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Naumov V, Heyd J, de Arnal F, Koch U. Analysis of excitatory
and inhibitory neuron types in the inferior colliculus based on I
properties. J Neurophysiol 121: 2126-2139, 2019. First published
April 3, 2019; doi:10.1152/jn.00594.2018.—The inferior colliculus
(IC) is a large midbrain nucleus that integrates inputs from many
auditory brainstem and cortical structures. Despite its prominent role
in auditory processing, the various cell types and their connections
within the IC are not well characterized. To further separate GABAe-
rgic and non-GABAergic neuron types according to their physiolog-
ical properties, we used a mouse model that expresses channelrho-
dopsin and enhanced yellow fluorescent protein in all GABAergic
neurons and allows identification of GABAergic cells by light stim-
ulation. Neuron types were classified upon electrophysiological mea-
surements of the hyperpolarizing-activated current (/,)) in acute brain
slices of young adult mice. All GABAergic neurons from our sample
displayed slow-activating [, with moderate amplitudes, whereas a
subset of excitatory neurons showed fast-activating I, with large
amplitudes. This is in agreement with our finding that immunoreac-
tivity against the fast-gating hyperpolarization-activated and cyclic-
nucleotide-gated 1 (HCN1) channel was present around excitatory
neurons, whereas the slow-gating HCN4 channel was found periso-
matically around most inhibitory neurons. [, properties and neu-
rotransmitter types were correlated with firing patterns to depolarizing
current pulses. All GABAergic neurons displayed adapting firing
patterns very similar to the majority of glutamatergic neurons. About
15% of the glutamatergic neurons showed an onset spiking pattern,
always in combination with large and fast /,. We conclude that HCN
channel subtypes are differentially distributed in IC neuron types and
correlate with neurotransmitter type and firing pattern. In contrast to
many other brain regions, membrane properties and firing patterns
were similar in GABAergic neurons and about one-third of the
excitatory neurons.

NEW & NOTEWORTHY Neuron types in the central nucleus of the
auditory midbrain are not well characterized regarding their transmit-
ter type, ion channel composition, and firing pattern. The present
study shows that GABAergic neurons have slowly activating hyper-
polarizing-activated current (/,)) and an adaptive firing pattern whereas
at least four types of glutamatergic neurons exist regarding their I,
properties and firing patterns. Many of the glutamatergic neurons were
almost indistinguishable from the GABAergic neurons regarding I,
properties and firing pattern.
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INTRODUCTION

The inferior colliculus (IC) is a major auditory integration
center where ascending projections from the auditory brains-
tem and descending projections from auditory cortical and
subcortical areas converge (Oliver 2000). In addition, IC neu-
rons receive prominent inputs from other excitatory and inhib-
itory neurons within the IC and the contralateral IC, both of
them contributing to the processing of auditory information
(Grimsley et al. 2013; Ito et al. 2016; Sturm et al. 2014).
GABAergic neurons constitute up to 30% of all neurons in the
IC (Beebe et al. 2016; Ito et al. 2009; Merchan et al. 2005),
with the remaining 70% of neurons being glutamatergic (Ito et
al. 2011). Previous studies identified a number of different
neuron types in response to hyper- and depolarizing current
injections in GABAergic and glutamatergic neurons (Ono et al.
2005), whereas response patterns to acoustic stimulation were
not different between GABAergic and glutamatergic neurons
(Ono et al. 2017). We were interested to what extent differ-
ences in the maturity of neurons contributed to this observed
discrepancy and whether the hyperpolarization-activated and
cyclic-nucleotide-gated (HCN) channel was differentially dis-
tributed among different IC neuron types.

In addition to the specific pattern of hyperpolarizing and
depolarizing inputs, also voltage-gated ion channels determine
the integrative properties of the neurons and their output spike
pattern. HCN channels are highly expressed in auditory brain-
stem neurons and largely contribute to the specific integration
of inputs in the ascending auditory pathway (Khurana et al.
2012; Koch and Grothe 2003). HCN channels open upon
hyperpolarization and are permeable to K* and Na™ ions.
Functionally, activation of the hyperpolarization-activated cur-
rent (/) stabilizes the resting membrane potential, decreases
the membrane time constant at rest, and reduces temporal
summation of synaptic inputs (Koch and Grothe 2003; Shah
2018; Wahl-Schott and Biel 2009). Four different subunits of
the HCN channel exist, namely HCN1-4, which differ in their
activation time constants, their voltage-dependence, and their
sensitivity to modulation by cAMP (Wahl-Schott and Biel
2009). Previous studies have shown that IC neurons express

WWW.jn.org

Downloaded from journals.physiology.org/journal/jn (071.220.201.189) on January 13, 2021.


https://orcid.org/0000-0001-5812-7352
http://doi.org/10.1152/jn.00594.2018
mailto:ursula.koch@fu-berlin.de

I, IN EXCITATORY AND INHIBITORY AUDITORY MIDBRAIN NEURONS

different HCN subunits (Koch et al. 2004; Notomi and Shige-
moto 2004) and display diverse /;, properties that are, in many
cases, correlated with the firing patterns elicited by depolariz-
ing current injections (Koch and Grothe 2003; Ono et al. 2005;
Tan et al. 2007).

To systematically correlate /;, properties and firing pattern of
mature GABAergic and non-GABAergic IC neurons, we used
electrophysiological recordings in acute brain slices of a trans-
genic mouse model that expresses channelrhodopsin 2 (ChR2)
and enhanced yellow fluorescent protein (EYFP) under the
promotor of the vesicular GABA transporter (VGAT) (Zhao et
al. 2011). This mouse model allows the unambiguous identi-
fication of GABAergic neurons by blue light activation also in
deeper tissue of mature animals (Ono et al. 2016). Further-
more, we correlated /;, properties with the HCN isoform com-
position in GABAergic and glutamatergic neurons and system-
atically analyzed the spike pattern evoked by depolarizing
current injections between the different cell types.

MATERIALS AND METHODS
Animals

All experiments were performed in accordance with the German
animal welfare legislation and approved by the Landesamt fiir Ge-
sundheit und Soziales (LAGESO, Berlin, Germany, T0262/12).
VGAT-ChR2-EYFP line eight mouse founders were obtained from
Jackson Laboratories [stock no. 014548, B6.Cg-Tg(Slc32al-
COP4*H134R/EYFP)8Gfng/J]. This strain is hemizygous for VGAT-
ChR2-YFP BAC transgene, viable, and fertile, with expression of the
mhChR2::YFP fusion protein directed to GABAergic neurons by the
mouse vesicular GABA transporter (VGAT or Slc32al) promoter/
enhancer regions on the BAC transgene. At postnatal days 2 and 3,
expression of the mhChR2::EYFP construct was visually determined
by directing a blue light beam (460—495 nm) with a specialized lamp
(FS/ULS-02B2; BLS) to the mice. A yellow/green shimmer through
the skull confirmed the expression of EYFP in the brain. Before the
experiments, mice were housed in the animal facility, kept on a
12:12-h light-dark cycle, and had ad libitum access to standard
laboratory food pellets and drinking water.

