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Cholinergic boutons are closely associated with excitatory cells
and four subtypes of inhibitory cells in the inferior colliculus
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Abstract

Acetylcholine (ACh) is a neuromodulator that has been implicated in multiple roles across the
brain, including the central auditory system, where it sets neuronal excitability and gain and
affects plasticity. In the cerebral cortex, subtypes of GABAergic interneurons are modulated

by ACh in a subtype-specific manner. Subtypes of GABAergic neurons have also begun to be
described in the inferior colliculus (IC), a midbrain hub of the auditory system. Here, we used
male and female mice (Mus musculus) that express fluorescent protein in cholinergic cells, axons,
and boutons to look at the association between ACh and four subtypes of GABAergic IC cells
that differ in their associations with extracellular markers, their soma sizes, and their distribution
within the IC. We found that most IC cells, including excitatory and inhibitory cells, have
cholinergic boutons closely associated with their somas and proximal dendrites. We also found
that similar proportions of each of four subtypes of GABAergic cells are closely associated with
cholinergic boutons. Whether the different types of GABAergic cells in the IC are differentially
regulated remains unclear, as the response of cells to ACh is dependent on which types of ACh
receptors are present. Additionally, this study confirms the presence of these four subtypes of
GABAergic cells in the mouse IC, as they had previously been identified only in guinea pigs.
These results suggest that cholinergic projections to the IC modulate auditory processing via direct
effects on a multitude of inhibitory circuits.
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1. Introduction?

Acetylcholine (ACh) modulates central auditory processing and has been implicated in
temporal acuity, neuronal excitability and gain, plasticity and perception in a noisy
environment (Felix, Chavez, Novicio, Morley, & Portfors, 2019; Gil & Metherate, 2019;
Ison & Bowen, 2000; Kuenzel, 2019; Luo, Liu, Wang, & Yan, 2011; Schofield & Hurley,
2018; Sottile et al. 2017). ACh is prominent in the inferior colliculus (IC), a midbrain hub
for both ascending and descending auditory pathways. Nicotinic and muscarinic cholinergic
receptors are present throughout the IC and ACh modulates the responses to acoustic stimuli
of a majority of IC cells (Farley, Morley, Javel, & Gorga, 1983; Glendenning & Baker, 1988;
Habbicht & Vater, 1996; Morley & Happe, 2000; Schwartz, 1986; Watanabe & Simada,
1973). A majority of the cholinergic inputs to the IC originate in the pontomesencephalic
tegmentum (PMT), a prominent midbrain cholinergic group that innervates much of

the auditory brainstem and thalamus (Schofield, Motts, & Mellott, 2011). Cholinergic
projections from the PMT contact both glutamatergic and GABAergic cells in the IC,
suggesting direct cholinergic effects on both excitatory and inhibitory midbrain circuits
(Noftz, Beebe, Mellott, & Schofield, 2020).

In neocortex and hippocampus, identification of subtypes of inhibitory cells has helped

to increase the understanding of neuromodulation (Kubota, 2014; Rudy, Fishell, Lee, &
Hjerling-Leffler, 2011; Lovett-Barron & Losonczy, 2014). In these areas, ACh directly
contacts multiple GABAergic subtypes, allowing for cholinergic modulation of different
inhibitory circuits (Lawrence, 2008). To what extent do different GABAergic subtypes in the
IC receive cholinergic input? Subtypes of inhibitory and excitatory IC cells have recently
begun to be identified (Beebe, Young, Mellott, & Schofield, 2016; Geis & Borst, 2013;
Goyer et al., 2019; Ito, Bishop, & Oliver, 2009; Schofield & Beebe, 2019; Silveira et al.,
2020). In the IC of guinea pigs, GABAergic cells can be separated into four subtypes that
differ in their soma size and distribution within the IC (Beebe, Young, Mellott, & Schofield,
2016). The subtypes are distinguished based on their association with two extracellular
markers: aggregates of extracellular matrix known as perineuronal nets (PNs) and dense
axosomatic input from terminals expressing vesicular glutamate transporter 2, or VGLUT2
rings.

Here, we used a transgenic mouse (Mus musculus) that expresses tdTomato in cholinergic
cells and their axons to investigate cholinergic inputs to GABAergic and non-GABAergic
cells in the mouse IC. In order to investigate cholinergic inputs to GABAergic subtypes, we
first evaluated whether the four GABAergic subtypes previously identified in guinea pig are

1Abbreviations: ACh: acetylcholine; IC: inferior colliculus; ICc: central nucleus of the inferior colliculus; 1Cd: dorsal cortex of
the inferior colliculus; ICIc: lateral cortex of the inferior colliculus; ICrp: rostral pole of the inferior colliculus; ICt: intercollicular
tegmentum; mRVLM: medial rostral ventrolateral medulla; NBIC: nucleus of the brachium of the inferior colliculus; NGS: normal
goat serum; PBS: phosphate-buffered saline; PMT: pontomesencephalic tegmentum; PN: perineuronal net; VGLUT?2: vesicular
glutamate transporter 2; WFA: Wisteria floribunda agglutinin
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also present in mouse; both PNs and VGLUT?2 rings have been reported in mouse IC (Fader,
Imaizumi, Yanagawa, & Lee, 2016; Geis & Borst, 2013), but their association has not been
examined. We confirmed that all four GABAergic subtypes are present in mouse 1C, and
that their differences in soma size and distribution within the IC follow the same patterns
described in guinea pigs. We also found cholinergic boutons in close apposition to the
somas and proximal dendrites of many IC neurons, including presumptive excitatory cells as
well as all four subtypes of GABAergic cells, suggesting direct cholinergic modulation of
numerous excitatory and inhibitory circuits of the auditory midbrain.

