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Distribution of Glutamatergic and Glycinergic Inputs onto Human
Auditory Coincidence Detector Neurons

Yusra Mansour a,b and Randy Kulesza a*

aDepartment of Anatomy, Lake Erie College of Osteopathic Medicine, Erie, PA, United States

bHenry Ford Macomb Hospital, Department of Otolaryngology – Facial Plastic Surgery, Clinton Township, MI, United States

Abstract—Localization of sound sources in the environment requires neurons that extract interaural timing differ-
ences (ITD) in low-frequency hearing animals from fast and precisely timed converging inputs from both ears. In
mammals, this is accomplished by neurons in the medial superior olive (MSO). MSO neurons receive converging
excitatory input from both the ipsilateral and contralateral cochlear nuclei and glycinergic, inhibitory input by way
of interneurons in the medial and lateral nuclei of the trapezoid body (MNTB and LNTB, respectively). Key features
of the ITD circuit are MSO neurons with symmetric dendrites that segregate inputs from the ipsilateral and con-
tralateral ears and preferential distribution of glycinergic inputs on MSO cell bodies. This circuit for ITD is well
characterized in gerbils, a mammal with a prominent MSO and a low-frequency hearing range similar to humans.
However, the organization of this circuit in the human MSO has not been characterized. This is further compli-
cated by limited understanding of the human LNTB. Nonetheless, we hypothesized that the ITD circuit character-
ized in laboratory animals is similarly arranged in the human MSO. Herein, we utilized neuron reconstructions and
immunohistochemistry to investigate the distribution of glutamatergic and glycinergic inputs onto human MSO
neurons. Our results indicate that human MSO neurons have simple, symmetric dendrites and that glycinergic
inputs outnumber glutamatergic inputs on MSO cell bodies and proximal dendrites. Together these results sug-
gest that the human MSO utilizes similar circuitry to other mammals with excellent low-frequency hearing. � 2021

IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

The mammalian auditory system functions to characterize

the origin as well as temporal and spectral features of a

large repertoire of environmental sounds and

vocalizations. Mechanoreceptors in the organ of Corti

and the central auditory pathways are organized

according to maps of sound frequency, or tonotopy, and

these maps are evident in most if not all auditory nuclei

and tracts (Guinan et al., 1972). However, localization of

sound sources in the environment requires extraction of

information beyond frequency. Specifically, circuits that

function in localization of low-frequency sounds compare

the arrival time of sounds at each ear and calculate an

interaural time difference (ITD; Jeffress, 1948; Goldberg

and Brown, 1969; Yin and Chan, 1990; Spitzer and

Semple, 1995). This task requires circuits specialized

for fast and precise convergence of information from both

ears (Grothe et al., 2010). In the mammalian auditory

brainstem, neurons in the medial superior olive (MSO)

are the first major site of convergence of information from

both ears and these neurons play an essential role in

extracting ITDs (Stotler, 1953; Goldberg and Brown,

1969; Yin and Chan, 1990; Brand et al., 2002;

Couchman et al., 2010). Specifically, ITD coding depends

on maximal responses to coincidental excitatory inputs

from each ear and consistent with this function, MSO neu-

rons are referred to as coincidence detectors (Kapfer

et al., 2002). Indeed, MSO neurons are capable of detect-
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ing ITDs in the microsecond range and such precision is

required to accurately localize sound sources in the envi-

ronment (Klumpp and Eady, 1956; Goldberg and Brown,

1969; Yin and Chan, 1990; Brand et al., 2002; Grothe

et al., 2010; van der Heijden et al., 2013).

In nearly all mammalian species, the MSO consists of

a stacked column of elongated neurons that give rise to

both medially and laterally directed dendrites (Stotler,

1953; Feng and Rogowski, 1980; Kiss and Majorossy,

1983). While there is abundant input onto the cell body

of MSO neurons, this dendritic organization serves to col-

lect and segregate inputs from the ipsilateral and con-

tralateral ears (Stotler, 1953; Grothe et al., 2010). Inputs

to the MSO are comparatively simple and well character-

ized in several laboratory animals (Brand et al., 2002,

Pecka et al., 2008; Couchman et al., 2012; van der

Heijden et al., 2013; Myoga et al., 2014; Fig. 1). The

MSO receives glutamatergic input from both ears via

spherical bushy cells (SBCs) in the ventral cochlear nuclei

(VCN). Inhibitory input from the ipsilateral ear is driven by

glutamatergic input from globular bushy cells (GBC) to the

lateral nucleus of the trapezoid body (LNTB) and inhibi-

tory input from the contralateral ear is driven by GBC input

to the medial nucleus of the trapezoid body (MNTB; Friauf

and Ostwald, 1988; Kuwabara et al., 1991; Smith et al.,

1991). Together, the LNTB and MNTB provide monoaural

glycinergic input from each ear to the MSO (Kuwabara

and Zook, 1992; Grothe and Sanes, 1993; Smith, 1995;

