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Principal neurons in the anteroventral cochlear nucleus express
cell-type specific glycine receptor a subunits

Shengyin Linl, Ruili Xiel
1Department of Otolaryngology, The Ohio State University, Columbus, OH

Abstract

Signal processing in the principal neurons of the anteroventral cochlear nucleus (AVCN) is
modulated by glycinergic inhibition. The kinetics of IPSCs are specific to the target neurons. It
remains unclear what glycine receptor subunits are involved in generating such target-specific
IPSC kinetics in AVCN principal neurons. We investigated the expression patterns of glycine
receptor a (GlyRa) subunits in AVCN using immunohistochemical labeling of four isoforms of
GlyRa subunits (GlyRa1 - a4), and found that AVCN neurons express GlyRa; and GlyRa.4, but
not GlyRa., and GlyRas subunits. To further identify the cell type-specific expression patterns of
GlyRa subunits, we combined whole-cell patch clamp recording with immunohistochemistry by
recording from all three types of AVCN principal neurons, characterizing the synaptic properties
of their glycinergic inhibition, dye-filling the neurons, and processing the slice for immunostaining
of different GlyRa subunits. We found that AVCN bushy neurons express both GlyRa; and
GlyRa4 subunits that underlie their slow IPSC kinetics, whereas both T-stellate and D-stellate
neurons express only GlyRa1 subunit that underlies their fast IPSC kinetics. In conclusion, AVCN
principal neurons express cell-type specific GlyRa subunits that underlie their distinct IPSC
kinetics, which enables glycinergic inhibition from the same source to exert target cell-specific
modulation of activity to support the unique physiological function of these neurons.
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INTRODUCTION

Acoustic information carried by the auditory nerve is first processed in the cochlear nucleus
(CN), where different aspects of sound are segregated by various types of neurons and
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projected to different parallel pathways (Cant and Benson, 2003). In AVCN, the response
properties of principal neurons are shaped by inhibition, which is predominantly glycinergic
(Altschuler et al., 1986;Campagnola and Manis, 2014;Caspary et al., 1994;Gai and Carney,
2008;Keine et al., 2016;Kopp-Scheinpflug et al., 2002;Kuenzel et al., 2015;Nerlich et al.,
2014;Wenthold et al., 1988). Our previous study (Xie and Manis, 2013) showed that
glycinergic inhibition from the same source of dorsal cochlear nucleus (DCN) gives rise to
drastically different IPSC kinetics in different AVCN principal neurons, and exerts cell type-
specific modulatory effects that promote the temporal processing of sounds at different time
scales. However, it remains unclear what mechanisms underlie such target-specific
variations in IPSC Kinetics.

Glycinergic inhibition with various IPSC kinetics have been widely observed throughout the
nervous system (Balakrishnan et al., 2009;Legendre, 2001;Magnusson et al., 2005;Wassle et
al., 2009). The main factor that determines IPSC kinetics lies in the subunit composition of
glycine receptors (Lynch, 2009;Wassle, et al., 2009), among other mechanisms that relate to
the process of transmitter release (Balakrishnan, et al., 2009;Magnusson, et al., 2005),
receptor phosphorylation (Gentet and Clements, 2002) or intracellular chloride
concentration (Pitt et al., 2008). Glycine receptors (GlyRs) are pentamers of a and
subunits in different stoichiometry (Burgos et al., 2016;Kuhse et al., 1993;Lynch, 2004),
usually 2a.3p or 3a2p (Durisic et al., 2012;Grudzinska et al., 2005). There are four isoforms
of a subunits (a1 - a4) and only one B subunit. It is known that a subunits contain the
ligand-binding sites and determine the kinetics of the inhibitory current, whereas the
subunit is auxiliary and facilitate receptor localization (Graham et al., 2006;Lynch,
2004;2009;Wassle, et al., 2009). Glycine receptors during embryonic development usually
contain a, subunits, and gradually switch to a1 subunits upon maturation (Lynch,
2009;Magnusson, et al., 2005; Takahashi et al., 1992). However, the scenario is not
universally true in all brain regions. Indeed, all isoforms of a subunits were found in the
adult nervous system with localized distributions (Blednov et al., 2015;Harvey et al.,
2004;Lin et al., 2017;Lynch, 2009;Majumdar et al., 2009;Wassle, et al., 2009). In general,
a4 subunit-containing glycine receptors have faster IPSC kinetics than receptors with other
a subunit isoforms (Gill et al., 2006;Harvey, et al., 2004;Majumdar, et al., 2009; Takahashi,
et al., 1992;Veruki et al., 2007;Wassle, et al., 2009).

