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A point mutation in miR-96 causes non-syndromic progressive peripheral hearing loss and alters structure and physiology of the cen-
tral auditory system. To gain further insight into the functions of microRNAs (miRNAs) within the central auditory system, we inves-
tigated constitutive Mir-183/96dko mice of both sexes. In this mouse model, the genomically clustered miR-183 and miR-96 are
constitutively deleted. It shows significantly and specifically reduced volumes of auditory hindbrain nuclei, because of decreases in cell
number and soma size. Electrophysiological analysis of the calyx of Held synapse in the medial nucleus of the trapezoid body
(MNTB) demonstrated strongly altered synaptic transmission in young-adult mice. We observed an increase in quantal content and
readily releasable vesicle pool size in the presynapse while the overall morphology of the calyx was unchanged. Detailed analysis of
the active zones (AZs) revealed differences in its molecular composition and synaptic vesicle (SV) distribution. Postsynaptically, altered
clustering and increased synaptic abundancy of the AMPA receptor subunit GluA1 was observed resulting in an increase in quantal
amplitude. Together, these presynaptic and postsynaptic alterations led to a 2-fold increase of the evoked excitatory postsynaptic cur-
rents in MNTB neurons. None of these changes were observed in deaf Cldn14ko mice, confirming an on-site role of miR-183 and
miR-96 in the auditory hindbrain. Our data suggest that the Mir-183/96 cluster plays a key role for proper synaptic transmission at
the calyx of Held and for the development of the auditory hindbrain.
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Significance Statement

The calyx of Held is the outstanding model system to study basic synaptic physiology. Yet, genetic factors driving its morpho-
logic and functional maturation are largely unknown. Here, we identify theMir-183/96 cluster as an important factor to regu-
late its synaptic strength. Presynaptically, Mir-183/96dko calyces show an increase in release-ready synaptic vesicles (SVs),
quantal content and abundance of the proteins Bassoon and Piccolo. Postsynaptically, the quantal size as well as number and
size of GluA1 puncta were increased. The two microRNAs (miRNAs) are thus attractive candidates for regulation of synaptic
maturation and long-term adaptations to sound levels. Moreover, the different phenotypic outcomes of different types of
mutations in theMir-183 cluster corroborate the requirement of mutation-tailored therapies in patients with hearing loss.

Introduction
Development and function of the nervous system are shaped by
a rich repertoire of genetic factors. Among them, microRNAs
(miRNAs), a type of small non-coding RNAs, play key roles in
the posttranscriptional regulation of gene expression by facilitat-
ing sequence-specific RNA interference. Mediated by Argonaute
proteins and other components of RNA-induced silencing com-
plex (RISC), miRNAs bind complementary sequences within
mRNA transcripts. This results in decreased expression levels of
target proteins. The binding has however not to be perfect across
the entire mature miRNA sequence. In mammals, binding is
dominated by the so-called seed region at the 59 end, which con-
sists of seven nucleotides (Lewis et al., 2003; Banks et al., 2020).
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In humans, .2300 miRNAs have been identified (Alles et al.,
2019), with each miRNA possibly contributing to the regulation
of hundreds of target proteins (Lewis et al., 2016; Bartel, 2018). It
is therefore estimated that .60% of vertebrate protein-coding
mRNAs are regulated by miRNAs. In that manner, miRNAs pos-
sibly regulate all cellular processes in the nervous system
(Friedman et al., 2009).

In the auditory system, miR-96 has emerged as a key factor
for proper development and physiological activity (Banks et al.,
2020). This miRNA is a member of the evolutionary highly con-
served miRNA-183 cluster, which consists of miR-183, miR-96,
and miR-182. Mutations in the seed region ofMir-96 cause deaf-
ness both in men and mice (Lewis et al., 2009; Mencía et al.,
2009; Kuhn et al., 2011; Soldà et al., 2012), because of hair cell
degeneration. Analysis of the deaf Diminuendo (Dmdo) mouse
model harboring a point mutation in the Mir-96 seed region
identified an additional broad spectrum of alterations in the au-
ditory hindbrain. This included postnatal cell loss, reduced abun-
dance of K1-channels, as well as an immature calyx of Held
synapse (Schlüter et al., 2018).

The calyx of Held is a giant glutamatergic, axosomatic syn-
apse formed by the axons of the globular bushy cells in the ven-
tral cochlear nucleus (VCN) onto the principal cells of the
contralateral medial nucleus of the trapezoid body (MNTB)
within the superior olivary complex (SOC). The synapse is speci-
alized for high fidelity neurotransmission by harboring several
hundred presynaptic active zones (AZs), which are equipped
with a readily releasable pool (RRP) of thousands of synaptic
vesicles (SVs; Sätzler et al., 2002; Taschenberger et al., 2002). On
the postsynaptic site, the composition of AMPA receptors
(AMPAR) is optimized to ensure rapid channel gating and pro-
vides large EPSCs (Yang et al., 2011; Borst and van Soria Hoeve,
2012). In stark contrast to the extensive knowledge of the physio-
logical mechanisms underlying neurotransmission in this model
system, genetic factors that drive its development and function
are largely unknown. The neural recognition molecule NB-2 is
involved in the initial formation of contacts between the axon
and MNTB neurons (Toyoshima et al., 2009), and mice lacking
bone morphogenic protein (BMP) receptors show small calyces
with less mature transmitter release properties (Xiao et al., 2013).
The immature state of the calyx of Held in homozygous Dmdo
mice identified miR-96 as a further key molecule in shaping the
calyx of Held synapse (Schlüter et al., 2018). To gain further
insights into the role of miRNAs at the calyx of Held, we made
use of a constitutive, deaf Mir-183/96dko mouse (Lewis et al.,
2021). We used this double knockout (dko) mouse since the pol-
ycistronic nature of theMir-183 cluster with only 117 nucleotides
of intergenic region betweenMir-183 andMir-96 (Dambal et al.,
2015) rendered genetic ablation of miR-96 alone on the DNA
level technically difficult (Lewis et al., 2021). Morphologic and
electrophysiological analysis revealed that miR-96 and miR-183
are involved in shaping synaptic transmission at the calyx of
Held on the presynaptic and postsynaptic site, demonstrating
that both miRNAs play a critical role in shaping synaptic trans-
mission at a central synapse in the auditory brainstem.

Materials and Methods
Experimental design
Constitutive Mir-183/96dko mice and their wild-type (wt) littermates
were used to identify morphologic, electrophysiological, and molecular
differences at the calyx of Held synapse. Because of the polycistronic
structure of the miR-183 cluster with only 117 nucleotides between miR-
183 and miR-96 (Dambal et al., 2015) genetic ablation of miR-96 is

technically challenging to achieve (Lewis et al., 2021). We therefore used
an animal model with the two closely related miR-183 and miR-96 being
deleted. Despite high sequence homology between these two miRNAs,
there are small differences in their sequences such as one nucleotide
exchange in the seed region (Banks et al., 2020). This will result in regu-
lation of common and unique mRNA targets, with distinct mRNA tar-
gets often within the same functional gene family (Dambal et al., 2015).
We can therefore not unequivocally assign observed phenotypes in our
mouse model to either of the two miRNAs. Since Mir-183/96dko mice
are deaf (Lewis et al., 2021), peripherally deaf Claudin14 knockout
Cldn14ko mice were used in some experiments to control for possible
effects arising from peripheral deafness (Ben-Yosef et al., 2003).

Animals
Mir-183/96dko mice (C57BL/6N background; Prosser et al., 2011) or
Cldn14ko mice (NMRI background; Ben-Yosef et al., 2003) and their re-
spective wt littermates of both sexes were used throughout the experi-
ments. Protocols were approved by the local authorities (LAVES,
Oldenburg; Regierungspräsidium Karlsruhe). All experiments were per-
formed in accordance with the regulations of German federal law on the
care and use of laboratory animals and followed the guidelines of the EU
Directive 2010/63/EU for animal experiments.