Smith et al., 1998; Roberts et al., 2014). Despite the

added synaptic delay for MNTB and LNTB inputs to the

MSO, these glycinergic inputs reach the MSO before

the glutamatergic inputs from SBCs (Roberts et al.,

2014). The speed and precision required for this circuit

is mediated by several specializations. Specifically, GBCs

give rise to large diameter, heavily myelinated axons and

form large calyx terminals upon MNTB/LNTB somata that

include hundreds of synapses/active zones (Morest,

1968a, 1968b; Banks and Smith, 1992; Cant and

Hyson, 1992; Spirou and Berrebi, 1996, 1997;

Taschenberger et al., 2002). Furthermore, GBC axon

diameter, myelination and inter-nodal lengths vary across

best-frequency and are optimized for ITD coding (Ford

et al., 2015). These glycinergic inputs from the MNTB/

LNTB are preferentially distributed onto the soma of

MSO neurons in laboratory animals with excellent low-

frequency hearing and that preferentially use ITDs

(Clark, 1969 [cat]; Kapfer et al., 2002; Couchman et al.,

2010 [gerbil]). Accordingly, these glycinergic inputs to

the MSO play an essential role in fine tuning ITDs

(Brand et al., 2002; Grothe and Sanes, 1993; van der

Heijden et al., 2013; Myoga et al., 2014).

While the ITD circuit is well characterized in animal

models, virtually nothing is known about the ITD circuit

in the human MSO. The MSO is the largest and most

prominent nuclei of the human superior olivary complex

(SOC), and this is consistent with excellent low-

frequency hearing in humans (Kulesza, 2007). The

human MSO includes about 15,000 fusiform or triangular

cell bodies that emit both medial and lateral primary den-

drites perpendicular to the long axis of the nucleus. While

the human ITD circuits are likely consistent with pathways

that have been demonstrated in gerbils, the contributions

of the MNTB and LNTB are unclear. This is further com-

plicated by a decades long debate about the human

MNTB in humans (Moore and Moore, 1971; Strominger

and Hurwitz, 1976; Moore, 1987; Bazwinsky et al.,

2003; Hilbig et al., 2009; but see Kulesza, 2014;

Kulesza and Grothe, 2015) and a number of uncertainties

regarding the structure and connectivity of the LNTB.

Regardless, we hypothesized that inhibitory and excita-

tory inputs are segregated onto human MSO neurons.

Specifically, that inhibitory, glycinergic inputs are prefer-

entially distributed on the soma and proximal dendrites

while excitatory, glutamatergic inputs are preferentially

distributed on more distal dendrites. We chose to exam-

ine this hypothesis by first characterizing the dendritic

architecture of human MSO neurons using silver impreg-

nation and immunohistochemistry. We then utilized

immunohistochemistry to quantify the distribution of the

calcium binding protein calretinin (CR) as a marker for

inputs from SBCs, and vesicular glutamate transporter 1

(VGLUT) for excitatory inputs from the VCN (Ito et al.,

2015), and we identified inhibitory inputs using antibodies

for the vesicular inhibitory amino acid transporter

(VIAAT), the GABA/glycine anchor protein gephyrin and

the glycine receptor (GlyR).

EXPERIMENTAL PROCEDURES

Materials and fixation

This investigation is based on the study of 14 human

brainstems from individuals ranging in age from 57 to

93 years of age (mean 79 ± 10 years of age; 7 males

and 7 females). Table 1 shows age, cause of death and

post-mortem interval for the subjects in this study.

Subjects were donated to the Lake Erie College of

Osteopathic Medicine through the Pennsylvania

Humanity Gifts Registry; brain removal was deemed

exempt by the xxx Institutional Review Board. Brainstem

specimens were used in this study if: the cause of death

was not neurological, there were no external or internal

signs of neurodegenerative disease, there were no signs

of pathology impacting the brainstem or posterior cranial

fossa (e.g. meningioma, hemorrhage) and brainstems

could be preserved within 24 h of death. Specimens

06.19 through 09.45 were perfused through the right

common carotid artery with embalming solution (33.3%

glycerin, 33.3% methanol, 27.8% phenol and 5.6%

formaldehyde, diluted 1:3 in water; King Chemical, Inc.,

St. Louis, Missouri) and dissected from the skull after a

short post-embalming interval. The remaining specimens

were dissected from the skull immediately upon arrival to

the morgue. These specimens were trimmed to tissue

blocks including the SOC, post-fixed for at least 2 weeks

in 4% paraformaldehyde in 0.1 M phosphate buffer (PB),

pH 7.2. Consistent with our previous work in the human

auditory brainstem and radiological convention, we use

the directional terms anterior (ventral in rodents) and

posterior (dorsal in rodents; Kulesza, 2008).