There are three major types of neurons in AVCN, including bushy, T-stellate (also named
planar multipolar), and D-stellate (also named radiate multipolar) neurons, each of which
exhibits unique features in morphology and intrinsic membrane properties, performs distinct
transformation of auditory information, and projects to different target neurons (Cant and
Benson, 2003;Doucet and Ryugo, 1997;0ertel, 1991;0ertel et al., 2011;Smith and Rhode,
1989). In particular, bushy neurons encode fine temporal information of sounds that are
essential for auditory tasks such as sound localization that require high temporal precision
(Joris and Yin, 2007). T-stellate neurons encode information with slower temporal features,
such as sound envelope, which are important for auditory tasks like speech recognition
(Blackburn and Sachs, 1990;May et al., 1998;Rhode and Greenberg, 1994;Shannon et al.,
1995;Swaminathan and Heinz, 2012). Both bushy and T-stellate neurons are excitatory
output neurons that project out of the AVCN to upper auditory nuclei (Cant and Benson,
2003). In contrast, D-stellate neurons are the main inhibitory interneurons of the CN that
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respond to sounds over wide frequency ranges, and project locally within CN as well as to
the contralateral CN (Arnott et al., 2004;Campagnola and Manis, 2014;Cant and Benson,
2003;Needham and Paolini, 2003;Nelken and Young, 1994) to improve temporal processing
and promote signal detection in noise (Pressnitzer et al., 2001;Xie and Manis, 2013). Bushy
neurons receive glycinergic inhibition with significantly slower IPSC kinetics than T-stellate
neurons (Nerlich, et al., 2014;Xie and Manis, 2013;2014). Little is known about the synaptic
properties of glycinergic inhibition in D-stellate neurons.

In this study, we examined the synaptic properties of glycinergic inhibition in all three types
of AVCN principal neurons and determined the underlying glycine receptor a. subunit
composition. We found that bushy neurons showed slow IPSC kinetics with glycine
receptors that contain both GlyRa 1 and GlyRa,4 subunits. In contrast, D-stellate neurons
receive glycinergic inhibition from DCN with fast IPSC kinetics similar to those of T-stellate
neurons, except that the synaptic strength is weaker with significantly smaller IPSC
amplitude. Glycine receptors in both T- and D-stellate neurons contain GlyRa.; subunits, but
without any other a isoforms. We conclude that glycinergic inhibition, even from the same
source, can exert target-specific modulatory effects through differences in glycine receptor a
subunit compositions at the synapses on different neurons.

MATERIALS AND METHODS

CBA/CaJ mice of either sex at ages of postnatal day 29-89 were used for all the experiments
except in one experiment of immunohistochemistry that used E14.5 mouse embryos. Mice
were initially purchased from the Jackson Laboratory and maintained at the university
animal facility. All experiments were performed under the guidelines of the protocols
approved by the Institutional Animal Care and Use Committees at the University of Toledo
and the Ohio State University.

Brain slice preparation

All electrophysiological recordings used parasagittal brain slices of cochlear nucleus
prepared from CBA/CaJ mice (Xie, 2016;Xie and Manis, 2017). Briefly, mice were
anesthetized with intraperitoneal injection of ketamine (100mg/kg) and xylazine (10mg/kg),
decapitated, brainstem removed from the skull and transferred into artificial cerebral spinal
fluid (ACSF), which was gassed with 5% CO, and 95% O, and pre-warmed to 34 °C. ACSF
contained (in mM): 122 NaCl, 3 KCI, 1.25 NaH,POy,, 25 NaHCO3, 20 glucose, 3 myo-
inositol, 2 sodium pyruvate, 0.4 ascorbic acid, 2.5 CaCl, and 1.5 MgSQO,. Acute brain slices
contained all three parts of the cochlear nucleus (AVCN, anteroventral cochlear nucleus;
PVCN, posteroventral cochlear nucleus; and DCN, dorsal cochlear nucleus) were cut with a
Vibratome 1000 (Technical Products, Inc.) at the thickness of either 400 um (for cryostat re-
sectioning and immunohistochemistry), 350 pm (for experiments with only
electrophysiological recording), or 225 um (for experiments with electrophysiological
recording followed by immunohi stochemistry).
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Cryostat re-sectioning and immunohistochemistry

In one set of the experiments, acute brain slices (400 um in thickness) were immediately
fixed with 4% paraformaldehyde in PBS after slicing, followed by PBS wash and overnight
cryo-protection treatment in PBS with 30% sucrose. The cochlear nucleus slices were then
embedded in Cryo-Gel (Cat#: 475237; Instrumedics Inc.) and re-sectioned in the same
parasagittal orientation to 30 um in thickness, using a cryostat slicer (Leica CM3050 S,
Leica Biosystems). Re-sectioned slices were then double-stained with a primary antibody
against vesicular glutamate transporter 1 (vGIluT1) (polyclonal Guinea pig anti-vGIuT1;
Cat#: 135304, RRID: AB_887878; Synaptic Systems), and an antibody against one of the
four glycine receptor a subunits, including glycine receptor a4 subunit (polyclonal rabbit
anti-GlyRa; Cat#: 146003, RRID: AB_2108989; Synapic Systems), a, subunit (polyclonal
goat anti-GlyRap; Cat#: sc-17279, RRID: 2110230; Santa Cruz Biotechnology), a3 subunit
(polyclonal rabbit anti-GlyRa.3; Cat#: AGR-003, RRID: AB_2039889; Alomone Labs), and
a4 subunit (polyclonal rabbit anti-GlyRay4; Cat#: AGR-015, RRID: AB_2340974; Alomone
Labs). Two appropriate secondary antibodies were used in a combination of Goat anti-
Guinea pig 1gG conjugated with Alexa Fluor 488 (Cat#: A-11073, RRID: AB_142018;
Molecular Probes), Rabbit anti-Goat 1gG conjugated with Alexa Fluor 594 (Cat#: A-11080,
RRID: AB_2534124; Thermo Fisher Scientific), or Goat anti-Rabbit IgG conjugated with
Alexa Fluor 594 (Cat#: R37117, RRID: AB_2556545). Finally, DAPI Fluoromount-G
mounting medium (Southern Biotech) was used to mount the slices and highlight the cell
nucleus. Images were acquired using a confocal microscope (Leica TCS SP5, Leica
Microsystems) at three different wavelengths for DAPI (to reveal cell nucleus), Alexa Fluor
488 (to reveal synaptic vesicles/terminals), and Alexa Fluor 594 (to reveal the staining of
glycine receptor a subunits), respectively.