Anatomical analysis of auditory brainstem nuclei
Mir-183/96dko mice and wildtype (wt) littermates at the age of postnatal
day (P)0, P25–P27, or P60 were injected intraperitoneally with a lethal
dose of sodium pentobarbital (Narcoren, Merial; 650mg/kg bodyweight)
and perfused transcardially with PBS (136.9 mM NaCl, 2.7 mM KCl, 10.1
mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) followed by 4% parafor-
maldehyde (PFA; 4% PFA in PBS, pH 7.4). Brains were postfixed in 4%
PFA overnight and incubated for at least 16 h in 30% sucrose in PBS for
cryoprotection. Brains were embedded in tissue freezing medium and
stored at �80°C; 30-mm-thick coronal consecutive serial sections were
cut on a cryostat (Leica Biosystems) using gelatin-chromalaun-coated
slides and stored at �80°C. Only complete series of auditory brainstem
sections from the beginning of the dorsal cochlear nucleus (DCN) to the
end of the reticulotegmental nucleus (RtTg; seen from caudal) were used
for subsequent Nissl staining and analysis of the volume of brainstem
nuclei. Every section was imaged and digitalized with an automated
bright field microscope (AxioScan Z1, Carl Zeiss). The volume of each
nucleus was calculated by multiplying its manually outlined area with
the thickness of each section (Hirtz et al., 2011; Schlüter et al., 2018). For
determination of cell numbers at P0 and P 60, cells were marked and
counted manually in ImageJ. The cross-section area (soma size) of cells
at P60 was analyzed in 120 cells per nucleus (60 cells from the left and
right side each) per animal. Cells were randomly chosen, the cell border
was manually delineated and the area was calculated because of the
known image dimensions by ImageJ.

Immunohistochemistry
At P30, mice were injected intraperitoneally with a lethal dose of sodium
pentobarbital (Narcoren, Merial; 650mg/kg bodyweight) and transcar-
dially perfused with PBS followed by Zamboni solution (15% picric acid
saturated H2O, 2% PFA in PBS). Brains were postfixed in Zamboni solu-
tion for 3–4 h and incubated for at least 16 h in cryoprotection solution
(30% sucrose in PBS); 30-mm-thick coronal sections of the auditory
brainstem were cut on a sliding microtome (HM 430, Microm, Thermo
Scientific) and stored in PBS at 4°C. Selected slices of the auditory brain-
stem were washed three times for 5min in PBS followed by a 30min
wash in blocking solution (2% BSA, 0.3% Triton X-100, 10% goat serum
in PBS). The sections were incubated over night at 4°C with the primary
antibody diluted to the appropriate concentration in carrier solution
(1% BSA, 0,3% Triton X-100, 1% goat serum in PBS). Primary antibodies
and their dilutions in this study were: anti-Bassoon, monoclonal mouse,
1:200 (catalog #SAP7F407, Enzo Life Sciences); anti-GluA1, monoclonal
mouse, 1:500 (catalog #182011, Synaptic Systems); anti-Homer1b/c, pol-
yclonal rabbit, 1:500 (catalog #160023, Synaptic Systems); anti-Piccolo,
polyclonal guinea pig, 1:200 (catalog #142104, Synaptic Systems); and
anti-SV2, monoclonal mouse, 1:500 (DSHB). After washing the sections
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three times for 5min in PBS, they were incubated in a 1:1000 dilution of
secondary antibody in carrier solution in the dark for 1.5 h at room tem-
perature. Secondary antibodies used in this study were: Alexa Fluor (AF)
488 goat anti-mouse, catalog #A-11001, AF 488 goat anti-rabbit, catalog
#A-11008; AF 647 goat anti-guinea pig, catalog #A-21450; AF 647
goat anti-chicken, catalog #A-21449; and AF 647 goat anti-rabbit,
catalog #A-21244, all from Invitrogen. Thereafter, sections were
washed three times in PBS in the dark, attached to gelatin-chroma-
laun-coated slides and air-dried. Sections on the slides were
mounted with Mowiol supplemented with DAPI. Negative controls
were conducted by omitting the primary antibody using only the
secondary antibody on respective tissues. If available, preadsorption
control experiments were performed and provided no signal above
background (data not shown). Immunolabelling was examined in
small confocal image stacks (largest cell diameter and the two adja-
cent optical sections) obtained from brainstem sections using a
Leica TCS SP8 confocal laser scanning microscope equipped with a
Leica HC PL APO 63�/1.4 oil objective. Image processing and anal-
ysis were performed using ImageJ.

Preparation of acute brainstem slices for electrophysiology
Mice of either genotype were rapidly decapitated at P25–P27. Brains
were removed in ice-cold slicing solution containing the following: 125
mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 3 mM

myoinositol, 2 mM Na-pyruvate, 0.4 mM ascorbic acid, 0.1 mM CaCl2, 3
mM MgCl2, and 25 mM glucose aerated with carbogen (5% CO2 in O2).
Coronal slices of the auditory brainstem (250mm thick) were prepared
on a vibratome (VT1200S, Leica) and stored in ASCF containing the fol-
lowing: 125 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4,
2 mM CaCl2, 1 mM MgCl2, and 25 mM glucose aerated with carbogen
(pH 7.3) at 37°C for 45min and at room temperature (226 1°C)
thereafter.

Electrophysiology
Whole-cell patch-clamp recordings from MNTB principal neurons were
performed at room temperature in artificial CSF (ACSF) using an EPC-
10/2 amplifier controlled by PatchMaster software (HEKA). Pipettes
with open tip resistances of 2–3 MV were pulled from thick-walled bor-
osilicate glass (catalog #1807515, Hilgenberg) and filled with pipette

Figure 1. Significantly reduced volumes of auditory brainstem nuclei in Mir-183/96dko mice. A, B, Quantification of the volumes of auditory (A) and non-auditory (B) brainstem nuclei in
Mir-183/96dko mice and wt littermates at P60. C, Quantification of the number of neurons in the LSO and the MNTB of Mir-183/96dko mice and wt littermates at P60. D, Quantification of the
neuron size in the LSO and the MNTB of Mir-183/96dko mice and wt littermates at P60. E, Representative Nissl images of the examined auditory brainstem nuclei at P60. F, Quantification of
the volumes of auditory brainstem nuclei in Mir-183/96dko mice and wt littermates at P25–P27. G, Morphometric analysis of the MNTB at P0 revealed a significant volume loss at birth. H,
Quantification of the cell number in the MNTB at P0. n= 3 mice/genotype. 5N, trigeminal motor nucleus; 7N, facial nucleus; DCN, dorsal cochlear nucleus; LSO, lateral superior olive; MNTB,
medial nucleus of the trapezoid body; RtTg, reticulotegmental nucleus; VCN, ventral cochlear nucleus, these abbrevations apply to all other figures and tables as well. n= 3 mice/genotype. In
D, 120 cells/animal. Statistics for A, B: MANOVA; in C, D, G, H: Student’s t test; in F: Welch test with FDR correction. *p, 0.05, **p, 0.01, ***p, 0.001. ns = not significant.
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solution containing the following: 130 mM Cs
gluconate, 10 mM CsCl, 10 mM HEPES, 10
mM TEA-Cl, 5 mM Na2- mM phosphocreatine,
5 mM EGTA, 4 mMMg-ATP, and 0.3 mM

GTP (pH 7.2). The membrane potential was
set to �70mV and the series resistance (3–6
MV) was compensated by .90%. Currents
were digitized at 20–100 kHz and Bessel-fil-
tered (2.9 kHz). Synaptic release from the ca-
lyx of Held was evoked by afferent fiber
stimulation via a parallel bipolar electrode
(FHC) placed close to midline (2- to 6-V stim-
uli, 70–100 ms in duration). Spontaneous
EPSCs (sEPSCs), which are equivalent to
mEPSC at the calyx of Held synapse (Ishikawa
et al., 2002), were identified based on their fast
kinetics (decay time constant,1.5ms).
sEPSC amplitude and kinetics recorded from
wt mice are in good agreement with previ-
ously published data (Taschenberger et al.,
2005), indicating that a mis-assignment of a
significant proportion of mIPSCs as sEPSCs is
highly unlikely. In some recordings, ACSF
was supplemented with 1 mM kynurenic acid
(Kyn; Abcam). sEPSC amplitudes in ACSF
supplemented with 1 mM Kyn were calculated
assuming a similar decrease in amplitude for
sEPSCs and evoked EPSCs, as described previ-
ously (Neher and Sakaba, 2001). This was nec-
essary, since the reduction in sEPSC

Figure 2. No changes in SV2 expression in the calyx of Held of Mir-183/96dko mice. A, B, Representative images showing im-
munohistochemical labeling of SV2 in single calyx of Held terminals at P30. C–E, Quantification of the number (C) and area (D)
of SV2 puncta/100 mm2 as well as the relative gray value measurements of SV2 immunoreactivity. N= 45 cells from 3 animals
per genotype. Statistics: Student’s t test. ns = not significant.

