1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Hear Res. Author manuscript; available in PMC 2024 August 01.

Published in final edited form as:
Hear Res. 2023 August ; 435: 108822. doi:10.1016/j.heares.2023.108822.

Group | metabotropic glutamate receptor-triggered temporally
patterned action potential-dependent spontaneous synaptic
transmission in mouse MNTB neurons

Huimei Wangl#, Kang Pengl#, Rebecca J. Curryl2, Dong Lil, Yuan Wang3, Xiaoyu Wang3,
Yong Lu, Ph.D.1-2*

IHearing Research Group, Department of Anatomy and Neurobiology, College of Medicine
Northeast Ohio Medical University, Rootstown, OH 44272, USA

2School of Biomedical Sciences, Kent State University, Kent, OH 44240, USA

SDepartment of Biomedical Science, Program in Neuroscience, Florida State University College
of Medicine, Tallahassee, FL 32306, USA

Abstract

Rhythmic action potentials (AP) are generated via intrinsic ionic mechanisms in pacemaking
neurons, producing synaptic responses of regular inter-event intervals (IEIS) in their targets. In
auditory processing, evoked temporally patterned activities are induced when neural responses
timely lock to a certain phase of the sound stimuli. Spontaneous spike activity, however, is a
stochastic process, rendering the prediction of the exact timing of the next event completely based
on probability. Furthermore, neuromodulation mediated by metabotropic glutamate receptors
(mGluRs) is not commonly associated with patterned neural activities. Here, we report an
intriguing phenomenon. In a subpopulation of medial nucleus of the trapezoid body (MNTB)
neurons recorded under whole-cell voltage-clamp mode in acute mouse brain slices, temporally
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patterned AP-dependent glycinergic sIPSCs and glutamatergic SEPSCs were elicited by activation
of group | mGIluRs with 3,5-DHPG (200 uM). Auto-correlation analyses revealed rhythmogenesis
in these synaptic responses. Knockout of mGIuR5 largely eliminated the effects of 3,5-DHPG.
Cell-attached recordings showed temporally patterned spikes evoked by 3,5-DHPG in potential
presynaptic VNTB cells for synaptic inhibition onto MNTB. The amplitudes of SEPSCs enhanced
by 3,5-DHPG were larger than quantal size but smaller than spike-driven calyceal inputs,
suggesting that non-calyceal inputs to MNTB might be responsible for the temporally patterned
SEPSCs. Finally, immunocytochemical studies identified expression and localization of mGIuR5
and mGIuR1 in the VNTB-MNTB inhibitory pathway. Our results imply a potential central
mechanism underlying the generation of patterned spontaneous spike activity in the brainstem
sound localization circuit.

Keywords

EPSC; IPSC; metabotropic glutamate receptor; temporally patterned synaptic activity;
spontaneous transmitter release; medial nucleus of the trapezoid body

Introduction

Rhythmic action potentials (AP) exist in life-sustaining centers in the nervous system that
control heartbeat, respiration, and locomotion (review in Moore et al., 2014; Del Negro et
al., 2018) including newborn’s crying (Wei et al., 2022). Neurons in the brainstem reticular
formation, where the central control for respiration and heartbeat resides, generate rhythmic
spike firing essential for survival during early development. Such rhythmic spike activities
maintain for the life span of the organisms. Regulation of neuronal properties and top-down
control are the underlying mechanisms of such rhythmogenesis (review in Shamir, 2019).
The targets of the rhythmically firing neurons, consequently, receive temporally patterned
synchronized neurotransmitter release and thus respond with synaptic activities of regular
inter-event intervals (IEIs), to maintain a relatively constant heartbeat and regular breathing.
In sensory processing, such patterned activities exist as a specialized neuronal property,
such as phase-locking of auditory neurons for precise temporal coding (review in Heil and
Peterson, 2017). Alternatively, such temporally patterned spike activities can be induced by
artificially manipulating the sensory stimuli in such a way that neural responses lock to the
timing of the stimuli with regular IEIs. Interestingly, the rhythm in heartbeat and respiration
exerts influences on the sensitivity of somatosensory perception (Grund et al., 2022).

Unlike periodic stimulus-evoked transmitter release, generation of action potential (AP)-
dependent spontaneous transmitter release in CNS neurons is considered a stochastic
process, with the timing of synaptic events being governed by probability (review in
Kavalali, 2015). The distribution of the IEls of such events is without any periodicity (Cohen
etal., 1974). In the auditory system, such spontaneous random firing is re-organized to

be orderly (e.g., phase-locking) when a low frequency sound stimulus is given, causing
neurons to fire APs at a certain phase of the sinusoidal waveform of the sound (review in
Heil and Peterson, 2017). The synaptic responses underlying the generation of the timely
precise spikes are mediated primarily by fast ionotropic glutamate receptors (review in
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Ledo, 2019). In contrast, metabotropic glutamate receptors (mGIuRs), as subfamily 3 G-
protein-coupled receptors (GPCRs), typically mediate much slower-onset and longer-lasting
modulatory effects on neuronal properties (review in Niswender and Conn, 2010). Thus,
mGIuR-mediated responses are usually not associated with fast cycle-to-cycle modulation
that underlies temporally patterned neural activities.

However, a number of studies have shown unconventional actions of some GPCRs on
neuronal spiking activities. The slow responses of GPCRs could constrain the ability of
neural networks in generating inputs at certain frequency, forming rhythmic oscillations. In
a number of neural pathways such as the motor circuits in the spinal cord and brainstem,
activation of mGIuRs results in bursting AP firing and rhythmic neural activities (review

in Nistri et al., 2006), and modulates rhythmic motor patterns (review in El Manira et

al., 2002). Activation of group | mGIluRs (mGIuR I, including mGIuR1 and mGIuR5)
enhances spontaneous rhythmic bursts when synaptic inhibition is blocked in the spinal
cord, and blocking mGIuR | conversely lengthens the locomotor cycle period (Taccola et
al., 2004). Furthermore, activation of presynaptic mGIuR | causes membrane depolarization
and produces rapid fluctuations of intracellular Ca2* concentration, the latter of which is
believed to generate rhythmic locomotion (Takahashi and Alford, 2002).