Four brainstems were processed for silver

impregnation (Friedland et al., 2006; Kulesza, 2007: table
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1) and used to reconstruct MSO neurons. Tissue blocks

including the SOC were incubated in fixative (at 4 �C)
for at least 30 days and cut into 3–5 mm thick blocks (in

the transverse plane). These blocks were incubated in a

solution of 5% chloral hydrate, 5% potassium dichromate

and 10% formaldehyde in distilled water, in the dark, for

four days under a continuous vacuum of 68 kPa. Tissue

blocks were rinsed in 1% silver nitrate in distilled water,

brushed clear of debris and incubated in 1% silver nitrate

for four days under continuous vacuum in the dark. Tissue

blocks were then sectioned on a vibratome at a thickness

of 200 mm, mounted onto glass slides, dried and cover

slipped. Impregnated neuron profiles were reconstructed

with the aid of an Olympus BX45 microscope and a draw-

ing tube attachment. These tracings were digitized, and

dendritic profiles were quantified using ImageJ (version

1.52p; Schneider et al., 2012). Dendrite length (cell body

to distal tip) and anterior-posterior spread was measured

in 12 medial dendrites and 11 lateral dendrites. Dendritic

complexity of 14 MSO neurons was quantified using the

Sholl Analysis feature. Briefly, dendritic intersections were

counted on concentric hemishells (left and right) at inter-

vals of 50 mm extending up to 300 mm from the parent

soma.

Immunohistochemistry and immunofluorescence

Tissue blocks used for immunohistochemistry were

cryoprotected in 30% sucrose and 4%

paraformaldehyde in 0.1 M PB until they were saturated

(approximately 2 weeks), sectioned in the transverse or

coronal plane on a freezing microtome and collected in

0.1 M PB. Alternating series of sections were

designated for cell body staining (Giemsa; Iñiguez et al.,

1985) or myeloarchitecture (Aparicio and Saldaña,

2014; Márquez-Legorreta et al., 2016).

The distribution of the vesicular glutamate transporter

(VGLUT), calretinin (CR), microtubule associated protein-

2 (MAP2) and the potassium channel Kv3.1b were

examined using chromogenic labelling. Briefly, tissue

sections were rinsed in 0.1 M PB, endogenous

peroxidase activity was quenched in a wash of 1.5%

hydrogen peroxide in PB. Tissue sections were

permeabilized in 0.5% Triton X, blocked in 1% normal

donkey serum (NDS) for 1 h and incubated overnight

with primary antisera diluted in 1% NDS in PB at room

temperature. The antisera and dilutions used in this

investigation are summarized in Table 2. Sections were

then rinsed, incubated for 1–2 h in biotinylated

secondary antisera (Vector Laboratories, Burlingame,

California; 1:100 in PB) then incubated in a solution of

avidin–biotin complex for 1–2 h (Vector Laboratories,

Elite Kit). Sections were thoroughly rinsed, and the

chromogen reaction was developed in 0.05%

diaminobenzidine and 0.01% hydrogen peroxide with

heavy metal intensification (nickel ammonium sulfate;

Adams, 1981). Finally, sections were mounted onto glass

slides from gelatin alcohol and selected sections were

counterstained with Neutral Red and sealed under cover-

slips with Permount (Fisher Scientific, Pittsburgh, PA,

USA).

The distribution of the vesicular inhibitory amino acid

transporter (VIAAT), glycine receptor (GlyR), the glycine

receptor linker protein gephyrin and the neurofilament

Table 1. Subjects.

Brain No. Age Sex Cause of death PMI (hrs) Techniques

06.19 89 M cardiac <24 Golgi

06.20 93 M cardiac <24 Golgi

06.21 84 F myocardial infarction <24 Golgi

07.02 77 M cardiac <24 Golgi

09.45 72 F arrhythmia <24 IHC

10.01 57 M respiratory failure <24 IHC

11.62 83 F atrial fibrillation 18 IHC

11.63 84 F breast cancer <5 IHC

11.64 77 F diabetes, renal 8 IHC

13.05 79 M COPD 7 IHC

16.16 91 M renal failure 8 IHC

18.01 73 M renal failure 4 IHC

18.45 62 F pancreatic cancer 6 IHC

20.02 85 F failure to thrive 10 IHC

Fig. 1. The human MSO. Shown in (A) is a fresh section through the caudal pons demonstrating myeloarchitecture of the SOC (transverse section).

The human MSO (black outline) is evident as a thin curvilinear column surrounded by the peri-MSO field (white dashed line) and SOC nuclei. Shown

in (B) is a Giemsa-stained coronal section through the SOC showing the rostro-caudal extent of the MSO (black dashed line) and the peri-MSO

(yellow dashed line). The arrowheads indicate bundles of dendrites extending from the MSO cell column into the peri-MSO. Shown in (C) and (D)
are Giemsa-stained transverse sections through the SOC illustrating the peri-MSO (yellow dashed line). Figure (D) illustrates the morphology of

human MSO neurons and bundles of dendrites extending into the peri-MSO. Figure (E) Summarizes the general pattern of inputs to the mammalian

MSO on a schematic of the human SOC. The MSO receives glutamatergic inputs (green) from SBCs in both the ipsilateral and contralateral

cochlear nuclei and glycinergic inputs (red) from each ear by way of the MNTB and LNTB. The scale bars are as follows: A = 1 mm, B, C= 500 mm,

D = 200 mm. Abbreviations: R – rostral, L – lateral, P – posterior.
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SMI-311 were examined using immunofluorescence.

Free-floating tissue sections were rinsed in 0.1 M

phosphate buffered saline (PBS) and blocked for 1 h in

1% normal horse serum (NHS) and 0.5% triton-X.