Table 1. Morphometric analysis of mir-183/96dko and corresponding wt animals

Parameter Mir-183/96wt Mir-183/96dko p value Cohens d

Volume auditory nuclei P60 (mm3)
n 3 3
DCN 0.226 0.012 0.1986 0.010 0.26
VCN 0.266 0.0068 0.1656 0.0086 0.00096 �7.069
LSO 0.0596 0.0032 0.0286 0.0037 0.0030 �5.387
MNTB 0.0456 0.0010 0.0306 0.0004 0.00016 �11.22

Volume non-auditory nuclei P60 (mm3)
n 3 3
5N 0.0866 0.0026 0.0746 0.0029 0.039 �2.667
7N 0.146 0.00038 0.136 0.0020 0.065
RtTg 0.246 0.013 0.246 0.011 0.87

Brain size P60 (g)
n 3 3
brain weight 0.476 0.0047 0.426 0.0081 0.0022 �7.551

Cell number P60
n 3 3
LSO 1635.426 38.12 931.676 141.75 0.0087 �3.92
MNTB 3341.586 79.52 2739.926 67.98 0.0045 �4.70

Cell size P60 (mm2)
n 120 120
LSO 152.896 13.63 128.896 7.89 0.20
MNTB 191.586 12.60 151.926 4.16 0.040 �2.44

Volume auditory nuclei P25–P27 (mm3)
n 3 3
DCN 0.1646 0.0094 0.1176 0.0052 0.0263 �3.61
VCN 0.1866 0.0122 0.1296 0.0203 0.0263 �2.74
LSO 0.0616 0.0013 0.0346 0.0030 0.013 �6.66
MNTB 0.038 6 0.0022 0.0256 0.0019 0.0239 �3.65

Volume auditory nuclei P0 (mm3)
n 3 3
MNTB 0.01196 0.0006 0.00856 0.0008 0.028 �2.75

Cell number P0
n 3 3
MNTB 32746 217.4 27386 225.1 0.162

Data are shown as mean 6 SEM.
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amplitude may have caused a large fraction of sEPSCs to vanish in the
noise, thereby preventing us from accurately measuring their amplitude.
NMDA/AMPA ratios were determined in ASCF supplemented with
strychnine (2 mM, Abcam) and gabazine (SR95531, 10 mM, Abcam) to

block glycine and GABA receptors, respectively. AMPA receptor mediated
currents were recorded at a holding potential of �70mV, whereas
NMDA receptor (NMDAR)-mediated currents were detected as a second
release component at a holding potential of140mV.

Figure 3. Increased spontaneous and evoked synaptic transmission at the calyx of Held in Mir-183/96dko mice. A, Representative sample current traces of sEPSCs (A1) and quantification of spontaneous
release parameters (amplitude, frequency, and kinetics; A2–A5). B, Representative sample current traces of evoked EPSCs (B1) and quantification of evoked release parameters (amplitude, kinetics, and
quantal content; B2–B5). C, Representative current responses recorded at holding potentials of �70mV (AMPARs) and140mV (NMDARs) from wt and Mir-183/96dko calyces. D, Quantification of the
ratios between the NMDAR-mediated and AMPAR-mediated current components. sEPSCs: N=6 (wt), 9 (dko) synapses. eEPSCs: 10 (wt), 12 (dko) synapses. NMDA/AMPA ratio: N=9 (dko), 13 (wt).
Results were obtained from at least three animals/genotype. EPSC, excitatory postsynaptic current; SVs, synaptic vesicles. Statistics: Student’s t test. *p, 0.05, **p, 0.01, ***p, 0.001.
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Data were analyzed using custom-written IGOR (Wavemetrics)
routines.

Electron microscopy
Tissue preparation, processing and scanning electron microscopy were
performed as described previously (Horstmann et al., 2012). In brief,
animals (P25–P27) were deeply anaesthetized and transcardially per-
fused with PBS followed by 4% PFA dissolved in PBS. Brains were
removed and stored in fixative overnight. Coronal brainstem slices
(100mm) were prepared on a vibratome (Sigmann Elektronik) and incu-
bated in cacodylic acid (100 mM) for 30min. The MNTB was excised
and postfixed in 1.5% potassium ferrocyanide and 2% osmium tetroxide
(1 h, on ice). Samples were washed (H2O followed by PBS), dehydrated
in an ascending series of alcohol, incubated in propylenoxide/epoxy
(1:1) over night and embedded in epoxy resin (polymerization: 36 h, 60°
C). Ultrathin sections (40 nm) through the MNTB were cut on an
Ultracut S microtome (Leica) equipped with a diamond knife angled at
45° (Diatome) and collected on clean, hydrophilized silicon wafers
(SiMat Silicon Materials). The sections were exposed to chloroform
vapor, to neutralize tissue compression because of sectioning, and
stained using the modified Reynolds-procedure [saturated uranyl acetate
(16min) followed by lead citrate (8min)]. Scanning electron microscopy
was performed on a LEO Gemini 1530 equipped with a field emission
gun and an ATLAS scanning generator (Zeiss). Images were taken at a
pixel size of 3.8 nm using either the SE2 (4.6-mm working distance, 30-
mm aperture, 2-keV acceleration voltage) or the inlense detector (3.6-
mm working distance, 30-mm aperture, 2-keV acceleration voltage).
Electron microscopy experiments and analysis were performed in a dou-
ble-blind manner, i.e., neither the experimenter nor the analyzer were
aware of the animal’s genotype. Electron micrographs were taken from 8
to 10 randomly selected calyces per animal. AZs and SVs were manually
traced using OpenCAR software (Sätzler et al., 2002). AZs were identi-
fied by the presence of an opposing postsynaptic density (PSD) and of
SVs in the vicinity. The later criterion was necessary to discriminate AZs
from puncta adherentia (Sätzler et al., 2002). The perpendicular distance
between individual SVs and the AZ was calculated using OpenCARe
and corrected for the SV radius.

Statistical analysis
Statistical analysis was assigned by MANOVA (two groups, multiple pa-
rameters), one-way ANOVA followed by Sidak’s multiple comparison
post hoc test (more than two groups, one parameter) or Student’s t test
(two groups) using R or GraphPad Prism 8 software (GraphPad). Data
were derived from at least three animals per genotype. The number of
cells or synapses examined is indicated in tables and/or figure legends.
In box plots, the box shows the median and the upper and lower quartile,
while whiskers show the 5th–95th percentiles of each dataset. Data
points laying outside this range are shown separately. Effect sizes are
reported as Cohen’s d for significant results. Significant p values are
depicted with asterisks within in the quantification plots: *p, 0.05,
**p, 0.01, ***p, 0.001. ns = not significant. Quantitative data are
always presented as mean6 SEM.