In the auditory brainstem, mGIuRs are widely expressed during development and some
mGIuRs persist after hearing onset (review in Lu, 2014). MNTB, a critical component
involved in sound localization processing in the auditory brainstem, receives its major
excitatory inputs via calyxes from bushy cells in the contralateral anteroventral cochlear
nucleus (AVCN) and non-calyceal inputs from unknown sources, and inhibitory inputs from
multiple sources including the ipsilateral ventral nucleus of the trapezoid body (VNTB)
(review in Joris and Trussell, 2018). Multiple mGIuRs exert neuromodulation at MNTB
synapses (review in Kopp-Scheinpflug et al., 2011). New analyses of the data from our
previous studies, in which we reported mGIuR I-mediated enhancement of sIPSCs (Curry
et al., 2018) and sEPSCs (Peng et al., 2020), revealed that in a subpopulation of MNTB
neurons, activation of mGIuR I induced temporally patterned AP-dependent transmitter
release. A global mGIuR5 knockout mouse model was used to examine the contribution of
mGIuR5 to this phenomenon. To test the hypothesis that temporally patterned spike activity
evoked by mGIuR I activation in the presynaptic cells may underly the patterned transmitter
release in MNTB, cell-attached recordings were used to examine the effects of mGIuR |

in VNTB neurons and AVCN bushy cells. Immunocytochemistry was used to examine the
subcellular localization of mGIuR1 and mGIuR5 in the VNTB-MNTB pathway.

Methods

Ethical approval

All animal procedures were approved by the Institutional Animal Care and Use Committees
at the Northeast Ohio Medical University (NEOMED) and Florida State University (FSU),
and were performed in accordance with the National Institutes of Health policies on animal
use. Wildtype (WT) mice, Fmrl knockout (KO) mice (Jackson Laboratory, Stock#: 003025;
B6.129P2-Fmr1t™M1Car/3) and mGIuR5 KO mice (Jackson Laboratory, Stock#: 003558;
B6.129-Grm5tM1Rod/3) were purchased from the Jackson Laboratory and bred at NEOMED
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and FSU. Genotype was confirmed with standard PCR protocol provided by the Jackson
Laboratory. Genotyping was performed by Transnetyx (Cordova, TN). Mice were housed in
a vivarium with a normal light-dark cycle (12 h light and 12 h dark).

2.2. Brain slice preparation and in vitro whole-cell recordings

Coronal brainstem slices (~250 um in thickness) were prepared from 2—3 weeks old mice of
both sexes, as described in our previous publications (Curry et al., 2018; Peng et al., 2020).
Mice were deeply anesthetized with isoflurane and rapidly decapitated. The brainstem was
removed and sliced in ice-cold low-Na* artificial cerebrospinal fluid (ASCF) containing the
following (in mM): 250 glycerol, 3 KCI, 1.2 KHyPOy4, 20 NaHCO3, 3 HEPES, 1.2 CaCl,,

5 MgCly, and 10 glucose, pH 7.4 (when gassed with 95% O, and 5% CO5). Slices were
incubated in an interface chamber at 34-36 °C for ~1 h in normal ACSF containing the
following (in mM): 130 NaCl, 3 KClI, 1.2 KH,POy4, 20 NaHCO3, 3 HEPES, 2.4 CaCl,,

1.3 MgS0Qy, and 10 glucose, pH 7.4. For recording, slices were transferred to a 0.5 mL
chamber mounted on a Zeiss Axioskop 2 FS Plus microscope with a 40x or 63x water-
immersion objective and infrared differential interference contrast optics. The chamber was
continuously superfused with ACSF (2-5 mL/min) by gravity. Recordings were performed
under near physiological temperatures (34-36 °C).

Patch pipettes were drawn on a PP-830 or PC-100 Microelectrode Puller (Narishige) to a
1-2 um tip diameter using borosilicate glass micropipettes (inner diameter, 0.84 mm; outer
diameter, 1.5 mm, World Precision Instruments). The electrodes had resistances between

3 and 6 MQ when filled with internal solution. The internal solution for sIPSC/elPSC
recordings contained the following (in mM): 105 Cs-methanesulfonate, 35 CsCl, 5 EGTA,
10 HEPES, 1 MgCly, 4 ATP-Mg, 0.46 GTP-Na, with pH 7.2, adjusted with CsOH, and
osmolarity around 290 mOsm/L. The internal solution for SEPSC/eEPSC recordings and
current-clamp experiments contained the following (in mM): 130 K-gluconate, 4.5 MgCl,,
4.4 Tris-phosphocreatine, 9 HEPES, 5 EGTA, 4 Na-ATP, 0.48 Na-GTP, with pH 7.3,
adjusted with KOH, and osmolarity around 290 mOsm/L. In voltage-clamp experiments,
QX-314 (5 mM) was added to the internal solution to block voltage-gated Na* (Nay)
channels and action currents. The liquid junction potential for the sIPSC and sEPSC
recording solutions was 9.7 and 9.5 mV, respectively, and data were corrected accordingly.
The experiments were performed with an AxoPatch 200B amplifier (Molecular Devices).
Recordings were obtained at a holding potential of =70 and —60 mV, for sIPSCs and
SEPSCs, respectively. Data were low-pass filtered at 5 kHz and digitized with a Data
Acquisition Interface ITC-18 (InstruTech) at 50 kHz. Recording protocols were written and
run using the acquisition and analysis software AxoGraph X (AxoGraph Scientific).

Glycinergic sIPSCs were isolated pharmacologically with bath application of antagonists
for AMPARS (50 pM DNQX), NMDARs (100 pM APV), and GABA, receptors (10

UM gabazine). In contrast, SEPSCs were isolated pharmacologically with antagonists for
GABA receptors (10 UM gabazine) and glycine receptors (1 uM strychnine). For evoked
synaptic current recordings, extracellular stimulation was performed using concentric
bipolar electrodes with a tip core diameter of 127 pym (World Precision Instruments). For
evoked IPSCs (elPSCs), the stimulating electrode was positioned lateral and ventral to the
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MNTB to activate the inhibitory afferent fibers presumably originating from the VNTB.
To record evoked EPSCs (eEPSCs), the stimulating electrode was positioned at the ventral
brainstem midline to activate the excitatory afferent fibers. The stimulus intensity at which
the maximal synaptic response was elicited was chosen for experiments.

All chemicals were purchased from Sigma-Aldrich except for gabazine, and 3,5-DHPG,
which were obtained from Tocris Bioscience (R&D Systems). 3,5-DHPG was prepared at a
working concentration of 200 uM, which is at least 3-fold higher than its ECsq (0.7-60 pM
depending on animal tissues) (review in Cartmell and Schoepp, 2000). This was expected to
achieve a saturating concentration and thus full activation of mGIuR | in our experiments.

2.3. Cell-attached recordings

2.4,

Cell-attached recordings were made with electrodes filled with filtered (0.2 um pore size)
ACSF, under voltage-clamp mode (review in Perkins, 2006). Loose seals (sealed resistance
ranging 20-1000 MQ) were formed between the electrode and cell membrane. The recorded
traces were filtered offline at 1 kHz and rectified prior to auto-correlation (Hays et al.,
2011). Some cell-attached recordings were performed with electrodes filled with the internal
solution used for SEPSC recordings, without QX-314. After cell-attached recordings, whole-
cell mode was established to determine the intrinsic firing properties of the cells, in order to
confirm cell types in AVCN using our previously published protocol (Lu et al., 2007). Bushy
cells fired single APs in response to suprathreshold current injections, whereas stellate cells
fired multiple APs distributed across the duration of the current injection.