2. Materials and Methods

2.1 Animals

All procedures are consistent with the National Institutes of Health Guide for Care

and Use of Laboratory Animals and were approved by the Northeast Ohio Medical
University Institutional Animal Care and Use Committee. Efforts were made to minimize
pain and the number of animals needed for the study. Animals used were the

offspring of ChATCreCah23WT mice, which express Cre recombinase under the ChHAT
promoter (in cholinergic cells) and carry the wild-type Cadh23allele (and therefore do

not suffer the early-onset high frequency hearing loss associated with the C57BL/6J
background; Beebe et al., 2020). CHATCTeCoh23WT mice were crossed with B6.Cg-
Gt(Rosa)26SorMI4(CAG-tdTomato)Hze)y mice (AJi14 reporter mice, The Jackson Laboratory,
stock no. 007914) to produce ChATCe-tdTomato mice that express tdTomato in cholinergic
cells. The resulting mice were heterozygous for the wild-type Cah23allele, and so would
be expected to display normal audiograms throughout adulthood (Frisina et al., 2011). Data
were collected from three mice (one female and two males) that ranged in age from four to
five months.

2.2 Tissue Collection and Processing

Each animal was deeply anesthetized with isoflurane until breathing stopped and corneal
and withdrawal reflexes were absent. The animal was then perfused transcardially with
Tyrode’s solution, followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, then 50 ml of the same fixative containing 10% sucrose. The brain was removed and
stored in fixative containing 25% sucrose at 4°C overnight. The following day, the brain was
frozen and cut into 40 um sections in the transverse plane on a sliding microtome. Sections
were collected in three series.

For one series, sections were stained for GABAergic subtypes following a protocol similar
to that used previously in guinea pigs (Beebe, Noftz, & Schofield, 2020; Beebe, Young,
Mellott, & Schofield, 2016). Tissue sections were washed in phosphate-buffered saline
(PBS; 0.9% NaCl in 0.01 M phosphate buffer, pH 7.4) and then permeabilized in 0.2%
Triton X-100 in PBS for 30 minutes. Nonspecific staining was blocked by treating sections
with 10% normal goat serum (NGS) and 0.1% Triton X-100 in PBS for one hour. After
blocking, PNs were stained with biotinylated Wisteria floribunda agglutinin (WFA) in
PBS for one hour (1:100; Vector Laboratories B-1355; RRID: AB_2336874). The WFA
was labeled by incubating tissue in a solution of Alexa Fluor 405-conjugated streptavidin
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(1:100; Molecular Probes S-32351) in PBS for one hour at room temperature. Sections
were rinsed with PBS, and then a mixture of primary antibodies was applied in a solution
containing 1% NGS and 0.2% Triton X-100. Sections were allowed to incubate at 4°C

for 48 hours. The following antibodies were included in the mixture: anti-GADG67 to label
GABAergic neurons (1:250; Millipore MAB5406; RRID: AB_2278725), anti-VGLUT2
to label VGLUT2-containing boutons (1:2500; Millipore AB2251; RRID: AB_2665454),
anti-NeuN as a neuron-specific stain (1:500; Millipore ABN78; RRID: AB_10807945),
and Neuro-Chrom pan-neuronal marker to help label the proximal processes of neurons
(1:1000; Millipore ABN2300; RRID: AB_10953966). Sections were then incubated in a
mixture including an Alexa Fluor 488-conjugated anti-mouse antibody (to reveal GAD67;
1:100; Molecular Probes A21202; RRID: AB_141607), an Alexa Fluor 750-conjugated
anti-rabbit antibody (to reveal NeuN and Neuro-Chrom; 1:100; Molecular Probes A21039;
RRID: AB_2535710), and an Alexa Fluor 647-conjugated anti-guinea pig antibody (to
reveal VGLUTZ2; 1:100; Molecular Probes A21450; RRID: AB_2735091) in PBS. Sections
were mounted on gelatin-coated slides from 0.2% gelatin solution, allowed to air dry, and
then coverslipped with DPX mounting medium (Sigma).

To help distinguish IC subdivisions, a second series was stained using the same method,

but the primary antibody cocktail included anti-GAD67 (1:250; Millipore MAB5406; RRID:
AB_2278725) and anti-GlyT2 (1:2500; Synaptic Systems 272-004; RRID: AB_2619998).
Primary antibodies were labeled with an Alexa Fluor 488-conjugated anti-mouse antibody
(to reveal GADG67; 1:100; Molecular Probes A21202; RRID: AB_141607), and an Alexa
Fluor 647-conjugated anti-guinea pig antibody (to reveal GlyT2; 1:100; Molecular Probes
A21450; RRID: AB_2735091).

2.3 Antibody Characterization

WFA is a lectin stain that recognizes PNs across a wide variety of species and brain areas,
including auditory brain areas (Sonntag, Blosa, Schmidt, Riibsamen, & Morawski, 2015).
Staining in our results recognized extracellular structures with the distinctive appearance
of PNs. This WFA stain was previously shown to stain structures also recognized by an
antibody to aggrecan, a component of PNs (Beebe & Schofield, 2018).

The monoclonal antibody to GAD67 (MAB5406, used at 1:250) recognizes a recombinant
form of the 67 kDa isoform of glutamic acid decarboxylase (GAD67). On a Western blot

of mouse brain tissue, this antibody recognizes a single band at the appropriate molecular
weight (Corder, et al., 2018). In our results, this antibody recognized a subset of cells stained
with the NeuN/Neuro-Chrom cocktail, indicating staining of a subset of IC neurons, along
with punctal staining of boutons, which is the expected pattern.