All chemicals were purchased from Sigma-Aldrich or Biotrend
unless otherwise indicated.

Slice Preparation

Patch-clamp recordings were performed from neurons in the cen-
tral nucleus of inferior colliculus (CIC) of mice aged 22-28 days
(male/female ratio ~1:1). The animals were decapitated under isoflu-
rane anesthesia. Brains were removed in ice-cold oxygenated (95%
0,/5% CO,) sucrose replacement solution as follows (in mM): 2.5
KCl, 1.25 NaH,PO,-H,O, 26 NaHCO,, 0.5 CaCl,, 6 MgCl,, 25
glucose, and 200 sucrose, pH 7.4). Transverse brainstem slices (200
pum) were cut with a vibratome (VT1200S; Leica Biosystems), incu-
bated in oxygenated artificial cerebral spinal fluid (aCSF) at 32°C for
1 h, and afterwards maintained at room temperature. The aCSF used
for incubation and experiments contained the following (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH,PO,*H,0, 26 NaHCO,, 2 CaCl,, 1 MgCl,,
and 25 glucose (pH 7.4). For recordings, slices were transferred to a
recording chamber, which was perfused continuously with oxygen-
ated aCSF at 32°C and visualized with the upright microscope (Axio
Examiner.A1; Carl Zeiss) using infrared-differential interference con-
trast optics.
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Electrophysiology

Current- and- voltage-clamp recordings were made from visually
identified CIC neurons using a Multiclamp 700B amplifier (Molecular
Devices). All recordings were made within the CIC. We adopted the
classification of IC into external cortex (ECIC), CIC, and dorsal
cortex according to the Nissl staining (Paxinos and Franklin 2012).
Additionally visually identified clusters of dense EYFP-positive neu-
rons in the ECIC and diffuse EYFP-positive neurons characteristic for
the CIC helped us to differentiate between the ECIC and CIC (Ono et
al. 2005). All experiments were performed at a near-physiological
temperature of 32°C. Patch pipettes were pulled from borosilicate
glass capillaries (BM150F-10P; BioMedical Instruments) on a DMZ
Universal Puller (Zeitz Instruments). When filled with electrode
solution, patch pipettes had a resistance of 2—4 M(). For current- and
voltage-clamp recordings, the pipette solution contained the following
(in mM): 125 potassium D-gluconate, 5 KCI, 10 HEPES, 1 EGTA, 2
Na,-ATP, 2 Mg-ATP, 0.3 Na-GTP, and 10 phosphocreatine disodium
salt hydrate, adjusted to pH 7.25 with KOH.

To isolate /,, pharmacologically the following drugs were applied to
the aCSF (in mM): 1 3,4-diaminopyridine, 10 tetracthylammonium
chloride, 0.2 BaCl,-2H,0, 0.05 NiCl,, 0.1 CdCl,, 0.001 TTX, 0.01
DNQX disodium salt, 0.025 DL-APS5, 0.001 strychnine hydrochlo-
ride, and 0.01 SR-95531 hydrobromide. To retain iso-osmolarity, the
concentration of NaCl in the aCSF was lowered to 115 mM.

Data Acquisition and Statistical Analysis

Recordings were done with a MultiClamp 700B amplifier (Molec-
ular Devices) and controlled by pClamp (Ver. 10.5.1.0, Molecular
Devices). Both voltage and current signals were low-pass filtered at 10
kHz with a four-pole Bessel filter and sampled at a rate of 50 kHz. For
voltage-clamp recordings, whole cell capacitance compensation
was applied and series resistance (<12 M()) was compensated to a
residual resistance of 2 M{). During voltage-clamp recordings, the
holding potential was set to —60 mV. For current clamp recordings
the bridge balance was adjusted to compensate for artifacts arising
from electrode resistance.

All electrophysiological data were analyzed in Clampfit (Ver. 10.5.,
Molecular Devices) and IGOR Pro (Ver. 6.2., WaveMetrics) using the
custom-written package Neuromatic (UCL, London, UK) and in Excel
(Microsoft Office 2010). The junction potential was —10.5 mV, and was
corrected during analysis.

Pharmacologically isolated [, was activated by applying depo-
larizing and 1-s long hyperpolarizing voltage steps from —55.5 to
—120.5 mV (step width 5 mV). Tail currents were analyzed from
a 0.5-s long holding potential of —100.5 mV at the end of each
voltage step.

Activation time constants of the [, were obtained by applying a
single exponential fit to the currents during hyperpolarizing voltage
deflections. Current amplitudes were measured at the end of the 1-s
voltage step. For neurons with slowly activating /,, 1,, was not fully
activated at this time point. However, measured taus were in any case
an underestimation for slow-/,, neurons and therefore did not change
differences between the groups. Current density was calculated by
dividing the current amplitude by the neuron’s capacitance as mea-
sured during the capacitance compensation procedure. Half-maximal
activation of [, was computed from tail currents. Tail current ampli-
tudes were determined at a holding potential of —90 mV ~20 ms after
the termination of the depolarizing and hyperpolarizing voltage steps.
For each neuron, amplitudes were normalized to the maximal and
minimal amplitude [(/ — [,;,)/(Iax — Imin)]- Values were fitted with
a Boltzmann function to obtain the half-maximal activation voltage
(Vy)-

Membrane and firing properties were characterized by hyper- and
depolarizing the neurons with rectangular current pulses (duration:
500 ms; step increment: 50 pA). Input resistance was assessed from
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the steady state of the hyperpolarization triggered by a —50-pA
current injection according to Ohm’s law. Membrane time constants
were calculated from the voltage deflection in response to —50-pA
current injection using a single exponential fit.

To estimate /,, properties in current clamp mode, a single exponen-
tial fit was applied to the I, induced depolarizing sag for a —200-pA
current injection. Furthermore, to estimate the amplitude of I, activa-
tion the amplitude of the depolarizing voltage sag (V,,.x — Vss) Was
divided by the maximal voltage deflection (V,,,,) during a —200-pA
current pulse according to:

= (Vmax - VSS)/Vmax X 100%

ax

Relative V.

sag

Neurons were divided into two categories according to their firing
pattern: onset and adapting firing. As onset we declared neurons that
fired one to three action potentials for current injections up to 250 pA
above firing threshold. All other neurons were declared as adapting
firing neurons.

The number of neurons with rebound spike was obtained for
hyperpolarizations around —90.5 mV at steady-state activation, a
value that is close to the reversal potential of inhibitory synapses.

Mean firing frequency was calculated for bin width of 50 ms for the
depolarizing current injection that elicited firing rates of ~100 Hz in
adapting firing neurons neuron. One VGAT positive (VGAT+) and
eight VGAT negative (VGAT—) neurons that had maximal firing
rates <75 Hz were excluded from the analysis. To quantify adaptation
we used the following method: due to low spike numbers, the fitting
of single and double exponential functions to the binned frequency
plots was not satisfactory. Therefore the firing frequency between
the first spike and each successive spike was calculated and plotted
against the time point of each successive spike. Subsequently, a
double exponential function f{(t) = A, exp(—t/7.,,) + A, exp(—1t/
Taow) Was fit to the successive spike frequency plot of each neuron.
Weighted time constants (7s) were calculated for each neuron accord-
INg 10 Tyeignea = (A X T T Ax X T00)/(A; + Ay).