Immunohistochemistry

Mice age at P14 and P21 (n=6 animals for each age) were anesthetized with a mixture

of ketamine and xylazine and transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were removed from the skull,
post-fixed overnight in the same fixative and then transferred to 30% sucrose in PB until
they sank. Brains were sectioned in the coronal plane at a thickness of 30 um on a

freezing sliding microtome. Each section was collected in 0.01 M phosphate buffered saline
(PBS). Alternate serial sections were immunocytochemically stained for anti-mGIuR1 or
anti-mGIuR5 with synaptic markers (Table 1). Briefly, free-floating sections were incubated
with primary antibody solutions diluted in PBS with 0.3% Triton X-100 overnight at 4°C,
followed by Alexa-Fluor secondary antibodies (Life Technologies, Carlsbad, CA) at 1:500
for 4 hours at room temperature. Nuclear and cell body counterstains were performed
together with the incubation of secondary antibodies using DAPI and NeuroTrace 640/660
(1:1000; Thermo Fisher Scientific; RRID: AB_2572212), respectively. Sections were then
mounted on gelatin-coated slides and coverslipped with Fluoromount-G mounting medium®
(Southern Biotech, Birmingham, AL). Images were scanned with a Leica SP8 confocal
microscope (Wetzlar, Germany), using an 20x objective (NA =0.7) and 60x objective

(NA =1.4). Image brightness, gamma, and contrast adjustments were performed in Adobe
Photoshop (Adobe Systems, Mountain View, CA). All adjustments were applied equally to
all images of the same set of staining from the same animal.
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For colocalization analysis in the MNTB, images taken with 60X objective were used.
Individual neurons with a clear cytoplasmic boundary, a well-defined nucleus and visible
nucleolus were identified and the cell body outlined based on NeuroTrace staining.
Pearson’s P values were calculated for each selected cell body using the plugin Coloc2 in
ImageJ2 software. Statistical comparison were performed in GraphPad Prism 6 (GraphPad,
San Diego, CA).

2.5. Electrophysiology data analyses

sIPSCs and sEPSCs were detected by a template using a function for product of
exponentials, f(t)=[1 — exp (-t/rise time)] x exp(-t/decay tau), where t stands for time and
tau for time constant. The values of the parameters for the template to detect sSIPSCs were:
amplitude of —50 pA, rise time of 0.5 ms, decay tau of 1 ms, with a template baseline of 2
ms and a template length of 5 ms. The values of the parameters for the template to detect
SEPSCs were: amplitude of —30 pA, rise time of 0.3 ms, decay tau of 0.5 ms, with a template
baseline of 1 ms and a template length of 3 ms. These parameters were determined based on
the averaged trace of visually detected synaptic events. The detection threshold was typically
2.5-fold the noise standard deviation, while minimizing false positives.

Rhythmic activity was analyzed and assessed with auto-correlation processing. The original
SIPSC or sEPSC traces were filtered at 1 kHz, and rectified. A representative segment
(duration of 6 s) under control and 3,5-DHPG recording conditions was auto-correlated.

By definition, the autocorrelogram displays a peak value of 1.0 at time zero. The shape of
the autocorrelogram informs whether the synaptic events are random in timing (a nearly
flat waveform with no side peaks) or rhythmic (with apparent side peaks). The amplitude
of the side peaks indicates the strength of the periodicity (the higher the peak amplitude,
the stronger the rhythmic activity), and the timing of the side peaks indicates the IEls. We
measured these two parameters for the first apparent side peak, as they represent the most
frequent IEI and the strongest periodicity.

Statistical analyses were performed and graphs were made with GraphPad Prism9
(GraphPad Software). Mean £ SEM (standard error of the mean) and number of cells are
reported, unless otherwise indicated. Data were subject to un-paired t test, paired t test, or
ANOVA. The normality of data distribution was examined with Kolmogorov-Smirnov test.
The data that passed the normality test were analyzed with parametric t test, whereas data
that failed the normality test were analyzed with Mann Whitney test (for un-paired t test)

or Wilcoxon test (for paired t test). ANOVA was used for comparisons among three groups.
The data that passed the normality test were analyzed with parametric ANOVA, whereas
data that failed the normality test were analyzed with Kruskal-Wallis test. A Dunn’s multiple
comparisons test was used to compare the drug group (3,5-DHPG) with the control. Test p <
0.05 is considered statistically significant.

3. Results

The results presented in the first two figures were generated with new analyses of the data
from cells recorded in our previous studies (Curry et al., 2018; Lu, 2019; Peng et al., 2020).
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There are no duplications of figures or graphs that have been published in these previous
publications. The rest of the data were generated in new experiments designed for this study.

3.1. Activation of mGIuR I triggered temporally patterned AP-dependent glycinergic

sSIPSCs

Activation of mGIuR | enhances spontaneous release of glycine but not GABA onto

MNTB neurons via a voltage-gated sodium channel (Nay/)-dependent pathway (Curry et
al., 2018), so we focused here on analysis of the glycinergic sIPSCs. While increasing

the sIPSC frequency and amplitude, activation of mGIuR | triggered temporally patterned
AP-dependent spontaneous glycine release onto a subpopulation of MNTB neurons (18

out of 58 cells, 31%). The recordings of glycinergic sIPSCs from a representative cell

in which activation of mGIuR | by 3,5-DHPG (200 uM) resulted in temporally patterned
AP-dependent sIPSCs are shown at different time scales (Fig. 1A). These large sIPSCs
were rhythmic, with a visually detectable constant interval between two neighboring events
(Fig. 1A2). The large sIPSCs were interspersed with much smaller sIPSCs, the amplitude
of which approximated the reported quantal size (107 pA) (Lim et al., 2003), and the
timing of which appeared random (Fig. 1A3, two large sIPSCs from the 6-s segment in
AZ2). Distribution of the sIPSC amplitudes displayed two clusters of events, one small

and the other large in amplitudes. The large events are several folds higher in amplitude
(nA range) in comparison to the reported quantal size. We detected no difference in the
amplitude between the maximal sIPSCs under 3,5-DHPG and the electrically evoked IPSCs
(elPSCs) recorded under the same conditions without 3,5-DHPG (Fig. 1B; maximal sIPSCs:
1.103 £ 0.176 nA, n=18; elPSCs: 1.016 + 0.300 nA, n=15; unpaired t test p=0.1668).