The VGLUT?2 antiserum (AB2251, used at 1:2500) recognizes the C-terminal end sequence
of the rat VGLUT2 protein. On a Western blot of mouse tissue, this antibody recognizes a
single band at the appropriate molecular weight (Seigneur & Stidhof, 2018). This antibody
has also been shown to label terminals with excitatory morphology at the ultrastructural
level (Zhang, et al., 2015). In our results this antibody stained boutons throughout the

IC which were sometimes arranged as dense rings surrounding cell bodies, which is the
expected staining pattern.
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The NeuN antiserum (ABN78, used at 1:500) recognizes the N-terminal region of neuronal
nuclear protein that ends at the start of the RNA recognition motif. On a Western blot

of mouse brain tissue, this antibody recognizes multiple closely associated bands at

the appropriate molecular weight (Chatterjee, et al., 2013). The Neuro-Chrom antiserum
(ABN2300, used at 1:1000) is a polyclonal antibody blend that reacts against somatic,
nuclear, dendritic, and axonal proteins specific to neurons. In our results, these two markers
were visualized in the same fluorescent channel; however, when we visualized them in
separate channels in preliminary experiments there was nearly complete overlap between
the two, as would be expected for neuron-specific markers. Further, when compared to a
fluorescent Nissl stain, both of these markers recognize cells with neuronal morphology but
not those with glial morphology.

The GlyT2 antiserum (272-004, used at 1:2500) recognizes a recombinant protein
corresponding to amino acids 1-229 of rat glycine transporter 2. On a Western blot of
mouse spinal cord, this antibody recognizes a single band at the appropriate molecular
weight (manufacturer’s website). A previous study validated that this antibody recognizes
glycinergic terminals in mouse spinal cord (Tulloch, Teo, Carvajal, Tessier-Lavigne, &
Jaworski, 2019). In our results, this antibody recognized a subset of boutons throughout the
IC, in the same distribution that has been reported previously (Choy Buentello, Bishop, &
Oliver, 2015).

2.4 Data Analysis

Two transverse sections (one through the mid-rostro-caudal 1C and one through the
intercollicular region) were selected from each case. Each section was outlined using a
Neurolucida reconstruction system (MBF Bioscience; RRID: SCR_001775) attached to a
Zeiss Axiolmager Z2 microscope. An adjacent section stained for GAD67 and GlyT2 was
overlaid, and borders between the IC central nucleus (ICc), IC dorsal cortex (ICd), and IC
lateral cortex (IClc) on the mid-rostro-caudal IC section were drawn as described by Choy
Buentello, Bishop, & Oliver (2015). This process was identical to that used by Silveira et
al. (2020), where photomicrographs of the staining are shown. Borders for the intercollicular
regions (the rostral pole of the IC [ICrp], intercollicular tegmentum [ICt] and the nucleus
of the brachium of the IC [NBIC]) were drawn using staining for GAD67 and WFA, as
previously described in guinea pigs (Beebe, Noftz, & Schofield, 2020). While it is possible
to distinguish two parts of the NBIC — a cell-rich core and a fiber-rich interstitial region

— the number of GAD-staining cells in the interstitial region was low so we combined
these regions into a single NBIC for analysis. A “virtual tissue” photomontage of NeuN
immunoreactivity was collected at 1 pm-depth intervals with a 63X oil-immersion objective
(numerical aperture 1.4). The montage was displayed on a Cintiq 21UX interactive pen
display (Wacom) attached to the Neurolucida system. The section was outlined and then
for each area of interest, the Cintiq stylus was used to manually trace the soma of every
NeuN-reactive cell with a visible nucleolus within 4 um of one cut surface of each section.
We chose this depth as a criterion for analysis because preliminary analysis showed that
each of the fluorescent markers penetrated the section at least this far; thus, lack of staining
with a given marker is unlikely to be attributable to inadequate penetration of the staining
reagents (Mellott, Foster, Ohl, & Schofield, 2014). The section outline, with its associated
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NeuN-stained soma outlines, was then aligned to the original section, and each neuron was
viewed with the appropriate fluorescence filters to identify expression of the stained markers
(a PN, expression of GAD67, a dense ring of axosomatic VGLUT2-expressing boutons, or
close association with tdTomato-labeled boutons). A soma was considered to have a dense
ring of VGLUT2-expressing boutons if greater than approximately 75% of the perimeter
was covered by VGLUT2+ puncta, a criterion set previously to guarantee consistency across
studies (Beebe, Young, Mellott, & Schofield, 2016). A neuron was considered to have close
association with cholinergic boutons if one or more tdTomato-labeled boutons was present
in the same focal plane as a NeuN/Neuro-Chrom-labeled soma or proximal dendrite and
there was no visible separation between the two structures. An image stack is shown in three
planes in Figure 1, illustrating boutons that would (arrows) or would not (arrowheads) be
considered in close apposition to a neuron for the purpose of our quantitative analysis. Each
neuronal outline was color-coded to indicate the marker(s) with which it was associated
(including GAD67 immunostaining, VGLUT2 rings and PNs, as well as close apposition
with cholinergic boutons). A total of 2273 neurons were outlined and coded. Data including
each cell’s location (e.g., ICc), coded cell type (e.g., GAD67+), perimeter, area, X and Y
coordinates of the centroid, and minimum and maximum Feret diameters for each soma
outline were exported from Neurolucida into R v3.4.1 for Mac OS X (R Core Team, 2017)
for all further analyses. Neurons with a profile that overlapped a subdivision outline were
excluded from analysis, so as not to be counted twice.

