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Abstract

The precise and specialized circuitry in the auditory brainstem develops through
adaptations of cellular and molecular signaling. We previously showed that elimina-
tion of microglia during development impairs synaptic pruning that leads to matu-
ration of the calyx of Held, a large encapsulating synapse that terminates on
neurons of the medial nucleus of the trapezoid body (MNTB). Microglia depletion
also led to a decrease in glial fibrillary acidic protein (GFAP), a marker for mature
astrocytes. Here, we investigated the role of signaling through the fractalkine
receptor (CX3CR1), which is expressed by microglia and mediates communication
with neurons. CX3CR1~/~ and wild-type mice were studied before and after hear-
ing onset and at 9 weeks of age. Levels of GFAP were significantly increased in
the MNTB in mutants at 9 weeks. Pruning was unaffected at the calyx of Held,
but we found an increase in expression of glycinergic synaptic marker in mutant
mice at P14, suggesting an effect on maturation of inhibitory inputs. We observed
disrupted tonotopic gradients of neuron and calyx size in MNTB in mutant mice.
Auditory brainstem recording (ABR) revealed that CX3CR1~/~ mice had normal
thresholds and amplitudes but decreased latencies and interpeak latencies, particu-
larly for the highest frequencies. These results demonstrate that disruption of
fractalkine signaling has a significant effect on auditory brainstem development.
Our findings highlight the importance of neuron-microglia-astrocyte communica-
tion in pruning of inhibitory synapses and establishment of tonotopic gradients

early in postnatal development.
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1 | INTRODUCTION

Microglia are highly dynamic cells that continuously extend their pro-

ECM, extracellular matrix; EGFP, enhanced green fluorescent protein; GABA, gamma-

aminobutyric acid; GBC, globular bushy cell; GFAP, glial fibrillary acidic protein; GLYT2,
glycine transporter 2; MNTB, medial nucleus of the trapezoid body; OPC, oligodendrocyte
progenitor cell; PNN, perineuronal net; RDA, rhodamine dextran amine; RO, region of
interest; VCN, ventral cochlear nucleus; VGAT, vesicular GABA transporter; VGLUT1/2,
vesicular glutamate transporters 1/2; VNTB, ventral nucleus of trapezoid body.

cesses to survey the brain parenchyma (Nimmerjahn et al., 2005).
Microglia function in immune responses of the brain (Sousa et al.,
2017) and have a significant role in neural development (Nelson &
Lenz, 2017; Reemst et al., 2016) and construction of neural circuits
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(Basilico et al., 2019; Miyamoto et al., 2016; Nonaka & Nakanishi,
2019) in normal and pathological conditions (Neniskyte & Gross,
2017; Whitelaw, 2018; Wolf et al., 2017). Microglia eliminate synap-
ses (Paolicelli et al., 2011; Schafer et al., 2012); promote formation of
new synapses (Miyamoto et al., 2016; Parkhurst et al., 2013); and par-
ticipate in synaptic remodeling (Schafer et al., 2012) during develop-
ment and in synaptic plasticity (Parkhurst et al., 2013; Schafer &
Stevens, 2015; Sipe et al., 2016). These functions depend on neuronal
activity and on direct contact between microglia and neurons (Wake
et al,, 2009).

Neuronal communication with microglia occurs in part through
fractalkine (CX3CL1), a transmembrane glycoprotein chemokine
widely expressed by neurons. It can exist in three forms—membrane-
anchored, pro-adhesive, and secreted. CX3CL1 is bound by the recep-
tor CX3CR1, which is expressed by microglia (Harrison et al., 1998;
Hatori et al., 2002; Jung et al., 2000). In a CX3CR1 transgenic mouse
line, the CX3CR1 gene was replaced with the gene encoding the
enhanced green fluorescent protein (EGFP) (Jung et al., 2000). This
mouse line allows investigation of the effect of fractalkine signaling
on the development of neural circuits together with visualization of
microglia with the EGFP reporter. CX3CR1 deficiency was shown to
impair the postnatal functional development of thalamocortical synap-
ses in the barrel cortex (Hoshiko et al., 2012). In the olfactory bulb,
CX3CR1 mutation led to the reduction of adult-born-granule cell spine
density, dynamics and size (Reshef et al., 2017) while in dentate gyrus,
CX3CR1 deficiency resulted in faulty synaptic integration as well as
depletion of synaptic vesicles (Bolos et al., 2018). In contrast, in the
visual cortex, loss of CX3CR1 had no effect on the baseline synaptic
turnover or on both early and late forms of activity-dependent visual
system plasticity (Lowery et al., 2017).

In the auditory system, the role of fractalkine signaling has been
examined only in the cochlea, where CX3CR1 is expressed by macro-
phages (Kaur et al., 2015) and CX3CL1 is expressed by spiral ganglion
neurons (Hirose et al., 2005; Jung et al., 2000). Lack of CX3CR1
resulted in increased loss of spiral ganglion neurons after selective hair
cell lesion (Kaur et al., 2015) and after ototoxic or acoustic injury
(Kaur et al., 2018). In addition, lack of fractalkine receptor in macro-
phages impaired the spontaneous recovery of ribbon synapses after
acoustic trauma (Kaur et al., 2019). CX3CR1-deficient macrophages
stimulated kanamycin ototoxicity in mice (Sato et al., 2010) while pro-
moting hair cell survival and improving hearing function of neomycin-
treated mice (Sun et al., 2015). The role of fractalkine signaling in the
auditory brainstem has not been identified.

We previously showed that pharmacological depletion of
microglia early in development leads to aberrant pruning of calyces of
Held in the medial nucleus of the trapezoid body (MNTB). This projec-
tion arises from the ventral cochlear nucleus (VCN) and projects con-
tralaterally in brainstem circuitry needed for sound localization.
During development, multiple small inputs are eliminated, resulting in
a single, encapsulating calyx (Hoffpauir et al., 2006; Holcomb et al.,
2013). A single dominant calyceal input on the principal neuron can
be seen starting as early as P6 (Holcomb et al., 2013). However,
smaller calyces may be still present and around 10% of neurons are
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continually innervated by multiple calyces (Holcomb et al., 2013; Mili-
nkeviciute et al., 2019). Microglia depletion resulted in retention of
polyinnervated MNTB neurons after the onset of hearing, when
MNTB neurons are normally monoinnervated. In addition, the expres-
sion of glial fibrillary acidic protein (GFAP), a mature astrocyte marker,
was decreased in the absence of microglia (Milinkeviciute et al.,
2019). These observations, together with the importance of
fractalkine for neuron-microglia communication, have led us to inves-
tigate the function of fractalkine signaling in auditory brainstem matu-
ration. Here, we tested whether CX3CR1-mediated communication
between neurons and microglia is necessary for synaptic and calyceal
pruning in MNTB. We found no significant effect of CX3CR1 mutation
on calyceal pruning. MNTB normally displays tonotopic gradients in
inputs, cell size, and gene expression patterns. Here, we demonstrate
that there is a tonotopic gradient of calyx size as well. However, the
tonotopic gradients of calyx size and neuron size were absent in
CX3CR1 mutant mice. CX3CR1 mutation led to changes in the emer-
gence of mature synaptic proteins, with a significant increase in levels
of the glycine transporter (GLYT2). In contrast with our previous
results (Milinkeviciute et al., 2019), loss of fractalkine signaling signifi-
cantly increased expression levels of GFAP. Auditory brainstem
recordings resulted in significantly shorter latencies at all frequency
levels, especially at 32 kHz, highlighting the sensitivity of high-
frequency auditory regions in the MNTB to the CX3CR1 mutation.
These results demonstrate that neuron-microglia signaling operates
at multiple levels to shape auditory circuitry during postnatal develop-
ment and highlight the range of microglial function in development.

2 | MATERIALS AND METHODS

21 | Animals

We used wild-type (WT) and CX3CR1~/~ mutant mice of both sexes.
CX3CR1~/~ mutant mice (Jackson Labs Stock Number #005582) were
bred on the C57BL/6 background and the generation of the strain has
been described in the study by Jung et al. (2000). Seventeen WT mice
were used at postnatal day 8 (P8), 33 mice at P14, and 8 mice at
9 weeks of age. Eleven CX3CR1™/~ mice were used at P8, 33 at P14,
and 7 animals at 9 weeks. For auditory brainstem recordings (ABRs),
we used 16 WT and 14 CX3CR1~/~ mice at 9 weeks of age, an age at
which hearing is mature (Chang et al., 2018; Sinclair et al., 2017;
Sonntag et al., 2009), but the age-related hearing loss that character-
izes this background strain has not yet begun (Ison et al., 2007,
Ohlemiller et al., 2016). All procedures were approved by the Univer-
sity of California, Irvine Institutional Animal Care and Use Committee.

2.2 | Antibodies and immunohistochemistry

We performed immunofluorescence for vesicular glutamate trans-
porters 1 and 2 (VGLUT1/2), vesicular gamma-aminobutyric acid
(GABA) transporter (VGAT), GLYT2, and the astrocytic marker GFAP.
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Mice were weighed (Figure S1) and perfused transcardially with 0.9%
saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer, pH 7.3 (PBS). Brainstems were dissected and postfixed in PFA
solution overnight. The next day, brains were equilibrated in a 30%
sucrose solution in 0.1 M PBS and then sectioned coronally at 18 pm
using a cryostat (CM 1850-3-1; Leica Microsystems). For each
brainstem, sections were mounted directly on a series of five chrome
alum-coated glass slides so that each slide contained every fifth
section.