This result strongly suggests that the large sIPSCs induced by 3,5-DHPG were driven by
spike activity from the presynaptic cells. To quantitatively detect and analyze the rhythm or
periodicity of the large sIPSCs, we performed auto-correlation of a 6-s segment recording.
Autocorrelogram detected the first prominent side peak at the timing of 61 ms (Fig. 1C),
which approximated the visually-detected interval between two neighboring large sIPSCs.
The amplitude of the first side peak was measured to be 0.176. For a completely random
release recording, no side peaks with measurable timing and peak amplitude were detected,
resulting in a nearly flat autocorrelogram (data not shown). Tetrodotoxin (1 uM) elimination
of the 3,5-DHPG effects (Curry et al., 2018) indicates the involvement of Nay, channels,
which could also be the key player in the rhythmogenesis.

Our previous works reported similarities in terms of 3,5-DHPG modulation of SIPSCs

in MNTB neurons between the knockout (KO) of Fmrl (the gene encoding fragile X
retardation protein, FMRP) and wildtype (WT) mice (Figures 1&2, and text on page 8189—
8190, in Curry et al., 2018), and only subtle differences in both excitatory and inhibitory
synaptic transmission at MNTB between the two genotypes (Lu, 2019). The Fmrl KO is
a mouse model for Fragile X Syndrome (review in Bear et al., 2004). The Fmrl KO was
tested here to see whether the effect of mGIuR I on temporally patterned AP-dependent
glycine release was accentuated, as other mGIuR I-mediated effects have been reported to
be exaggerated in Fmrl KO mice (e.g., Hays et al., 2011). The percentage of cells that
displayed temporally patterned sIPSCs upon 3,5-DHPG application did not differ between
WT and Fmrl KO mice (Table 2; WT: 10 out of a total of 27 recorded cells, 37%; KO:
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8 out of 31 cells, 26%; Chi-square test p=0.4041), suggesting that FMRP may not play

a role in the rhythmogenesis at the inhibitory synapses. We examined whether there were
differences in terms of the 3,5-DHPG effect on the rhythm of sIPSCs among these cells.

No significant differences were detected between WT and KO, in the first side peak interval
(WT: 99 + 16 ms, n=10; KO: 122 + 32 ms, n=8; unpaired t test p=0.8286), or amplitude
(WT: 0.127 + 0.018, n=10; KO: 0.159 + 0.030, n=8; unpaired t test p=0.3439). Therefore,
we lumped together the WT and KO cells (n=18) in the next analysis. Among these 18
cells, 5 cells displayed detectable first side peaks in their autocorrelograms under control
conditions. The average timing of the first side peaks for these five cells was 232 + 59

ms. Under 3,5-DHPG, the average time was 109 + 16 ms (Fig. 1D; n=18). For cells that

did not display any patterned sIPSCs under control conditions, we assigned a value of zero
for their peak amplitude. Paired t test detected significant difference between control and
the drug group (Fig. 1E; ctr: 0.042 + 0.084, n=18; DHPG: 0.141 + 0.070, n=18; paired

t test p=0.0016). When the IEIs were plotted sequentially in the order of event detection,
the distribution of the IEIs under 3,5-DHPG showed non-exponential decay, with the peak
at about 50 ms, approximately matching the timing of the first side peak (61 ms) detected
in the autocorrelogram (Fig. 1F). Plotting of the IEls against the amplitudes of sIPSCs
revealed no correlation between IEI and amplitude (linear regression R2=0.0010, p=0.1689),
indicating independence of IEI on SEPSC amplitude (Fig. 1G). There was one cluster of
sIPSCs that were of the smallest amplitudes and varying IEls (green dashed oval), likely
reflecting the randomness in the timing of the putative quantal release. With increasing
current amplitudes, a cluster of large sIPSCs showed a relatively constant IEI around 50

ms (red dashed oval) matching approximately the timing (61.1 ms) of the first side peak
detected in the autocorrelogram. This was more evident in the IEI distribution of the sIPSCs
that were of amplitudes larger than 200 pA (Fig. 1G, inset).

3.2. Activation of mGIuR I triggered temporally patterned bursting glutamatergic SEPSCs

Similar to the effects of 3,5-DHPG on sIPSCs, the percentage of cells that displayed
temporally patterned AP-dependent SEPSCs upon 3,5-DHPG application was similar
between WT and Fmrl KO (Table 2; WT: 15 out of 95 cells, 16%; KO: 2 out of 12 cells,
17%; Chi-square p>0.9999). There was no difference in terms of the 3,5-DHPG effect on
the rhythmogenesis of SEPSCs between the two genotypes, in the first side peak time (WT:
262 + 38 ms, n=15; KO: 232 + 33 ms, n=2; unpaired t test p=0.9632), or amplitude (WT:
0.116 £ 0.010, n=15; KO: 0.095 + 0.009, n=2; unpaired t test p=0.8088). Therefore, we
lumped together the WT and KO cells (n=17) in the analysis of the autocorrelogram data.
The generation of temporally patterned sEPSCs by activation of mGIuR | with 3,5-DHPG
differed from that of sIPSCs in three aspects. First, temporally patterned SEPSCs were

less commonly observed than temporally patterned sIPSCs (Table 2). 3,5-DHPG (200 pM)
triggered temporally patterned spontaneous glutamate release onto a total of 17 out of 107
MNTB cells (16%).

Second, among the MNTB neurons that exhibited temporally patterned SEPSCs, the
majority of them (11 out of 15 cells in WT, 73%, and 2 of 2 cells in KO, 100%)
displayed clusters of SEPSCs, during and/or after 3,5-DHPG application. Between each
pair of neighboring clusters, there was a relatively constant time gap, being about 5 s for
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the sample neuron (Fig. 2A). Bursts, in which 2 or more large SEPSCs appeared closely in
time, were frequently observed during 3,5-DHPG application (Fig. 2A2). For sIPSCs, few
(2 out of 18 cells) displayed such bursting activity. Interspersed between the large SEPSCs
were much smaller SEPSCs (Fig. 2A3), the size of which approximated the reported quantal
size in mice (Inchauspe et al., 2012, 45 pA; Chang et al., 2015, 62 pA) and the timing of
each event appeared random. In the histogram distribution of the SEPSC amplitudes, events
of larger amplitudes were observed following the smaller events (Fig. 2A3 inset). The large
SEPSCs triggered by 3,5-DHPG were of an amplitude apparently larger than the quantal size
(less than 100 pA), however, they were significantly smaller than eEPSCs recorded under
the same conditions without 3,5-DHPG (Fig. 2B; sEPSC: 0.494 + 0.065 nA, n=17; eEPSC:
1.996 + 0.371 nA, n=30, from Lu, 2019; unpaired t test, p=0.0269). These large SEPSCs
appeared to match to a subpopulation of the eEPSCs of smaller amplitudes, which may

be caused by non-calyceal inputs to MNTB. However, it is also worth noting that EPSCs
originating from a calyx input could have an amplitude in the pA range. For example, a
criteria of >300 pA at the holding potential of —60 mV has been used to define a calyceal
synaptic input (Forsythe and Barnes-Davies, 1993; Barnes-Davies and Forsythe, 1995). For
the sample neuron, the autocorrelogram detected the first side peak at the timing of 395

ms, which approximated the visually-detected IEI between two neighboring bursts, and the
maximum amplitude of the first side peak was 0.172 (Fig. 2C).