The difference in average soma profile area between types of cells was tested with

a linear mixed effects model. Animal number was included as a random factor in

models to account for minor variations in soma size that could result from fixation
differences. The “nlme” package was used for fitting of linear mixed effects models
(Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2017), and the “emmeans” package

was used for pairwise comparisons (Tukey’s HSD; Lenth, 2018). Because soma profile
area data were log-normally distributed, data were log-transformed before statistical testing.
Because only three cases were analyzed, a non-parametric Kruskal-Wallis test was used to
compare the percentage of neurons receiving cholinergic contacts between subdivisions and
intercollicular areas, between GAD+ and GAD-negative cells, and between GAD+ subtypes.
Kruskal-Wallis tests were run in R. Composite plots and box plots were generated in R (for
a detailed explanation of the generation of composite plots see Beebe, Young, Mellott, &
Schofield, 2016). Bar graphs were generated in Microsoft Excel.

Photomicrographs were taken using a Zeiss Axiolmager Z2 microscope with an attached
Apotome 11 (Zeiss) using Neurolucida software (MBF Biosciences). Photographs were taken
using structured illumination microscopy with optical sectioning at 0.5 um depth intervals.
Stacks varied in total thickness, as care was taken to include only the cell(s) which were

the subject of the photomicrograph; this decreased both out-of-focus light within the frame
and the chance that additional boutons would be included at focal depths outside the area

of interest. Stacks ranged in total thickness from 3 pm to 8 um, with an average thickness

of 4.6 um. Images shown are maximum intensity projections of collected stacks. Adobe
Photoshop (CS6 and 2020, Adobe Systems) was used to add scale bars, and to crop and
colorize images. Brightness and contrast levels were adjusted globally when necessary.
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3. Results

3.1 Four subtypes of GABAergic cells are distinguishable in mouse IC

Subtyping of GAD+ IC cells based on their association with PNs and VGLUT2 rings

has previously been described only in guinea pigs, so we first examined whether all four
subtypes are present in the mouse IC and intercollicular regions. We found examples of all
four subtypes of GAD+ cells in mouse IC (Figure 2), including GAD+ cells lacking both a
PN and a ring of axosomatic VGLUT2+ terminals (GAD Only, white arrows in top row),
GAD+ cells surrounded by a PN, but not a ring of VGLUT2+ terminals (GAD-PN, white
arrows in second row), GAD+ cells surrounded by a ring of VGLUT2+ terminals, but not
a PN (GAD-VGLUT2 ring, white arrow in third row), and GAD+ cells surrounded by both
a PN and a ring of VGLUT2+ terminals (GAD-PN-VGLUT2 ring, white arrow in bottom
row).

In guinea pig IC, these four subtypes of cells differ in their average soma size and in their
distribution within the IC (Beebe, Young, Mellott, & Schofield, 2016). Similar patterns are
true in the mouse IC. Figure 3A shows a boxplot depicting the medians and ranges of

soma profile areas for GAD-negative cells, as well as three of the four subtypes of GAD+
cells (The GAD-VGLUT?2 ring group was too small for statistical comparison). On average,
GAD-negative cells had the smallest soma sizes (mean of 72 um?), followed by GAD Only
cells (85 um?2) and GAD-PN cells (110 pm?), with GAD-PN-VGLUT?2 ring cells having
the largest soma average soma size (150 pm?). Across four GAD-VGLUT?2 ring cells, the
average soma size was 136 um2. A linear mixed effects model of the data (not including the
GAD-VGLUT?2 ring group) was constructed, and a likelihood ratio test showed that there
was a significant relationship between soma profile area and GAD subtype (;(2(3) =230.43,
p<0.001). Pairwise comparison using a Tukey’s HSD test showed significant differences
in mean soma profile area between the GAD-negative and each GAD+ group (p = 0.002 for
GAD-negative-GAD Only comparison and p < 0.0001 for all other comparisons), between
the GAD Only and GAD-PN groups (p < 0.0001), between the GAD Only and GAD-PN-
VGLUT?2 ring groups (p < 0.0001), and between the GAD-PN and GAD-PN-VGLUT?2 ring
groups (p < 0.0001).

The four subtypes of GAD+ cells also differ in their distribution within the IC subdivisions
and intercollicular regions. Figure 3B shows the proportions of GAD subtypes in each of the
regions examined. GAD Only cells were the most prevalent GAD+ subtype in the ICd and
ICt, while GAD-PN cells were the most prevalent subtype in the ICc, ICrp, and NBIC. GAD
Only and GAD-PN cells made up very similar proportions of the GAD+ population in the
IClc.

3.2 Most cells in mouse IC are in close association with cholinergic boutons

In the IC of ChATC-tdTomato mice, many tdTomato-labeled (cholinergic) axons were
present across the IC. Both en passant and terminal boutons were readily identified.

We combined staining for NeuN and Neuro-Chrom to label neurons and their proximal
processes, and we found many examples of cholinergic boutons in close association with
neurons and proximal dendrites in each area examined (Figure 4A, arrows). Neurons
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typically had one to five presumptive cholinergic contacts. Lack of staining of distal
dendrites prevented us from seeing any contacts on these processes, but the presence of
many boutons in the neuropil suggest that distal dendrites are also targeted. Thus, we assume
that we are underestimating the number of neurons with close cholinergic associations, but
we still found that in most areas the majority of neurons received presumptive cholinergic
contacts (Figure 4B). There was no obvious difference in the percentage of neurons
receiving cholinergic contacts between areas, and a Kruskal-Wallis test confirmed that there
was no significant relationship between percentage of cells with cholinergic contacts and
area (y%e) = 7.00, p=0.32).