Whole-cell patch clamp recording

For electrophysiological recording, acute brain slices (350 or 225 um in thickness) were
incubated in gassed ACSF at 34 °C for ~45 minutes to allow recovery from the slicing, then
transferred to a submersion chamber on a fixed-stage Axio Examiner microscope (Carl Zeiss
Microscopy, LLC) and bathed in continuous flow of ACSF. Whole-cell patch clamp
recording was performed using Multiclamp 700B amplifier, Axon Digidata 1550B digitizer,
and pClamp 10 software (Molecular Devices). The recording pipette was pulled from KG-33
borosilicate glass (King Precision Glass) using a Sutter P-2000 puller (Sutter Instruments).
Electrode solution contained (in mM): 105 K-gluconate, 36 KCI, 2 NaCl, 10 HEPES, 0.2
EGTA, 4 MgATP, 0.3 GTP, and 10 Tris-phosphocreatine, with pH adjusted to 7.2. All
reported voltages were adjusted with a junction potential of —12 mV. To visualize cellular
morphology, Alexa Fluor 488 (final concentration of 0.01% by weight) was added to the
electrode solution for online fluorescent imaging as well as subsequent processing in
immunohistochemistry. Five uM CNQX was added to the ACSF to block glutamatergic
excitatory synaptic transmission. All recordings were made at 34 °C.

Under current clamp mode, membrane responses to depolarizing and hyperpolarizing step
current injections were obtained from all three major cell types of the AVCN, including
bushy, T-stellate and D-stellate neurons. Cell type was identified based on both
electrophysiological and morphological features as described in previous studies (Brawer et
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al., 1974;Cant and Morest, 1979;Wu and Oertel, 1984;Xie and Manis, 2013;2017).
Specifically, bushy neurons were characterized by having short primary dendrites and
heavily-branched tufts in resemble of a “bush” (Brawer, et al., 1974;Cant and Morest,
1979;Lauer et al., 2013;Webster and Trune, 1982), as well as firing only one or a few small
spikes to prolonged suprathreshold current injections (Wu and Oertel, 1984). In contrast,
both T- and D-stellate neurons had thin and long dendrites without heavily-branched tufts,
and electrically fired tonic spikes to prolonged current injections (Fujino and Oertel,
2001;Wu and Oertel, 1984;Xie and Manis, 2017). T- and D-stellates were further
distinguished by the orientation of their primary dendrites, in which T-stellate neurons have
dendrites that ran parallel to the fascicles of auditory nerve fibers, while D-stellate neurons
have dendrites spanned multiple fascicles (Doucet and Ryugo, 1997;Smith and Rhode,
1989; Xie and Manis, 2017). They also responded differently to large hyperpolarizing current
injections, in which T-stellate neurons show slow and small depolarization sags, whereas D-
stellate neurons show large and fast depolarization sags (Fujino and Oertel, 2001;Rodrigues
and Oertel, 2006;Xie and Manis, 2017). Glycinergic IPSCs were obtained under voltage
clamp mode in response to electrical stimulation at the DCN, which presumably activated
the DCN tuberculoventral neurons that provide glycinergic inhibitory inputs to AVCN
neurons (Muniak and Ryugo, 2014;Wickesberg and Oertel, 1990;Xie and Manis,
2013;2013;Zhang and Oertel, 1993). Stimulus pulse had a duration of 100 pus and was
delivered via a 75 um diameter concentric stimulating electrode (Frederick Haer Company).
Stimulus amplitude was determined by gradually increasing the stimulus strength from zero
until stimuli evoked reliable IPSCs in the target neuron.

Whole-cell recording followed by immunohistochemistry

After electrophysiological recording, the electrode pipette was slowly withdrawn until it
detached from the patched neuron. In most cases, the patched neuron resealed and kept its
morphology. Since the electrode solution contained Alexa Fluor 488, the resealed neuron
was filled with the dye and thus labeled. The brain slices with thickness of 225 um were then
removed out of the recording chamber and fixed in PBS solution with 4%
paraformaldehyde, followed by immunostaining procedure as described by Karadottir and
Attwell (2006). Primary antibody against either GlyRa.1 or GlyRa.4 subunit was used,
followed by corresponding secondary antibody as described above. Slices were cover-
slipped and imaged for both the filled neuron (labeled with Alexa Fluor 488) and the
staining of GlyRa. subunits (labeled with Alexa Fluor 594) under a confocal microscope.