Results
Volume reduction of auditory brainstem nuclei inmir-183/
96dko mice
Homozygote Dmdo mice show significant volume reductions of
auditory nuclei (Schlüter et al., 2018). We therefore investigated
the anatomy of the auditory hindbrain of Mir-183/96dko mice at
P60 and P25 – 27 to assess whether loss of the two miRNAs has
similar functional consequences. Quantitative analysis of Nissl-
stained sections demonstrated that three out of four auditory
nuclei, i.e., the VCN which is part of the cochlear nucleus com-
plex (CNC), as well as the lateral superior olive (LSO) and
MNTB of the SOC, displayed significant volume reductions at
P60 (Fig. 1A,E; Table 1). The VCN volume was reduced by
36.5%. The LSO was even 53.2% smaller in Mir-183/96dko

animals. The MNTB displayed a volume reduction by 33.8%. In
contrast, the DCN volume showed no significant volume
reduction.

To check for the impact on non-auditory structures, we also
probed the trigeminal motor nucleus (5N), the facial nucleus
(7N), and the RtTg at P60 (Fig. 1B; Table 1). The 5N was signifi-
cantly (-13.9%) smaller, although the reduction was much less
pronounced than in the auditory nuclei. The 7N and the RtTg
were not reduced. The small reduction in 5N volume could be
explained by a slight, but statistically significant general reduc-
tion in brain size at P60, as evidenced by a 10.6% reduction in
brain weight inMir-183/96dko mice. We thus conclude that these
non-auditory nuclei were not specifically affected by Mir-183/
96dko and therefore omitted them from further analyses.

To address the question, whether the volume reduction in the
LSO and MNTB is because of a decrease in cell number or cell
(soma) size, we quantified both parameters at P60 (Fig. 1C,D;
Table 1). The LSO revealed a significant decrease of 43.0% in cell
number, but no significant change in soma size. The MNTB
showed significant decreases of 18.0% in cell number and 20.7%
in cell soma size. These results reveal that the decreased volume
of the LSO and MNTB is mainly because of fewer cells in the
LSO and because of fewer and smaller cells in the MNTB.

A volume assessment at earlier ages (P25–P27) that match
with the age of subsequent electrophysiological recordings
revealed a similar volume loss of the auditory hindbrain. The
only difference was the volume reduction in the DCN as it
reached significance at this age (Fig. 1F; Table 1).

To frame the timeline of volume and cell loss in the hindbrain
ofMir-183/96dko mice, we assessed the cell number in the MNTB
at P0. We focused on the MNTB as this nucleus is clearly identi-
fiable at this early age. Already at birth, the MNTB displayed a

Table 2. Properties of calyx of Held synapses recorded in normal ACSF

Parameter wt Mir-183/96dko p value Cohens d

sEPSC
n 9 6
Amplitude (pA) 56.26 3.2 73.06 5.7 0.0299 1.285
Rise time (ms) 1206 5 1056 5 0.0577
t decay (ms) 0.3026 0.015 0.3126 0.020 0.6244
Frequency (Hz) 2.876 0.57 4.066 0.57 0.1809

eEPSC
n 10 12
Amplitude (nA) 16.816 2.32 36.106 3.41 0.0002 0.794
Rise time (ms) 3226 15 3276 9 0.777
t decay (ms) 0.3636 0.026 0.3156 0.018 0.1409
Quantal content (SVs) 2726 39 5076 57 0.0041 1.392

STD (100 Hz)
n 10 11
t (ms) 22.36 4.3 19.36 2.1 0.5182
Depression (%) 90.26 1.5 90.96 0.9 0.6887
PPR 0.576 0.07 0.576 0.05 0.9728
Steady-state EPSC (nA) 1.706 0.25 3.116 0.43 0.0037 1.446

RRP
n 10 11
RRP size (nA) 53.496 6.89 100.606 11.86 0.0034 1.461
RRP size (SVs) 8996 79 13866 156 0.0142 1.177
Replenishment rate (nA/ms) 0.1776 0.026 0.3296 0.035 0.0029
Norm. repl. rate (ms�1) 0.0126 0.002 0.0106 0.001 0.3221 1.493
Pr 0.3226 0.034 0.3676 0.030 0.3436

NMDA/AMPA ratio
n 13 9
NMDA/AMPA ratio 0.0186 0.002 0.0356 0.006 0.0064 1.319

Data are shown as mean 6 SEM. eEPSC, evoked postsynaptic current; sEPSC, spontaneous postsynaptic cur-
rent; RRP, readily releable pool; STD, short term depression.

Krohs, Körber et al. · Role of miR-183/96 in the Auditory Brainstem J. Neurosci., August 11, 2021 • 41(32):6796–6811 • 6801



drastic volume loss of 28.9% (Fig. 1G; Table 1), whereas cell
number was not significantly altered (Fig. 1H; Table 1). The
combined loss of miR-183 and miR-96 thus affects the anatomy
of auditory hindbrain structures earlier than in the Dmdomouse.
There, volume differences between wt and Dmdo mice started to
occur between P0 and P4 (Schlüter et al., 2018). Our findings
point to a requirement of miR-183 and miR-96 during embry-
onic development for proper auditory hindbrain formation.

Gross synaptic morphology of the calyx of Held is unchanged
inmir-183/96dko mice
Dmdo mutant mice show deficits in structural maturation of the
calyx of Held synapse, i.e., the formation of distinct SV glycopro-
tein 2 (SV2) puncta (Schlüter et al., 2018). The latter probably
reflects the fenestration of the synapse from a cup-like structure
into stalks. Analysis of the distribution of SV2 immunoreactive
puncta in P30Mir-183/96dko calyces showed no differences com-
pared with wt littermates (Fig. 2C). We also measured the area of
SV2 puncta (Fig. 2D) and quantified the relative immunoreactiv-
ity of SV2 (Fig. 2E). In all cases, we found no significant differen-
ces between genotypes. This suggests an unperturbed maturation
of the calyx of Held in Mir-183/96dko mice, which is in striking
contrast to the immature phenotype seen in Dmdo mice
(Schlüter et al., 2018).

Increased synaptic strength inmir-183/96dko

We next sought out to examine the functional impact of miR-
183/96 deficiency on synaptic transmission at the calyx of Held
synapse. Therefore, we first recorded sEPSCs (equivalent to
mEPSCs at the calyx of Held; Ishikawa et al., 2002) from MNTB
principal neurons in acute brainstem slices prepared from Mir-
183/96dko mice and wt littermates at P25–P27. Mir-183/96dko

resulted in a 1.3-fold increase in sEPSC amplitudes, while leaving

sEPSC kinetics and frequency unaffected (Fig. 3A; Table 2). This
increase in sEPSC amplitude is not because of deafness, as it is
not present in Cldn14ko mice (Schlüter et al., 2018). To investi-
gate whether the increase in sEPSC amplitude affects AP-driven
synaptic transmission in Mir-183/96dko mice, we recorded single
EPSCs evoked from the calyx of Held at low frequency (0.1Hz).
In line with the results obtained for sEPSCs, we found EPSC
amplitudes recorded fromMir-183/96dko synapses to be approxi-
mately doubled with no changes in EPSC kinetics (Fig. 3B1–B4;
Table 2). To distinguish whether the increase in EPSC amplitude
was because of an increase in quantal amplitude (sEPSC ampli-
tude), an increase in the number of vesicles released per EPSC,
or a combination of both, we calculated the quantal content of
the EPSCs. Taking into account the increased quantal amplitude,
we still found Mir-183/96dko calyces to release almost twice as
many SVs per EPSCs as wt controls (Fig. 3B5; Table 2). The
increase in quantal content argues against a purely postsynaptic
effect to cause the increase in EPSC amplitude.

To gain insight into SV release during high-frequency synap-
tic transmission, we investigated EPSCs elicited by trains of
high-frequency action potentials (APs) (50 stimuli at 100Hz; Fig.
4A). We found prominent short-term depression (STD), a hall-
mark of the calyx (Borst et al., 1995; Taschenberger and von
Gersdorff, 2000; Körber et al., 2015) both at wt and Mir-183/
96dko calyces. Moreover, STD was not different between the two
genotypes in any of the parameters examined [time constant of
EPSC amplitude decay, extent of depression, paired-pulse ratio
(PPR); Fig. 4A,B,D; Table 2]. The only significant difference
observed during high-frequency stimulation was an increase in
the steady state EPSC amplitude during the late phase of the train
(Fig. 4A; Table 2). Next, we investigated the size and dynamics
of the RRP, employing the cumulative EPSC method
(Schneggenburger et al., 1999; Fig. 4C). The RRP was twice as
large inMir-183/96dko calyces as compared with wt controls (Fig.