Sections were incubated overnight in primary antisera

(Table 2) with 1% NHS in PBS, rinsed, incubated for 2 h

in goat anti-rabbit DyLight 488 (Vector Labs,

Burlingame, CA, USA), counterstained with Neurotrace

Red (NTR; a fluorescent Nissl stain) and rinsed.

Lipofuschin autofluorescence was quenched by a 5 min

incubation in 0.1% Sudan Black. Sections were rinsed in

70% ethanol, mounted and coverslipped with PB.

Photomicrographs were taken with a DP71 digital

camera on an Olympus CKX41 microscope or a Leica

TCS SP5 confocal microscope.

Quantification

Peri-somatic puncta were counted around identified cell

bodies and are presented as VGLUT/CR/VIAAT-positive

(+) puncta per cell body area (puncta/mm2). We did not

include proximal dendrites in our counts of peri-somatic

puncta. Peri-dendritic puncta were counted along

proximal dendrite segments emerging from MSO soma

and are presented as puncta/100 mm. Puncta in the

peri-MSO fields were counted using a 200 � 200 mm
grid that formed 40,000 mm2 (0.04 mm2) boxes. These

counting boxes were situated within both the medial and

lateral peri-MSO fields. Counting boxes up to 270 mm
from the MSO cell column were considered near (medial

and lateral) and boxes beyond 400 mm from the MSO

cell column were considered far (medial and lateral).

Table 3 provides a summary of the number of neurons

and puncta counted for this study.

Statistics

Descriptive statistics were generated for all data sets

using GraphPad Prism 8.4.3 (GraphPad Software, La

Jolla, CA, USA). All data sets were tested against a

normal distribution using the D’Agostino & Pearson

omnibus normality test. If a data set fits the normal

distribution, comparisons were conducted using

parametric tests (i.e., t test) and results are presented

as mean ± standard deviation. If a data set failed to fit

the normal distribution, comparisons were conducted

using nonparametric tests and are presented as the

median with the 95% confidence interval (CI) of the

median. Regardless of normality, data are presented in

the figures with box and whiskers plots depicting the

25th and 75th quartiles and whiskers show the 5th and

95th percentiles, respectively. Data points beyond these

percentiles are shown in the graphs as symbols. Data

from the Sholl analysis were modeled as straight lines

and examined using simple linear regression. A 2-way

ANOVA was conducted to examine any differences

between transporters (VGLUT, VIAAT) and location

within the peri-MSO. These data are shown in Fig. 6

and all data points are provided. Differences were

considered statistically significant if p values were <0.05.

RESULTS

Dendrites of human MSO neurons

In the human brainstem, the MSO forms a curvilinear

column of densely packed somata. In fresh (unstained)

tissue sections, the MSO cell column is evident as a

pale area within the SOC, anteromedial to the facial

nucleus (FN) and posterior to the transversely running

axons of the trapezoid body (tz; Fig. 1A). Human MSO

neurons are fusiform or triangular in shape and

arranged in a thin column, 3–5 neurons wide, evident in

coronal (Fig. 1B) and transverse sections (Fig. 1C, D).

Both medial and lateral to the MSO cell column is a

peri-MSO field that is generally devoid of neuronal cell

bodies, but rich in glia, dendrites and myelinated axons

(Fig. 1A, D). The peri-MSO field is evident along the

Table 2. Antibodies and dilutions

Target Species Dilution Sources Method

Calretinin rabbit 1:100 Abcam DAB

Kv3.1b mouse 1:1000 NeuroMab DAB

MAP2 mouse 1:1000 EMD Millipore DAB

VGLUT1 rabbit 1:1000 Sigma-Aldrich DAB

Gephyrin rabbit 1:1000 EMD Millipore IF

Glycine R (a1/a2) rabbit 1:1000 Abcam IF

SMI-311 mouse 1:1000 Abcam IF

VIAAT rabbit 1:1000 Sigma-Aldrich IF

Table 3. Summary of puncta counts

VGAT+ Gephyrin+ VGLUT+ CR+

Cell bodies 1235 900 350 143

(214 cells) (54 cells) (146 cells) (69 cells)

Proximal dendrites 1325 120 127 143

(156 dendrites) (78 dendrites) (60 dendrites) (40 dendrites)

Peri-MSO 988 1331

(32 fields) (35 fields)
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entire rostro-caudal aspect of the nucleus (Fig. 1B). In

Giemsa-stained sections, dendrites of MSO neurons are

evident as slender eosinophilic profiles emerging from

cell bodies and extending into the peri-MSO fields

(Fig. 1B, D, black arrowheads). We sought to further

characterize dendrites of human MSO neurons using

immunohistochemistry and silver staining.

Kv3.1b immunolabelling was present in nearly all

human MSO neurons (Fig. 2A). Kv3.1b labelling

extended into dendrites that could be traced over

400 mm into the peri-MSO (Fig. 2A, black arrowheads).