Data analysis

Electrophysiological data were analyzed using Igor Pro (Version 6.37, WaveMetrics). To
quantify the intrinsic membrane properties of neurons, input resistance was calculated as the
slope of the current-voltage relationship from hyperpolarizing responses to the four smallest
levels of negative current injections. Membrane time constant was calculated as the average
time constant from single exponential fits to the same four hyperpolarizing responses.
Threshold current was defined as the minimum level of positive current pulse injection that
triggered an action potential in the target neuron. Depolarization sag time constant was
calculated as the time constant of the single exponential fit to the hyperpolarizing trace from
the negative peak to the end of the current pulse (Xie and Manis, 2017). The relative
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amplitude of the depolarization sag was calculated as the b/a ratio, whereas a and b are the
amplitudes of the hyperpolarization peak and steady-state membrane voltage from the
resting membrane potential, respectively (Fujino and Oertel, 2001;Xie and Manis, 2017). To
quantify the kinetics of the glycinergic inhibition, IPSC decay time constant was obtained by
fitting the IPSC decay phase with either a double exponential curve (best for bushy neurons)
or a single exponential curve (best for T- and D-stellate neurons). The weighted decay time
constant of an IPSC with double exponential curve fitting was calculated as: ty, = Tfast X
Avsast T Tsiow X Aslows Where Agast and Agjo are the percent amplitude of the fast and slow
component, and Aggst + Afast = 1 (Xie and Manis, 2013).

Statistical analysis

RESULTS

All statistical analysis used GraphPad Prism (Version 6.0h, GraphPad Software). Population
data were first analyzed with KS normality test to determine if they were normally
distributed. Group comparisons were then performed with either one-way ANOVA (data
with normal distribution) or Kruskal-Wallis test (data with non-normal distribution),
followed by post-hoc multiple comparisons test if any significance was detected. Data are
presented as mean + standard deviation.

Electrophysiological properties of three types of principal neurons in AVCN

We performed whole-cell recording under current clamp mode from all three major cell
types of AVCN: bushy (n = 21), T-stellate (n = 10) and D-stellate (n = 8) neurons. As shown
in Figure 1A-C, positive current pulse injections evoked one or a few transient spikes in
bushy neurons, but triggered tonic spikes throughout the duration of the current pulses in T-
and D-stellate neurons. D-stellate neurons were further separated from T-stellate neurons in
general by having fast depolarization sags in response to negative current injections (Fujino
and Oertel, 2001;Rodrigues and Oertel, 2006;Xie and Manis, 2017). Cell classification was
further confirmed with morphological features as previously reported (Xie and Manis,
2013;2017) (see Methods).

The electrophysiological properties of AVCN principal neurons showed significant
differences among each other in most measurements except the resting membrane potential,
as summarized in Table 1. In particular, bushy neurons showed significantly smaller input
resistances than T-stellate (Dunn’s multiple comparisons test: p < 0.01) and D-stellate
(Dunn’s multiple comparisons test: p < 0.05) neurons. The membrane time constant of T-
stellate neurons was significantly higher than that of bushy (Tukey’s multiple comparisons
test: p < 0.001) and D-stellate (Tukey’s multiple comparisons test: p < 0.05) neurons. Bushy
neurons are less excitable and showed significantly higher threshold current than both T-
stellate (Dunn’s multiple comparisons test: p < 0.001) and D-stellate (Dunn’s multiple
comparisons test: p < 0.05) neurons. Hyperpolarization activated depolarization sags were
fastest in D-stellate neurons with the smallest sag time constant among three cell types
(Table 1). In particular, the difference between D-stellate and T-stellate neurons was
significant (Dunn’s multiple comparisons test: p < 0.01), which is a key differentiator as
previously reported (Fujino and Oertel, 2001;Rodrigues and Oertel, 2006;Xie and Manis,
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2017). D-stellate neurons also showed the smallest b/a ratio (Table 1), which is a measure
influenced by faster kinetics of the hyperpolarization activated cation channels and/or larger
I current amplitude. These differences in electrophysiological properties are consistent with
various previous studies, and underlie the unique physiological function of each principal
neuron in AVCN.

AVCN principal neurons show cell-type specific IPSC kinetics

To study glycinergic inhibition in AVCN principal neurons, IPSCs were recorded under
voltage clamp mode at the holding potential of —112mV. Glycinergic inhibition was evoked
by electrical stimulation of the DCN, which presumably activate the tuberculoventral
neurons and antidromically the VCN D-stellate neurons. Consistent with our previous
observations (Xie and Manis, 2013), IPSCs in bushy neurons were slower and the IPSC
decay phase was best fit with a double exponential curve, while IPSCs in T-stellate neurons
were fast and the decay was best fit with a single exponential curve (Figure 1D-E).
Interestingly, the evoked IPSCs in D-stellate neurons showed fast kinetics like those in T-
stellate neurons, and the IPSC decay was best fit with a single exponential curve (Figure 1F-
G). As shown in Figure 1H, elPSC decay time constants for both T- and D-stellate neurons
were significantly smaller than that of bushy neurons (Tukey’s multiple comparisons test: p
< 0.0001), with no difference between each other (Tukey’s multiple comparisons test: p >
0.05). However, the amplitude of evoked IPSC was significantly smaller in D-stellate
neurons (Figure 11 and Table 1), suggesting that the glycinergic inhibition from DCN has
weaker synaptic strength in D-stellate neurons.