Figure 4. Knock-out of Mir-183/96 has no effect on short-term plasticity but increases the RRP. A, Superimposed scaled representative current traces recorded during 100-Hz stimulus trains
(50 stimuli). B, Averaged normalized EPSC amplitudes during 100-Hz trains. C, Averaged cumulative EPSCs amplitudes during 100-Hz trains. D, Quantification of the time constant of EPSC am-
plitude decay during 100-Hz trains (left), the RRP size (middle) and the replenishment rate normalized to the EPSC amplitude (right). N= 10 (wt), 11 (dko) synapses from at least three ani-
mals/genotype. EPSC, excitatory postsynaptic current. RRP, readily releable pool. Statistics: Student’s t test. **p, 0.01.
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4D; Table 2). Even when we normalized the RRP to the sEPSC
amplitude to account for the increase in quantal amplitude, we
found the RRP ofMir-183/96dko synapses to contain;50% more
SVs than wt ones (Table 2). The replenishment rate of the RRP
appeared to be faster in Mir-183/96dko calyces as well (Table 2).

However, when we normalized the replenish-
ment rate to the first EPSC in the train, to take
into account the intrinsically high variance of
EPSC amplitudes, we did not observe any sig-
nificant difference anymore (Fig. 4D; Table 2).
Thus, the apparent effect of miR-183/96 loss on
the replenishment rate seems to be an adjust-
ment to the increases in EPSC amplitude and
RRP size. These results suggest that the increase
in EPSC amplitude observed in Mir-183/96dko

calyces is caused by an increase in RRP size, as
the vesicular probability of release (Pr) remained
unaffected by the absence of miR-183/96
(Table 2).

The EPSCs recorded from Mir-183/96dko

synapses were very large and could have led to
AMPAR saturation. To rule out possible effects
of AMPAR saturation on our analysis, we
repeated the experiments on AP-evoked EPSCs
in the presence of 1 mM Kyn. Kyn is a partial
AMPAR antagonist with fast off-kinetics that
prevents AMPAR saturation (Traynelis et al.,
2010). EPSCs, evoked at 0.1-Hz frequency, were
increased in amplitude in Mir-183/96dko synap-
ses, reflecting an increase in quantal content as
seen in the initial experiments performed in the
absence of Kyn (Fig. 5; Table 3). Of note, we
observed a slight slowing of the EPSC decay
time constant (Table 3). STD in response to
high-frequency stimulation remained unaf-
fected by loss of miR-183/96 in the presence of
Kyn (Fig. 5D; Table 3). However, the increase in
steady state EPSC amplitude during the late
phase of the train seen in the absence of Kyn,
did not reach significance anymore (p= 0.07).
This was probably because of the reduced abso-
lute difference in values (Fig. 5; Table 3). Re-ex-
amination of RRP size and replenishment rate
confirmed the results obtained previously, as
we again detected an increase in RRP size,
but not in replenishment rate in calyces from
Mir-183/96dko mice (Fig. 5F,H; Table 3).
Taken together, this set of experiments con-
firms our interpretation that loss of miR-
183/96 results in increases in quantal content
and RRP size along with the quantal
amplitude.

NMDARs persist at the calyx of Held synapse
ofmir-183/96dkomice
The increase in EPSC amplitude, and thus syn-
aptic strength, at Mir-183/96dko calyces is in
contrast to the unchanged EPSC amplitude in
Dmdo calyces. However, Dmdo calyces show
NMDAR-mediated currents at P25, in line with
the arrest in synaptic maturation (Schlüter et al.,
2018). To compare further the calyces of Mir-
183/96dko and Dmdo mice, we recorded
NMDA/AMPA ratios at Mir-183/96dko calyces.

NMDAR-mediated and AMPAR-mediated currents were
recorded at holding potentials of140 and �70mV, respectively.
Current responses recorded inMir-183/96dko calyces at140mV
showed a second component ;10ms after stimulation,

Figure 5. Increased evoked EPSC amplitude and RRP size in Mir-183/96dko calyces are not because of AMPAR sat-
uration since they persist in the presence of Kyn. A, Representative sample current traces of evoked EPSCs. B,
Quantification of evoked EPSC amplitudes. C, Superimposed scaled representative current traces recorded during
100-Hz stimulus trains (50 stimuli). D, Quantification of the time constant of EPSC amplitude decay during 100-Hz
trains. E, Averaged normalized EPSC amplitudes during 100-Hz trains. F, Quantification of the RRP size. G, Averaged
cumulative EPSCs amplitudes during 100-Hz trains. H, Quantification of the replenishment rate normalized to the
EPSC amplitude. N= 15 (wt), 18 (dko) synapses from at least three animals/genotype. N (dko) in B= 17. EPSC, exci-
tatory postsynaptic current. Statistics: Student’s t test. **p, 0.01.
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indicative of NMDAR-mediated current responses (Forsythe
and Barnes-Davies, 1993; Joshi and Wang, 2002; Schlüter et al.,
2018) that was absent in wt calyces (Fig. 3C). Normalization of
the NMDAR-mediated component to the AMPAR-mediated
EPSC amplitude at�70mV revealed a significant increase in the
NMDA/AMPA ratio inMir-183/96dko calyces (Fig. 3D; Table 2).
The increase in the NMDA/AMPA ratio at the calyx in both
Mir-183/96dko and Dmdo mice suggests that a loss of function of
miR-96 prevents NMDAR downregulation during synaptic
maturation.

Changes in AZ composition and ultrastructure at the calyx of
Held inmir-183/96dkomice
Having established an increase in the RRP in calyces ofMir-183/
96dko mice, we investigated whether this was accompanied by an
increase in the number of AZs. Therefore, we performed immu-
nolabeling and particle analysis of the AZ marker proteins
Bassoon and Piccolo (Fig. 6A–D). We found no changes in the
number of Bassoon and Piccolo puncta between Mir-183/96dko

and wt calyces (Fig. 6B; Table 4). However, the mean size of
puncta was significantly increased inMir-183/96dko mice by 7.1%
for Bassoon and 29% for Piccolo when compared with wt (Fig.
6C; Table 4). Along the same lines, the quantification of the rela-
tive intensity of the immunoreactivity revealed an increase of
12.1% for Piccolo in Mir-183/96dko mice, but not for Bassoon
(Fig. 6D; Table 4).

To control for effects caused by deafness, we included the pe-
ripherally deaf Cldn14ko mouse as further control (Fig. 6A–D;
Table 4). We did neither observe significant changes in Piccolo
and Bassoon puncta number and size in Cld14ko mice, as com-
pared with the respective wt controls, nor in relative immunore-
activity. Comparison ofMir-183/96dko synapses to Cldn14ko ones
revealed also significant changes in mean puncta sizes of
Bassoon (Table 4). These findings suggest that loss of miR-183/
96 does not lead to the formation of additional AZs, but rather
the resulting ones are larger or contain at least higher amounts of
Bassoon and Piccolo.

We next investigated the ultrastructure of wt and Mir-183/
96dko AZs at P25 by scanning electron microscopy. AZs were

identified in electron micrographs by the presence of a PSD and
SVs in its vicinity (Fig. 7A). Ultrastructurally, AZs from wt and
Mir-183/96dko mice did not differ in AZ length or SV diameter
(Fig. 7A,C; Table 4). However, when we analyzed the distances
of the SVs to the AZ, we found more SVs in the immediate vicin-
ity of the AZ (0- to 20-nm distance) in Mir-183/96dko calyces as
compared with wt ones (Fig. 7B,C; Table 4). We calculated the
average number of SVs close to the AZ (0–20 nm) per AZ and
again found increased SV numbers inMir-183/96dko calyces (Fig.
7C; Table 4). Since the SVs close to the AZ are thought to com-
promise the RRP (Imig et al., 2014), the increase in SVs close to
the AZ inMir-183/96dko calyces is in line with our electrophysio-
logical results showing an increase in RRP size. Interestingly, we
observed fewer SVs at greater distances from the AZ (200–
240nm; Fig. 9B) in Mir-183/96dko calyces. Although this change
is small, it may indicate a general shift in SV distribution toward
the AZ. Taken together, Mir-183/96dko calyces show larger and
more intense immune signals for Bassoon and Piccolo but no
changes in AZ length, indicating rather an altered molecular
composition of the cytomatrix of the AZ rather than an increase
in size. However, ultrastructural analysis revealed an increase in
SVs close to the AZ, indicative of an enlarged RRP and thus an
altered SV distribution inMir-183/96dko calyces.