Results are expressed as means * SE. First, normality of the
distribution and equality of variance were tested with the Shapiro-
Wilk normality and the Levene variance test. For data that were not
normally distributed, the nonparametric Kruskal-Wallis test or Fried-
man test followed by Dunn’s multiple comparisons test was used. For
normally distributed data, a one-way ANOVA followed by a Tukey’s
multiple comparisons test was applied. Statistical analyses were
conducted with GraphPad Prism 7 software, and calculations and
graphs were made in Excel (Microsoft Office 2010) and Igor Pro
(WaveMetrics).

Immunohistochemistry

Perfusion and tissue preparation. Ten P33-P73 VGAT-ChR2-
EYFP line eight mice (3 male, 7 female) were deeply anaesthetized by
an intraperitoneal injection of a mixture of xylazine (2% Rompun and
7.95 mg/kg body wt Bayer) and ketamine (100 mg/ml Ketavet; Pfizer;
159 mg/kg body wt) in 0.9% NaCl. This was followed by transcardial
perfusion with first 0.1 M phosphate buffer (pH 7.4) for 3 min and
then with paraformaldehyde (Carl Roth; 4% in 0.1 M phosphate
buffer, pH 7.4) for 15 min. The brains were immediately removed and
postfixed overnight at 4°C in the 4% paraformaldehyde solution. The
next day brains were thoroughly washed at room temperature with 0.1
M PBS, pH 7.4. Coronal sections (50 wm) were cut at the level of the
IC with a vibratome (VT1200; Leica Biosystems). The free-floating
sections were rinsed three times in 0.1 M PBS (pH 7.4) for 10 min. To
suppress nonspecific binding the sections were preincubated in 10%
normal goat serum (NGS) or 10% normal donkey serum (NDS;
GeneTex) with 0.2% Triton X-100 (Carl Roth) in PBS for 1 h at room
temperature. Subsequently, the sections were incubated overnight at
4°C with either monoclonal mouse anti-HCN1 [1:1,000; University of
California, Davis/National Institutes of Health NeuroMab Facility;
cat. n0.75-110; Research Resource Identifier (RRID):AB_2115181]
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rabbit anti-HCN2 (1:150; Alamone; RRID: AB_2313726), and poly-
clonal goat anti-HCN4 (1:50; Santa Cruz Biotechnology; RRID:
AB_2248531), together with chicken anti-MAP2 (1:1,000; Neurom-
ics; RRID: AB_2314763) in 3% NGS or NDS with 0.2% Triton
X-100 in PBS. All antibodies have previously been validated either by
knockout experiments or Western blot (see manufacturer’s home
pages). Sections were then rinsed three times in PBS for 10 min and
afterwards incubated for 2 h in the secondary antibody solution (3%
NGS or NDS with 0.2% Triton X-100 in PBS) containing either Alexa
647 goat anti-mouse (1:200; Dianova), Cy5 goat anti-rabbit (1:300;
Life Technologies), Alexa 633 donkey anti-goat (1:500; Invitrogen), or
donkey anti-mouse DyLight 405 (1:400; Jackson ImmunoResearch),
together with donkey anti-chicken Alexa 647 (1:500; Dianova). Neg-
ative controls were obtained by omitting the primary antibody. After-
wards, sections were rinsed again in PBS and two times in PB,
mounted on slides, and coverslipped using a homemade antifading
mounting media (Indig et al. 1997).

Image acquisition. Fluorescent micrographs were acquired using a
confocal laser scanning microscope (TCS SP8; Leica Microsystems)
equipped with a X5 HCX PL FLUOTAR objective (NA 0.15), X20
HC PL APO Imm Corr objective (0.75 NA), and a X63 HC PL APO
CS2 immersion-oil objective (1.4 NA). The pinhole was set to 1 Airy
unit for each channel. Illumination and detection pathways were
separated for each fluorophore, and individual color channels were
sequentially acquired to avoid bleed-through artifacts. The acquisition
settings were adjusted to cover the entire dynamic range of the
detectors and remained unchanged during the course of the imaging
process. The z-stacks of confocal images were obtained. Single optical
sections or maximal projections of three single optical sections with
thickness of 0.27 wm were used for high-magnification figures.
Images were further processed with ImageJ (Wayne Rasband, Nati-
onal Institutes of Health).

Image analysis. Image analysis was performed in Fiji (Imagel
Version 1.52i, National Institutes of Health). To quantify the relative
HCNI immunoreactivity across the dorso-ventral axis of the IC, we
took image stacks at X5 magnification in two to four sections from the
middle of the rostral-caudal axis of the IC (5 ICs, 3 animals). Each
stack consisted of four to six optical sections (z-distance: 9—11 um).
Subsequently, average intensities were obtained over the entire z-stack
for every pixel column. Mean gray values were calculated for 50-um
horizontal pixel columns at a distance of 2.27 wm across the entire
dorso-ventral axis of the IC. and normalized to the maximal value
within each IC. The dorso-ventral extent of each IC was normalized
from zero to one and divided into five regions. Normalized mean gray
values were averaged for each of the five regions.

To quantify the number VGAT-EYFP+ neurons with HCN4+
perisomatic staining, stacks of five to six optical sections (z-distance:
0.3 wm) were obtained at X63 magnification for three to five areas of
interest distributed over the entire CIC (5 ICs, 3 animals). With the
use of the Fiji Cell Counter, VGAT-EYFP+ neurons were visually
identified and marked in each stack, carefully avoiding double counts.
Each VGAT-EYFP+ neuron was subsequently scrutinized for HCN4
immunoreactivity around the somatic membrane and marked if a
HCN4+ ring was present in more than one optical section. The total
number of VGAT-EYFP+ with HCN4 ring and VGAT-EYFP+
without HCN4 ring was determined.

RESULTS

We analyzed [, properties for different populations and
correlated them with firing behavior and passive membrane
properties of GABAergic and non-GABAergic neurons in the
central nucleus of the IC in young adult mice (postnatal days
22-28). I, properties were also compared with the overall
staining pattern of HCN1, HCN2, and HCN4 in the IC.

J Neurophysiol » doi:10.1152/jn.00594.2018 - www.jn.org
Downloaded from journals.physiology.org/journal/jn (071.220.201.189) on January 13, 2021.