Mounted sections were outlined with a PAP pen hydrophobic
barrier and rinsed in 0.1 M PBS for 5 min. For antigen retrieval, tissue
was incubated for 5 min in 0.1% sodium dodecyl sulfate in 0.1 M PBS
solution then washed in 0.1 M PBS. Sections were then incubated in a
blocking solution containing 5% normal goat serum (NGS; Vector Lab-
oratories S-1000) and 0.3% Triton X-100 (Acros 9002-93-1) in 0.1 M
PBS for 1 h at room temperature in a humidity chamber. Primary anti-
bodies (Table 1) were diluted in blocking solution, applied to the sec-
tions and left to incubate overnight at room temperature in a
humidity chamber. The tissue was then rinsed in 0.1 M PBS and incu-
bated for 1 h in goat anti-rabbit Alexa 647 (1:500; Thermo Fisher
A21244, AB_2535812) or anti-chicken Alexa 488 secondary antibody
(1:200; Thermo Fisher A11039, AB_2534096). Sections were then
washed in 0.1 M PBS and incubated in a red or blue fluorescent Nissl|
stain (NeuroTrace 530/615; Life Technologies N21482 or NeuroTrace
435/455, Life Technologies N21479) diluted in 1:200 in 0.3% Triton
X-100 in 0.1 M PBS. After 1 h, tissue was rinsed in 0.1 M PBS and
coverslipped with glycergel mounting medium (Dako C0563).

2.3 | Neuronal density

To test for effects of CX3CR1 mutation on cell number, we deter-
mined the cell density in MNTB (n = 5 WT and 5 CX3CR1™/~ mice at
P8 and 5 WT and 6 CX3CR1~/~ mice at P14). Tissue prepared for syn-
aptic protein analysis was used for neuronal density analysis. Cells
were plotted using images containing blue or red fluorescent Niss|
stain. Fiji's “Cell Counter” was used to count neurons within the out-
lined region of interest (ROI) of each MNTB section. Five MNTB sec-
tions from either left or right side were used per animal. Principal
neurons of the MNTB were identified as homogenous cells that were
round or slightly oval in shape (Hoffpauir et al., 2006; Weatherstone
et al., 2017). Only neuronal bodies with a visible nucleus and nucleo-
lus were counted. If a neuron was located at the border of the RO, it
was included in the count only if at least half of the soma was within
that ROI. Neuronal density was calculated by dividing the sum of

neuronal counts from each MNTB by the sum of MNTB area in the
slices used for analysis.

24 |
analysis

Fluorescent microscopy and areal coverage

We acquired 20x magnification images of sections throughout the
rostrocaudal extent of the MNTB using a Zeiss Axioskop-2 micro-
scope, an Axiocam camera, and Axiovision software. Both MNTBs
were analyzed. Animals in which at least three intact sections of
MNTB were present were included in the study.

Image analysis was performed as previously described
(Milinkeviciute et al., 2019; Schrode et al., 2018) by two examiners,
blind to genotype, and their results were averaged. Briefly, a series of
20x multichannel fluorescent photographs spanning the rostrocaudal
extent of the MNTB was assembled as an image stack in FLI
(Schindelin et al., 2012) for each animal. The boundary of the MNTB
was outlined in each section using the photograph taken with channel
corresponding to Nissl staining. For the outline, we used the ROI poly-
gon function in FlJI. All subsequent operations were performed on the
image channel corresponding to the immunolabeling of interest
(e.g., GLYT2). Additionally, we drew and stored an ROI vector that
estimated the direction of the tonotopic axis of the MNTB in each
section from the most medial to the most lateral point of the MNTB
(approximately parallel to the mediolateral axis). Optical density for
each section containing the labeling of interest was evaluated across
three compartments—medial, central, and lateral—that spanned the
estimated tonotopic axis of the MNTB. Compartment locations were
determined by computing the orthogonal projection of the MNTB
ROI polygon onto the estimated tonotopic vector and subdividing the
resulting region of overlap into three equally sized line segments. The
line segment closest to the midline designated the medialmost com-
partment, and each compartment encompassed all pixel data orthogo-
nal to its line segment. The areal coverage ratio was quantified as the
total number of thresholded pixels within a given compartment across
all sections divided by the total number of pixels within the entire
MNTB ROl intersecting a given compartment across all sections. With
the exception of manual drawing of the MNTB border and tonotopic
vector, all steps were fully automated, thus minimizing the possibility
of experimenter bias.

To visualize GLYT2 staining across VCN, LSO, and MNTB, 10x
magnification images were acquired and stitched together using Pho-
toshop. Histograms of Nissl and GLYT2 staining were adjusted to
achieve the clearest and best visual representation of immunolabeling.

Antigen Host RRID Cat. no Source Dilution TA B.L E1l L,ISt of primary antibodies
used in the project

GFAP Chicken AB_304558 ab4674 Abcam 1:1000

GlyT2 Rabbit AB_2619997 272003 Synaptic Systems 1:200

VGAT Rabbit AB_2492282 2100-VGAT PhosphoSolutions 1:200

VGIuT1/2 Rabbit AB_2285905 135503 Synaptic Systems 1:200
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Both genotype groups contained a negative control in which the pri-
mary antibody was omitted during the immunolabeling process.

2.5 | Axon tracing

In 19 animals at P14, we performed neuronal tracing to fill calyces of
Held in the MNTB. Mice were perfused transcardially with artificial
cerebrospinal fluid (aCSF; 130 mM NaCl, 3 mM KCl, 1.2 mM KH,POQy,,
20 mM NaHCO3, 3 mM HEPES, 10 mM glucose, 2 mM CaCl2,
1.3 mM MgS04 perfused with 95% O, and 5% CO,). Brains were
quickly dissected and placed in a chamber with oxygenated aCSF.
Axonal projections from the anteroventral VCN (AVCN) to the MNTB
were filled using a pulled glass micropipette filled with rhodamine dex-
tran amine (RDA; MW 3000, Invitrogen) solution (6.35% RDA with
0.4% Triton-X100 in PBS), which was then electroporated (Electro
Square Porator (ECM830; BTX) with 5 pulses per second (pps) at 55 V
for 50 ms into the ventral acoustic stria close to the midline. These
pulses resulted in sparse labeling of globular bushy cell (GBC) axons
and their terminal calyces of Held on both sides of the brainstem. The
brain was then placed back into the aCSF chamber for approximately
2 h under continuous oxygenation to allow for dye transport. The tis-
sue was then transferred to 4% PFA solution for another 2 h followed
by incubation in 30% sucrose solution in 0.1 M PBS. Brainstems were
cryosectioned in the coronal plane at 18 pm and mounted on an alter-
nating series of five slides. Slides with adequately labeled axons and
calyces of Held were immunolabeled for VGLUT1/2 as described
above.

2.6 | Confocal microscopy

RDA-labeled and VGLUT1/2-labeled tissue from 11 WT and
8 CX3CR1~/~ P14 mice was used for confocal microscopy (Leica SP8;
63x oil objective, zoom: 1.5, pinhole: 1) and subsequent analysis.
Nissl, RDA, and VGLUT1/2 z-stack images of calyces of Held were
acquired at a resolution of 1024 x 1024 pixels, with a z-step size of
0.5 pm. Gain and offset were set for each fluorescent channel and
each slide separately. In a few instances, these settings were adjusted
to account for differences in labeling intensity between sections on
the same slide. Image stacks were exported and surface area and vol-
ume of calyces of Held were analyzed using the surface module in
Imaris software (v9.5.0 and v9.3.0; Bitplane). RDA electroporation
resulted in random labeling of calyces throughout the MNTB. There-
fore, the entire mediolateral extent of the MNTB was analyzed. Sur-
faces of RDA-labeled calyces of Held were reconstructed using
smoothing and background both set to 0.4 pm and then manually
adjusted to optimize rendering of the labeled calyx. Sections were
coded and analyzed blind to genotype. Only one slide per animal was
analyzed and complete or near complete RDA-filled calyces of Held
with visibly preterminal axon segments were included in the analysis.
Any RDA-labeled calyces that were not possible to individually recon-
struct were excluded from the analysis. If the number of RDA-filled
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calyces from one slide was less than 5, results from such animal were
excluded from any calyceal quantitative analyses. Smoothing and
background function settings were 1.7 um and 10 pm, respectively.
Neurons and calyx of Held numbers analyzed and included in the
study from WT and CX3CR1~/~ cohorts are reported in Table 2.

2.7 | Determination of monoinnervation

At the time of surface rendering, the monoinnervation or poly-
innervation status of the postsynaptic neuron was evaluated as previ-
ously described (Milinkeviciute et al., 2019). Briefly, RDA-labeled
brainstems from WT and CX3CR1~/~ P14 mice were stained for
VGLUT1/2 and MNTB neurons receiving an RDA-filled input were
analyzed. Some neurons were contacted by an RDA-filled calyx of
Held while others, in addition to the RDA-labeled calyx, showed
VGLUT1/2 labeling outside of the calyx in close proximity to the neu-
ronal soma. This VGLUT1/2 labeling was indicative of additional cal-
yceal input onto the same MNTB neuron. We thus set our criteria
such that VGLUT1/2 labeling outside of the calyx that was continuous
and contacted no less than 25% of the neuronal surface was consid-
ered additional calyceal input and the neuron was classified as poly-
innervated. Percentages of monoinnervated and polyinnervated
neurons are presented in Table 2.