Increased number and size of synaptic GluA1 clusters inmir-
183/96dkomice
The alterations at the AZ described so far do not explain the
increase in sEPSC amplitude. However, the AMPAR subunit
GluA1 is a known target of miR-96 (Jensen and Covault, 2011;
Dambal et al., 2015). We thus investigated whether loss of mir-
183/96 had an effect on the expression level of GluA1 and, more
important, its localization to the PSD. Therefore, we analyzed the
abundance of GluA1 in the MNTB principal cell and its synaptic
localization by means of immunohistochemistry (Fig. 8A–D).
We found GluA1 particles to form larger clusters in the cell inte-
rior in Mir-183/96dko mice as compared with wt littermates (Fig.
8A,B). Quantification of number and mean size of GluA1 puncta
larger than 0.01 mm2 resulted in a doubling in the number of
these large GluA1 puncta in Mir-183/96dko mice, as compared
with wt littermates (Fig. 8C; Table 4). Moreover, we observed a
strong increase in the average size of these large puncta by 57.7
(Fig. 8D; Table 4). Notably, the relative gray value analysis did
not reveal differences in the overall immunoreactivity for GluA1
(data not shown).

In Cldn14ko mice, the number of GluA1 puncta larger than
0.01 mm2 and their mean size were unchanged compared with
the respective wt littermates (Table 4) GluA1 puncta count was
;2.5 times higher in Mir-183/96dko synapses compared with the
Cldn14ko ones, which was highly significant (Table 4). This also
holds true for comparison of the mean puncta size, which was
twice as large in the Mir-183/96dko calyx compared with the
Cldn14ko synapse (Table 4).

To investigate whether the increase in number and size of
GluA1 puncta led to a stronger incorporation of GluA1 subunits
into the postsynaptic receptor complexes, we first examined the
co-localization of GluA1 with the PSD marker Homer 1. We
defined those puncta as co-localized that showed at least 1%
overlap in small confocal image stacks. The number of GluA1
puncta co-localized with Homer 1 was increased in Mir-183/
96dko synapses (Fig. 8D,E; Table 4). However, we realized that
the total area of Homer 1 puncta was enlarged, too (Fig. 8E;
Table 4). Indeed, Homer 1 is a validated target of miR-96
(Dambal et al., 2015), which explains the increase in area in

Table 3. Properties of calyx of Held synapses recorded in ACSF supplemented
with 1 mM Kyn

Parameter wt Mir-183/96dko p value Cohens d

eEPSC
n 15 17
Amplitude (nA) 1.926 0.21 3.336 0.38 0.0037 1.114
Rise time (ms) 2716 5 2856 6 0.072
t decay (ms) 0.3086 0.008 0.3416 0.012 0.0377 0.786
Quantal content (SVs) 2896 32 4946 56 0.0046 1.084

STD (100 Hz)
n 15 18
t (ms) 22.16 3.5 27.96 2.7 0.1966
Depression (%) 92.46 0.9 91.96 1.0 0.6764
PPR 0.626 0.06 0.726 0.05 0.1775
Steady-state EPSC (pA) 2096 25 2856 0.31 0.0742

RRP
n 15 18
RRP size (nA) 8.476 0.89 13.396 1.17 0.0029 1.132
RRP size (SVs) 12786 134 19876 174 0.0038 1.096
Replenishment rate (nA/ms) 0.0226 0.003 0.0326 0.004 0.0526
Norm. repl. rate (ms�1) 0.0126 0.001 0.0116 0.001 0.3147
Pr 0.2306 0.012 0.2416 0.016 0.6007

Data are shown as mean 6 SEM. eEPSC, evoked postsynaptic current; RRP, readily releable pool; STD, short
term depression.
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Mir-183/96dko synapses as compared with wt synapses. To
account for a possible overestimation of co-localized GluA1
and Homer 1 puncta because of enlarged Homer 1 area in
Mir-183/96dko synapses, we normalized the number of co-
localized GluA1 puncta to the total Homer 1 area. We still
found more GluA1 puncta co-localized to Homer 1 in the
normalized data (Fig. 8F; Table 4). Of note, Homer 1 is
localized to the deeper layers of the PSD and neither binds

AMPARs nor determines PSD size (e.g., Shiraishi-
Yamaguchi and Furuichi, 2007; Sheng and Kim, 2011).
This is in agreement with our ultrastructural data that did
not show evidence for larger PSDs.

The fact that Homer 1 is likely not a good marker to study
localization of AMPARs at the postsynaptic plasma membrane
and represents itself a target of miR-96 let us decide to take an al-
ternative approach. To determine the number of GluA1 puncta

Figure 6. Increased puncta size of the presynaptic proteins Bassoon and Piccolo in Mir-183/96dko mice. A, Representative images showing immunohistochemical labeling of Bassoon and
Piccolo in miR-183/96wt and ko calyces as well as in Cldn14 wt and ko synapses. B–D, Quantification of the number (B) and size (C) of Bassoon and Piccolo puncta as well as the relative gray
value measurements of Bassoon and Piccolo immunoreactivity. N= 45 cells from three animals per genotype at the age of P30. Statistics: ANOVA followed by Sidak’s post hoc test. *p, 0.05,
**p, 0.01, ***p, 0.001. ns = not significant.
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that are indeed positioned synaptically, we examined the local-
ization of GluA1 puncta in opposition to the AZ, delineated by
the presynaptic protein Piccolo. We performed co-labeling of
GluA1 and Piccolo and defined those GluA1 puncta as postsy-
naptically localized that overlapped at least 1% with Piccolo im-
munoreactivity in maximum intensity projections of small
confocal image stacks (Fig. 8G,H). We refer to these par-
ticles as “synaptic GluA1.” GluA1 was significantly elevated
at the PSD of Mir-183/96dko MNTB neurons as the number
of synaptic GluA1 puncta increased by ;50% (Fig. 8H;
Table 4). Importantly, this increase in synaptic GluA1 was
not caused by homoeostatic upregulation of GluA1 because
of peripheral deafness, since we did not observe significant
differences in synaptic GluA1 in Cldn14ko synapses (Table
4). Notably, number of synaptic puncta in this mouse line
on a NMRI background seems to be generally on a higher
level as compared with C57BL/6N mice. Taken together,
these data reveal an increase in postsynaptic GluA1 subu-
nits that are incorporated into the AMPAR complexes in

the PSD of Mir-183/96dko MNTB neurons. This increase at
least partially explains the higher amplitudes of sEPSCs and
eEPSCs in Mir-183/96dko animals and reveals a role for
miR-183/96 in the regulation of synaptic strength, both pre-
synaptically and postsynaptically.

Discussion
The key finding of our study is that miR-183 and miR-96 are
critical for presynaptic and postsynaptic regulation of synaptic
strength. Their concomitant loss resulted in enormous EPSC
amplitudes because of increased numbers of SVs released per
AP, fueled by an enlarged RRP, and supported by increased
GluA1 abundance at the PSD.