I, IN EXCITATORY AND INHIBITORY AUDITORY MIDBRAIN NEURONS

Classification of GABAergic and Non-GABAergic Neurons in
the IC

To discriminate between inhibitory (GABAergic) and excit-
atory (glutamatergic) neurons, we used the VGAT-ChR2-
EYFP line 8 mouse (JAX stock no. 014548). In this model,
ChR2 and EYFP are expressed under the control of the pro-
moter of the VGAT, which enables optogenetic validation of
VGAT+ neurons. Myelination at this age did not allow reli-
able optical verification of VGAT expression based on EYFP
expression. We therefore classified neurons by their depolar-
ization to light based on ChR2 expression. In about one third of
the neurons blue light pulses (460—495 nm, 0.5-1s) delivered
through a X40 objective induced a fast-activating and slowly
inactivating inward current whereas the remaining two-thirds
of the neurons did not show any current flow upon light
stimulation (Fig. 1A). Since inhibitory and excitatory synaptic
transmission were blocked during these experiments, the in-
ward current was presumably induced by the opening of the
Na™- and Ca™-permeable ChR2 channels that are expressed in
VGAT+ neurons. We therefore defined these neurons as
GABAergic. In current-clamp mode, a blue light pulse induced
a depolarization followed by bursts of action potentials in
~25% of the neurons that were VGAT+. In the remaining
VGAT— neurons, light stimulation evoked a large transient
hyperpolarization at the beginning of the stimulation and in
many cases some small inhibitory postsynaptic potentials (IP-
SPs) later on (Fig. 1B). Both are likely to result from direct
activation of presynaptic inhibitory terminals (Xie and Manis
2014) and to a lesser extent from somatic activation of con-
nected GABAergic neurons. In some cases, neither an IPSP nor
a depolarization with action potentials was observed during
light stimulation. These neurons were also classified as
VGAT-.

Immunostaining against GAD67 (Fig. 2, A—C, arrowheads),
a marker for GABAergic neurons, in VGAT-EYFP channel-
rhodopsin mice showed that almost all neurons immunoposi-

A
VGAT-

VGAT+_

- e
‘ / 100pA |
/W 100 ms

B VGAT- ‘/

WWO va

WL ...,

Fig. 1. Optogenetic validation of the GABAergic neurons expressing channel-
rhodopsin 2 (ChR2) vesicular GABA transporter-positive (VGAT+) and
excitatory (VGAT—) neurons in the VGAT-ChR2-enhanced yellow fluores-
cent protein (EYFP) line 8 mouse in voltage (A) and in current clamp (B). In
voltage-clamp experiments, TTX, DNQX, APV, and SR95531 were applied to
the bath. Blue light pulses elicit an inward current (A) or action potentials (B)
in VGAT+ neurons and a large inhibitory postsynaptic potential (IPSP) (¥)
followed by small IPSPs in most VGAT — neurons (B).
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tive for GADG67 also expressed EYFP in their membranes and
to a lesser extent in the cytosol. In contrast, excitatory neurons
lacked EYFP and GADG7 staining and were only MAP2+
(Fig. 2, B and D). This confirms previous results (Zhao et al.
2011) and shows that almost all neurons in the CIC expressing
EYFP and channelrhodopsin are also GAD67+ and thus
GABAergic. Since the IC is devoid of glycinergic neurons
(Merchén et al. 2005) and all neurons either express the VGAT
or the glutamate transporters VGIuT1 or VGIuT2 (Ito et al.
2011), we now refer to EYFP/VGAT— neurons as excitatory
and EYFP/VGAT+ neurons as inhibitory neurons.

1, Differs Between Excitatory and Inhibitory Neurons in
the IC

I, was evoked in CIC neurons by voltage clamping the
neurons to various holding potentials (from —55.5 mV to
—120.5 mV; step size 5 mV), and /,, properties were compared
between inhibitory (VGAT+) and excitatory (VGAT—) neu-
rons (Fig. 3). For all measurements, /;, was pharmacologically
isolated by bath application of blockers against several differ-
ent voltage- and ligand-gated ion channels (see MATERIALS AND
METHODS).

In all inhibitory neurons, hyperpolarizing voltage steps con-
sistently triggered a slowly activating inward current (Fig.
3A)). In contrast, excitatory neurons displayed three different
types of [,,. First, neurons with a fast-activating and large I,
amplitude (VGAT—, fast tau, Fig. 3A,); second, neurons with
a slowly activating 7, and a smaller /;, amplitude (VGAT—,
slow tau, Fig. 3A;); and third, neurons without 7, (VGAT—, no
I,, Fig. 3A,). The latter group of neurons did not display any
slowly activating current during hyperpolarizing holding po-
tentials.

Plotting /;, amplitude against the activation time constant and
half-maximal activation voltage indicated two groups of excit-
atory neurons with I, (Fig. 3B). One group displayed slowly
activating I, (>235 ms, Fig. 3B, dashed line), hyperpolarized
half-maximal activation voltage, and small [, amplitudes
(VGAT—, slow tau), whereas the other group of neurons
displayed large I, amplitude, faster activation time constants,
and depolarized half-maximal activation voltages (VGAT—,
fast tau). We chose an activation time constant of 235 ms to
divide the population since, except for two intermediate neu-
rons, neurons with >235-ms time constants consistently
showed lower I, amplitudes and more hyperpolarized half-
maximal voltage activation, similar to VGAT+ neurons. All
inhibitory neurons (VGAT+) resembled the VGAT—, slow
tau neurons, only with slightly larger [, amplitudes. Thirty-
three percent of the neurons were VGAT+ and displayed
slow-1,, activation, 36% were VGAT— with fast-/;, activation,
and 25% were VGAT— with slow-/,, activation. Only 6% did
not exhibit any /,, and were all VGAT— and thus excitatory
(Fig. 30).

I, densities, activation time constants, and half-maximal
activation voltage were compared between the different groups
of excitatory and inhibitory neurons. Current density was
similar in VGAT+ and VGAT—, slow tau neurons but signif-
icantly larger in VGAT—, fast tau neurons when compared
with the other groups (Table 1 and Fig. 3, D and D'). As
expected, VGAT—, fast tau neurons displayed significantly
faster [, activation time constants compared with VGAT+ and
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Fig. 2. Vesicular GABA transporter-positive (VGAT+) cells in
the VGAT-channelrhodopsin 2 (ChR2)-enhanced yellow fluo-
rescent protein (EYFP) line 8 mouse express EYFP (A, green,
arrowheads). Staining for GAD67 (C and B, magenta) and
MAP2 (D, blue) shows that EYFP+ cells colabel for GAD67
(B and D, arrowheads), whereas all EYFP— neurons are also
GAD67— (¥). Scale bar = 20 wm.

VGAT—, slow tau neurons (Table 1 and Fig. 3, E and E').
Similarly, the half-maximal activation voltage was signifi-
cantly more negative in VGAT+ and VGAT-—, slow tau
neurons compared with VGAT—, fast tau neurons (Table I,
Fig. 3, F and F'). The differences in 1, kinetics and voltage
dependence indicate that either HCN channel subtypes are
differentially distributed in the various neuron types or that
modulation of 7, via second messengers might be responsible
for the observed differences.