2.8 | Calyx of Held size along the mediolateral axis
of MNTB

We plotted all RDA-labeled and reconstructed calyces of Held along
the mediolateral axis of MNTB. We acquired 20x magnification
images of sections that were used for confocal analysis using a
Zeiss Axioskop-2 microscope, an Axiocam camera, and Axiovision
software. We outlined the MNTB and defined an axis from the
medialmost to the lateralmost point of the MNTB in FlJI. The loca-
tion of each of the reconstructed calyces was calculated along this
mediolateral MNTB axis. We used a simple linear regression to
investigate the correlation between the surface area of calyces of
Held and their positions in MNTB and determined whether there
was a significant difference between the WT and CX3CR1~/~ corre-
lation coefficients. In addition, MNTB was subdivided into two or
three equal bins, 0%-50% and 50%-100% and medial, central, and
lateral, respectively. The average surface area of calyx of Held was
calculated for each of these bins.

The volume of each of the reconstructed calyces of Held was
measured, and, together with the surface area, was used to calculate
the calyceal shape factor. A shape factor was calculated as
(SA1.5)/(6VaV), where SA is the surface area of the calyx and V is
its volume (deHoff, 1978; Muniak et al., 2018). This shape factor rep-
resents the intricate branching of the calyx of Held. The larger the
shape factor, the more complex the calyx of Held; a shape factor of
1.0 characterizes a perfect sphere. The analysis was performed blind
to the genotype.
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TABLE 2 Numbers of neurons and calyces of Held analyzed

Animals Animal
Genotype used ID

wt 11 B276
B277
B278
B280
B281
B282
B664
B665
B668
B670
18-259
18-197
18-198
18-201
18-202
18-255
18-296
18-297
18-305

neurons

CX3CR17/~ 8

W ok PN U, U, O NN P OO NN O WKL ©

2.9 | Neuron cross-sectional area measurement
Three WT and three CX3CR1~/~ mice at P14 and 9 weeks were used
to measure neuronal cross-sectional areas. Confocal images of Nissl-
stained tissue were taken with a Leica SP8 63x oil objective. Images
were acquired at a resolution of 1024 x 1024 pixels, with a z-step size
of 1 pm (speed; 600, line average: 2, pinhole; 1). An image of the
entire MNTB was acquired using the Tiling function. A different num-
ber of z-stacks were needed for each MNTB photographed. Separate
z-stacks were stitched together using Imaris Stitch (9.5.0.). These
composite images were then used to make maximum projection
images in FlJI. We outlined and measured the MNTB and principal
neurons within that MNTB using a polygon tool. Only neurons with a
visible nucleus and nucleolus were measured. Additionally, neurons at
the MNTB boundary were excluded. Cross-sectional area averages of
all neurons measured in WT and CX3CR1~/~ group were compared.

210 | Neuron cross-sectional area plotting along
the mediolateral MNTB axis

MNTB tonotopic arrangement follows the mediolateral axis, with high
and low frequencies located in the medial and lateral MNTB, respec-
tively (Sommer et al., 1993; Tolnai et al., 2008). A neuronal size gradi-
ent has been demonstrated in MNTB (Rotschafer & Cramer, 2017;
Weatherstone et al., 2017). We measured X coordinates of the most
medial and the most lateral point of the MNTB ROI in FlJI and plotted

Reconstructed

Number of Number of
Reconstructed monoinnervated poly-innervated
calyces neurons neurons

15 11 4
6 5 1
14 11 3
6 4 2
12 11 1
10 10 0
16 13 3
13 12 1
7 7 0
1
4 2
14 12 2
9 8 1
17 17 0
12 12 0
6 3
3
12 3
14 13 1

measured neurons along the mediolateral axis. Correlation between
the location and cross-sectional area of each neuron from WT and
CX3CR1~/~ group and significance of the difference between the cor-
relation coefficients were calculated using linear regressions.

211 | Auditory brainstem response recording
ABRs were performed on mice at 9 weeks. The recordings of WT and
CX3CR1~~ mice were interleaved and the same stimulus file was
used throughout the experiment. Mice were anesthetized with an
intramuscular injection of ketamine (75 mg/kg, KetaVed, VEDCO) and
xylazine (15 mg/kg, AnaSed, NADA # 139-236). Body temperature
was regulated using a far infrared warming pad (35°C; 15.2 cm W
x 20.3 cm L, Kent Scientific, RT-0501), which was positioned on a
Kopf model 900 Small Animal stereotaxic frame. Pin electrodes were
inserted subcutaneously with the positive electrode in the vertex, the
negative electrode placed at the right cheek, and the ground electrode
in the back near the right leg. Electrodes were connected to a Tucker-
Davis Technologies (TDT) RA4PA 4-channel Medusa amplifier, which
connected to a TDT RA16 Medusa Base Station.

ABRs were performed in a sound-attenuating chamber (102 cm
x 98 cm x 81 cm, Industrial Acoustics Company). Sound stimuli were
generated using TDT SigGen software version 4.4 and were presented
500 times at a rate of 21 stimuli per second. Sound was presented using
TDT MF1 Multi-Function Speaker through an ear tube placed in the ani-
mal's left ear. Sound stimuli were emitted via a TDT RP2.1 enhanced
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real-time processor and signal level was controlled using a TDT PA5 pro-
grammable attenuator. Recorded responses were amplified by a TDT
SA1 stereo power amp and filtered with the control of BioSig software
version 4.4. All responses to sound stimuli were recorded for 12 ms with
sound level decreasing in 5 dB SPL steps from 80 to 10 dB SPL. ABRs
were first recorded in response to 100 ps click stimuli followed by 4, 8,
12, 16, 24, and 32 kHz tone stimuli. At each sound level, sample
responses were averaged to attain an averaged response.

2.12 | ABRanalysis

Click and pure tone thresholds were determined by an observer blind
to genotype. Threshold was defined as the lowest sound intensity
(dB SPL) level at which a recognizable waveform would be detected.
Peaks and troughs were manually scored on BioSig by a blind
observer, and raw files were extracted from BioSig for further statisti-
cal analysis. Peak latency was determined as the time from sound
onset (0 ms) to the time of peak apex (ms). Interpeak latency was cal-
culated as the difference in time (ms) between the highest levels of
each of the peaks (I-II, lI-11I, HI-1V, I-1ll, and 1-1V). Peak amplitude was
calculated as the difference (uV) between the preceding trough and
the apex of the relative peak. Genotype differences and interactions
of genotype and intensities were calculated with two-way ANOVA
analysis, followed by Sidak's multiple comparisons test to determine
any intensity-specific differences.

2.13 | Experimental design and statistical analysis
To account for variability among litters, multiple litters were used for
each cohort. Quantitative results for all cell counts, calyx of Held
sizes, and innervation status as well as coverage of positive immuno-
histochemistry, neuronal cross-sectional area and ABR analyses are
represented by mean scores * standard error of the mean (SEM) and
were analyzed using Prism Software (v8.3.0; GraphPad Software).
Comparisons between different treatment and age groups were
made using an appropriate t-test, one-way, or two-way ANOVA.
Post hoc analysis was performed using Sidak's multiple comparisons
tests unless otherwise indicated. Statistical significance was
accepted at p < .05. Degrees of freedom (DF) are presented after
each statistical calculation in Section 3. Animal numbers, mean
scores +SEM, as well as effect of genotype are presented in Tables
S1 and S2.

3 | RESULTS

3.1 | Effects of CX3CR1 mutation on synaptic
protein expression

We evaluated the effects of loss of CX3CR1 on the development of
excitatory and inhibitory synapses in MNTB using synaptic markers.

THE JOURNAL OF COMPARATIVE NEUROLOGY

To examine the presence of excitatory terminals, we used immunoflu-
orescence to label VGLUT1/2 (Fremeau et al., Fremeau Jr. et al,
2001; Herzog et al., 2001; Kaneko et al., 2002). Inhibitory terminals
were evaluated using VGAT and GLYT2 immunofluorescence
(Mclntire et al., 1997; Wang et al., 2009).

VGLUT1/2 labeling in the MNTB of mature animals nearly
completely surrounds each of the principal neurons, reflecting the
presence of the large, excitatory calyces of Held that contact these
neurons (Borst & Soria van Hoeve, 2012; Forsythe, 1994; Kuwabara
et al., 1991). Tissue from WT and CX3CR1~/~ mice was immuno-
labeled with VGLUT1/2 and analyzed for areal coverage ratio of
immunopositive labeling in the MNTB at P8 (WT P8: 0.2 + 0.01, N =
15; CX3CR1~/~ P8: 0.13+0.01, N = 7; Figure 1(a,b) and P14
(WT P14: 0.18 £ 0.01, N = 9; CX3CR1~/~ P14: 0.17 £ 0.01, N = 14;
Figure 1(c,d)). CX3CR1~~ mice had significantly smaller VGLUT1/2
areal coverage ratios than their age-matched WT controls at P8 (WT-
CX3CR17/~ P8: p < .0001, DF = 41; ANOVA). In the higher magnifica-
tion images, it was noted that WT calyces almost completely
surrounded MNTB neurons, while in mutant mice, the VGLUT1/2 ring
was largely incomplete (Figure 1(a1,b1)). VGLUT1/2 expression signif-
icantly increased with age only in CX3CR1~/~ MNTB (WT P8-P14: p =
.1012, DF = 41; CX3CR1~/~ P8-P14: p = .0184, DF = 41; ANOVA) and
became comparable to WT expression by P14 (WT-CX3CR1~/~ P14:p
= .9410, DF = 41; ANOVA,; Figure 1(e)). These quantitative results
were reflected in higher magnification images (Figure 1(c1,d1)) show-
ing VGLUT1/2 immunolabel located around most of the neuronal cir-
cumference in both, WT and mutant animals at P14.