Finally, the time, but not the amplitude, of the first side peak in the autocorrelogram differed
between SEPSCs and sIPSCs. Among the 17 cells which showed temporally patterned
SEPSCs under 3,5-DHPG, only 1 cell under control conditions displayed detectable first side
peak in its autocorrelogram (at 163 ms), and therefore, no statistical analysis was performed
on the timing of the first side peak (Fig. 2D). The average time of the first side peaks under
3,5-DHPG was 258 + 34 ms (n=17), more than double of the average value for sIPSCs

(109 ms) (unpaired t test p=0.0003; 17 and 18 cells for sSEPSC and sIPSC, respectively),
suggestive of less frequent temporally patterned spontaneous glutamate release compared to
glycine release onto MNTB neurons in response to mGIuR | modulation. For the average
first side peak amplitude, we detected a significant difference between control and the

drug group (Fig. 2E; ctr: 0.005 + 0.005, n=17; DHPG: 0.113 + 0.009, n=17; paired t test
p<0.0001). Furthermore, the first side peak amplitudes of the autocorrelograms for SEPSCs
under 3,5-DHPG were not different from those for sIPSCs (unpaired t test p=0.2347; 17

and 18 cells for sSEPSC and sIPSC, respectively), suggesting similar modulatory strength

on the temporally patterned spontaneous release of glutamate and glycine by mGIuR I. The
distribution of 1EIs showed a prominent population of events with very small IEls due to the
clustering of large SEPSCs within the bursts. The histogram distribution of the 1EIs showed
two peaks in the histogram, the first of which peaked at about 20 ms matching the interval
between the large SEPSCs within the bursts, and the second peak at about 200 ms (Fig. 2F),
matching half of the timing of the first side peak detected in the autocorrelogram. It matched
only half of the first side peak timing because there were two or more large sIPSCs in each
sub-burst. Plotting of the I1EIs against the amplitudes of SEPSCs revealed that the putative
quantal release events (Fig. 2G, likely represented by the data points within the green dashed
oval) showed a large range of IEls, reflecting the randomness in their timing of occurrence.
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The large SEPSCs within the bursts resulted in a dense population of SEPSCs with a
relatively constant small IEI (Fig. 2G, the data points in the red dashed oval), reflecting the
closeness in timing between sEPSCs within the bursts. The bursts of SEPSCs represented
a transmitter release pattern that was different from a rhythmic release pattern without
bursts. We thus further analyzed the IEI of the large SEPSCs (> 50 pA) within the bursts.
Among the 17 MNTB neurons which displayed temporally patterned SEPSCs, 12 cells
(71%) showed bursts of SEPSCs, as shown in the sample neuron. As expected, the IEI

of the SEPSC events within the bursts (amplitude > 50 pA to exclude the majority of the
miniature single-vesicle release events) was much smaller than when all the SEPSC events
were included (33 £ 4 ms, n=12 vs 258 + 34 ms, n=17).

Knockout of mGIuRS5 largely eliminated 3-5-DHPG effects on sIPSCs and seEPSCs

In our previous publications (Curry et al., 2018; Peng et al., 2020), we showed that

the effects of 3,5-DHPG on sIPSCs and sEPSCs were blocked by mGIuR1 antagonist
(LY367385) and mGIuRS5 antagonist (MPEP). Because these mGIluR1/5 antagonists (applied
alone, or combined) largely eliminated the enhancement of sSIPSC/sEPSC by 3,5-DHPG, no
AP-dependent rhythmic sIPSC/SEPSC, which was observed when large synaptic currents
were elicited by 3,5-DHPG, would remain. To further support this conclusion, we performed
the same types of experiments as presented in Figure 1 and Figure 2, using a transgenic
mouse line, the global mGIuR5 KO mouse. The hypothesis was that in mGIuR5 KO

mice, the effects of 3,5-DHPG on sIPSC/SEPSC were largely diminished, eliminating the
enhancement of spontaneous transmission and the rhythmogenesis in MNTB.

Using the same protocol as in our previous study (Peng et al., 2020), we examined the
effects of 3,5-DHPG (200 uM) on sEPSCs of MNTB principal neurons (n=19) in mGIuR5
KO mice. Bath application of 3,5-DHPG did not cause any obvious changes in SEPSCs
(Fig. 3A). The averaged traces of SEPSCs under control, 3,5-DHPG, and wash conditions
overlapped with each other closely (Fig. 3B), suggesting no changes in SEPSC kinetics.
Interestingly, a second component of the SEPSC was seen, a likely phenotype of the mGIuR5
KO, because in the WT this was rarely observed. However, the 3,5-DHPG-induced inward
current remained (Fig. 3A), the amplitude of which was not different from that in the WT
(Fig. 3B, WT: 31.6 + 5.9 pA, n=15, data from Peng et al., 2020; mGIuR5 KO: 27.4 + 3.4
pA, n=16; non-paired t test p=0.8836). The unchanged inward current in the mGIuR5 KO
suggested that the current was primarily mediated by mGIluR1, the other member of mGIuR
I. No significant differences were detected in SEPSC frequency (normalized to ctr) (Fig. 3D,
DHPG: 1.10 £ 0.10, n=19; wash: 1.22 + 0.14, n=17; Kruskal-Wallis test p=0.6269, Dunn’s
test between ctr and DHPG: p>0.9999), and normalized SEPSC amplitude (Fig. 3E, DHPG:
1.12 £ 0.12, n=19; wash: 0.97 £ 0.04, n=17; Kruskal-Wallis test p=0.3939, Dunn’s test
between ctr and DHPG: p>0.9999). Four out of 19 cells did show >20% increase in SEPSC
frequency and amplitude without bursting events in response to 3,5-DHPG, possibly due

to activation of mGIuR1. In addition, we detected no differences in SEPSC rise time (Fig.
3F, ctr: 0.21 + 0.01 ms, n=19; DHPG: 0.22 + 0.01 ms, n=19; wash: 0.22 = 0.01 ms, n=17,;
Kruskal-Wallis test p=0.5021, Dunn’s test between ctr and DHPG: p>0.9999), and decay
time constant (Fig. 3G, ctr: 0.23 + 0.04 ms, n=19; DHPG: 0.25 + 0.03 ms, n=19; wash:
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0.24 + 0.04 ms, n=17; Kruskal-Wallis test p=0.6078, Dunn’s test between ctr and DHPG:
p>0.9999).