Both GAD+ and GAD-negative neurons were observed to receive cholinergic contacts in
each area. An example of a single field is shown in Figure 5A, where cholinergic axons (red)
are in close association with both GAD+ (green arrows) and GAD-negative (yellow arrows)
cells. Across three cases, the majority of both GAD+ and GAD-negative cells were in close
association with cholinergic boutons (Figure 5B). There was no obvious difference in the
percentage of neurons receiving cholinergic contacts between GAD+ and GAD-negative
cells, and a Kruskal-Wallis test confirmed that there was no significant relationship between
percentage of cells with cholinergic contacts and neurotransmitter phenotype ( /1/2(1) =0.05,p
=0.83).

3.3 All subtypes of GABAergic cells are in close association with cholinergic boutons

We observed many examples of close association between cholinergic boutons and the
various subtypes of GAD+ cells (Figure 6). These apparent contacts were found throughout
the IC subdivisions and the intercollicular regions examined. Contacts were observed on
somas and on dendrites and, in some cases were adjacent to GAD+ boutons that also
appeared to be contacting the GABAergic cell (e.g., Figure 6, inset in bottom row). There
were no obvious differences between the subtypes in the number of contacts they received
or in the percentage of each subtype that received presumptive cholinergic contacts (Figure
7). A Kruskal-Wallis test (excluding the GAD-VGLUT2 ring group due to its small sample
size) confirmed that there was no significant relationship between percentage of cells with
cholinergic contacts and GAD subtype (;(2(2) =3.20, p=0.20).

4. Discussion

4.1 Conclusions

We investigated the association between cholinergic boutons and neurons in the mouse

IC and intercollicular regions. First, we found that the four subtypes of GABAergic cells
distinguished in guinea pig IC can also be distinguished in the mouse IC. The subtypes

in mice exhibit soma sizes and spatial distributions across midbrain auditory areas similar
to that described in guinea pigs (Beebe, Young, Mellott & Schofield, 2016; Beebe, Noftz

& Schofield, 2020). We then found that cholinergic boutons form close associations with
the majority of non-GABAergic cells, as well as with all four subtypes of GABAergic

cells (Figure 8). Such associations were present throughout the collicular and intercollicular
regions examined. These results suggest that ACh modulates excitatory circuits as well as
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a variety of inhibitory circuits arising across multiple auditory processing regions of the
midbrain.

4.2 Technical Considerations

An important consideration in any study of the auditory system that uses transgenic mice

is the genotype of those mice, specifically whether they carry a point mutation in the

cah23 gene known as the ah/ mutation, present in the C57BL/6 strain (Noben-Trauth,
Zheng, & Johnson, 2003). This mutation causes early onset high-frequency hearing loss

and, likely, alterations in the central auditory system (Ohlemiller, Jones, & Johnson, 2016;
Zheng, Johnson, & Erway, 1999). Mice that are heterozygous for this mutation have normal
auditory brainstem response thresholds throughout their lifespans but display decreased
temporal processing abilities after one year of age (Burghard, Morel, & Oliver, 2019; Frisina
etal., 2011). The animals used here were well below one year of age and would therefore be
expected to have normal auditory physiology.

It is possible that some of the close appositions we observed between cholinergic boutons
and neurons (GABA+ or GABA-negative) did not form synaptic contacts. Anatomical
tracing and electrophysiological studies suggest cholinergic input to neurons across the IC
(e.g., Farley, Morley, Javel, & Gorga, 1983; Habbicht & Vater, 1996; Yigit, Keipert, &
Backus, 2003; Motts & Schofield, 2009; Felix, Chavez, Novicio, Morley, & Portfors, 2019;
Noftz, Beebe, Mellott & Schofield, 2020). In vitro physiology has provided further evidence
for direct cholinergic activation of GABAergic IC cells (Yigit, Keipert, & Backus, 2003).
Nonetheless, there is ongoing debate on whether cholinergic transmission throughout the
nervous system is via traditional synapses or volume transmission; it appears likely that both
modes exist (see reviews by Sarter and Lustig, 2020 and Disney and Higley, 2020). One
mode may be more prevalent in a given area; e.g., synaptic transmission may be dominant
in the spinal cord, with synapses onto somas and dendrites, whereas volume transmission
may be more prominent in neocortex (see discussions in Descarries and Mechawar, 2008;
Disney and Higley, 2020; Sarter and Lustig, 2020). Complicating this debate has been the
demonstration of cholinergic synapses that lack a clear postsynaptic density (a criterion
often used to distinguish synaptic vs. non-synaptic release; Takacs, Freund and Nyiri, 2013).
Further studies, including electron microscopy and in vitro physiology, are needed to address
these issues in the IC. In any case, the close proximity of ACh release sites would support
activation of nearby neurons that express ACh receptors. Given the presence of multiple
types of ACh receptors and demonstrated physiological effects of ACh in the IC, we believe
it is likely that the boutons on the cholinergic axons shown here represent sites of ACh
release, and that the adjacent neurons are likely to be affected directly.

In addition to direct postsynaptic effects, there may be presynaptic effects of ACh on other
synapses (not visualized in our tissue) arising from boutons adjacent to the cholinergic
boutons. Such presynaptic effects have been documented in many locations, including on
collicular axons that terminate in the thalamus (Sottile et al., 2017). If present in the IC or
intercollicular regions, presynaptic effects could provide modulation selective for a specific
subset of inputs to the targeted cell.
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4.3 GABAergic subtypes across rodent species

One of the main findings here was that subtypes of GABAergic neurons previously
described in guinea pigs are also present in mouse IC. Further, differences in soma size

and in distribution of the subtypes within the IC in guinea pig are similar in mouse. As
VGLUT?2 rings are present in the IC in rats, and PNs have been observed in the IC of rats
and naked mole rats, these GABAergic subtypes may be conserved across rodent species
(Beebe & Schofield, 2018; Friauf, 2000; Ito, Bishop, & Oliver, 2009; Seeger, Brauer, Hartig,
& Briickner, 1994). PNs have also been reported in the 1C of dogs and rhesus (Atoji,
Yamamoto, Suzuki, Matsui, & Oohira, 1997; Hilbig, Nowack, Boeckler, Bidmon, & Zilles,
2007), introducing the possibility that the GABAergic subtypes described here are conserved
beyond rodents.