Inhibitory currents in MNTB were shown to contain GABAergic
and glycinergic components (Awatramani et al., 2005; Mayer et al.,
2014). However, GABA contribution to the total inhibition in MNTB
declines with age and becomes minor in adult animals (Awatramani
et al., 2005). We used VGAT immunofluorescence to label presynaptic
inhibitory puncta in MNTB. VGAT is a marker for GABA- and
GLYT2-positive terminals as it functions in the uptake of both neuro-
transmitters into synaptic vesicles (Chaudhry et al., 1998; Wang et al.,
2009). We examined VGAT areal coverage ratio in the MNTB at P8
(WT P8:0.18 + 0.01, N = 16; CX3CR1~~ P8: 0.17 + 0.01, N = 10; Fig-
ure 1(f,g)) and at P14 (WT P14: 0.11 + 0.01, N = 12; CX3CR1~/~ P14:
0.14 £ 0.01, N = 14; Figure 1(h,i)). There were no significant differ-
ences in VGAT areal coverage between WT and CX3CR1~/~ animals
at P8 or P14 (WT-CX3CR1~/~ P8: p = .7795, DF = 48; WT-CX3CR1™/~
P14: p = .0603, DF = 48; ANOVA). However, in WT mice, VGAT
expression significantly declined with age, while age did not have an
effect on VGAT expression in mutant mice (WT P8-P14: p <.0001,
DF = 48; CX3CR1~/~ P8-P14: p = .0866, DF = 48; ANOVA; Figure 1
(). Thus, lack of fractalkine signaling impairs the age-related decrease
of VGAT expression.

We measured the neuronal density in the MNTB of mice of both
genotypes at P8 and P14 (WT P8: 0.002 + 0.0001, N = 5; CX3CR1~/~
P8: 0.002 +0.00008, N = 5; WT P14: 0.001 + 0.00003, N = 5;
CX3CR1™~~ P14: 0.002 + 0.00006, N = 6; Figure 1(k)). Five MNTB
sections per animal from a total of five mice per group (with the
exception of CX3CR1~/~ P14 group where N = 6) were used for cell
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Effects of fractalkine receptor mutation on vesicular glutamate transporters 1/2 (VGLUT1/2) and vesicular GABA transporter

(VGAT) presynaptic protein expression in medial nucleus of the trapezoid body (MNTB). (a,b): Images of VGLUT1/2 immunolabel in MNTB from
wild-type (WT) and CX3CR1~’~ mice at P8. MNTB is indicated with a dashed line. Nissl-stained cell bodies are shown in magenta; VGLUT1/2
immunolabel is shown in green. (c,d) VGLUT1/2 immunofluorescence in MNTB in WT and CX3CR1~/~ animals at P14. (a1-d1) Higher
magnification confocal z-stack images of VGLUT1/2 staining in MNTB of (a-d). (e) Areal coverage ratio of VGLUT1/2 labeling in MNTB. There
was significantly less VGLUT1/2 in mutant than in WT mice at P8. However, VGLUT1/2 levels significantly increased with age in CX3CR1~/~
mice and there was no difference in VGLUT1/2 labeling between the two groups at P14. (f,g) Images of VGAT immunofluorescence in MNTB
from control and mutant mice at P8. (h,i) VGAT staining in WT and CX3CR1™/~ mice at P14. MNTB is indicated with a dashed line. Nissl-stained
cell bodies are shown in magenta; VGAT labeling is shown in green. VGAT immunolabel is comparable but less abundant in both WT and
CX3CR1~/~ mice at P14. (f1-i1) Higher magnification confocal z-stack images of VGAT staining in MNTB of (f-i). (j) Areal coverage ratio of VGAT
in MNTB. There was a significant decrease in VGAT labeling with age in WT mice but not in CX3CR1~/~ mice. (k) Neuronal density in MNTB.
Neuronal density was similar in both genotypes at P8 and P14. There was a significant age-related decrease in neuronal density in both groups.
Scale bar in (a) = 200 um, applies to panels (a-i). Scale bar in (a1) = 50 pm, applies to panels (a1-i1) [Color figure can be viewed at

wileyonlinelibrary.com]

plotting. There was no significant difference found between geno-
types at any age tested (WT-CX3CR1~/~ P8: p = 0.3853, DF = 17;
WT-CX3CR1~/~ P14: p = .7652, DF = 17). However, we found a sig-
nificant age-related decrease in neuronal density in both WT and
CX3CR1™/~ mice (WT P8-P14: p = .0001, DF = 17; CX3CR1~/~ P8-
P14: p <.0001, DF = 17; ANOVA; Figure 1(k)). Thus, any changes
observed in VGLUT1/2 and VGAT areal coverage ratios are not due
to the difference in neuronal numbers.

MNTB neurons are glycinergic (Kuwabara & Zook, 1991; Tollin,
2003) and principal MNTB neurons are themselves targeted by
glycine-positive terminals arriving mainly from the ventral nucleus of
trapezoid body (VNTB) (Albrecht et al., 2014; Kuwabara et al., 1991;
Thompson & Schofield, 2000). GLYT2 packages glycine neurotrans-
mitter into synaptic vesicles; thus, to selectively examine glycinergic
terminals in MNTB, we next investigated the expression of GLYT2
(Armsen et al., 2007; Liu et al., 2001). Upon qualitative observation,

GLYT2 expression appeared slightly more intense in mutant than WT
mice at P8. In addition, in the medial part of MNTB the GLYT2 expres-
sion appeared more dense in CX3CR1~/~ mice than in WT mice at P8
(Figure 2(a,b)). At P14, GLYT2 staining was more pronounced within
MNTB neurons in both genotype groups. However, CX3CR1~/~
MNTB appeared to maintain more GLYT2-positive fibers and termi-
nals than observed in WT MNTB in addition to the inside of neuronal
somata (Figure 2(c,d)). In WT animals, the location of GLYT2 expres-
sion in MNTB changed with age from mainly fibers and inputs to neu-
ronal somata at P8 and P14, respectively (Figure 2(a,b)). There was no
significant difference in GLYT2 areal coverage between WT and
CX3CR1™/~ mice at P8 (WT- CX3CR1~/~ P8: p = .3542, DF = 43;
ANOVA,; Figure 2(e)). By P14, GLYT2 areal expression decreased in
the WT group (WT P8-P14: p = .0029, DF = 43; ANOVA), but not in
mutant mice (CX3CR1™/~ P8-P14: p = .1172, DF = 43; ANOVA). At
P14, there was significantly greater GLYT2 expression in CX3CR1™/~
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mice than in WT controls (WT-CX3CR1~/~ P14: p < .0058, DF = 43;
ANOVA; Figure 2(e)).

We next investigated whether our observed increase in GLYT2
expression in CX3CR1~/~ mice varied along the tonotopic axis (Figure
2(f)). The MNTB of WT and mutant mice was separated into three
bins: medial, central, and lateral. We found that in WT mice, there was
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significantly less GLYT2 coverage in medial MNTB than in lateral
MNTB (WT medial-lateral: p = .0086, DF = 66; ANOVA). Similarly, in
CX3CR1~/~ mice, GLYT2 coverage was significantly smaller in the
medial than central and lateral MNTB (CX3CR1~/~ medial-central: p =
.0003, DF = 66; medial-lateral: p <.0001, DF = 66; ANOVA). When
GLYT2 levels were compared in each third of MNTB, we found a
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significant increase in GLYT2 expression only in the central MNTB of
the mutant mice when compared to their age-matched controls (WT-
CX3CR17/~ central: p = .0067, DF = 66; ANOVA). Thus, the loss of
fractalkine signaling does not affect the gradient of GLYT2 expression.
Given the observed changes in GLYT2 levels at P14 (Figure 2(e)), we
next examined GLYT2 expression at 9 weeks (Figure 2(g,h)). Five WT
and 5 CX3CR1~/~ mice were used for the study. We observed slight
differences in GLYT2 expression between WT and CX3CR1~/~ mice in
the auditory brainstem. Qualitative observations revealed weaker and
more diffuse GLYT2 staining in the MNTB of WT mouse (Figure 2(g1))
when compared to the mutant mouse where GLYT2-positive puncta
seemed to form aggregates (Figure 2(h1)). In contrast, GLYT2
immunolabeling was very dense in the LSO and VCN of the WT ani-
mal (Figure 2(g2,g3)) when compared to the mutant tissue where it
appeared sparser (Figure 2(h2,h3)).