GABAergic Neurons in the IC Are Positive for HCN4 and
Lack HCNI Immunoreactivity

To find out about the specific HCN channel types expressed
in each group of neurons, we performed immunostaining
procedures in paraformaldehyde-fixed IC sections against dif-
ferent HCN channel subtypes (HCN1, -2, and -4) and corre-
lated them with the EYFP labeling in our VGAT-ChR2-EYFP
mouse model. Labeling against HNC3 was omitted in this
study, since HCN3 is mainly found in thalamic and olfactory
neurons in the brain (Wahl-Schott and Biel 2009).

Profound HCN1 labeling was present around the somata
of many neurons and in the neuropil in all parts of the CIC
(Fig. 4, A, and D,). Interestingly, we observed many non-
GABAergic, EYFP-negative neurons (Fig. 4A,, inset aster-
isks) with strong perisomatic labeling against HCN1 (Fig.
4A5, inset asterisks), whereas EYFP-positive GABAergic
neurons did not show HCN1 immunoreactivity around their
somata (Fig. 4A,, inset arrowheads; Fig. 4A5, inset arrow-
heads). This suggests that many excitatory, but no inhibi-
tory, neurons express HCNI1.

In contrast, HCN2-immunoreactivity was mainly somatic
(Fig. 4B,, inset asterisks and arrowheads) and abundantly
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expressed in CIC neurons, irrespective whether they were
EYFP positive (Fig. 4, B, and Bs, inset arrowheads) or EYFP
negative (Fig. 4, B, and B;_inset asterisks).

HCN4 immunoreactivity was mostly perisomatic (Fig. 4C,,
inset arrowheads and asterisk) and was present in almost all
EYFP-positive, GABAergic neurons (Fig. 4, C, and Cj, inset
arrowheads). Ninety-six percent of EYPF-positive neurons
showed HCN4+ rings (74 neurons out of 77 neurons). Peri-
somatic HCN4 labeling was also observed in a number of
non-GABAergic neurons (Fig. 4, C, and C;, inset asterisks).

We conclude from these experiments that GABAergic neu-
rons in the IC exhibit /,, that is mainly transmitted via ion
channels composed of HCN2 and HCN4 subunits. In contrast,
different types of excitatory neurons exist, with either fast I,
transmitted via HCN1/HCN2, or slow [}, transmitted via HCN2
and in some cases HCN4.

As HCN1 has been shown to be tonotopically organized in
the rat IC (Koch et al. 2004) we quantified whether a similar
differential distribution of HCN1 was also present in the mouse
IC (Fig. 4D). We measured mean gray values of HCNI
immunostaining for a 50-um wide rectangle spanning along
the dorso-ventral axis of the IC (Fig. 4D,). Quantification of
HCNI1 mean gray value along the dorso-ventral extent of the IC
(n = 5) revealed no systematic gradient of HCN1 immunore-
activity within the CIC (Fig. 4D;) (P = 0.66; Friedman test
with Dunn’s multiple comparison). In thee ICs, the most dorsal
20% part was located in the ECIC, where HCN1 immunore-
activity was profoundly lower as previously shown (Koch et al.
2004). This suggests that in the mouse IC, HCN1+ neurons
with large and fast [, are unlikely to be more present in the
ventral part compared with the dorsal part of the CIC.
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Fig. 3. Representative examples of isolated hyperpolarizing-activated current (f;) in GABAergic vesicular GABA transporter-positive (VGAT+) (A;) and
different non-GABAergic (VGAT—) neurons (A,—A,) classified according to /,, activation time constant (7) into slow (A, and A3), fast (A,), and neurons without
I, (A,). Relationship between activation time constant, half-maximal activation, and current amplitude (B) in GABAergic and non-GABAergic neurons. The
dotted line separates non-GABAergic cells into fast- and slow tau neurons. Distribution of the 4 I, kinetic cell types (C). Quantification of 7,, properties of
GABAergic and different non-GABAergic neurons (D-F"). GABAergic neurons have significantly smaller current density (D and D’), slower /;, (E and E’), and
lower half maximal activation (F and F") compared with the population of non-GABAergic neurons with fast /,. Dashed boxes in D and FE are values represented
in D' and E’. Kruskal-Wallis test followed by Dunn’s multiple comparisons test (***P < 0.001).
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Table 1. Comparison of pharmacologically isolated I,-current parameters in VGAT+ and different groups of VGAT— neurons
I, Activation Time Dunn’s Multiple Current Density, Dunn’s Multiple Half Maximal Dunn’s Multiple
Constant, ms Comparisons Test pA/pF Comparisons Test Activation, mV Comparisons Test
VGAT+ 389 + 30 (16) VGAT—, fast tauw*** =232 *24(16) VGAT—, fast tau*** —98.8 = 1.3(15) VGAT—, fast tau***

VGAT —, fast tau
VGAT —, slow tau

181 £ 10 (17) VGAT—, slow tau*#*

391 + 31 (12)

—62.3+49(17)
—174 +3.0(12)

VGAT—, slow tau*** —88.2*1.5(17)

—100.8 + 1.1 (11)

VGAT—, slow tau***

All the parameters are given in means = SE (number of neurons). Vesicular GABA transporter-negative (VGAT—) neurons with fast-activating [, were
significantly different from the group of VGAT+ neurons and VGAT —, slow tau neurons for all /;, parameters. Statistical significance of difference between
VGAT+, VGAT— with fast I, tau, and VGAT— and slow I, tau neurons was calculated using Kruskal-Wallis test followed by Dunn’s multiple comparisons

test **#*P < 0.001.

GABAergic Neurons Are All Adapting Firing Whereas non-
GABAergic Neurons Display a Range of Different Firing
FPatterns

We next wanted to find out whether I, properties and HCN
subtype distribution were correlated with the different firing
patterns observed in GABAergic and non-GABAergic IC neu-
rons. We recorded voltage responses to 0.5-s hyperpolarizing
and depolarizing current pulses and analyzed I, activation,
passive membrane properties and firing behavior in VGAT+
and VGAT— neurons. Almost all GABAergic neurons showed
an adapting firing pattern (Fig. 5A,), while non-GABAergic
neurons exhibited both onset (Fig. 5A,) and adapting firing
patterns (Fig. 5A; 5) with different /-sag characteristics (Fig.
5, A and B). To obtain a quantitative correlate of /;, activation
kinetics, the depolarization slope during —200-pA hyperpolar-
ization current injections was fit with an exponential function.
Additionally, relative [,-sag amplitude (see MATERIALS AND
METHODS) was calculated to obtain a correlate of I, amplitude in
each neuron. We are aware that these two parameters only
partially correlate with 7, amplitude and I, activation time
constant but also depend on membrane capacitance and the
activation of other voltage-gated ion channels in the respective
neurons. Using these two parameters as a criterion, we were
able to group VGAT+ and VGAT— neurons comparable to
the groups formed upon differences in I, properties (Fig. 5B).
VGAT+ neurons displayed I, sags with relatively slow kinet-
ics (>70 ms) and small amplitudes (<50%) (Fig. 5, A,, C, and
D). VGAT— neurons displayed different /,-sag characteristics.
All VGAT— onset firing neurons had fast I;-sag activation
(<70 ms) and large I,-sag amplitudes (>50%), whereas
VGAT— adapting neurons could be divided into three groups
according to their /,-sag properties (Fig. 5, A, s, C, and D, and
Table 2). About half of the VGAT— neurons displayed fast-
activating (<70 ms) and large I, -sag amplitudes, similar to the
onset firing neurons, whereas the other half of VGAT— neu-
rons displayed slow-activating and low-amplitude [, sags,
more resembling the VGAT+ neurons (Fig. 5, C and D).
Again, a few neurons showed no apparent /,, activation. Gen-

erally, the relative number of neurons in each group was
similar to the relative group sizes based on /;, measurements
(Figs. 3C and 5B).