The functional implications of the GABAergic subtypes have been discussed extensively
(Beebe, Young, Mellott, & Schofield, 2016; Schofield & Beebe, 2019). Heavy glutamatergic
input onto GABAergic cells of the IC, which presumably emanates from the VGLUT2+
boutons of the VGLUT?2 ring surrounding some GABAergic neurons, enables short latency
GABAergic transmission from the IC to the medial geniculate body (Geis & Borst, 2013;
Ito, Bishop, & Oliver, 2009; Peruzzi, Bartlett, Smith, & Oliver, 1997). PNs may play

a variety of roles in the IC, including modulation of synaptic physiology, reduction of
structural plasticity, or protection from oxidative stress (for review see Fawcett, Oohashi,

& Pizzorusso, 2019). In the auditory system specifically, PNs are implicated in the support
of temporal precision in both the superior olivary complex and the medial geniculate body
(Balmer, 2016; Blosa et al., 2015; Quraishe, Newman, & Anderson, 2019). In mice in this
study, and in guinea pigs in a previous study, most IC neurons that were surrounded by
VGLUT?2 rings were also surrounded by PNs, indicating a potential interaction between the
two structures (Beebe, Young, Mellott, & Schofield, 2016). It is possible that PNs around
VGLUT2-ringed cells function to decrease structural plasticity, thereby “locking in” the
specialized synaptic structure (Corvetti & Rossi, 2005; de Vivo et al., 2013).

A limitation of this way of subtyping IC GABAergic cells is that it relies on extracellular
markers that cannot easily be used to genetically manipulate groups of GABAergic cells.

A recent study classified a distinct subtype of GABAergic projection neuron in the I1C that
expresses neuropeptide Y (Silveira et al, 2020). Looking at whether these neuropeptide

Y cells are surrounded by VGLUT?2 rings or PNs could help to genetically classify the
GABAergic subtypes we’ve described here. Further, expression of other neuropeptides could
be investigated in order to find ways to genetically manipulate these GABAergic subtypes
and learn more about their potentially differential functions.

4.4 Cholinergic modulation of IC neurons and circuits

ACh does not directly affect spontaneous activity in most IC cells (Curtis & Koizumi,
1961). However, ACh can affect various aspects of sound-evoked IC processing. During
development, activation of muscarinic receptors increases GABA release in the IC (Yigit,
Keipert, & Backus, 2003). In adulthood, ACh can support plastic changes in best frequency,
modulate stimulus-specific adaptation, and support temporal processing in the IC (Ayala &
Malmierca, 2015; Felix, Chavez, Novicio, Morley, & Portfors, 2019; Suga, 2012; Xiong,
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Zhang, & Yan, 2009). Differences in cholinergic effects are likely related to several
factors, including the IC subdivision under consideration, the types of cholinergic receptors
expressed by the target cell, and finally the source of the cholinergic input.

The 1C comprises multiple subdivisions that contribute to different aspects of hearing
(Calford and Aitkin, 1983; Rouiller, 1997). The present results were similar across
subdivisions in that the ACh axons appeared to contact GAD-negative (likely glutamatergic)
cells and each subtype of GABAergic cell present in each area. Projections from the PMT
(the primary source of cholinergic inputs to the IC) terminate across all 1C subdivisions;

in fact, individual cholinergic axons can provide boutons to multiple IC subdivisions,
suggesting concurrent release of ACh in different areas (Noftz et al., 2020). Two factors
support the hypothesis of different roles for ACh in the different subdivisions. First,

the GABA subtypes are distributed differently across subdivisions; e.g., GABAergic cells
associated with PNs are much more common in the ICc than in surrounding regions. If
cholinergic modulation varies according to GABA subtype, the overall effects will vary by
IC subdivision. Second, IC subdivisions differ in the complement of cholinergic receptors
they contain.

There are two cholinergic receptor classes: nicotinic receptors (nAChRs) and muscarinic
receptors (MAChRS), each of which exist in multiple subtypes. NAChRs contain a. and

B subunits of various subtypes. For example, the a7 receptor is a homopentamer of a7
subunits, while the a4p2 receptor is a heteropentamer of a4 and B2 subunits. The subunit
composition affects ligand-binding, calcium permeability, and kinetics, conferring major
functional consequences of expression (Gharpure et al. “20). Muscarinic receptors occur

in five subtypes (M1-M5) categorized in two groups with opposite physiological effects:
M1, M3 and M5 are depolarizing whereas M2 and M4 are typically hyperpolarizing. Both
ionotropic nicotinic receptors and G-protein-coupled muscarinic receptors are distributed
throughout the IC. Many studies describe high levels of the nicotinic a7 subunit in the IC
(Arimatsu, Seto, & Amano, 1978; Clarke, Schwartz, Paul, Pert, & Pert, 1985; Happe &
Morley, 2004; Morley & Happe, 2000; Morley, Lorden, Brown, Kemp, & Bradley, 1977;
Rogers, Myers, & Gahring, 2012). There is less information about other nicotinic subunits,
but a3p4 nicotinic receptors are also present (Gahring, Persiyanov, & Rogers, 2004; Marks
et al., 2002; Whiteaker, Jimenez, Mclntosh, Collins, & Marks, 2000). In addition, a4 and
2 units are expressed by glutamatergic and GABAergic IC cells (Sottile et al., 2017).