3.2 | CX3CR1 mutants show enhanced GFAP
expression in MNTB

The astrocytic marker GFAP is considered a late-appearing mature
astrocyte marker (Gomes et al., 1999). Because GFAP expression is
minimal in the MNTB at P8 (Dinh et al., 2014; Milinkeviciute et al.,
2019), we examined GFAP expression at P14 weeks (11 WT and
15 CX3CR17™'7) and 9 weeks (6 WT and 6 CX3CR1~'7; Figure 3). At
P14, GFAP staining was found throughout the MNTB in both, WT
and mutant mice. Qualitative GFAP labeling examination revealed
slightly more dense expression levels in MNTB of mutant than control
mice (Figure 3(a,b)). A clearer difference was observed at 9 weeks,
with GFAP less abundant in control MNTB than in that of CX3CR1~/~
mice (Figure 3(c,d)). In WT animals, GFAP expression decreased at
9 weeks relative to P14, while in mutant animals, the age-related
decrease in GFAP expression was less obvious (Figure 3(b,d)). Tissue
was analyzed for areal immunofluorescence coverage as described for
synaptic proteins. High levels of GFAP expression were observed in
WT and CX3CR17/~ MNTB in both age groups (WT P14:
0.05 £ 0.002, N = 11; CX3CR1™/~ P14: 0.06 + 0.003, N = 15; WT

9 weeks: 0.03 + 0.002, N = 6; CX3CR1™/~ 9 weeks: 0.05 + 0.006, N =
6; Figure 3(e)). The GFAP-labeled area in CX3CR1~/~ MNTB was
greater but not significant than that measured in the control group at
P14 (p = .0902, DF = 34). At 9 weeks, GFAP areal coverage ratio was
significantly higher in the mutant group than in WT (p = .0208, DF =
34). GFAP expression significantly decreased with age in WT and
CX3CR1™~ MNTB (WT: p = .0006, DF = 34; CX3CR1~/~: p = 0218,
DF = 34). Thus, disruption of fractalkine-dependent signaling pathway
between microglia and neurons significantly increased GFAP expres-
sion but did not affect age-related changes of GFAP expression.

3.3 | Effects of disrupted fractalkine signaling on
pruning and size gradient of calyces of Held

Calyces of Held were sparsely labeled with RDA. After sectioning, tis-
sue was stained for VGLUT1/2, which in the MNTB largely corre-
sponds to the excitatory calyces of Held. RDA labeling, appearing as a
filled volume, together with punctate VGLUT1/2 immunofluorescence
enabled us to distinguish monoinnervated from polyinnervated MNTB
neurons (Figures 4 and 5). We previously confirmed this method using
a double dye electroporation technique to demonstrate that multiple
calyces can innervate a single MNTB cell, consistent with observa-
tions that around 10% of neurons are continually innervated by multi-
ple calyces neurons (Bergsman et al., 2004; Holcomb et al., 2013;
Milinkeviciute et al., 2019; Wimmer et al., 2004). We focused on P14,
as our previous study showed that most MNTB neurons were mono-
innervated by this age (Milinkeviciute et al., 2019). We found exam-
ples of polyinnervated neurons in MNTB of WT mice at P14 (Figure 4
(a,b)). Occasionally, VGLUT1/2-positive input outside of the RDA-
labeled calyx had also a visible axon (Figure 4(a)). In some cases, we
observed 2 RDA-filled calyces with discernible axons synapsing on a
single principal neuron (Figure 4(b)). Similar instances were also
detected in CX3CR1~/~ mice (Figure 4(c,d)). In both genotypes, we
found monoinnervated and polyinnervated neurons with calyces of
Held exhibiting intricate branching (Figure 5(a-d)). We calculated the
percentage of neurons contacted by more than one calyx (VGLUT1/2

FIGURE 2

Effects of CX3CR1 mutation on glycine transporter 2 (GLYT2) expression in medial nucleus of the trapezoid body (MNTB). (a,b)

GLYT2 immunolabeling in MNTB from WT and CX3CR1~/~ mice at P8. (c,d) GLYT2 staining in MNTB from control and mutant mice at P14. Nissl-

stained cell bodies are shown in magenta; GLYT2 labeling is shown in green. CX3CR1

=/~ animals exhibit visually stronger GLYT2 labeling than

wild-type (WT) mice with more GLYT2-positive axons traversing MNTB (d). (a1-d1) Higher magnification confocal z-stack images of GLYT2
staining in MNTB of (a-d). (e) Quantified GLYT2 areal coverage ratio in both genotypes at P8 and P14. We found an age-related significant
decrease in GLYT2 coverage in wild-type (WT) group but not in mutants. At P14, CX3CR1~/~ animals have significantly higher GLYT2 coverage
than the control group. (f) Quantified GLYT2 areal coverage ratio in medial, central, and lateral divisions of MNTB at P14. There is significantly
more GLYT2 in the lateral part of MNTB than medial in WT and mutant mice. There is significantly more GLYT2 in the middle portion of MNTB
of CX3CR1™/~ mice than WT mice. (g) GLYT2 immunolabel in the brainstem of WT mouse at 9 weeks. MNTB and LSO are outlined in dashed
lines. (g1) A maximal projection of 63x confocal z-stack of GLYT2 immunolabel in MNTB. (g2) A maximal projection of 63x confocal z-stack of
GLYT2 immunolabel in LSO. (g3) A maximal projection of 63x confocal z-stack of GLYT2 immunolabel in VCN. (g1-g3) Panels represent square
frames in panel (g) designated with corresponding letters. (h) GLYT2 immunolabel in the brainstem of CX3CR1~/~ mouse at 9 weeks. (h1), (h2),
and (h3) represent a maximal projection of 63X confocal z-stack of GLYT2 immunolabel in MNTB, LSO and VCN of CX3CR1~/~ mice, respectively
and represent square frames in panel (h). Scale bar in (a) = 200 um, applies to panels (a-d). Scale bar in (a1) = 50 pm applies to panels (a1-d1).
Scale bar in (g) = 800 um applies to panels (g) and (h). Scale bar in (g1) = 20 pm applies to panels (g1)-(h3) [Color figure can be viewed at

wileyonlinelibrary.com]
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Effects of fractalkine receptor mutation on glial fibrillary acidic protein (GFAP) expression in MNTB. (a,b) Medial nucleus of the

trapezoid body (MNTB) (dashed line) from WT and CX3CR1~/~ mice at P14 showing Nissl stain (magenta) and GFAP (green) expression. (c,d)
GFAP immunolabel in MNTB of WT and CX3CR1™~~ mice at 9 weeks. (a1-d1): Higher magnification confocal z-stack images of GFAP labeling in
MNTB, represent square frames from panels (a-d). (e) Areal coverage ratio of GFAP in MNTB. GFAP coverage significantly decreases with age in

WT and mutant animals. GFAP expression is significantly increased in CX3CR1

=/~ group at 9 weeks. Scale bar in (a) = 200 pm, applies to panels

(a-d). Scale bar in (a1) = 50 um, applies to panels (a1-d1) [Color figure can be viewed at wileyonlinelibrary.com]

staining in addition to the RDA-positive terminal; Figure 5(c,d)) in the
MNTB of WT and CX3CR1~/~ mice at P14 (WT P14: 16.41 + 3.56, N
= 11; CX3CR1~/~ P14: 15.53 + 4.81, N = 8; Figure 5(e)). We found no
significant difference in polyinnervation of MNTB neurons after hear-
ing onset, indicating that a lack of fractalkine signaling does not impair
calyceal pruning early in development (WT-CX3CR1~/~ P14: p =
.8849, t = 0.1474; DF = 13.85; Welch's t-test). A small percentage of
MNTB neurons were still polyinnervated after hearing onset in WT
and CX3CR1~/~ mice (WT P14: 16.41 + 3.56, N = 11; CX3CR1~/~ P14:
15.53 +4.81,N = 8).

We next examined the distribution of calyx size along the
tonotopic axis of MNTB in P14 animals. We plotted measured surface
area of calyces of Held by their location along the mediolateral axis in
three MNTB sections per animal from three WT and three CX3CR1~/~
mice at P14. We found a significant correlation between the surface
area and the location of the calyx of Held in WT mice. Smaller calyces
were localized to more medial parts of the MNTB and larger calyces
were found more laterally (WT P14: Spearman r = .3039, p = .004, N
of XY pairs = 88; Figure 5(f)). This correlation disappeared in
CX3CR1~/~ mice (CX3CR1~/~ P14: Spearman r = —.1642, p = .1406, N
of XY pairs = 82; Figure 5(g)). The difference between the WT and
CX3CR17/~ correlation coefficients was significant (p = .0021, calcu-
lated using http://vassarstats.net/rdiff.html).

We calculated the shape factor of calyces of Held, a measure of
complexity related to surface area and volume, in WT and CX3CR1~/~
mice (Bogaerts et al., 2009; Muniak et al., 2018). There was no differ-
ence observed between the shape factor between the two genotypes
(WT: 7.45 + 0.35, N = 11; CX3CR1~/~: 7.08 + 0.41, N = 8; p = .5056, t
=0.6816; DF = 15.32; Welch's t-test; Figure 5(h)).

We subdivided the MNTB in the medial, central, and lateral parts.
In WT animals, calyces of Held were significantly larger in the central
and lateral MNTB when compared to the those located in the medial
part, confirming the tonotopic calyx size gradient across the MNTB
(WT medial vs. central: p = .0011, DF = 164; medial vs. lateral: p =

0016, DF = 164; ANOVA; Figure 5(i)). In CX3CR1~/~ mice calyces
were significantly larger in the central MNTB than in the lateral MNTB
(CX3CR1~/~ central vs. lateral: p = .0448, DF = 164; ANOVA). We
found that calyces did not differ in size between control and mutant
mice in any of the subdivisions (WT-CX3CR1~/~ medial: p = .0905, DF
= 164; central: p = .2862, DF = 164; lateral: p = .7861, DF = 164;
ANOVA,; Figure 5(i)). This observation may be due to the uneven or
limited number of calyces analyzed when subdivided. When MNTB
was divided in half, the calyces in the medial half were significantly
larger in WT than mutant mice (WT-CX3CR1~/~ medial half: p =
.0234, DF = 166; lateral half: p = .9492, DF = 166; ANOVA,; Figure 5
(). Thus, the loss of fractalkine signaling disrupts the size gradient of
calyces of Held due to the presence of larger calyces in the medial
portion of the MNTB.