Similarly, MAP2 immunolabeling was present in nearly

all MSO cell bodies and dendrites (Fig. 2B). Bundles of

MAP2+ dendrites extended from the MSO cell column

into the peri-MSO. Together, Kv3.1b and MAP2

immunolabelling confirm dendrites of MSO neurons

extend into the peri-MSO fields and occupy a significant

portion of this compartment (Fig. 2A, B, arrowheads).

We then examined symmetry and complexity of human

MSO neurons by reconstructing neurons from silver

impregnated tissue. Each MSO neuron gave rise to a

medial and lateral dendrite and these emerged

perpendicular to the long axis of the parent MSO neuron

and extended into the peri-MSO field (Fig. 2C). Medial

dendrites (n = 12) extended 125 ± 67 mm
(mean ± SD) from the soma and had a maximum

anterior-posterior divergence of 121 ± 52 mm
(Fig. 2D, E). Lateral dendrites (n = 11) extended

151 ± 66 mm from the soma and had a maximum

anterior-posterior divergence of 115 ± 75 mm
(Fig. 2D, E). There was no difference in dendrite length

(t(21) = 0.94, p = 0.35) or anterior-posterior (AP)

divergence (t(21) = 0.19, p = 0.84) between medial

and lateral dendrites.

Each primary dendrite typically give rise to 1–2

secondary branches directed into the medial peri-MSO

field and 1–2 secondary branches directed to the lateral

field (Fig. 2C–F). Overall, lateral dendrites form

relatively few branches as they extend into the peri-

MSO (Fig. 2C). However, there was more extensive

branching from medial dendrites and this difference was

more evident on dendrites more than 150 mm from the

parent soma (n = 14 neurons; Fig. 2C–F; F = 5.874,

DFn = 1, DFd = 8, p = 0.04).

Inputs onto MSO cell bodies and proximal dendrites

Cell bodies of human MSO neurons are contacted by

VGLUT, CR and VIAAT+ puncta, however the density

of these puncta varies (Fig. 3). Specifically, cell bodies

in the MSO were associated with 0.5 (CI: 0.17–0.42)

VGLUT+ puncta per 100 mm2 and 0.6 (CI: 0.32–0.69)

CR+ puncta per 100 mm2 (Fig. 3A, B; arrowheads).

There was no difference between the number of VGLUT

and CR+ puncta. However, there were many more

VIAAT+ puncta (2.1 [CI: 1.9–2.3] per 100 mm2; Fig. 3C-

E, arrowheads) and there were more VIAAT+ puncta

on MSO cell bodies compared to VGLUT and CR+

puncta (Fig. 3F; 7).

On MSO proximal dendrites (emerging from cell

bodies) there were 1.7 (CI: 1.1–2.9) VGLUT+ puncta

per 100 mm and 1.8 (CI: 1–2.7) CR+ puncta per

100 mm (Fig. 3A, B; arrows). There was no difference

between the number of VGLUT and CR+ puncta.

However, there were 11 (CI: 8.8–11.7) VIAAT+ puncta

per 100 mm (Fig. 3C–E; white arrow).

Given the high density of VIAAT+ terminals in the

MSO, we sought to correlate this with localization of the

glycine receptor (GlyR) and the GlyR anchor protein,

gephyrin. Immunolabelling for the GlyR revealed

abundant labelling along the MSO cell column and this

extended into the peri-MSO fields (Fig. 4A). GlyR

immunolabelling was evident along cell bodies (Fig. 4B,

arrowheads) and dendrites (Fig. 4B, arrows). Further,

confocal imaging for gephyrin revealed a high density of

gephyrin+ puncta along MSO cell bodies and SMI-311

+ dendrites (Fig. 5). Gephyrin+ puncta are shown in

Fig. 5C–E. Specifically, MSO cell bodies were

associated with 31.8 (CI: 28–38) gephyrin+ puncta per

100 mm2 (Fig. 5A–C; white arrowheads) and proximal

MSO dendrites were associated with 4.3 (CI: 0–24)

gephyrin+ puncta per 100 mm on MSO proximal

dendrites (Fig. 5A–C, D; cyan arrowheads).

Inputs to the peri-MSO field

Since human MSO cell bodies and primary dendrites

appear to have disproportionate distributions of VIAAT

and VGLUT puncta, we sought to examine these inputs

on distal dendrites within the peri-MSO. In both the

medial and lateral peri-MSO fields there are numerous

VGLUT and VIAAT+ puncta (Fig. 6). In the medial peri-

MSO field there were 35 (CI: 25–51) VGLUT+

puncta/0.04 mm2 near (M1) and 34 (CI: 33–45) far (M2)

from the MSO cell column (Fig. 6A). In the lateral peri-

MSO field there were 35 (CI: 33–43) VGLUT+

puncta/0.04 mm2 near (L1) and 41 (CI: 35–45) puncta

far (L2) from the MSO cell column (Fig. 6A). There was

no difference in the density of VGLUT+ puncta across

the peri-MSO field (H(4) = 3.2, p = 0.36; Fig. 6C; 7).