Regulation of synaptic transmission at the calyx of Held by
miR-183/96
The dominating presynaptic effect of miR-183/96 loss is the
increase in quantal content resulting in enormous EPSC

Table 4. Analysis of presynaptic and postsynaptic structural components at the calyx of Held

Parameter WT KO p value Cohens d

Synaptic morphology
n 45 45
Number of SV2 clusters (puncta/100 mm2) 41.556 2.6 41.766 2.96 0.96
Area of SV2 clusters (mm2) 7.986 0.58 7.166 0.56 0.32
Relative SV2 immunoreactivity 3.566 0.11 3.546 0.13 0.92

AZ composition
n 45 45
Number Bassoon clusters (particles/100mm2) Mir-183/96 wt: 38.196 2.29 Mir-183/96dko: 32.446 2.10 0.067

Cldn14wt: 40.286 2.30 Cldn14ko: 34.376 2.75 0.11
Size Bassoon clusters (mm2) Mir-183/96 wt: 0.0466 0.0024 Mir-183/96dko 0.0566 0.0022 0.0022 0.683

Cldn14wt: 0.0446 0.0014 Cldn14ko: 0.0486 0.0019 0.26
Mir-183/96dko vs. Cldn14ko 0.0238 0.555

Relative Bassoon immunoreactivity Mir-183/96 wt: 4.856 0.17 Mir-183/96dko: 4.896 0.15 0.85
Cldn14wt: 5.506 0.15 Cldn14ko: 5.406 0.21 0.73

Number Piccolo clusters (particles/100mm2) Mir-183/96 wt: 28.816 1.83 Mir-183/96dko: 27.456 1.67 0.56
Cldn14wt: 37.186 2.95 Cldn14ko: 36.066 2.03 0.77

Size Piccolo clusters (mm2) Mir-183/96 wt: 0.0626 0.0025 Mir-183/96dko: 0.0806 0.0028 ,0.0001 1.023
Cldn14wt: 0.0546 0.0016 Cldn14ko: 0.0616 0.0020 0.13

Mir-183/96dko vs. Cldn14ko ,0.0001 1.173
Relative Piccolo immunoreactivity Mir-183/96 wt: 4.136 0.11 Mir-183/96dko: 4.636 0.12 0.02 0.693

Cldn14wt: 4.396 0.13 Cldn14ko: 4.276 0.16 0.57
AZ ultrastructure

n 36–41 31–25 0.349
AZ length (nm) 3436 10 3586 12 0.586
SV diameter (nm) 386 0.4 386 0.7 0.0029 0.809
Rel. fraction SVs within 20 nm 0.0586 0.004 0.0896 0.008 0.012 0.675
Number SVs within 20 nm/AZ 0.7666 0.06 1.0126 0.074

GluA1 puncta
n 45 45
Number (puncta/100mm2) Mir-183/96 wt: 15.156 1.19 Mir-183/96dko: 27.786 1.39 ,0.0001 �3.92

Cldn14wt: 6.926 0.86 Cldn14ko: 10.896 0.98 0.12
Mir-183/96dko vs. Cldn14ko ,0.0001 2.741

Size (mm2) Mir-183/96 wt: 0.0266 0.00084 Mir-183/96dko: 0.0416 0.0024 ,0.0001 1.263
Cldn14wt: 0.0246 0.00073 Cldn14ko: 0.0216 0.00074 0.59

Mir-183/96dko vs. Cldn14ko ,0.0001 1.572
Homer puncta

n 30 30
cumulative Homer1 area (mm2) 31.116 3.03 47.676 2.71 ,0.0001 �1.061

Synaptic GluA1
n 30–45 30–45
Co-localization with Homer1 (puncta/Homer area) 0.4396 0.053 0.9396 0.131 0.0009 �0.919
Co-localization with Piccolo (puncta/100 mm2) Mir-183/96 wt: 13.826 1.31 Mir-183/96dko: 21.616 1.52 0.0017 0.8

Cldn14wt: 20.086 1.76 Cldn14ko: 24.216 1.67 0.19

Data are shown as mean 6 SEM.
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amplitudes. Since the RRP was increased in parallel, the proba-
bility of release stayed constant inMir-183/96dkomice, suggesting
that synaptic parameters related to the basic process of SV release
like SNARE complex function and coupling to calcium channels
are not affected by loss of miR-183/96. This is supported by the
lack of changes in EPSC kinetics, STD and SV replenishment.
The change in SV release without further alterations in kinetic
parameters could come from an increase in AZ size, as the num-
ber of functional release sites scales with the size of the AZ
(Holderith et al., 2012). The larger AZs could therefore provide
space for a larger number of otherwise normal release sites.
However, ultrastructural analysis revealed normal AZ diameter
and area inMir-183/96dko calyces (area:;10% increase assuming
a circular AZ; Fig. 7C). Nevertheless, the analysis of SV-to-AZ
distances revealed increased numbers of SVs in the immediate

vicinity of AZ in Mir-183/96dko calyces. This finding supports
our electrophysiological data showing an increase in RRP size,
since these membrane proximal SVs are thought to represent the
RRP (Imig et al., 2014). Moreover, immunohistochemistry indi-
cated increased amounts of Piccolo and Bassoon at the AZ and
thus a change in the molecular composition of the AZ in Mir-
183/96dko synapses. Interestingly, neither Bassoon nor Piccolo
have been implicated in the regulation of AZ and RRP size
(Gundelfinger et al., 2015; Parthier et al., 2018). Their increased
abundance at the AZ is hence likely caused indirectly by misre-
gulation of yet unidentified miR-183/96 target(s).

Another striking effect of Mir-183/96dko is the increased
incorporation of GluA1 into synaptic AMPAR complexes of
MNTB neurons. GluA1 has slower kinetics than GluA4
(Mosbacher et al., 1994) that normally dominate the calyx of
Held synapse (Yang et al., 2011). However, juvenile MNTB neu-
rons express GluA1 and switch to predominantly GluA4-con-
taining AMPAR complexes around hearing-onset (Caicedo and
Eybalin, 1999; Joshi et al., 2004; Koike-Tani et al., 2005;
Lesperance et al., 2020) to support ultrafast synaptic transmission
(Borst and van Soria Hoeve, 2012). We would like to emphasize
that EPSCs in Mir-183/96dko calyces are most likely still carried
mainly by GluA4 containing AMPARs, as suggested by the unal-
tered, fast EPSC decay kinetics. The increased incorporation of
GluA1 could take place either as homomeric GluA1 receptors or
heteromeric GluA1/4 AMPARs, both of which differ in their reg-
ulation and biophysical properties. Since GluA1 is much more
sensitive for glutamate than GluA4 (Traynelis et al., 2010), its
incorporation into heteromeric GluA1/4 AMPARs could result
in more AMPARs opening in response to SV fusion and gluta-
mate release and thus explain at least partially the increased
EPSC amplitude in response to AP-induced synchronous release.

Volume reduction of auditory brainstem nuclei inmir-183/
96dko mice
The volumes of both second (VCN) and third order auditory
nuclei (LSO, MNTB) were reduced at P25–P27 and P60. As most
of these changes are not caused by a lack of neuronal input
because of deafness (Seal et al., 2008; Nothwang et al., 2015;
Schlüter et al., 2018), proper auditory brainstem development
seems to depend on on-site expression of miR-183/96. In addi-
tion, morphologic alterations were restricted to auditory nuclei
as there were only subtle reductions in non-auditory regions.
This confirms the requirement of Mir-183/96 for proper devel-
opment of sensory systems (Banks et al., 2020).

Of note, we observed a developmental difference between
Dmdo andMir-183/96dko animals. InMir-183/96dko animals, vol-
ume and cell number were already reduced in the P0 MNTB.
This points to a critical role of both miRs for proper embryonic
development. In the Dmdo mouse, a smaller volume and cell loss
was only observed at P4 (Schlüter et al., 2018). The embryonic
requirement of miRNAs is in line with the loss of the entire SOC
in mice lacking the miRNA processing enzyme Dicer (Rosengauer
et al., 2012). The much milder phenotype in Mir183/96dko, how-
ever, implicates roles for other miRNAs in embryonic develop-
ment of the auditory hindbrain, too.