AVCN neurons express glycine receptor a4 and a4 subunits

To study the underlying mechanisms of the different IPSC kinetics in AVCN principal
neurons, we investigated the expression of kinetics-determining GlyRa subunits using
immunohistochemistry. Parasagittal CN slices were re-sectioned to 30 um thickness and
stained using primary antibodies against vGluT1 (synaptic marker) and one of four GlyRa
subunits (see Methods) (Figure 2). Cell nuclei were also labeled by DAPI included in the
mounting medium. As shown in Figure 2A, all three parts of the CN were labeled well by
GlyRa; antibody, along with vGluT21 and DAPI. Neurons in CN express aq subunit-
containing glycine receptors, which is the adult form of GlyR in many brain regions. Further
examination of the AVCN at high magnification showed that GlyRa, is expressed in
different AVCN principal neurons. For example, vGIuT1 labeled numerous ring-like
structures that resemble the endbulb of Held terminals (Figure 2B, arrowheads), which
surround AVCN bushy neurons. These same neurons were also labeled by GlyRa 1 antibody,
suggesting that GlyRs in AVCN bushy neurons contain GlyRa1 subunits. In contrast, many
other neurons that were prominently labeled by GlyRa1 (Figure 2B, arrow), but only had
small and few vGIuT1 labeled puncta that were clearly not the endbulb of Held terminals.
These neurons were likely stellate neurons (T- or D-stellate). Therefore, the data suggest that
AVCN bushy and stellate neurons all express a; subunits in their GlyRs.

Staining with the antibody against GlyRa4 subunit also labeled CN neurons (Figure 2G).
Similar to GlyRa, staining in Figure 2B under high magnification, GlyRa4 labeled puncta
were clearly identifiable in putative bushy neurons with vGIuT1 labeled endbulb of Held
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terminals (Figure 2H, thick arrow), but not in putative stellate neurons (Figure 2H, thin
arrow). In contrast, the same staining using primary antibodies against GlyRa., (Figure 2C)
and GlyRa3 subunits (Figure 2E) showed no detectable staining of either subunit.
Examination of AVCN neurons at high magnification confirmed that no immunoreactivity
was observed on either putative bushy (with vGIuT1 labeled endbulb of Held terminal) or
stellate neurons (Figure 2D and 2F). To test the efficiency of the antibodies, we performed
additional immunostaining of GlyRa, in embryonic mouse brain at E14.5 (known to express
GlyRa., subunit) (Lynch, 2009) and GlyRa3 in mature mouse hippocampus (known to
express GlyRag subunit) (Eichler et al., 2009;Eichler et al., 2008). As expected, the GlyRa.,
antibody labeled embryonic neurons in the putative dorsal tier of thalamus (Figure 2Di).
Similarly, the GlyRa3 antibody labeled mature neurons in the hippocampus (Figure 2Fi).

All three types of principal neurons in AVCN express glycine receptor a; subunit

We performed a different set of experiments to definitively identify which AVCN principal
neurons express what GlyRa subunits. We first performed whole-cell patch clamp recording
in CN slices to characterize the cell types of target neurons, filled the neurons with
fluorescent dye (Alexa Fluor 488), and then processed the slice for immunohistochemistry
with primary antibody against either GlyRa; or GlyRa4 subunit (see Methods). In these
experiments, CN slices were cut at 225 um thickness and remained throughout the process.
Recorded neurons filled with Alexa Fluor 488 were tracked under a confocal microscope
and imaged for the immunolabeling of GIyR a subunits.

As shown in Figure 3, all three major cell types of the AVCN were electrophysiologically
and morphologically identified. The typical bushy neuron in Figure 3A fired only one action
potential to positive current injection, and the neuron was surrounded by a ring of stained
GlyRa puncta (arrowheads, Figure 3B), along with many other labeled neurons (arrows).
Similarly, GlyRa1 puncta were observed in labeled T-stellate (Figure 3C-D) and D-stellate
(Figure 3E-F) neurons. This set of experiments recorded 8 bushy neurons, 3 T-stellate and 3
D-stellate neurons, all were labeled by GlyRa; antibody. Consistent with the staining
performed in cryostat-sectioned slices (Figure 2B), the results showed that all three types of
principal neurons in AVCN express glycine receptors containing a4 subunits.

Only bushy neurons express glycine receptor a4 subunit

In a different set of experiments, we performed the same process as described above except
the primary antibody against GlyRa.4 subunit was used instead. Despite of the weak staining
and high level of non-specific background noise (see Discussion), labeling of GlyRa4 was
clearly recognizable. This set of experiments included 14 bushy neurons, 3 T-stellate and 4
D-stellate neurons. As shown in Figure 4, GlyRa4 labeled puncta were seen on all filled
bushy neurons, but not on any T-stellate or D-stellate neurons. Together with the observation
in Figure 2H, we conclude that GlyRa4 subunit is expressed only by bushy neurons and not
by T- or D-stellate neurons.

In summary, AVCN bushy neurons receive glycinergic inhibition with slow IPSC Kinetics,
and express glycine receptors that contain both GlyRa1 and a4 subunits. In contrast, both T-
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stellate and D-stellate neurons receive glycinergic inhibition with fast IPSC kinetics, and
express glycine receptors with only GlyRa; subunits.

DISCUSSION

Inhibition is an essential component of the nervous system and helps to shape the normal
function of neurons. Given the diversity in neuronal cell types and their physiological
function in the brain, it is imperative to understand how different inhibitory effects are
achieved in different neurons, especially within local neural circuits where the same shared
inhibitory input differentially modulate distinct target neurons. We investigated the
mechanisms of inhibition in the AVCN, where the local auditory neural network consists of
three types of principal neurons with well-characterized anatomy and physiology. Our
previous study showed that the input from the DCN produces glycinergic inhibition with
target cell-specific IPSC kinetics in AVCN bushy and T-stellate neurons, and differentially
modulates their temporal processing at different time scales (Xie and Manis, 2013). In this
study, we combined electrophysiology with immunohistochemistry to demonstrate that the
underlying mechanism of different IPSC kinetics in different AVCN principal neurons is due
to target cell-specific GlyRa subunit composition. The study further shows that D-stellate
neurons are also modulated by glycinergic inhibition, and have fast IPSC kinetics like those
seen in T-stellate neurons but with significantly weaker synaptic strength. Our findings
provide an example of how different glycine receptor a subunit isoforms are employed in a
local neural circuit with a shared inhibitory input, to differentially modulate the distinct
physiological function of various target neurons.