Using the same protocol as in our previous study (Curry et al., 2018), we examined the
effects of 3,5-DHPG (200 uM) on glycinergic sIPSCs of MNTB principal neurons (n=30)
in mGIuR5 KO mice. Bath application of 3,5-DHPG did not cause any obvious changes
in sIPSCs (Fig. 3H, I). Under control conditions, cells exhibited sIPSCs of very low
frequency with high variations (0.47 + 0.23 Hz, n=30). Because of this small value for
sIPSC frequency, the percent changes under 3,5-DHPG were largely biased by a small
change in the absolute number of events, resulting in large variations in sIPSC frequency
and amplitude. 3,5-DHPG caused no significant changes in the frequency and amplitude
of sIPSCs in mGIuR5 KO mice (Fig. 3J, DHPG: 1.90 + 0.44, n=30; wash: 1.20 + 0.14,
n=30; Kruskal-Wallis test p=0.1065, Dunn’s test between ctr and DHPG: p=0.1030), and
normalized sSEPSC amplitude (Fig. 3K, DHPG: 1.24 + 0.12, n=30; wash: 1.19 £ 0.12,
n=30; Kruskal-Wallis test p=0.4281, Dunn’s test between ctr and DHPG: p=0.5868), without
any bursting sIPSCs. We detected no changes in sIPSC kinetics, including the rise time
(Fig. 3L, ctr: 0.29 £ 0.02 ms, n=30; DHPG: 0.28 + 0.02 ms, n=30; wash: 0.27 = 0.02

ms, n=29; Kruskal-Wallis test p=0.6739, Dunn’s test between ctr and DHPG: p>0.9999),
and decay time constant (Fig. 3M, ctr: 1.09 £ 0.05 ms, n=30; DHPG: 1.08 £ 0.04 ms,
n=30; wash: 1.04 + 0.05 ms, n=29; Kruskal-Wallis test p=0.4050, Dunn’s test between ctr
and DHPG: p>0.9999). Note that 3,5-DHPG did not result in an inward current in these
sIPSC recordings, because Cs* used in the recording electrodes eliminated the mechanism
underlying the inward current (Curry et al., 2018; dos Santos e Alhadas et al., 2020).

3.4. Cell-attached recordings in VNTB neurons revealed temporally patterned spikes in
response to activation of mGIuR |

The large amplitudes of the sIPSCs induced by 3,5-DHPG in MNTB neurons (Fig. 1B)
imply that these synaptic events may be induced by action potentials (APs) generated at

the presynaptic cells for the inhibitory inputs. If activation of mGIuR | depolarized and
excited the presynaptic glycinergic cells that project to MNTB and the connection between
the presynaptic cell and the MNTB was intact, large sIPSCs in MNTB neurons would result.
Further, it was predicted that the rhythmogenesis of presynaptic APs would match to that

of the rhythmic sIPSCs in MNTB neurons. MNTB receives inhibitory inputs from multiple
sources, with VNTB being one of the major sources for glycinergic inputs in the mouse
(Albrecht et al., 2014). To test the idea that 3,5-DHPG triggered temporally patterned spike
generation in VNTB neurons, some of which (presumably glycinergic cells) may in turn
evoke patterned sIPSCs in MNTB neurons, we performed cell-attached recordings in VNTB.
Unlike the conventional whole-cell recording, cell-attached recording does not disrupt the
intracellular environment and preserves the signaling pathways (review in Perkins, 2006).
The results revealed temporally patterned spikes in VNTB neurons in response to activation
of mGIuR 1, in 15 out of 50 cells recorded (30%), similar to the percentage of MNTB
neurons displaying large rhythmic sIPSCs upon 3,5-DHPG application (37% and 26% for
WT and Fmrl KO, respectively; Table 2). 3,5-DHPG (200 pM) triggered APs with regular
IEls and constant amplitudes (Fig. 4A). The effect was long-lasting (minutes after washout
of the drug). The spikes were of a characteristic bi-phasic waveform for cell-attached
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extracellular recordings (with both negative and positive components), with nearly uniform
amplitudes. Autocorrelogram detected the first side peak at the timing of about 85 ms

(Fig. 4B), approximating the visually-detected interval between two neighboring spikes. The
amplitude of the first side peak was 0.179 for the sample cell. The average timing of the first
side peak of VNTB spikes (125 + 22 ms, n=15) was similar to that of the temporally
patterned sIPSCs recorded in MNTB cells (109 + 16 ms, n=18) (Fig. 4C, unpaired t

test p=0.8518). No significant difference was detected in the amplitude of the first side

peak between VNTB spikes (0.116 + 0.018, n=15) and MNTB sIPSCs (0.141 £ 0.016, n
=18) (Fig. 4D, unpaired t test p=0.2967). These results suggest a strong correlation of the
rhythmic presynaptic firing in VNTB cells and the temporally patterned glycine release onto
MNTB neurons (see limitations in Discussion).

3.5. Rhythmogenesis of spike activity in AVCN bushy cells in response to activation of
mGIuR | differed in timing from that of the large SEPSCs in MNTB neurons

MNTB neurons receive their excitatory glutamatergic inputs from calyceal terminals
originating from the contralateral AVCN bushy cells (review in Joris and Trussell, 2018),
as well as non-calyceal inputs from unknown sources (Banks and Smith, 1992; Smith et
al., 1998; Hamann et al., 2003). The calyceal input is well known for its powerful signal
transmission, with the amplitudes of AP-driven eEPSCs typically in the nA range (Borst

et al., 1995; Inchauspe et al., 2012; Grande et al., 2014; Chang et al., 2015). In contrast,
the non-calyceal inputs are much weaker, with eEPSCs in the pA range (Forsythe and
Barnes-Davies, 1993; Hamann et al., 2003). Given that the large SEPSCs in response to
3,5-DHPG had an amplitude (average 494 pA) that was significantly smaller (~4 folds)
than the eEPSCs (Fig. 2B, average 1.996 nA), the latter of which was recorded presumably
from activation of a mixed population of calyceal and non-calyceal terminals, we speculated
that the large SEPSCs were triggered by APs generated in excitatory neurons projecting to
MNTB neurons with the non-calyceal terminals. We provided two more pieces of indirect
evidence to support our speculation.

First, 3,5-DHPG-induced rhythmic spike activity in AVCN bushy cells, the axons of which
form the single calyceal input to the MNTB, did not match in timing to that of the large
SEPSCs in MNTB neurons upon 3,5-DHPG application. Cell-attached recordings revealed
generation of spikes in AVCN bushy cells in response to activation of mGIuR I, in 12 out
of 38 cells (32%), with 7 cells displaying temporally patterned spike firing (18%) (Fig.