In the medial peri-MSO field there were 35 (CI: 15–44)

VIAAT+ puncta/0.04 mm2 near (<270 mm; M1) and 34

(CI: 14–38) far (>400 mm; M2) from the MSO cell

column (Fig. 6B). In the lateral peri-MSO field there

were 32 (CI: 21–65) VIAAT+ puncta near (L1) and 26

(CI: 16–38) far (L2) from the MSO cell column (Fig. 6B).

There was no difference in the density of VIAAT+

puncta across the peri-MSO field (H(4) = 0.41,

p = 0.93; Fig. 6C). A 2-way ANOVA comparing the

density of VGLUT and VIAAT+ puncta over different

regions of the peri-MSO fields revealed a significant

effect of transporter (F(1,59) = 7.5, p = 0.008;

Fig. 6C). Specifically, there was a significantly higher

density of VGLUT+ puncta in the far lateral field (L2)

compared to VIAAT (p = 0.02; Fig. 6C; 7)

DISCUSSION

This report provides the first quantitative analysis of

dendritic architecture of human MSO neurons and the

first analysis of the distribution of VGLUT, VIAAT, GlyR

and gephyrin in the human MSO. We show that human

MSO cell bodies emit dendrites into both sides of the

peri-MSO, and that these dendrites are nearly
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Fig. 2. Features of human MSO dendrites. Shown in (A) is immunolabeling for Kv3.1b in the MSO. The MSO cell column is indicated by the cyan

dashed line and the peri-MSO by the black dashed line. Kv3.1b labeling is found in somata (cyan arrowheads) and dense bundles of dendrites

(black arrowheads) extending into the peri-MSO. Immunolabeling for the cytoskeletal marker MAP2 reveals a similar pattern in the MSO, with MAP2

labeling in cell bodies (cyan arrowheads) and bundles of dendrites (black arrowheads). Shown in (C) is a reconstructed human MSO neuron from

silver impregnated sections (same orientation as (A) and (B)). Shown in (D) and (E) are lengths and spread (divergence) of reconstructed MSO

dendrites from the medial and lateral peri-MSO. Shown in (F) are plots of the number of dendritic branches over their distance from the parent soma

(solid lines) and simple linear regression (dashed lines). The regression lines suggest that medial dendrites branch more extensively as they extend

further from the cell body. The scale bars are as follows: A = 200 mm, B = 100 mm, C = 40 mm. Abbreviations: AP – anterior-posterior.
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Fig. 3. Distribution of inputs onto MSO soma and proximal dendrites. Immunolabeling for VGLUT is shown in (A) and CR immunolabeling is shown

in (B). VGLUT and CR+ puncta juxtaposed to cell bodies are indicated by white arrowheads and those in contact with dendrite profiles are indicated

by black arrows. Immunolabeling for VIAAT is shown in (C–E). VIAAT+ puncta are densely arranged around MSO cell bodies (white arrowheads)

and proximal dendrites (white arrow in (D)). The yellow arrows indicate lipofuscin artifact. The scale bar in (B) and (C) are equal to 20 mm; the scale

bar in (E) is equal to 10 mm. Figure (F) shows the density of puncta associated with cell bodies and (G) shows the number of puncta along proximal

dendrites. There are noticeably more VIAAT puncta on both MSO somata and proximal dendrites.
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symmetric and have simple branching patterns. This

pattern is remarkably similar to what has been reported

in cats and gerbils where these medial and lateral

dendritic branches are known to segregate inputs from

contralateral and ipsilateral ears, respectively (Stotler,

1953; Kiss and Majorossy, 1983; Rautenberg et al.,

2009). Further, we provide evidence that inhibitory and

excitatory inputs are not uniformly distributed in the

human MSO. Specifically, on the cell bodies of human

MSO neurons there are four times as many VIAAT+

puncta compared to VGLUT+ or CR+ puncta (Fig. 7).

This difference is exacerbated on proximal dendrites

where VIAAT+ puncta outnumber VGLUT+/CR+

puncta nearly six to one (Fig. 7). However, on dendrites

away from the MSO cell column in the peri-MSO, VIAAT

and VGLUT+ puncta are found in nearly equal propor-

tions. In fact, there was no difference in the density of

VIAAT+ puncta across the peri-MSO. Although there

were more VGLUT+ puncta in the far lateral peri-MSO

compared to VIAAT+ puncta. Our reconstructions of

MSO neurons suggest that the dendrites occupy approx-

imately nine times more area compared to the soma com-

partment. As such, MSO dendrites receive and integrate

many more inputs than the soma and these dendritic

inputs are known to play an important role in sharpening

ITD tuning (Golding and Oertel, 2012). However, based

on in vivo responses from MSO neurons, the glycinergic

inputs on the cell body are powerful and have a strong

influence on ITD coding (Pecka et al., 2008). Together,

our results are consistent with humans utilizing the same

ITD circuits described in laboratory animals with excellent

low-frequency hearing where inhibitory inputs are also

preferentially distributed on MSO cell bodies (Kuwabara

and Zook, 1992; Smith et al., 1993; Brand et al., 2002;

Kapfer et al., 2002; Pecka et al., 2008; Couchman

et al., 2010). It is important to note that such segregation

of inputs is not uniform across mammalian species. Ani-

mals with hearing ranges centered on higher frequencies

do not depend as heavily on ITDs (rats, opossum) and do

not show such preferential distribution of glycinergic

inputs (Kapfer et al., 2002).