Staining quality in thick slices after patch clamp recordings

We combined patch clamp recording with immunohistochemistry to both obtain the
physiological data and identify the expression patterns of GlyRa subunits from the same
individual neurons (Figures 3 and 4). While this is a very powerful technique, the quality of
the staining was not as robust as those that used cryostat-sectioned slices. For example, in
the staining of the GlyRa ;1 subunit, slices with recorded neurons showed relatively higher
background noise (Figure 3B, D, F) compared with cryostat-sectioned slices (Figure 2B).
Whereas in the staining of the GlyRa,4 subunit, some staining showed noticeable labeling of
large unknown patches (Figure 4B) that resemble either small cells or cell nuclei, which
were not seen in cryostat-sectioned slices (Figure 2H). It was likely caused by the long
recording procedure (usually 2-3 hours including the recovery incubation prior to the
recording) before the slices were fixed for immunohistochemistry (Figures 3, 4). In
comparison, acute brain slices were cut and immediately fixed for re-slicing in cryostat-
sectioned slices (Figure 2), which would better preserve cellular structure with less debris
and thus reduced non-specific labeling. In addition, tissue thickness might also play some
role in the staining quality, as recorded slices were at 225 um and cryostat-sectioned slices
were at 30 pm. Ways that might further optimize the staining process were discussed in
details by Karadottir and Attwell (2006). In this study, despite the higher background noise
associated with this technique, our experiments showed clearly identifiable labeling of
GlyRa subunits, which were consistent with the results from our experiments using
cryostat-sectioned slices.
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Glycinergic inhibition in bushy neurons with slow IPSC kinetics

A previous report in rats showed that bushy neurons express GlyRa; subunits (Hruskova et
al., 2012). However, it is unlikely that a; is the only isoform expressed in bushy neurons,
since the adult form receptor with a.1f8 composition is known to have the fastest IPSC
kinetics among all glycine receptors (Gill, et al., 2006;Harvey, et al., 2004;Majumdar, et al.,
2009;Takahashi, et al., 1992;Veruki, et al., 2007;Wassle, et al., 2009). The significantly
slower IPSC kinetics exhibited in bushy neurons suggests that these neurons express
multiple isoforms of GlyRa subunit. We previously speculated that bushy neurons may
express GlyRa subunit (Xie and Manis, 2013), which would align with the report that low
levels of GlyRa, mRNASs persist in the rat auditory brainstem during early postnatal
development (up to P20) (Piechotta et al., 2001). However, we did not detect GlyRa in this
study, suggesting that GlyRa., may have already phased out at the age range of the mice we
used (P29-89). Instead, we found that bushy neurons express a4 subunits in addition to a1,
with possible stoichiometry of glycine receptors that include a;a43p, 2a1a.42p, and
a12a42f (Durisic, et al., 2012;Grudzinska, et al., 2005). It remains unclear when and how
different a subunit isoforms transition through developmental stages in bushy neurons.

Glycinergic inhibition with slow IPSC kinetics was shown to paradoxically fine-tune the
spike timing of auditory signals in bushy neurons at the time scale of tens of microseconds
(Xie and Manis, 2013). It does so through a slow tonic inhibitory effect that functions as a
high-pass filter to prevent smaller auditory nerve inputs with slower and untimely EPSPs
from triggering action potentials in bushy neurons, thus reducing firing probability but
improving temporal precision of the output signals to the superior olivary complex (Kuenzel
et al., 2011;Nerlich, et al., 2014;Xie and Manis, 2013). The IPSC kinetics can be further
modulated dynamically based on the activity levels of the auditory nerve input (Kuenzel, et
al., 2015;Nerlich et al., 2014;Nerlich, et al., 2014).

Glycinergic inhibition in T-stellate neurons

The finding that T-stellate neurons only express GlyRa1 subunits is not surprising, given
that the kinetics of the IPSCs in T-stellate neurons (~ 1.3 ms) is among the fastest in the
entire nervous system (Gill, et al., 2006;Harvey, et al., 2004;Lu et al., 2008;Lynch,
2009;Magnusson, et al., 2005;Wassle, et al., 2009;Xie and Manis, 2013). The glycine
receptors in T-stellate neurons are likely a1 heteromers with stoichiometry of 2a.13p or
3a12B.