Genetic mechanisms underlying the observed phenotypes in
Dmdo andmir-183/96dko mice
We observed both overlapping and distinct phenotypes (e.g.,
increased NMDA/AMPA ratio and arrested fenestration of the
calyx, respectively) between Dmdo and Mir-183/96dko mice (Fig.
9A,B). At first glance, one might attribute the Dmdo-specific

Figure 7. SV distribution is altered at AZ of Mir-183/96dko calyces. A, Representative elec-
tron micrographs of AZs from wt and Mir-183/96dko calyces. The white arrowhead points to
a SV close to the AZ (,20 nm). B, Distribution of SV to AZ distances at AZs from wt and
Mir-183/96dko calyces. N= 36 (wt), 25 (dko) cells from three animals per genotype, #AZ/
genotype�150. Statistics: Student’s t test. C, Quantification of PSD length (equal to AZ
length), SV diameter, and average number of SVs close (,20 nm) to the AZ in wt and Mir-
183/96dko calyces. N= 41 (wt), 31 (dko) cells for PSD length and SV diameter and N= 36
(wt), 25 (dko) cells for #SVs/AZ. Cells have been derived from three animals per genotype.
#AZ/genotype�150. Statistics: Student’s t test. *p, 0.05, **p, 0.01.
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Figure 8. Increased number of larger GluA1 puncta and increased synaptic GluA1 in Mir-183/96dko mice. A, Representative images of MNTB principal cells after immunohistochemistry against
GluA1 in in Mir-183/96dko and corresponding wt mice and Cldn14ko and corresponding wt mice. Arrows indicate larger GluA1 puncta in the Mir-183/96dko. B, C, Quantification of the number
(B) and size (C) of GluA1 puncta larger than 0.01 mm2. N= 45 cells from three animals per genotype at the age of P30. Statistics: ANOVA followed by Sidak’s post hoc test. D, Representative
MNTB principal cells after immunolabeling of GluA1 and the PSD protein Homer1 in Mir-183/96dko and corresponding wt animals. E, Quantification of the cumulative Homer1 area at the PSD
of the calyx of Held. F, Co-localization analysis of Homer1 and GluA1 puncta showing at least 1% overlap. The number of co-localized puncta was normalized to the cumulative Homer area,
which was enlarged in Mir-183/96dko mice. N= 30 cells from three animals per genotype at the age of P30. Statistics: Student’s t test. G, MNTB principal cells after immunohistochemistry
against GluA1 (green, postsynaptic) and Piccolo (magenta, presynaptic AZs) in miR-183/96wt and dko and Cldn14 wt and ko animals. Arrows indicate co-localized GluA1 and Piccolo signals
showing larger GluA1 puncta that are located near the presynaptic AZs in the Mir-183/96dko calyx. H, Quantification of synaptic GluA1 showing at least 1% overlap with a Piccolo particle.
N= 45 cells from three animals per genotype at the age of P30. Statistics: ANOVA followed by Sidak’s post hoc test. All images represent maximal intensity projections of small confocal image
stacks. **p, 0.01, ***p, 0.001. ns = not significant.
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alterations to a gain of new target genes, caused by the mutation
in Mir-96. However, the developmental arrest observed in the
cochlea of Dmdo mice likely represents, to a large degree, a loss
of function, as the phenotype is shared between three distinct
Mir-96 mutations (Lewis et al., 2009; Mencía et al., 2009). It is
highly unlikely that all three mutations recruit the same set of

novel target genes (gain of function). A recent analysis suggests,
however, an important contribution of novel targets from MiR-
96 point mutations (Lewis et al., 2021). In the auditory hind-
brain, assignment of the Dmdo-specific phenotypes to a gain of
function would also imply that the Dmdo mutation targets a
master regulator of neuronal/sensory development. This is not

Figure 9. Comparison of the phenotypes observed in the Dmdo and MiR-183/96dko mouse models. A, B, Morphologic features of the auditory hindbrain and physiological properties of the
calyx of Held synapse are differentially altered in Dmdo mice harboring a point mutation in the miR96 (Schlüter et al., 2018) and in MiR-183/96dko mice. However, some physiological properties
(mEPSCs/sEPSCs, NMDA/AMA ratio) show the same phenotype in both mouse models. C, Mechanistic model of the differential effects in the Dmdo and Mir-183/96dko mouse model. The
genomically clustered miRNAs might act on functionally linked genes. Arrows describe positive regulations, whereas vertical bars are standing for negative regulations. mEPSC, miniature excita-
tory postsynaptic current; sEPSC, spontaneous excitatory postsynaptic current.
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very likely, although we cannot formally exclude the possibility
and some of the observed phenotypic changes such as altered
expression of potassium channels likely reflect a gain of function
as they are predicted targets of the mutated miR-96 only
(Schlüter et al., 2018).

This raises the question, how a loss-of-function of miR-96
could result in different phenotypes in Dmdo and Mir-183/96dko

mice. Hints might come from their genomic organization.
Genomically clustered miRNAs are co-transcribed with corre-
lated expression levels of the mature miRNAs and frequently tar-
get different components of a protein network in a coordinate
manner (Yuan et al., 2009; Hausser and Zavolan, 2014; Wang et
al., 2016; Cantini et al., 2019). miR-183 and miR-96 are co-
expressed in the auditory system from neonatal to adult stages
(Pawlik et al., 2016; Krohs et al., 2021) and share six out of seven
nucleotides in the seed region (Banks et al., 2020). This one mis-
match and pronounced differences in the remainder sequence
result in a limited overlap in predicted target genes (96 out of
1317 targets; Banks et al., 2020). A possible scenario is therefore
that their regulatory actions take place simultaneously and inter-
dependently on functionally connected genes. Their regulatory
effects would hence depend on that of the other miRNAs and
only their concerted regulation would result in the correct level
of target gene expression (Fig. 9C). In such a scenario, the Dmdo
mutation could result in a gene dose too low to start the fenestra-
tion process (Fig. 9C, middle panel), whereas a higher-than-nor-
mal output in Mir-183/96dko (Fig. 9C, lower panel) would not
affect fenestration. The differential regulation of RRP size in the
two mouse models on the other hand would reflect a narrow
optimal gene dose. The decrease observed in Dmdo calyces
would again reflect impaired developmental upregulation,
whereas the increase in Mir-183/96dko synapses would result
from a too high output because of the loss of regulation by both
miRNAs. However, validation of this model has to await mice
with targeted deletion of either of the miRNAs.

Physiologic roles of miR-183/96
Expression of both miRNAs persists into adulthood (Pawlik et
al., 2016; Krohs et al., 2021) raising questions about their role in
the mature auditory system. The calyx is optimized for robust,
high-fidelity neurotransmission with no long-term synaptic plas-
ticity (Leão, 2019). Although short-term plasticity has been
extensively described in vitro (Borst and van Soria Hoeve, 2012;
see above), its relevance in vivo is not clear (Lorteije et al., 2009).
Our data do not suggest a role for either of the miRNAs in STD
as it remains unaffected inMir-183/96dko synapses. Interestingly,
long-term changes in the auditory environment such as noise
rearing and conductive hearing loss change the properties of
large, central auditory synapses in a reversible manner. The
observed synaptic phenotypes include changes in release proba-
bility, the size of the RRP, VGluT1-cluster size, release site num-
ber, and synapse structure (Oleskevich and Walmsley, 2002;
Grande et al., 2014; Ngodup et al., 2015; Clarkson et al., 2016).
Additionally, on the postsynaptic site, alterations in the abun-
dance of AMPAR subunits and EPSC amplitudes have been
reported (Clarkson et al., 2016 and Oleskevich and Walmsley,
2002, respectively). These alterations at least partially resemble
the effects observed here in Mir-183/96dko synapses. It is thus
tempting to speculate that miR-183/96 might participate in the
regulation of long-term adaptions to the auditory environment.

In summary, we identified a genetic element involved in the
regulation of synaptic strength both at the presynaptic and post-
synaptic site of the calyx of Held. This makes miR-183/96

attractive candidates for coordinating developmental processes
as well as adaptations in synaptic transmission in response to
changes in auditory input.
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