Our findings are consistent with studies of the MSO in

non-human primates. In neonatal baboons, MSO cell

bodies are associated with dense VGAT/VIAAT labeling

whereas VGLUT labeling is concentrated on dendrites

(Kim et al., 2014). In the macaque, neurons in the VCN

express both VGLUT1 and VGLUT2 while virtually no

Fig. 4. Distribution of GlyR in the MSO. GlyR immunofluorescence is

shown throughout the SOC in (A) and within the MSO in (B). There is

abundant GlyR labeling in the MSO cell column and much less in the

peri-MSO (yellow dashed line), especially near the periphery. In (B),
GlyR labeling can been restricted to somata (arrowheads) and

dendrites (arrows). The scale bars are as follows: A-500 mm, B-

60 mm.

Fig. 5. Distribution of gephyrin in the human MSO. Shown in (A) and (B) are confocal images showing immunofluorescence for the glycine receptor

linker protein gephyrin. Immunolabeling for the neurofilament marker SMI-311 identifies dendritic profiles. Gephyrin+ puncta are heavily distributed

over MSO cell bodies (white arrowheads) but are less frequent over dendrites (cyan arrowheads). The white arrows indicate lipofuscin artifact. The

scale bar in A is equal to 25 mm. The area of the white box in A is shown enlarged in (C–E). Gephyrin+ puncta are indicated by green arrowheads in

(D) and (E). The scale bar in (C–E) is equal to 10 mm. Figures (F) and (G) show the density of gephyrin+ puncta over somata and dendrites,

respectively.
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neurons in the SOC, nuclei of the lateral lemniscus or

inferior colliculus express VGLUT1 (Ito et al., 2015). This

provides further evidence that VGLUT terminals we

counted in the human MSO are from VCN inputs. Further,

neurons in the macaque MNTB express the glycine trans-

porter (GLYT2) consistent with these neurons using gly-

cine as a neurotransmitter (Ito et al., 2015). Additionally,

VGLUT1 + puncta were found associated with MSO cell

bodies in the macaque, but only few GABAergic terminals

were found (Ito et al., 2015). Despite these consistencies

with animal models and non-human primates, it is possi-

ble we did not label every glutamatergic or glycinergic

input and that at least some of the VIAAT puncta were

in fact associated with a GABAergic input (see below).

Nonetheless, we interpret our findings to indicate that

excitatory and inhibitory inputs are segregated on human

MSO neurons. Specifically, inhibitory inputs are preferen-

tially distributed on the soma and proximal dendrites while

Fig. 6. Distribution of VGLUT and VIAAT in the peri-MSO. Figures (A) and (B) show VGLUT and VIAAT labeling in the human MSO, respectively.

The boxes in the peri-MSO demonstrate representative frames for counting of immunolabeled puncta. The scale bar in A is equal to 200 mm.

Figure (C) shows the density of VLUT and VIAAT puncta across regions of the medial and lateral peri-MSO. The horizontal lines represent the mean

and each circle represents data from one counting frame. VGLUT and VIAAT puncta are uniformly distributed across the peri-MSO fields except for

there being significantly more VGLUT puncta in the far lateral field (L2). Key to symbols: * = p < 0.05.

Fig. 7. Summary of inputs to the human MSO. The relative densities

of VIAAT, gephyrin, VGLUT, and CR puncta are shown schematically

on human MSO cell bodies and proximal dendrites (top). The relative

densities and distribution of glutamatergic and glycinergic inputs are

shown on a reconstructed human MSO neuron. Green axons indicate

glutamatergic inputs from SBCs and red axons indicate glycinergic

inputs from the MNTB and LNTB.
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excitatory inputs are significantly less abundant but more

uniformly distributed over the cell body and dendrites.

In addition to glutamatergic and glycinergic inputs,

MSO neurons also receive GABAergic inputs from the

ipsilateral SPON (Stange et al., 2013). This GABAergic

input appears to act primarily at presynaptic GABAB

receptors and functions in adaption and normalization of

MSO responses (Stange et al., 2013). While GABAergic

inputs to MSO neurons appear less dense than glyciner-

gic inputs (Kulesza and Berrebi, 2000; Couchman et al.,

2012; Ito et al., 2015), GABA receptors are present

throughout the MSO (Couchman et al., 2012) and are

associated with both glutamatergic and glycinergic

synapses (Stange et al., 2013). VIAAT, also known as

the vesicular GABA transporter (VGAT), transports both

GABA and glycine and is found in conjunction with vesi-

cles containing either or both inhibitory neurotransmitters

(Dumoulin et al., 1999). Accordingly, we cannot rule out

the possibility that some of the VIAAT+ puncta we

counted were not associated with a glycinergic terminal.