5). For the sample neuron, autocorrelogram detected the first side peak at the timing of
about 25 ms, which approximated the visually-detected interval between two neighboring
spikes. The amplitude of the first side peak was 0.149, showing strong periodicity of the
temporally patterned spikes (Fig. 5B). However, the average timing of the first side peak
of the spikes in bushy cells (72 + 33 ms, n=7) was significantly shorter than that of the
bursting SEPSCs recorded in MNTB cells (258 = 34 ms, n=17) (Fig. 5C; unpaired t test,
p=0.0035). The average amplitude of the first side peak of the spikes (0.172 £ 0.0034,
n=7) was similar to the amplitude for the patterned SEPSCs recorded in MNTB cells (0.113
+ 0.009, n=17), showing no differences in population averages (Fig. 5D, unpaired t test,
p=0.2033). The un-matched timing between the APs in bushy cells and the large SEPSCs
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in MNTB neurons under 3,5-DHPG argued against the idea that these large SEPSCs were
driven by the rhythmic APs in the bushy cells.

Second, we performed the same recordings as in Figure 2, except that this time we used
“half” brainstem slices, which were obtained by cutting an intact slice into two halves along
the dorsoventral midline (Fig. 6A). In such a preparation, the axons of the contralateral
AVCN to the MNTB were completely severed. Surprisingly, similar to what we reported
(Peng et al., 2020), bath application of 3,5-DHPG (200 pM) enhanced SEPSCs in MNTB
neurons (Fig. 6B—D; normalized SEPSC frequency, 3,5-DHPG: 5.80 + 1.14; wash 1.58 +
0.20, Kruskal-Wallis test p<0.0001; Dun’s comparison p<0.0001 between control and 3,5-
DHPG, and p=0.0060 between 3,5-DHPG and wash, n=44. Normalized SEPSC amplitude,
3,5-DHPG: 1.84 + 0.22; wash 1.11 + 0.08, Kruskal-Wallis test p=0.0114; Dun’s comparison
p=0.0398 between control and 3,5-DHPG, and p=0.0221 between 3,5-DHPG and wash,
n=44). Remarkably, 10 out of 44 cells (23%) displayed temporally patterned AP-dependent
SEPSCs under 3,5-DHPG (Fig. 6E-H), with the average of the first side peak time being
244 + 34 ms (n=10) and the amplitude 0.098 + 0.010 (paired t test p=0.0020, n=10),

as robust as the recordings in intact whole brainstem slices. These data suggest that the
mGIuR I-triggered temporally patterned AP-dependent SEPSCs in MNTB neurons were not
dependent on the presence of the cell bodies of the AVCN bushy cells, consistent with the
idea that these enhanced excitatory responses may be mediated by non-calyceal inputs from
unknown sources. An alternative interpretation is that in our whole brain slice preparations,
the axonal connections between AVCN and MNTB were largely severed, and therefore, no
differences were expected for MNTB recordings between whole and half slices.

3.6. Age dependence of the auto-correlation strength of rhythmic activities

3.7.

The animals used in our experiments were during their developmental period for hearing
maturation, so we examined whether the mGIuR I-triggered rhythmic neuronal activities
were developmentally regulated. We plotted the 15t side peak amplitude of the rhythmic
PSCs in MNTB neurons and APs in VNTB neurons against the mouse age, and performed

a linear regression analysis. We detected no significant correlation between the 15t side

peak amplitude of the rhythmic sIPSCs and the mouse age (Fig. 7A; R2=0.0471, p=0.3868,
n=18). Consistently, there was no significant correlation between the rhythmic APs of
VNTB neurons and the mouse age (Fig. 7B; R?=0.1821, p=0.1127), although a trend

of decrease in rhythmic strength with increasing age seemed apparent. Interestingly, we
detected a significant correlation between the 15t side peak of the rhythmic SEPSCs and the
mouse age (Fig. 7C; R2=0.1675, p =0.0340, n=27). However, when excluding the three data
points from animals prior to hearing onset, the correlation disappeared (Fig. 7D; R?=0.0005,
p=0.9166, n=24). This suggests that there may exist a developmental shift in the rhythmic
activity after hearing onset. Indeed, in 1-week old mice, rhythmogenesis of bursting SEPSCs
in MNTB neurons induced by 3,5-DHPG was prominent (our unpublished data).

Expression and localization of mGIuR1 and mGIuR5 in the inhibitory circuit

To explore the cellular mechanisms of mGIuR activation, we examined subcellular
localization of the two members of mGIuR | along the inhibitory VNTB-MNTB pathway
in P14 and P21wildtype mice using immunocytochemistry. Specifically, we asked two
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questions: 1) whether mGIluR1 and mGIuR5 are located in the inhibitory presynaptic
terminals within MNTB, and 2) whether mGIluR1 and mGIuR5 are located in the cell bodies
of VNTB neurons.

A previous study reported that mGIluR1 immunostaining is primarily postsynaptic in the
MNTB of P11-14 rats (Kushmerick et al., 2004). We observed a similar pattern in the
MNTB of P14 and P21 mice. mGluR1-immunoreactive puncta were immediately apposed
(but not overlapped with) synaptotagmin 2 (Syt2; Fig. 8A), a marker for presynaptic
terminals Consistently, many mGIuR1 puncta around MNTB cell bodies contained Homer
1 immunoreactivity (arrows in Fig. 8B), a postsynaptic density protein commonly found

in glutamatergic synapses (Brakeman et al., 1997). Co-localization analyses of individual
MNTB cell bodies at P14 demonstrated a significantly higher Pearson’s R value for
mGIuR1/Homerl (0.22 £ 0.06, n = 20 neurons) than mGIluR1/Syt2 (0.06 £ 0.03, n = 12
neurons; Mann-Whitney test; p < 0.0001). These observations demonstrate a postsynaptic
localization of mGIuR1 in the MNTB at these ages. Additional mGIuR1 immunoreactivity
was detected within and between the cell bodies of MNTB neurons. Within the VNTB,
somatic mGIuR1 was identified in a small population of neurons (white asterisk in Fig. 8C).
However, this localization was not evident in other VNTB neurons (yellow dot in Fig. 8C).
Many mGIuR1 puncta in the VNTB appeared to be postsynaptic in opposition to terminals
labeled with synaptic vesicle protein 2 (SV2), a pan marker for presynaptic terminals (Fig.
8C). Together, these observations demonstrated varying degrees of mGIuR1 localization in
the cell bodies of VNTB, but not in their axon terminals within MNTB.