3.4 | CX3CR1 mutation disrupts neuronal size
gradient in MNTB

Principal neurons display a size gradient along the tonotopic axis of
the MNTB, with smaller neurons and larger neurons located in the lat-
eral and medial ends of the MNTB, respectively (Rotschafer &
Cramer, 2017; Weatherstone et al., 2017). We examined the effect of
fractalkine signaling on the gradient of neuronal cross-sectional area
along the mediolateral MNTB axis. We limited our analysis to P14 and
9 weeks, when the size gradient is mature (Rotschafer & Cramer,
2017; Weatherstone et al., 2017). We found a significant positive cor-
relation between the neuronal cross-sectional area and its
mediolateral position in the MNTB in WT mice at P14 (Spearman r =
2360, p < .0001, N of XY pairs = 449; Figure 6(a)). Smaller neurons
were located medially and gradually increased in size moving toward
the lateral part. However, the correlation was negative and the gradi-
ent was almost absent in CX3CR1~/~ mice at P14 (Spearman r =
—.0846, p = .0501, N of XY pairs = 537; Figure 6(b)). There was a
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FIGURE 4 Examples of polyinnervated neurons. (a) Polyinnervated neuron contacted by rhodamine dextran amine (RDA)-filled and vesicular
glutamate transporters 1/2 (VGLUT1/2) positive calyx in MNTB of WT mouse at 9 weeks. Axons are indicated with white arrows. (a1-a4) Cross-
sectional images of the neuron in (a). (b) Polyinnervated neuron in MNTB of WT mouse at 9 weeks contacted by two RDA-filled calyces. (b1-b4)
Cross-sectional images of the neuron in (b). (c) Polyinnervated neuron contacted by RDA-filled and VGLUT1/2 positive calyx in MNTB of
CX3CR1™/~ mouse at 9 weeks. (c1-c4) Cross-sectional images of the neuron in (c). (d) Polyinnervated neuron in MNTB of CX3CR1~~ mouse at

9 weeks contacted by two RDA-filled calyces. (d1-d4) Cross-sectional images of the neuron in (d). Scale bar in (a) = 4 pm, (al) = 2 pm, applies to
panels (a1-a3). Scale bar in (b) = 5 pm, (b1) = 3 pm, applies to panels (b1-b3). Scale bar in (c) = 3 um, (c1) = 3 pm, applies to panels (c1-c3). Scale
barin (d) = 4 pm, (d1) = 3 pm, applies to panels (d1-d3) [Color figure can be viewed at wileyonlinelibrary.com]

significant difference between the WT and CX3CR1~/~ correlation (medial: p < .0001, DF = 980; central: p < .0001, DF = 980; lateral: p =
coefficients (p <.0001, calculated using http://vassarstats.net/rdiff. .005, DF = 980; ANOVA; Figure 6(c)). At 9 weeks, the correlation
html). Neurons were significantly smaller in medial, central and lateral between the neuronal cross-sectional area and its position in the
parts of MNTB of WT mice when compared to CX3CR1~/~ at P14 MNTB in WT remained positive and significant (Spearman r = .5634,
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FIGURE 5 Confocal analysis of polyinnervation. (a,b) Reconstructed rhodamine dextran amine (RDA)-labeled calyces of Held (magenta)
terminating on medial nucleus of the trapezoid body (MNTB) principal neurons (blue) in a control (a) and a CX3CR1~/~ mouse (b) at P14,
respectively. Both are examples of monoinnervated MNTB neurons as evidenced by RDA-labeled calyces with no additional VGLUT1/2 (green)
labeling outside of RDA-labeled calyces. (a1,b1) Cross-sectional images of neurons in (a) and (b). (c,d) Examples of polyinnervated neurons in WT
(c) and CX3CR1~/~ mouse (d) at P14 as evidenced by VGLUT1/2 staining outside of RDA-labeled calyces (white asterisks). (c1,d1) Cross-sectional
images of neurons in (c) and (d). (e) Percentage of neurons polyinnervated. There was no significant difference between WT and mutant mice at
P14 in the percentage of polyinnervated MNTB neurons. (f) Correlation between the size and position of the calyx of Held in MNTB of WT mice
at P14. (g) Correlation between the size and position of the calyx of Held in MNTB of mutant mice at P14. There is a significant correlation
between the location of the calyx of Held and its surface area in the MNTB of WT but not in CX3CR1-/- mice. (h) Shape factor of calyces of
Held in WT and mutant mice at P14 indicating no difference in complexity. (i) Surface area of calyces of Held in the medial, central and lateral
parts of MNTB. There was no difference between surface area of calyces of Held between WT and CX3CR1~/~ animals. (j) Surface area of calyces
of Held in the medial and lateral halves of MNTB. Calyces are significantly larger in mutant than in WT mice in the medial half of MNTB. The
difference in results in (i) and (j) depends on the way MNTB is subdivided and is mostly due to uneven number of calyces of Held analyzed in
different parts of MNTB. Scale bars in (a-d) = 3 um. Scale bars in (a1-d1) = 2 um [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6

Neuronal size gradient
in MNTB

Effects of fractalkine receptor mutation on neuronal cross-sectional size gradients in medial nucleus of the trapezoid body

(MNTB). (a) Neuronal cross-sectional area distribution along the mediolateral axis in wild-type (WT) mice at P14. (b) The correlation between the
position along the tonotopic axis and neuronal cross-sectional area in mutant mice at P14. The difference between the correlation coefficients of
neuronal cross-sectional area in WT and mutant mice at P14 is significant. (c) Neuronal cross-sectional area distribution along the mediolateral
axis in WT mice at 9 weeks. (d) The correlation between the position along the tonotopic axis and neuronal cross-sectional area in mutant mice at
9 weeks. The difference between the correlation coefficients of neuronal cross-sectional area in WT and mutant mice at 9 weeks is significant.

There is a significant difference between the correlation coefficients of neuronal cross-sectional area CX3CR1

=/~ mice at P14 and 9 weeks.

(e) Neuronal sizes in the medial, central, and lateral parts of MNTB in WT and CX3CR1~/~ mice at P14. (f) Neuronal sizes in the medial, central,
and lateral parts of MNTB in WT and CX3CR1~/~ mice at P14. Bars represent all neurons measured from three MNTBs from three animals for
each genotype. Mutant mice had significantly larger neurons in all subdivisions of MNTB

p <.0001, N of XY pairs = 688; Figure 6(d)). Interestingly, in 9-week-
old mutant mice the correlation became positive and significant
(Spearman r = .3315, p <.0001, N of XY pairs = 646; Figure 6(e));
however, a significant difference in correlation coefficients between
WT and CX3CR1~/~ mice remained at 9 weeks (p <.0001). At
9 weeks, as at P14, neurons were significantly smaller in medial, cen-
tral, and lateral portions of MNTB of WT mice when compared to
CX3CR1™/~ (medial: p <.0001, DF = 1328; central: p < .0001, DF =
1328; lateral: p = .0267, DF = 1328; ANOVA; Figure 6(f)). Thus,
fractalkine signaling has an effect on neuronal size and its gradient in
MNTB, especially early in development.

3.5 | CX3CR1 mutation reduces latencies
of ABR waves

We examined auditory phenotypes by measuring ABRs in 16 WT and
14 CX3CR1~/~ mice at 9 weeks of age. Peak | reflects activity in the
VIlith nerve, followed by peak Il that shows activity in the cochlear
nucleus. Peak Il corresponds to activity of the superior olivary com-
plex, followed by peak IV showing activity in the lateral lemniscus
(Henry, 1979; Jewett et al., 1970; Jewett & Williston, 1971; Picton
et al.,, 1974). Click and pure tone stimuli were presented to the left ear
at decreasing intensities from 80 to 10 dB SPL in 5 dB SPL steps. Pure

tones were presented at 8, 12, 16, 24, and 32 kHz. Some, but not all,
animals were also presented a 4 kHz stimulus (N = 6 WT, N = 9
CX3CR1~/7). Click and pure tone traces were analyzed for threshold.
Pure tone traces at all intensities were analyzed for absolute peak
latency, inter-peak latency, and peak amplitude. Threshold was deter-
mined as the lowest intensity at which a recognizable waveform could
be observed. Consistent with previous studies (Kaur et al., 2019),
CX3CR1™/~ mice displayed normal hearing threshold in response to
click stimuli (p = .59; Welch's t test, t = .6368, DF = 27.28; Figure 7(a))
but effects of genotype showed significantly lower thresholds in
response to pure tones (p = .0076, DF = 1, ANOVA). Multiple compar-
isons tests for pure tones did not show frequency-specific differences
(4 kHz: p = .9602, DF = 153; 8 kHz: p = .9439, DF = 153; 12 kHz: p =
.8448, DF = 153; 16 kHz: p = .9037, DF = 153; 24 kHz: p = .6662, DF
=153; 32 kHz: p = .4770, DF = 153; ANOVA,; Figure 7(b)). All statisti-
cal values for peak amplitudes, latencies, and inter-peak latencies are
reported in Table S2.