We next compared passive membrane parameters, such as
resting membrane potential, input resistance, and membrane
time constant, between VGAT+ and the different groups of
VGAT— neurons. All these parameters were significantly
different between VGAT+ neurons and VGAT — onset firing
neurons (Fig. 5, E-G and Table 3). Also, VGAT— groups
differed from each other for many of these parameters. To
conclude, VGAT + neurons are not significantly different from
many VGAT— neuron types in terms of membrane properties
and [, whereas the VGAT— onset type neurons seem to be a
separate class of neurons.

As shown in the examples in Fig. 5, A, and A, some neurons
displayed rebound firing after prolonged hyperpolarization. We
determined the relative number of neurons that displayed
rebound spiking in response to a hyperpolarization reaching
—91.5 mV at steady state (Fig. 3H), a value that is close to the
Cl1™ reversal potential in those neurons (Vale and Sanes 2002).
A hyperpolarization to —90.5 mV triggered a rebound spike in
all VGAT— onset firing neurons. Also, 80% of the VGAT—
adapting firing neurons with fast /;, exhibited rebound spiking,
whereas only few VGAT+ or VGAT— slow-/, neurons
showed rebound responses. This indicates that rebound firing is
facilitated by large and fast-activating 7, and mainly found in
specific subclasses of IC neurons.

Adapting Firing GABAergic and Non-GABAergic Neurons
Display Small Differences in Their Spike Rate Adaptation

The large majority (88%) of neurons in the IC adapted their
firing to depolarizing current injections, regardless of neu-
rotransmitter phenotype. However, adapting firing patterns can
vary in their maximal firing rate, in their rate-level relationship,
and in their firing adaptation pattern. We therefore analyzed
these parameters for all adapting firing neurons and compared
them between VGAT+ and the different groups of VGAT—

Fig. 4. Hyperpolarization-activated and cyclic-nucleotide-gated a (HCN1; A), HCN2 (B), and HCN4 (C) immunoreactivity (magenta) in the central nucleus of
inferior colliculus (CIC) of the transgenic VGAT-ChR2-EYFP line 8 mouse, GABAergic (VGAT+) neurons express EYFP (green, arrowheads), and
non-GABAergic neurons lack of EYFP immunoreactivity (*). HCN1 is absent in GABAergic neurons but present in many non-GABAergic neurons (A).
HCN2-immunoreactivity is present in GABAergic as well non-GABAergic neurons (B). HCN4-immunoreactivity is present in GABAergic as well as in some
non-GABAergic neurons (C). Scale bar = 50 wm, inser = 20 um. Representative overview (X5) of HCN1 (D;) and EYFP (D,) immunoreactivity in the entire
inferior colliculus (scale bar = 250 wm). The rectangle represents the area where mean gray values (MGVs) of HCN1 immunostainings were measured (D).
EYFP fluorescence with the boundaries of the central nucleus (CIC), the external cortex (ECIC), and the dorsal cortex (DCIC) of the inferior colliculus (D,).
Quantification of MGV of HCN1 immunostaining along the dorso-ventral extent of the inferior colliculus (Dj;). No gradient of HCN1 staining was observed along
the dorso-ventral (tonotopic) axis within the CIC. Friedman test followed by Dunn’s multiple comparisons test. EYFP, enhanced yellow fluorescent protein;
VGAT, vesicular GABA transporter.
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neurons. Figure 6A,_, shows representative voltage responses above the firing threshold. Averaging of these firing rate-level
and dot displays of spikes for each group. relationships did not yield any difference between VGAT+

We first analyzed spike rates for depolarizing current pulses and VGAT— groups (Fig. 6B). Also, average firing rates (at
and plotted them against the amplitude of injected current 200 pA above firing threshold) did not statistically differ
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Fig. 5. Representative voltage responses to step current injections for different vesicular GABA transporter-positive (VGAT+) and VGAT— cell types (A,-A5).
All GABAergic neurons (VGAT+) display adapting firing pattern and slowly depolarizing voltage sag (A ;). Non-GABAergic neurons (VGAT—) show variable
firing patterns: onset (A,) or adapting firing with different kinetic of the depolarizing voltage sag (/,-sag): fast (4;), slow (A,), or absence of /,-sag (As).
Distribution of /,-sag kinetic types (B). [,-sag time constant is significantly slower in VGAT+ than in VGAT — onset and VGAT — adapting firing neurons with
fast 1, (C). I,-sag amplitude ratio is significantly smaller in VGAT+ neurons than in VGAT— onset and adapting firing neurons with fast-, sag (D). Resting
membrane potential (E), input resistance of steady state (F), and membrane time constant (G) are significantly different between VGAT+ and VGAT— onset
neurons. Most VGAT— neurons with fast 7, show rebound spikes, whereas only few neurons with slow 7, (VGAT+ or VGAT—) display rebound spiking (H)
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (¥*P < 0.05, **P < 0.01, ***P < 0.001).
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Table 2. Comparison of I,-sag properties of VGAT+ and different groups of VGAT— neurons
Dunn’s Multiple I, Time Constant, Dunn’s Multiple
I,, Sag, % Comparisons Test ms Comparisons Test n
VGAT+ 30.6 = 2.6 VGAT—, fast [, *** 117.2 £10.3 VGAT—, fast I *** 25
VGAT—, onset*** VGAT —, onset***
VGAT—, adapt., fast [, 554+ 1.5 VGAT—, slow [, *#** 44.1 = 2.6 VGAT—, slow [,*** 29
VGAT—, onset, fast I, 62.0 = 2.1 VGAT—, slow [,*** 332 *+34 VGAT—, slow [,*** 12
VGAT—, adapt., slow I, 285 *+23 128.6 = 8.6 33

All the parameters are given in means = SE. Statistical significance of difference between vesicular GABA transporter-positive (VGAT+), VGAT— onset,
adapting firing VGAT — neurons with fast /,,, and adapting firing VGAT — neurons with slow /,, was calculated using Kruskal-Wallis test followed by Dunn’s

multiple comparisons test ***P < 0.001.

between VGAT+ and the various VGAT— groups (Fig. 6C)
[in Hz: VGAT+: 115 £ 10 (n = 25); VGAT— (fast [,): 117 =
11 (n = 19); VGAT— (slow 1,): 117 = 7 (n = 18); VGAT—
(no 1): 109 = 13 (n = 5); P = 0.98; one-way ANOVA with
Tukey’s test].