The IC also contains M2 and M3 subtypes of muscarinic receptors (Hamada et al., 2010;
Levey, Kitt, Simonds, Price, & Brann, 1991; Spencer, Horvath, & Traber, 1986). M3 AChRs
appear to underlie direct cholinergic activation of IC GABAergic cells (Yigit, Keipert, &
Backus, 2003).Details of AChR subtype distribution in the IC is incomplete, but some
differences between subdivisions are clear. For nicotinic receptors, a7 and B4 subunits are
more prevalent in the ICc and a4 subunits are more prevalent in areas outside the ICc
(Gahring, Persiyanov, & Rogers, 2004; Happe and Morley 04; Hunt and Schmidt, ‘78).
For muscarinic receptors, M1 is distributed rather evenly whereas M2 and M3 are more
prevalent in the areas outside ICc (Hamada et al., 2010; Levey et al., ‘91; Spencer et al.,
*86). Thus, nicotinic and muscarinic effects are likely to differ by IC subdivision.
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Cholinergic projections to the IC arise from two sources. The major projection arises

from cholinergic cells of the pontomesencephalic tegmentum (PMT, comprising the
pedunculopontine tegmental nucleus and laterodorsal tegmental nucleus) and a second,
much smaller projection arises from the medial rostral ventrolateral medulla (MRVLM,;
Motts & Schofield, 2009; Stornetta, Macon, Nguyen, Coates & Guyenet, 2013). The

PMT is associated with arousal, reward, motor function, and attention, while the mRVLM
is associated with respiratory and autonomic function (Guyenet, 2014; Mena-Segovia &
Bolam, 2017; Sved, Ito, & Yajima, 2002). The rostral part of the mMRVLM may be equivalent
to the lateral paragigantocellular nucleus (LPGi), a component of the reticular formation
with connections to multiple auditory nuclei (Andrezik et al., 1981; Kamiya et al., 1988;
Bellintani-Guardia et al., 1996). To our knowledge, nothing is known about the auditory
responses of LPGi cells or the extent to which single cells in this area could reflect both
autonomic and auditory function. Nonetheless, it is likely that the projections from the
mMRVLM/LPGi to the IC serve different purposes from those of the PMT. Whether different
ACh sources contact different GABAergic subtypes is an interesting topic for future study.

In the medial geniculate body, ACh elicits inward currents via nicotinic receptors on
thalamic cells as well as exerting presynaptic effects on inputs, including GABAergic inputs
from the IC and glutamatergic inputs from the auditory cortex (Sottile et al., 2017; Sottile,
Ling, Cox, & Caspary, 2017). The postsynaptic effects increase the gain of the thalamic
cells, enhancing their responses to acoustic stimuli. The presynaptic effects were observed
on ascending (tectothalamic) GABAergic projections but not on tectothalamic glutamatergic
projections; i.e., on inhibitory but not excitatory ascending pathways. ACh also modulated
cortical effects on the thalamus, enhancing excitatory corticothalamic effects but having

no effect on cortically-driven inhibition via projections from the thalamic reticular nucleus
to the medial geniculate cells. The authors concluded that the differential actions of ACh

on excitatory and inhibitory inputs to the thalamus improve signal detection and enhance
hearing in a noisy environment. In the present study, we saw presumptive ACh inputs to

all four subtypes of GABAergic cells. Each subtype participates in the IC-medial geniculate
body projection, so it seems very likely that the tectothalamic pathway is modulated by
ACh at the level of the IC in addition to the axo-axonic modulation reported within the

MG (Beebe, Mellott, & Schofield, 2018; Sottile et al., 2017). Specific roles for the different
subtypes, and the nature of their modulation by ACh, remains to be determined. Which
other IC circuits are modulated by ACh? Given the widespread distribution of cholinergic
boutons in the IC, seemingly any IC circuit could be affected by direct cholinergic input.

IC cells have local projections within the IC, projections across the IC commissure to the
contralateral IC, and ascending projections to the medial geniculate body (Calford & Aitkin,
1983; Gonzalez-Hernandez, Meyer, & Ferres-Torres, 1986; Saldafia & Merchan, 1992).
Additionally, IC cells make descending projections to the superior olivary complex and
cochlear nucleus, and projections to “non-auditory” areas, such as the superior colliculus
and the periaqueductal gray (Appell & Behan, 1990; Caicedo & Herbert, 1993; Xiong et al.,
2015). Ascending, descending, and commissural pathways originate from mostly separate
groups of cells within the IC (Coomes & Schofield, 2004; Okoyama, Ohbayashi, Ito, &
Harada, 2006), providing an opportunity for different levels of modulation of different
output pathways. In hippocampus and neocortex, differential effects of ACh on subtypes
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of GABAergic neurons are based on differences in receptor expression (Lawrence, 2008).
Similarly, effects on individual IC circuits would be heavily dependent on the types of
receptors present, so investigation of the ACh receptor subtypes expressed by different
populations of IC cells (e.g. GABAergic subtypes, neurons participating in different
pathways, etc.) is a logical next step for investigation.
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Highlights
. Four subtypes of GABAergic cells can be distinguished in the mouse inferior
colliculus
. This may indicate conservation of these GABAergic subtypes across rodent
species
. Cholinergic boutons form close associations with a majority of neurons in the

mouse inferior colliculus, including both GABAergic and glutamatergic cells

. All four subtypes of GABAergic cells have close associations with
cholinergic boutons

. This indicates widespread effects of acetylcholine on excitatory and inhibitory
cells across the mouse inferior colliculus
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Figure 1. Examples of boutons in close apposition to an IC neuron
A z-stack image of a NeuN/Neurochrom-labeled neuron in the IClc (yellow), with ACh

boutons (red) that are in close apposition (arrows) or not in close apposition (arrowheads)
shown in three planes. The X plane is indicated by a green line, the Y plane is indicated

by a red line, and the Z plane is indicated by a blue line. The XY image shows three red
boutons in the vicinity of the labeled neuron. Rotation of the image stack to view YZ and
XZ perspectives shows that the two ACh boutons indicated with arrows are in the same
focal plane as the neuron and would be considered in close apposition with the neuron.