Furthermore, gephyrin anchors glycine receptors includ-

ing the b subunit and a proportion of GABAA receptors

(Kirsch et al., 1991; Prior et al., 1992). Similarly, we can-

not rule out the possibility that some of the gephyrin+

puncta observed in the human MSO are associated with

GABAA receptors and not glycine receptors. Regardless,

we do not believe these limitations detract from our con-

clusion of segregation of excitatory and inhibitory inputs

to human MSO neurons. Despite the established roles

of GABA in the auditory brainstem, there have been no

studies of GABA receptors or GABAergic neurons and

terminals in the human SOC.

We have previously described the distribution of CR+

cell bodies, axons and terminals throughout the human

auditory brainstem (Kulesza, 2014). We revealed that

the vast majority of SBCs in the human VCN are CR+.

However, we also found small populations of CR+ neu-

rons in the MNTB (13%), LNTB (11%) and SPON (2%).

Our current results indicate no significant differences

between the number of VGLUT and CR+ puncta associ-

ated with MSO neurons. We interpret this observation to

indicate the vast majority of CR+ inputs to the MSO

are from SBCs and that only a small percentage of CR

+ puncta are from periolivary nuclei.

The human VCN contains approximately 72,000

neurons but the number of SBCs or GBCs is not known

(Wagoner and Kulesza, 2009). The human MSO contains

about 15,000 neurons (Kulesza, 2007; Kulesza et al.,

2011; Lukose et al., 2015), the human MNTB about 3600

neurons and the LNTB about 7500 neurons (Kulesza,

2008; Lukose et al., 2015). Principal neurons in the MNTB

are calbindin+ (CB), and in humans approximately 66% of

MNTB neurons are CB+ (Kulesza, 2014). The majority of

human MNTB neurons are also Kv3.1b+, associated with

CR+ calyx terminals and VGLUT and Rab3a+ puncta,

consistent with MNTB principal neurons across mammals

(Kulesza, 2014). If we consider the CB+ MNTB neurons

as providing glycinergic input from the contralateral ear to

the MSO, this will equate to about 2400 neurons, or about

6 MSO neurons per projecting MNTB neuron.

While the MNTB is a rather homogenous population of

neurons, the LNTB includes a number of different

subregions based on location, inputs and

neurochemistry (Spirou and Berrebi, 1996). In animal

models, neurons in the posteroventral LNTB (pvLNTB)

are glycinergic, receive large calyx terminals from GBCs

and project to the ipsilateral MSO (Tolbert et al., 1982;

Adams, 1983; Grothe and Sanes, 1993; Spirou et al.,

1990, 1998; Smith et al., 1991; Cant and Hyson, 1992;

Kuwabara and Zook, 1992; Spirou and Berrebi, 1996,

1997; Franken et al., 2016). While we have previously

examined neuronal morphology in the human LNTB, des-

ignation into subregions or correlations of cell body mor-

phology was not attempted (Kulesza, 2008). Although,

about 33% of human LNTB neurons are CB+ and 24%

of LNTB somata are associated with large calyx-like CR

+ terminals (Kulesza, 2014). Similar to the human

MNTB, we interpret these CR+ inputs to be derived from

GBCs (Kulesza, 2014). If we consider the CB+ LNTB

neurons with CR+ terminals as sources of glycinergic

input to the lateral MSO, this would equal ~6 MSO neu-

rons per projecting LNTB neuron, nearly matching the

projection to the medial MSO from the MNTB. Interest-

ingly, the cat LNTB includes approximately 9000 neurons

with only about 1600 in the pvLNTB (Spirou and Berrebi,

1996), but the cat MSO includes only about 4600 neurons

(Fech et al., 2017). We interpret this observation to sug-

gest that while the same basic ITD circuit is used across

animals, certain proportions and parameters are species

specific. Furthermore, little is known about the role the

LNTB plays in the human auditory pathway. The human

LNTB is composed of a heterogenous population of neu-

ron morphologies (Kulesza, 2008) and occupies more

than twice the brain volume as the MSO (Mansour and

Kulesza, 2020) and it is not clear how the structure of

the human LNTB correlates with subregions designated

in cat and gerbil (Spirou and Berrebi, 1997; Spirou

et al., 1998; Franken et al., 2016). Finally, like the gluta-

matergic inputs from the SBC to the MSO, the inputs to/

from the LNTB and MNTB must account for different axon

lengths from each ear and these differences are exacer-

bated in humans because of head and brain size. Addi-

tionally, there is evidence that GBC axonal diameter,

myelination and internodal lengths vary according to

best-frequency in gerbils (Ford et al., 2015). How the

human ITD circuit is modified to account for these specific

issues is unknown.

Our results indicate that human MSO neurons form

simple and symmetric dendritic arbors similar to those in

low-frequency hearing animals utilizing ITDs.

Additionally, we provide evidence that inhibitory inputs

associated with VIAAT are predominantly located along

cell bodies and proximal dendrites of MSO neurons.

This is supported by localization of glycine receptors on

MSO somata and heavy distribution of the glycine and

GABA receptor anchoring protein gephyrin. Our results

also suggest that glutamatergic inputs from the VCN

associated with VGLUT are comparatively sparse but

are distributed along the entire MSO neuron. These

results are consistent with characterization of the ITD
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circuit in gerbils and suggest that humans use the same

basic plan.
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