Absolute peak latency was defined as the time (ms) of the highest
level (nV) for each peak following the onset of sound (0O ms) (Figure 8
(a)). Two-way ANOVA analysis revealed a main effect of genotype in
response to frequencies from 8 to 32 kHz frequency levels, showing
significantly reduced peak I-IV latencies in CX3CR1™/~ mice (Figure
8(b-f); Table S2). Post hoc comparisons showed that Peaks Ill and IV
latencies were significantly reduced in CX3CR1™/~ mice at some
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FIGURE 7 Auditory thresholds are not affected by the loss of
fractalkine signaling at 9 weeks of age. (a) Average thresholds for
responses to click stimuli. (b) Average auditory thresholds for
responses to tone stimuli. (c) Examples of wild-type (WT) and
CX3CR1~/~ mouse threshold traces in response to clicks. There is no
difference between WT and CX3CR1~/~ animals

intensity levels at the highest frequencies. These results show that
CX3CR1~/~ mice exhibit faster sound-processing conduction, espe-
cially at high frequencies.

To determine central conduction effects of CX3CR1 depletion,
interpeak latency was determined by observing the time (ms) between
the apex of each peak relative to the following peak, and the apex of
Peak | to the subsequent peaks (Figure 8(a)). CX3CR1~/~ mice showed
significantly decreased interpeak latencies between Peaks | and Il at
8-32 kHz; however, multiple comparison analyses did not reveal
intensity-specific differences (Figure 9(a)). Disrupted fractalkine sig-
naling resulted in significantly decreased Peaks II-lll latency at 12, 16,
and 32 kHz (genotype effect), but pairwise comparisons did not reach
significant at specific intensities (Figure 9(b)). Peaks llI-1V latencies
were significantly reduced at 8, 12, and 32 kHz in CX3CR17/~, with
some significant reductions at specific intensities (Figure 9(c)).
CX3CR1~/~ mice showed significantly decreased latencies between
Peaks I-lll at all frequency levels, with some intensity-specific differ-
ences (Figure 9(d)). Peaks I-1V interpeak latencies were significantly
decreased at 8-32kHz in CX3CR1™”~ mice (Figure 9(e)) with

B\ LE Y-
intensity-specific differences observed at some frequencies in post
hoc comparisons. Overall, these data suggest that at high frequencies,
there is a significant reduction in Peak | latencies in CX3CR1~/~ mice,
and this effect is propagated along the ascending auditory pathway.
Further, CX3CR1™/~ mice display decreased central conductivity time,
as observed by decreased interpeak latencies.

Peak amplitude was determined as the level of deviation (uV)
from the preceding trough to the apex of the relative peak (Figure 8
(a)). Compared to WT mice, CX3CR1~/~ mice exhibited normal Peak |
amplitude responses at most frequencies. At 4 kHz, genotype effects
showed that there was a significantly elevated amplitude in the
CX3CR17/~; however, post hoc analyses did not reveal intensity-
specific differences. Genotype effects also showed that there was a
small significant decrease in Peak | amplitude at 8 kHz and 32 kHz;
however, multiple comparison analyses did not reveal significant dif-
ferences at any intensity level tested (Figure 10(a)). CX3CR1™/~ mice
showed mostly normal Peaks Il and Il amplitude responses. Significant
decreases in amplitude based on genotype effects were detected only
at 8 kHz; however, multiple comparison analysis did not reveal signifi-
cant intensity-specific differences (Figure 10(b,c)). Peak IV amplitudes
were significantly reduced in CX3CR1~/~ mice at 4, 12, and 16 kHz,
but post hoc analyses did not reveal intensity-specific differences
(Figure 10(d)). Together, these results show that CX3CR1™~ mice
show slightly diminished ABR amplitudes.

4 | DISCUSSION

In the present study, we used a CX3CR1 transgenic mouse line to
investigate the role of fractalkine signaling in auditory circuit develop-
ment. We found that disruption of fractalkine signaling pathway led
to increased expression of GLYT2 in the MNTB. Unlike our previous
observations following microglia elimination, we found that loss of
CX3CR1 did not impair calyceal monoinnervation of MNTB neurons
and led to an increase rather than a decrease in the expression levels
of the mature astrocyte marker GFAP. Within the MNTB, CX3CR1~/~
mice displayed loss of tonotopic size gradients of principal neurons as
of their calyceal inputs. Functionally, ABR thresholds appeared nor-
mal; however, decreased latencies, especially for the highest fre-
guency responses, were observed.

4.1 | Fractalkine function in regulation of synaptic
protein expression

41.1 | Excitatory signaling in MNTB

Principal neurons of MNTB receive large and fast neural excitatory
input through the encapsulating calyx of Held (Borst & Soria van
Hoeve, 2012; Forsythe, 1994; Held, 1893; Kuwabara et al., 1991;
Tolbert & Morest, 1982). It was previously shown that VGLUT2

immunoreactivity in MNTB did not change between ages P6 and P14
in FVB mice (Rotschafer & Cramer, 2017). We found no age-related
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FIGURE 8 Loss of fractalkine signaling leads to reduced auditory brainstem recording (ABR) peak latencies. (a) Schematics of ABR waveform.

(b) ABR waveforms of WT and CX3CR1~/~ group at 9 weeks of age. (c—f) Average latencies for Peaks |-V in response to pure tone stimuli at 8,
16, and 32 kHz at 10-80 dB SPL. All peaks at all frequency levels (except for 4 kHz) in the CX3CR1~/~ group showed significantly reduced

latencies compared to WT

change in VGLUT1/2 expression levels in MNTB of WT mice, similar
to our previous findings (Milinkeviciute et al., 2019). Although
VGLUT1/2 expression was significantly lower in mutant mice at P8, it
reached control levels by P14. Studies have shown that fractalkine
signaling is involved in the postnatal functional development of excit-
atory synapses (Basilico et al., 2019; Hoshiko et al., 2012; Paolicelli
et al, 2011; Zhan et al., 2014). We did not find an effect on
VGLUT1/2 labeling in MNTB after hearing onset. This finding could
be attributable to the microglial functional heterogeneity in different
parts of the brain (Jacobs et al., 2019; Tan et al., 2020) at different
time points during development (Li et al., 2019; Masuda et al., 2019;
Ritzel et al., 2015). The difference in VGLUT1/2 levels at P8 could be
attributable to a delay in maturation of synaptic terminals and/or an
accelerated rate of synaptic pruning. However, calyces from WT and
CX3CR1~~ animals appear to become comparable in terms of
VGLUT1/2 expression as they grow and mature. After hearing onset
we did not find any difference between VGLUT1/2 levels or calyceal
surface area or shape factor. Together, our findings suggest a devel-
opmental function for CX3CR1 in synaptic maturation in MNTB
before hearing onset. CX3CR1 signaling through microglia is needed

for establishing early levels of VGLUT1/2, but in the absence of
CX3CR1 other mechanisms likely compensate for the deficit as the
system matures.

4.1.2 | Inhibitory signaling in MNTB during early
postnatal development

We used two markers, VGAT and GLYT2, to investigate inhibitory
synapses in MNTB. Previously, it was shown that CX3CR1~/~ mice
have significantly higher levels of VGAT puncta in the spinal cord,
indicating a role for CX3CR1 in inhibitory synapse removal (Freria
et al,, 2017). We found that VGAT levels did not differ in the MNTB
between mutant and wild type animals at P8 or P14, and only WT
mice showed an age-related decrease in VGAT expression. In contrast,
a significant increase in GLYT2 expression was seen at P14 in
CX3CR1~/~ animals when compared to age matched controls. The dif-
ference between VGAT and GLYT2 results may be due to the fact
that the VGAT antibody labels both GABA- and GLYT2-positive inhib-
itory terminals (Chaudhry et al., 1998; Wang et al., 2009). The
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FIGURE 10 ABR peak amplitudes are reduced in CX3CR1~~ mice in the lowest frequency tested. (a-d) Average peak |-V amplitudes in
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contribution of GABA expression to the overall VGAT areal coverage

is unclear. GLYT2-positive puncta are found in MNTB before hearing
onset (Friauf et al., 1999; Geal-Dor et al., 1993; Uziel et al., 1981).
MNTB receives intrinsic inhibitory projections (Kuwabara & Zook,

1991); however, the main source of inhibitory input is the VNTB
(Albrecht et al., 2014). GLYT2 development is characterized by an ini-
tial increase of expression with a subsequent decrease after P10 and

establishment of adult-like pattern by P22 in rats (Friauf et al., 1999).
Taken together, our findings show impairment of GLYT2 development
in mutant mice. We found that in CX3CR1~/~ mice, GLYT2 expression
was decreased in LSO, which receives inhibitory input from MNTB

and excitatory input from AVCN. MNTB cells showed enhanced
GLYT2 expression in CX3CR1~/~ mice, while LSO showed less. In
addition, GLYT2 expression in AVCN appeared to be reduced in
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CX3CR1™/~ mice when compared to controls at 9 weeks. Reduced
GLYT2 in AVCN may indicate reduced inhibition to the GBCs that
project to MNTB principal neurons and/or to the spherical bushy cells
that project to LSO. Together, these factors could greatly alter relative
levels of inhibition and excitation in LSO in CX3CR1~~ mice. The
effects of these alterations on the computation of interaural intensity
differences and sound localization remain to be determined.

Fractalkine signaling has been previously shown to function in
synaptic pruning during development. CX3CR1™~ mice showed
increased synaptic engulfment in hippocampus during the second and
the third postnatal weeks (Paolicelli et al., 2011). In contrast, loss of
CX3CR1 did not influence the pruning of excess climbing fibers and
had no impact on the development of functional parallel fiber and
inhibitory synapses with Purkinje cells in the cerebellar cortex (Kaiser
et al., 2020). We found an age-related decrease in GLYT2 expression
in WT animals but not in CX3CR1~/~ mice, which may reflect loss of
pruning of inhibitory synapses in MNTB in mutants. While our data
showed increased GLYT2 in the MNTB at P14, at 9 weeks
GLYT2-positive puncta appeared denser and aggregated. In LSO and
VCN GLYT2 expression visually appeared sparser than in WT animals.
It thus appears that fractalkine signaling regulates inhibitory protein
expression and pruning differently in individual auditory brainstem
nuclei.