To compare adaptation rate between different VGAT+ and
VGAT— groups, we plotted average firing frequencies (calcu-
lated from interspike intervals) for each group (Fig. 6, A and
D). On average, VGAT+ neurons displayed a rapid spike rate
adaptation during the first 200 ms but did not adapt much
thereafter (Fig. 6D). In contrast, all VGAT — cell types showed
a more prolonged spike adaptation throughout the entire stim-
ulus (Fig. 6D). We quantified adaptation for each neuron by
fitting a double-exponential curve to the successive spike
frequency plot obtained by calculating the firing frequency
between the first spike and every following spike and plotting
them against the time points of the respective following spike
(see MATERIALS AND METHODS). Adaptation rates, expressed as
weighted tau, were significantly faster (smaller weighted tau)
in VGAT+ neurons compared with VGAT— slow and
VGAT— no I, neurons (Fig. 6F), whereas as adaptation did not
significantly differ between other neuron types [in ms:
VGATH+: 69 = 11 (n = 24); VGAT— (fast [,): 153 £ 58 (n =
24); VGAT— (slow [): 167 = 32 (n = 30); VGAT— (no I,):
541 = 280 (n = 7), Kruskal-Wallis test followed by Dunn’s
multiple comparisons test (P < 0.01)].

DISCUSSION

The present study compares [, properties, HCN channel
subtype distribution, and firing pattern between GABAergic
and non-GABAergic neurons in the central nucleus of the IC in
young adult mice. All GABAergic neurons displayed slowly
activating [, and expressed mainly HCN2 and HCN4 subunits

and an adapting firing pattern to depolarizing currents. In
contrast, /,, properties and firing patterns were more diverse in
glutamatergic neurons. About 15% of the glutamatergic neu-
rons displayed onset firing with fast-activating /. The remain-
ing glutamatergic neurons had an adapting firing pattern and
displayed slow- or fast-activating I,,.

By using a transgenic mouse line that expresses EYFP and
channelrhodopsin under the promotor of the VGAT, we were
able to unambiguously identify the presence or absence of
VGAT by blue light stimulation, in young adult brain slices
(Caspari et al. 2015; Zhao et al. 2011). Since channelrhodopsin
also inserts in GABAergic presynaptic terminals, light pro-
duced strong hyperpolarization in both excitatory and inhibi-
tory neurons as described previously (Ono et al. 2016). First, it
is unlikely that a constitutive activation of channelrhodopsin
channels altered the response properties of GABAergic neu-
rons since previous studies that investigated intrinsic firing
properties of IC neurons in a different mouse model came up
with similar populations according to firing patterns (Ono et al.
2005; Tan et al. 2007). Second, a previous study, using the
same VGAT-EYFP-channelrhodopsin mouse model, showed
that spike patterns of IC neurons in response to sounds were
not noticeably altered compared with wild-type mice (Ono et
al. 2017). Third, both resting membrane potential and input
resistance were comparable between excitatory and inhibitory
neurons in our study, which argues against a constitutive
activation of depolarizing ion channels.

Differential distribution of HCN Channel Subtypes and I,
Properties in Excitatory and Inhibitory IC Neurons

One interesting result of our study was a lack of HCNI1
staining around VGAT-EYFP+ and thus GABAergic cell
somata. This suggests that HCN1 channels are exclusively

Table 3. Comparison of passive membrane properties of VGAT+ and different groups of VGAT— neurons

Resting Potential, Dunn’s Multiple

Input Resistance at

Dunn’s Multiple ~ Membrane Time  Dunn’s Multiple

mV Comparisons Test Steady State, M) ~ Comparisons Test Constant, ms Comparisons Test  n
VGAT+ —70.8 £ 1.1 VGAT—, onset* 167.7 = 24.7 VGAT—, onset*** 11914 VGAT—, onset*** 27
VGAT—, adapt., fast I, —68.1 £0.8 VGAT—, slow [ ** 104.2 = 12.2 VGAT—, onset* 8.6 £0.7 VGAT—, onset** 29
VGAT—, no [, ** VGAT—, slow [, *** VGAT—, slow [, *
VGAT—, no I, ***
VGAT—, onset, fast [, —653*03 VGAT—, slow [,*** 384 44 VGAT—, slow [, *** 3904 VGAT—, slow [,*** 13
VGAT—, no [, *** VGAT—, no [, *** VGAT—, no [, ***
VGAT—, adapt., slow 1, —73.4 £0.9 229.6 = 26.1 126 = 0.9 33
VGAT—, adapt., no I, —81.9 £35 3752 = 76.1 13.6 x24 8

All parameters are given in means = SE. Statistical significance of difference between vesicular GABA transporter-positive (VGAT+), VGAT— onset,
adapting firing VGAT— neurons with fast /;,, and adapting firing VGAT — neurons with slow I, or absent /;, was calculated using Kruskal-Wallis test followed

by Dunn’s multiple comparisons test *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. Firing and adapting properties of the
vesicular GABA transporter-positive (VGAT+)
and adapting firing VGAT— neurons. Exemplary
raster plots and membrane-voltage responses
with firing rates close to 100 Hz (average
102 = 11 Hz) (box depicts corresponding ras-
ter plot) for analysis of adapting properties of
VGAT+ (A;) and VGAT— with fast 7, (4,)
and VGAT—, slow [, (A;), and VGAT— with-
out /,, neurons (A,). Averaged firing rates (B)
versus injected current amplitude for different
VGAT+ and VGAT— neurons. Mean firing
rates for injected currents 200 pA above the
firing threshold (C, dotted case in B); there
were no significant differences between the
four groups on neurons detected (one-way
ANOVA with Tukey’s multiple comparisons
test). Average spike frequency histograms (bin
width: 50 ms) of VGAT+ (n = 24); VGAT—,
fast I,, (n = 24); VGAT—, slow I, (n = 30);
and VGAT—, no [, (n = 7) neurons (D).
Adaptation rates (E) calculated as weighted
taus for successive spike frequency plots show
that VGAT+ neurons adapt significantly faster
compared with the VGAT— slow [, and
VGAT— no [, neurons. Kruskal-Wallis test
followed by Dunn’s multiple comparisons test
(**P < 0.01). Data are shown as means * SE.
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expressed in excitatory, HCN4 mainly in inhibitory neurons
whereas HCN2 is abundantly expressed in excitatory and
inhibitory neurons. This was corroborated by the physiological
I,, properties measured in the different cell types. Previous
studies have identified fast and slow [, in different subpopu-