Unlike bushy neurons, T-stellate neurons have significantly slower membrane time constants
and higher input resistances, which enable greater impact of phasic inhibition with fast
IPSCs to both effectively and promptly hyperpolarize the membrane potential to eliminate
poorly timed spikes in T-stellate neurons (Xie and Manis, 2013). Glycinergic inhibition
improves the spike timing of T-stellate neurons on a timescale of milliseconds, which is
slower than its effect in bushy neurons, but ideal for their physiological function of encoding
slower sound envelopes (Gai and Carney, 2008;Rhode and Greenberg, 1994;Wang and
Sachs, 1994;Xie and Manis, 2013). Tests in computer models showed that fast IPSC kinetics
are essential to the optimal function of the glycinergic inhibition in T-stellate neurons, and
the same is true for slower IPSC kinetics in bushy neurons (Xie and Manis, 2013).
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Glycinergic inhibition in D-stellate neurons

D-stellate neurons are inhibitory neurons in the VCN that provide wide-band glycinergic
inhibition to various cell types throughout the cochlear nucleus (Arnott, et al.,
2004;Needham and Paolini, 2003;Palmer et al., 2003;Paolini and Clark, 1999;Smith and
Rhode, 1989). It has been shown that D-stellate neurons themselves receive inhibitory inputs
from unidentified sources (Ferragamo et al., 1998;Paolini and Clark, 1999;Smith and Rhode,
1989), including possibly the DCN tuberculoventral neurons (Saint Marie et al.,
1991;Wickesberg and Oertel, 1990;Zhang and Oertel, 1993) as well as other D-stellate
neurons of the VCN (Arnott, et al., 2004;Ferragamo, et al., 1998;Smith and Rhode, 1989). In
this study, stimulating the DCN could activate both inhibitory sources of the CN, including
the DCN tuberculoventral neurons as well as the VCN D-stellate neurons, which are known
to project to DCN and therefore can be antidromically activated in this stimulating
paradigm. The fast kinetics of evoked IPSCs (Figure 1F) implies little or no dendritic
filtering of the recorded current, which indicates that the inhibitory synapses are physically
close to the recording sites and localize near the somata or proximal dendrites, consistent
with previous studies using electron microscope (Smith and Rhode, 1989).

The finding that both D-stellate and T-stellate neurons have fast IPSCs with no significant
difference in their decay time constants (Figure 1G—H) agrees with the immunostaining
results that both express only GlyRa; subunit (Figures 3 — 4). Given the similarity in their
intrinsic membrane properties (Figure 1B—C), fast inhibition may work in the same way in
shaping the responses of D-stellate neurons as it does in T-stellate neurons (Xie and Manis,
2013), i.e. through timely hyperpolarization to terminate prolonged excitation in D-stellate
neurons and promptly stop the inhibitory innervation onto their target neurons. It is unclear
if such fast inhibition would contribute to the creation of onset firing pattern of D-stellate
neurons (Smith and Rhode, 1989;Winter and Palmer, 1995). Interestingly, the amplitude of
evoked IPSCs in D-stellate neurons was significantly smaller than that of T-stellate neurons,
suggesting that the inhibition have weaker synaptic strength in D-stellate neurons.

Distinct combination of EPSC and IPSC kinetics in AVCN principal neurons

In addition to the cell type-specific IPSC kinetics of their inhibitory inputs, AVCN principal
neurons are also innervated by excitatory inputs from the auditory nerve with cell type-
specific EPSC kinetics (Cao and Oertel, 2010;Gardner et al., 1999;2001;Xie and Manis,
2013;2017). Remarkably, the kinetics of EPSCs and IPSCs are intermingled in different
AVCN principle neurons. Bushy neurons, which receive inhibition with slow IPSC kinetics
with an average decay time constant of 8-11ms (Figure 1; Xie and Manis, 2013), are
innervated by excitatory inputs that have extremely fast EPSC kinetics with an average
decay time constant of ~ 0.35 ms (Gardner, et al., 2001;Manis et al., 2011;Xie and Manis,
2013). T-stellate neurons show fast kinetics in both IPSCs (decay time constant of 1.1 -1.3
ms) (Figure 1; Xie and Manis, 2013) and EPSCs (decay time constant of 0.41-0.62 ms)
(Gardner, et al., 2001;Manis, et al., 2011;Xie and Manis, 2013;2017). In contrast, D-stellate
neurons receive fast IPSCs (decay time constant of 1.6 ms) (Figure 1) but drastically slower
EPSCs (decay time constant of ~5 ms) (Xie and Manis, 2017). The distinct properties of
EPSC and IPSC kinetics in each AVCN principal neurons are generated by the different
combinations of glutamate and glycine receptors they express, as well as other factors that
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may include synaptic location, number of converged synaptic inputs, cellular morphology,
and composition of various ion channels (Gardner, et al., 2001;Manis, et al., 2011;White et
al., 1994;Xie and Manis, 2017), all of which help define the unique response properties of
each AVCN neuron and contribute to its distinct physiological function in processing sound
information from the environment.
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HIGHLIGHT
. Glycine receptor a subunit composition underlies cell type-specific IPSC
kinetics in AVCN
. AVCN expresses glycine receptor a; and a4, but not a, and az subunits
. Bushy neurons express both aq and a4 that underlie slow IPSC kinetics
. T-stellate and D-stellate neurons express only a1 that underlies fast IPSC

kinetics
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Figure 1.

AVCN principal neurons show cell type-specific elPSC kinetics. (A-C) Current pulse
injections induced unique response patterns in bushy (A), T-stellate (B) and D-stellate (C)
neurons. Note that bushy neurons show transient firing to depolarizing current injections,
while both T- and D-stellate neurons show sustained firing pattern. Arrow in (C) marks the
fast depolarization sag in response to negative current injection in the D-stellate neuron. (D-
F) elPSCs recorded from the same bushy, T-stellate, and D-stellate neurons in (A-C). Traces
are average of 20 trials. Black curves show double exponential (D) or single exponential
curve fittings (E-F) to the elPSC decay phase. (G) Overlapped elPSCs from (D-F) to show
kinetic differences; Traces are normalized to the elPSC peak. (H) Summary of elPSC decay
time constants in three cell types. ****p <0.0001. (I) Summary of elPSC peak amplitude in
three cell types. * p < 0.05.
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Figure 2.
Cochlear nucleus neurons express glycine receptor a; and a4, but not a, and ag subunits.