It is possible that aberrant distribution of inhibitory terminals in
MNTB is related to modifications in extracellular matrix (ECM) pro-
teins. Recently, microglia were linked to the regulation of peri-
neuronal net (PNN) formation and integrity (Crapser et al., 2020).
Aggrecan, an ECM protein associated with PNNs, was shown to be
important in the neurotransmission of inhibitory interneurons in the
dentate gyrus (Yamada & Jinno, 2017) and PNNs regulate inhibitory
perisomatic input in the prefrontal cortex (Carceller et al., 2020).
Additionally, aggrecan was significantly increased in the granule
layer of dentate gyrus in CX3CR1~/~ mice (Bolos et al., 2018).
MNTB neurons are inhibitory (Kuwabara & Zook, 1991; Tollin,
20083), parvalbumin positive (Felmy & Schneggenburger, 2004), and
surrounded by PNNSs consisting of various ECM proteins including
aggrecan (Blosa et al., 2013; Blosa et al., 2015; Hartig et al., 2001).
Disruption of PNNs in MNTB was shown to reduce excitability by
enhancing the inhibition (Balmer, 2016). The possibility that PNN
composition is related to synaptic changes in MNTB remains to be
explored (Schmidt et al., 2020).

4.2 | CX3CR1 in synaptic pruning

Microglia and astrocytes both contribute to developmental synaptic
and axonal pruning to establish appropriate neural circuits (Bialas &
Stevens, 2012; Peri & Nusslein-Volhard, 2008; Schafer et al., 2012;
Schafer & Stevens, 2013). However, CX3CR1 is only expressed by
microglia that bind fractalkine (CX3CL1) produced by neurons
(Harrison et al., 1998; Hatori et al., 2002; Jung et al., 2000) and devel-
oping oligodendrocyte progenitor cells (OPCs), which gets down-
regulated in mature oligodendrocytes (Zhang et al., 2014). Given

CX3CL1-CX3CR1 contributions to microglial migration (Cardona et al.,
2006; Liang et al., 2009; Ruitenberg et al., 2008), it is possible that
loss of fractalkine signaling prevents microglia from reaching the
points of synaptic pruning or leads to a delay in microglial recruitment
(Hoshiko et al., 2012). However, it seems unlikely because microglia
are present in MNTB at P8 and P14 in mutant mice (Dinh
etal, 2014).

4.3 | Fractalkine signaling in microglia-astrocyte
communication

We previously found that elimination of microglia led to decreased
expression of the mature astrocyte marker GFAP. Here, we found that
the CX3CR1 mutation led to increased expression of GFAP. These
results together suggest that microglia regulate astrocyte maturation
in multiple ways. Microglia, astrocytes, and neurons can influence
each other's development and actions by regulating migration (Arno
et al., 2014), proliferation rates (Antony et al., 2011; Walton et al.,
2006), phagocytosis of precursor cells (Cunningham et al., 2013) and
regulation of developmental switch from neuro- to astrogenesis
(Bechade et al., 2011; Peunova & Enikolopov, 1995). Microglia may
regulate astrocyte differentiation (Dalmau et al., 1997). Microglial
depletion in cortical precursor cell cultures resulted in a reduction of
newly generated astrocytes (Antony et al., 2011). Moreover, microglia
secrete several molecules that influence astrocytic differentiation
and/or proliferation (Bechade et al, 2011; Giulian et al., 1988;
Nakanishi et al., 2007). In contrast, some literature suggests that
astrocytes are present before microglial maturation and ramification
takes place (Rezaie et al., 2002). In this way, astrocytes would contrib-
ute to microglial maturation (Navascues et al., 2000; Rezaie et al.,
2002; Tanaka & Maeda, 1996). This idea is strengthened by the fact
that astrocytes can stimulate proliferation of microglia (Frei et al.,
1986; Lee et al., 1994). We found that GFAP expression is signifi-
cantly increased in the absence of fractalkine signaling at P14.
CX3CR1 is not expressed by astrocytes (Harrison et al., 1998; Hatori
et al, 2002; Jung et al., 2000); therefore, we suggest that the
observed effect is due to disrupted fractalkine signaling between neu-
rons and microglia, which in turn influence astrocyte maturation or
regulate their numbers. The specific downstream signaling pathways
remain to be identified.

44 | Microglia-neuron communication
in the establishment of tonotopic gradients

Structures within the auditory system are tonotopically organized
(Friauf, 1992; Kandler et al., 2009; Spirou et al., 1993). The develop-
ment of tonotopic maps relies on spontaneous activity (Clause et al.,
2014; Clause et al., 2017; Di Guilmi et al., 2019; Muller et al., 2019) as
well as on other molecular cues (Karmakar et al., 2017; Macova et al.,
2019; Miko et al., 2007). Various genes are differentially expressed
along the tonotopic axis (Brew & Forsythe, 2005; Leao et al., 2006;
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Sato et al., 2009; Son et al., 2012). In MNTB, high-to-low best fre-
quencies are encoded in the medial-to-lateral axis (Sommer et al.,
1993; Tolnai et al., 2008). Neurons also vary along the mediolateral
axis of MNTB based on their response properties (Brew & Forsythe,
2005; Tolnai et al., 2008). Anatomically, cells located in the medial
part of MNTB are smaller than those found in the lateral side. Thus,
there is a neuronal size gradient along the mediolateral MNTB axis
(Rotschafer & Cramer, 2017; Weatherstone et al., 2017). Our analy-
sis shows that this size gradient is lost in the absence of fractalkine
signaling at P14. The tonotopic size gradient becomes more pro-
nounced in 9-week-old mutant mice; however, it still remains signifi-
cantly different from that seen in WT mice. In addition, we
described the size differences of calyces of Held between those
located in the medial and lateral portions of the nucleus. Thus,
CX3CL1-CX3CR1 signaling appears to be a communication pathway
required for the establishment of tonotopic gradients in MNTB. Loss
of CX3CR1 results in the loss of neuronal and calyceal size gradients,
possibly through reciprocal signaling to principal neurons of MNTB
as well as GBCs in AVCN.

45 |
latency

Fractalkine signaling effect on ABR wave

Our studies revealed that ABRs in CX3CR1™'~ mice showed normal
thresholds, slightly diminished peak amplitudes and reduced latencies,
especially for the highest frequency stimulus tested (32 kHz). Loss of
CX3CR1 reduced the latencies of all four peaks, suggesting that the
fractalkine signaling affects the entire ascending auditory chain rather
than a particular region within the auditory pathway. Reduced ABR
Peaks | and Il latencies and interpeak I-1l and II-IIl latencies have also
been reported in maternal mice when compared to nulliparous mice
suggestive of plasticity at the level of the VIlith nerve and cochlear
nucleus (Miranda et al., 2014).

An intriguing observation in our study was that the most signifi-
cant alterations in the ABR recordings were seen in response to high
frequencies, which could be related to the observed increases in cell
body and calyx size in the medial portion of MNTB. The decrease in
ABR latencies may also be due to changes in myelination of axons.
Recently, it was shown that CX3CR1~/~ mice display reduced
engulfment of OPCs in the corpus callosum, and consequently
increased numbers of oligodendrocytes and impaired myelination
without any effect on axon numbers or their diameter. Surprisingly,
the myelin sheath was thinner in mutant animals despite the ele-
vated numbers of oligodendrocytes (Nemes-Baran et al., 2020). A
thinner myelin sheath should decrease signal transmission, which
would result in longer ABR latencies (Long et al., 2018; Naito et al.,
1999; Zhou et al., 1995). Our observation of shorter latencies would
suggest a thicker myelin sheath or larger axon diameters and shorter
internodes (Ford et al, 2015). Interestingly, blocking CX3CR1
reversed demyelination in global cerebral ischemia and promoted
differentiation and maturation of oligodendrocyte progenitor cells
in hippocampus (Du et al., 2020). Again, these differences may be

IR VI LE Y-
due to the temporal and spatial heterogeneity of microglia and their
functions (Masuda et al., 2019; Tan et al., 2020).

There are limited data on the CX3CR1~/~ phenotypes in the audi-
tory system. So far, reports mainly focus on fractalkine signaling in the
cochlea in response to injury, which was shown to be critical for hair
cell and spiral ganglion neuron survival (Kaur et al., 2015; Kaur et al.,
2018; Sato et al., 2010). CX3CR1~/~ mice displayed enhanced synaptic
degeneration in the cochlea after moderate noise trauma. Similar to
our results, authors reported no difference in auditory thresholds
between WT and CX3CR1~/~ mice prior to noise trauma (Kaur et al.,
2019). Our anatomical studies, together with our central ABR peak
latency data, suggest that CX3CR1 influences development of the
brainstem auditory pathways.

4.6 | Concluding remarks

We have characterized projections to MNTB and auditory function in
mice lacking the fractalkine receptor CX3CR1. While our previous
study suggests that microglia are needed for pruning at the calyx of
Held and for astrocyte maturation, the present study suggests that
fractalkine signaling does not account for these roles. Instead,
CX3CR1 appears to contribute distinct functions to auditory develop-
ment. These functions may be more focused on inhibitory synaptic
pruning and on tonotopic maps in MNTB. These findings highlight the
dynamic functions of microglia in multiple aspects of auditory
brainstem maturation.
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