n=24 n=24 n=30 n=7

lations of the IC (Koch and Grothe 2003; Nagtegaal and Borst
2010); however, this had not been related to different neu-
rotransmitter types. One intriguing question is, what is the
functional role of the differences in I, in excitatory and
inhibitory neurons?
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Generally, [, activation has complex and sometimes oppos-
ing effects on the integration of excitatory and inhibitory inputs
and the firing of neurons (Shah 2018). /, activation depolarizes
the membrane potential thus increasing the probability of
inputs to reach spike threshold. However, this is also dependent
on whether the firing threshold is positive or negative to the
reversal potential of /,, which has been measured to be be-
tween —35 and 40 mV (Bal and Oertel 2000; Funahashi et al.
2003). On the contrary, [, decreases the input resistance
thereby decreasing the effectiveness of each incoming input to
reach spike threshold. Moreover, depolarization of the resting
membrane potential by /,, keeps neurons closer to the firing
threshold despite profound inhibitory inputs (Baumann et al.
2013). Another major effect of /,, together with its counter-
player the low-voltage-activated potassium channels is a low-
ering the temporal summation of both excitatory and inhibitory
synaptic inputs (Khurana et al. 2011; Koch and Grothe 2003;
Nagtegaal and Borst 2010). Thus neurons with large and
fast-activating [, typically show less temporal integration of
synaptic inputs and are best suited to faithfully transmit the
temporal pattern of sound information (Khurana et al. 2012;
Oertel 1999). In contrast, slowly activating /, or absence of I,
facilitates temporal integration of acoustic inputs (Nagtegaal
and Borst 2010). /;, transmitted by channels composed of the
different subunits HCN1-4 also differs in gating, voltage
dependence and the potential to be modulated by second
messengers. HCN4 channels are, as opposed to HCN1 chan-
nels, strongly modulated by second messengers like cAMP or
other molecules like anions or tyrosine kinases (Viscomi et al.
2001; Wahl-Schott and Biel 2009). By accelerating the activa-
tion time constants of ;, and depolarizing the half-maximal
activation, these modulators may change the integrative prop-
erties of these neurons (Khurana et al. 2012) Since HCN4
channels are primarily expressed in GABAergic neurons, neu-
romodulatory inputs that increase intracellular second messen-
ger concentration (e.g., serotonin) may predominantly target
the integrative properties of the GABAergic population (Hur-
ley et al. 2008; Ko et al. 2016).

GABAergic Neurons Share similar I;, Properties and Firing
Pattern

In our study, all GABAergic neurons showed a slowly
activating [, expressed HCN4 channels, and had an adapting
firing pattern with various degrees of adaptation. Based on
these measurements, the population of GABAergic neurons
could not be further divided. However, it is possible that more
physiological subclasses of GABAergic neurons exist since
brain slice preparation and recording configurations may have
biased our sample toward one neuron type. Moreover, other
GABAergic neuron types with low prevalence (10% or lower)
may have escaped our sample due to our relatively low sample
size. It is also possible that further physiological measurements
or molecular profiling may reveal different populations of
GABAergic IC neurons. This shows the need for a more
detailed analysis including molecular profiling, and additional
analyses of input/output connectivity to reach a better under-
standing of GABAergic neuron types in the IC, similar to
previous attempts in the neocortical structures (Tremblay et al.
2016).
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Several recent studies have identified two main types of
GABAergic neurons in the IC according to the firing pattern or
input-output connections (Beebe et al. 2016; Ito et al. 2009;
Ono et al. 2005). In one study, in which GABAergic neurons
in the IC were visually identified upon their GAD67-GFP
labeling, a large proportion of GABAergic neurons in the CIC
were regular spiking with some degree of adaptation (Ono et
al. 2005). The same study also identified a population of
GABAergic neurons with build-up or/and pause response, a
firing pattern that we did not observe in the CIC. One possible
explanation for this is a reduction in build-up and pause
patterns as neurons mature. In fact, only few neurons in the
study from Ono et al. (2005) were from animals older than
postnatal day 13. This is corroborated by the fact that adult
mice show only weak expression of Kv4.2 and Kv4.3, the
channels underlying the A-current and the build-up and pause
response pattern (Grimsley et al. 2011; Oliver 2000). Also,
input resistance and time constants were considerably lower in
the present study compared with the previous study (Ono et al.
2005) indicating that membrane properties in the IC mature
beyond the age of postnatal day 18. Other studies have grouped
GABAergic CIC neurons according to anatomical criteria.
About 60% of GABAergic neurons, which also have larger
soma diameters, receive a prominent ring of VGluT2+ excit-
atory inputs on the soma, whereas the remaining GABAergic
neurons, with smaller soma diameters, do not show this
VGIuT2+ ring (Beebe et al. 2016; Ito et al. 2009, 2016). The
most likely sources of these inputs are the dorsal cochlear
nucleus, the medial and lateral superior olive, the intermediate
ventral nucleus of the lateral lemniscus, and the IC neurons
themselves (Ito and Oliver 2010). These large GABAergic
neurons with VGIuT2 somatic inputs provide a rapid inhibitory
input to the medial geniculate body (Geis and Borst 2013; Ito
et al. 2009). Although we have seen a similar distribution of
somatic VGluT2-input+ and VGIluT2-input— GABAergic
neurons in the mouse IC (data not shown), we were not able to
separate two distinct groups of GABAergic neurons according
to /,, measurements. This was also seen in a recent in vivo study
where two distinct groups of GABAergic CIC neurons accord-
ing to their firing pattern in response to acoustic stimulation
were indistinguishable (Ono et al. 2017). This is different from
many GABAergic interneurons in the cortex and hippocampus,
which can be readily distinguished from excitatory neurons
based on their active and passive membrane properties and
firing pattern.

A Small Set of Excitatory Neurons Resemble Neurons in
the Medial and Lateral Superior Olive

All neurons that fired one or a few action potentials only
at the beginning of the depolarization were non-GABAergic
and thus excitatory. These neurons had low input resistance
and displayed fast-activating, large-amplitude 7, most likely
mediated by HCN1 channels. These membrane properties
resemble the membrane properties of principal neurons in
the lateral and medial superior olive, which express high
levels of HCNI and low voltage-activated potassium
(Kv1.x) channels (Barnes-Davies et al. 2004; Hassfurth et
al. 2009; Khurana et al. 2011, 2012; Leao et al. 2006). In
these neurons, the properties of HCN1 channels and low-
voltage-activated K+ channels (K, 1), create low input re-
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sistance around the resting membrane potential, which en-
ables them to integrate excitatory and inhibitory inputs on
an extremely rapid and precise time scale (Magnusson et al.
2005; Scott et al. 2005; Walcher et al. 2011). Kv1.1 chan-
nels are also expressed in a subset of IC neurons (Rosen-
berger et al. 2003) with a tonotopic distribution similar to
HCNI1 channels in some species (Koch et al. 2004). It is thus
likely that the population of excitatory IC neurons with this
set of ion channels show similar properties to neurons in the
superior olive with high phase-locking ability to the enve-
lope of temporally structured sounds (Ashida et al. 2016).
This population of excitatory IC neurons may also corre-
spond to the small percentage of excitatory neurons in the
IC that show high-pass modulation transfer functions in
response to temporally structured sounds (Ono et al. 2017).
Future studies dissecting the anatomical inputs and outputs
of this specific population of excitatory neurons and targeted
recordings of their spike response to acoustic stimulation
will help to elucidate their role in auditory processing.
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