-Contreras et al., 2008; Sierksma et al., 2020) and
that the maturation of neurotransmission progresses from high
to low frequencies along the tonotopic axis (Yu and Wang,
2022), one can speculate that the only plastic window for
eliminating terminals is during the critical period. Since low
frequencies mature later, one can consider that not all MNTB
cells located in this region mature before the end of the
critical period, leaving an incomplete elimination of its calyceal
inputs. However, this developmental reminiscence hypothesis
does not preclude a potential functional relevance of these
poly-innervated MNTB cells in processing auditory information
in the mature circuit as detailed in the next section. Thus,
future studies are needed to determine the physiological role of
poly-innervated mature PNs.

Correct encoding of low frequencies
may be essential for long-distance
communication

Neurons that encode low-frequency signals exhibit
phase locking (Joris and Trussell, 2018; Rutherford et al.,

2021), which plays a fundamental role in generating an
output in phase with the stimulus frequency. In a natural
environment, low-frequency sounds travel greater distances
than high-frequency sounds (Joris and Trussell, 2018; Capshaw
et al., 2022). In particular, some rodents have been observed to
vocalize with low-frequency sounds in order to communicate
with each other when separated by long distances (Briggs
and Kalcounis-Rueppell, 2011). We can speculate that the
larger coverage area observed in the lateral low-frequency
principal neurons (Figure 4C), even at the cost of more
than one calyx being involved (Figure 3C), might enable the
fidelity of synaptic transmission. Interestingly, especially in
older animals, the predominant occurrence of complex calyx
morphologies (Type 3), would help maintain synaptic activity
along the lifespan. This type of complex calyx morphology
displays fewer postsynaptic failures and lower short-term
depression than simple ones at comparable frequencies
(Grande and Wang, 2011).

Age-related sound localization deficits

Many brainstem auditory structures are involved in sound
localization (Masterton et al., 1967). Particularly, the MNTB
plays a role in the localization of auditory stimuli by relaying
inputs from the contralateral ventral cochlear nucleus to
the ipsilateral medial superior olive (Borst and Soria van
Hoeve, 2012), which is involved in azimuthal localization for
low-frequency sounds (Kulesza and Grothe, 2015; Cadenas et al.,
2020). Aging is frequently accompanied by hearing loss, affecting
sound source localization (Xiong et al., 2022) and it may impair
spatial perception (Akeroyd, 2014). Older adults show reduced
accuracy and precision in auditory localization tasks (Dobreva
et al., 2011; Freigang et al., 2015), possibly due to deficits
in processing interaural temporal differences, interaural level
differences, and monaural spectral cues (Gallun, 2021). Future
work should focus on how age-related changes, if occurring
differently between ears, impact the binaural function. Taking
into account the relay role of the MNTB on brainstem auditory
structures involved in sound localization, the age-dependent
degenerative process described in the present manuscript
(increasing age pigments, calyx, and PN degeneration) probably
contributes to the reported age-related decline in auditory
function.
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