The arrowhead-labeled bouton might be in contact with the neuron but the resolution in the
Z-plane is not high enough to make this determination. Boutons like this were not classified
as a “close apposition” even though such a conservative view likely lead us to underestimate
the number of contacts.
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Figure 2. Four subtypes of GAD+ cells are present in the mouse IC.
Photomicrographs show GAD+ cells (green, first column) in the mouse IC and their

association with PNs (cyan, second column) and rings of axosomatic VGLUT2+ terminals
(VGLUT2 rings, magenta, third column). Cells were confirmed to be neurons with cocktail
staining for NeuN and Neuro-Chrom (“NeuN’, yellow, second and third columns). GAD+
cells could lack a PN and a VGLUT2 ring (GAD Only, white arrows, top row), could be
associated with a PN, but no VGLUT2 ring (GAD-PN, white arrows, second row), could be
associated with a VGLUT2 ring but not a PN (GAD-VGLUT?2 ring, white arrow, third row),
or could be associated with both a PN and a VGLUT2 ring (GAD-PN-VGLUT?2 ring, white
arrow, bottom row). Scale bar = 20 pm.
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Figure 3. Subtypes of GAD+ cells differ in their average soma size and distribution across

regions.

A. A boxplot depicting the median and range of soma profile areas for GAD-negative cells
(gray), GAD Only cells (light blue), GAD-PN cells (light green), and GAD-PN-VGLUT2
ring cells (dark green). GAD-VGLUT?2 ring cells were excluded from this analysis due to
their low numbers (only four cells were observed across all regions and cases). GAD Only
cells tended to have the smallest soma sizes, while GAD-PN-VGLUT?2 ring cells tended to
have the largest soma sizes. Note that the y-axis is logarithmic. n = 2273 neurons across
three cases. B. A bar graph depicting the GAD+ population in each IC subdivision and
intercollicular region analyzed. The GAD Only proportion is depicted in light blue, the
GAD-VGLUT?2 ring proportion is depicted in dark blue, the GAD-PN proportion is depicted
in light green, and the GAD-PNN-VGLUT2 ring proportion is depicted in dark green. Error
bars = SEM of the GAD Only population. n = 97 GAD Only cells, 106 GAD-PN cells, 4
GAD-VGLUT2 ring, and 45 GAD-PN-VGLUT?2 ring cells across three cases.
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Figure 4. ACh axons form presumptive contacts on neurons across the IC and intercollicular
regions.
A.. Photomicrographs show neurons stained with an anti-NeuN/Neuro-Chrom cocktail

(“NeuN’, yellow). Axons filled with tdTomato (cholinergic axons, ACh, red) form
presumptive contacts (arrows) with neurons in each region examined. Scale bar = 10 um.
B. A bar graph shows the proportion of all NeuN+ neurons in the sample that receive
presumptive cholinergic contacts in each area. There was no significant difference in the
proportion of neurons associated with cholinergic contacts. Error bars = SEM.
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Figure 5. ACh axons form presumptive contacts with both GAD+ and GAD-negative neurons.
A. Yellow fluorescence (NeuN/Neuro-Chrom) shows 3 neurons. Staining with anti-GAD

(green, middle panel) shows that one neuron is GAD+ (“G”) while the other two are GAD-
negative (“N”). Both neurotransmitter types receive presumptive contacts from tdTomato-
labeled cholinergic axons (red, highlighted with yellow arrows on GAD-negative cells and
green arrows on the GAD+ cell). Scale bar = 10 um. B. A bar graph shows the proportions
of GAD+ (green) and GAD-negative (yellow) neurons that received presumptive contact
from cholinergic axons. There was no clear difference between the two types of cells. Error
bars = SEM. n = 254 GAD+ and 2019 GAD-negative cells across three cases.
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Figure 6. ACh axons form presumptive contacts with all four subtypes of GAD+ cells.
Photomicrographs show examples of each of the four subtypes of GAD+ cells (large

arrows). In each example, tdTomato-filled cholinergic axons (red) make presumptive
contacts with the soma or dendrites of the cells (arrowheads in the last column). Insets
show enlargements of selected contacts (white boxes). Scale bar = 20 pm.
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Figure 7. The subtypes of GAD+ cell are contacted in similar proportions.
A bar graph shows the proportion of the three prominent GAD+ subtypes that received

presumptive contact from cholinergic axons. Error bars = SEM. n = 97 GAD Only cells,

106 GAD-PN cells, and 45 GAD-PN-VGLUT2 ring cells across three cases. Note that the
GAD-VGLUT?2 ring group is excluded from the graph because of the small number of such
cells (4 in the sample). Despite the small number, two of these cells appeared to be contacted
by cholinergic axons.
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Figure 8. Summary
A schematic diagram depicting cell populations in the mouse IC. Non-GABAergic cells

(yellow) and GABAergic cells (green) both receive input from cholinergic axons (red). All
four subtypes of GABAergic cells are contacted, including those surrounded by PNs (light
blue) and those surrounded by rings of axosomatic VGLUT2+ terminals (purple).
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