Cryostat-sectioned slices of the cochlear nucleus were triple-stained against vGIuTI (green),
one of the four GlyRa subunits (red), and DAPI (blue). All panels are single frame images
taken under a confocal microscope. (A) Cochlear nucleus is stained well by GlyRa.q
antibody. Square in the merged panel marks the region of interest in AVCN that is magnified
in (B). AN: auditory nerve; AVCN: anterior ventral cochlear nucleus; PVCN: posterior
ventral cochlear nucleus; DCN: dorsal cochlear nucleus. (B) Magnified view of the marked
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region of interest in AVCN from (A). Arrowhead: example endbulb of Held terminals
marked by vGIuT1 staining. Arrow: example neuron that is stained well by GlyRa; but not
by vGIuTI. Lack of any endbulb of Held terminal suggests that this neuron is not a bushy but
a stellate neuron. (C) Cochlear nucleus is not stained by GlyRa., antibody. Labels are the
same as in (A). (D) Magnified view of the marked region of interest in (C). Arrowheads: two
example endbulb of Held terminals stained with vGIuT1. Thin arrow: nucleus of a putative
stellate neuron with no endbulb of Held terminal. Note: GlyRa., does not label any neurons,
regardless of whether they receive endbulb of Held terminals or not. Inset (Di) : the same
GlyRa2 antibody positively labeled neurons in the putative dorsal tier of thalamus of an
E14.5 embryonic brain. (E) Cochlear nucleus is not stained by GlyRa 3 antibody. (F)
Magnified view of the marked region of interest in (E). Labels are the same as in (D). Inset
(Fi): the same GlyRa3 antibody positively labeled neurons in mature hippocampus. (G)
Cochlear nucleus is stained well by GlyRa4 antibody. (H) Magnified view of the marked
region of interest in (G). Arrowhead: example of an endbulb of Held terminal labeled by the
vGIuT1 antibody. Thin arrow: example of a putative stellate neuron without endbulb of Held
terminals. Arrow: example GlyRa4 staining of a putative bushy neuron with endbulb of
Held terminals. Notice in the merged image that the labeled puncta of vGIuT1 (green) and
GlyRa (red) are interleaved and form the contour of neuronal membrane.
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Figure 3.

All three types of principal neurons in AVCN express glycine receptor a4 subunits. (A)
Electrophysiological response pattern of an example bushy neuron to current injections. (B)
The bushy neuron in (A) was filled with Alexa Fluor 488 dye (AF488), and the CN slice was
fixed and stained with antibody against glycine receptor a; subunit (GlyRa1). Arrowheads:
stained GlyRa.q puncta on the target bushy neuron. Arrows: stained GlyRa4 puncta on other
surrounding neurons. Labels are the same in (D) and (F). (C) Response pattern of an
example T-stellate neuron. (D) The T-stellate neuron in (C) was filled with AF488 and
stained by the GlyRa; antibody. (E) Response pattern of an example D-stellate neuron. (F)
The D-stellate neuron in (E) was filled with AF488 and stained by the GlyRa; antibody.
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Figure 4.

Only bushy neurons in AVCN express glycine receptor a4 subunit. (A) Electrophysiological
response pattern of an example bushy neuron to current injections. (B) The bushy neuron in
(A) was filled with Alexa Fluor 488 dye (AF488), and the CN slice was fixed and stained
with an antibody against glycine receptor a4 subunit (GlyRay). Arrowheads: stained
GlyRa4 puncta on the target bushy neuron. Arrow: stained GlyRay4 puncta on a nearby
neuron. (C) Response pattern of an example T-stellate neuron. (D) The T-stellate neuron in
(C) was filled with AF488 but was not stained by the GlyRay antibody. (E) Response
pattern of an example D-stellate neuron. (F) The D-stellate neuron in (E) was filled with
AFA488 and was not stained by the GlyR a4 antibody. Another filled bushy neuron on the
same slice was stained by the GlyRa, antibody as marked by arrowheads.
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Table 1.

Electrophysiological properties of AVCN neurons.

Bushy (n=21)

T-stellate (n=10)

D-stellate (n=8)

one-way ANOVA/Kruskal-Wallis

Resting membrane potential (mV) -63.8+1.9

Input resistance (MQ) 53 +17
Membrane time constant (ms) 20+0.6
Threshold current (pA) 290 + 137
Sag time constant (ms) 28+12
b/a ratio 0.61+0.12
elPSC amplitude (pA) -596 + 406
elPSC decay time constant (ms) 8.4+34

-65.9+3.0
125+ 77
6.6 £4.5
100 + 123
52 +35

0.63+0.11

—820 £ 572
1.3+0.2

-64.9+16
75+ 26
29%0.9
125+ 60

18+8
0.49+0.10

-248 + 109
1.6+04

p=0.0712
p=0.001%*
p = 0.0002%%*
p = 0.0002%%*
p = 0.0036**
p = 0.0434*
p=0.0232*
P < 0.0001****
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