We have previously reported the presence of mMGIUR5 in SV2-labeled presynaptic terminals
in MNTB of P14 mice (Peng et al., 2020). In this study, we further examined how
presynaptic mGIuR5 is associated with the terminal type in the MNTB. We detected no
substantial overlapping of mGIuR5 with vesicular glutamate transporter 1 (vGIuT1), a
marker for calyx terminals (Fig. 9A-B), indicating a non-calyceal origin. On the other
hand, mGIuR5 localization was detected in inhibitory terminals as evident by the presence
of mGIuR5 immunoreactivity in presynaptic structures containing glycine transporter 2
(GlyT2) and the vesicular GABA transporter (VGAT) (Fig. 9C). Co-localization analyses
of individual MNTB cell bodies demonstrated a significantly lower Pearson’s R value

for mGIuR5/vGIuT1 (0.04 + 0.05, n = 48 neurons) than either mGIuR5/GlyT2 (0.22 £
0.12, n = 30 neurons; Mann-Whitney test; p < 0.0001) or mGIuR5/VGAT (0.29 £ 0.11,

n = 30 neurons; Mann-Whitney test; p < 0.0001), supporting a preferred location of
mGIuR5 in inhibitory vs. excitatory presynaptic terminals in MNTB. In the VNTB, somatic
mGIuR5 was not immediately evident, and mGIuR5 immunoreactivity was primarily located
in spaces between neuronal cell bodies (Fig.9D). In the neuropil region, many mGIuR5
puncta were distributed in opposition to, but not overlapping with, SV2-labeled terminals,
indicating a postsynaptic localization (Fig. 9D). Together, VNTB neurons likely contained
mGIuR5 in their axon terminals within the MNTB but not in their cell bodies.

4. Discussion

We report here that activation of mGIuR I triggered temporally patterned AP-dependent
spontaneous glycine and glutamate release onto a subpopulation of MNTB neurons.
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Activation of mGIuR | also triggered rhythmic spike firing in VNTB neurons, the

potential presynaptic cells for the inhibitory inputs to MNTB. The phenomenon is
intriguing for the following reasons. First, spontaneous firing and subsequent AP-dependent
transmitter release is a stochastic process, and therefore any apparent temporal pattern for
spontaneous activity is unusual. Second, mGIuRs typically cause long-lasting sustained but
not temporally patterned responses, and therefore mGluR-triggered temporally patterned
spontaneous activity is rare. Finally, the phenomenon was observed at both the excitatory
and inhibitory synapses impinging upon MNTB neurons, suggesting that neural modulation
mediated by mGIuR | may play a role in maintaining a balance between synaptic excitation
and inhibition.

4.1. Temporally patterned spontaneous synaptic activity in neural development

Prior to the appearance of APs evoked by external visual stimulation, temporally patterned
spontaneous spike activity in the retina facilitates the formation of visual neural circuits
during development (review in Ackman and Crair, 2014). In the mammalian auditory
system, prior to hearing onset (P13 in rodents), spontaneous spike activity is originally
produced in the cochlea (review in Wang and Bergles, 2015). Remarkably, the spontaneous
activity bears temporal patterns. The spontaneous activity is transmitted into the central
auditory system, and plays indispensable roles in circuit formation. Disruption of the
spontaneous activity leads to malformation of the tonotopic map in the sound localization
circuit (Mdller et al., 2019). Deletion of astrocytic mGIuR5 or neuronal mGIuR3 (a member
of mGIuR 1) disrupts the spontaneous spike activity in the auditory midbrain and cortex
(Kellner et al., 2021), indicating the involvement of mGIuRs in the generation and/or
maintenance of the spontaneous activity.

Temporally patterned spontaneous activity may extend into developmental periods after
sensory experience commences. In the chick, temporally patterned (bursting) spontaneous
spike activity in the cochlear nucleus magnocellularis (NM) is apparent /in ovo right around
the time of hearing onset (at E15-16, equivalent to P13-14 in rodents). A few days later
(at E18) the bursting pattern disappears and is replaced with a sustained tonic firing
(Lippe, 1994, 1995). Cells in NM experience dramatic developmental changes in their
morphology and physiology in this period (E13-E18), during which the neural properties
and circuits underlying adulthood behaviors are established (review in Rubel and Fritzsch,
2002). The timing for the presence of the patterned spontaneous activity in the chick NM is
comparably consistent with that for the mGIuR I-induced patterned synaptic activity in the
mouse auditory brainstem. Therefore, besides the peripheral mechanism accounting for the
generation of patterned spontaneous activity before hearing onset, there may exist a central
mechanism mediated by mGIuRs that helps maintain or reinforce the temporally patterned
spontaneous activity in later developmental stages.

The involvement of mGIuRs and FMRP in generating or strengthening rhythmic spike
activity and transmitter release has been demonstrated in studies in which these proteins

are genetically manipulated. In mGIluR1 KO mice, spontaneous rhythmic locomotion is
reduced (Conquet et al., 1994) and blocking mGIuR | activity reduces respiratory frequency
in lamprey (Bongianni et al., 2002). In Fmrl KO, cortical hyperexcitability is accompanied
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by a decreased synchrony of network inhibition (Gibson et al., 2008). The reduced rhythmic
activity in Fmrl KO is rescued by the treatment with an antagonist for mGIuR5 or by
genetic deletion of mGIuR5 (Hays et al., 2011), indicating that enhanced mGIuR5 signaling
underlies the reduced rhythmic activity when FMRP is dysfunctional. These studies revealed
an intimate relationship between FMRP and mGIuR5 in regulation of rhythmic cerebral
activity. However, FMRP did not seem to contribute to the rhythmogenesis of sIPSCs or
SEPSCs in MNTB.

4.2. Potential mechanisms underlying mGIluR-triggered patterned firing and transmitter

release

mGIuR-induced patterned spike firing and transmitter release may involve signaling
pathways leading to modulation of multiple ion channels, with a dominant involvement

of a persistent voltage-gated Na* channel current (Ingp) and ion channel-mediated Ca?*
signaling. The lyap plays a significant role in the generation of the respiratory rhythm /n
vitro (Koizumi and Smith, 2008), as well as in pacemaking in globus pallidus neurons
(Mercer et al., 2007). In external tufted cells in the olfactory bulb, activation of mGIuR

| increases the firing frequency within the rhythmic bursting of APs via enhancement of
Ca?*-dependent non-selective cation currents (Dong et al., 2009) and Inzp (Dong and Ennis,
2014). In subthalamic nucleus neurons, mGluR-induced burst firing is mediated by Inap
activated at subthreshold voltages (Bevan and Wilson, 1999), or by Cay, channels and
Ca%*-activated inward currents (Beurrier et al., 1999). Of important relevance, Ingp exists in
calyxes and the current boosts glutamate release onto MNTB neurons (Huang and Trussell,
2008). Similar expression of such a conductance on non-calyceal glutamatergic terminals
might exist, although no evidence has been reported. Burst firing in cortical interneurons

is evoked via mGluR1-induced Ca2* signaling pathway in neocortical pyramidal cells
(Czarnecki et al., 2007). In the neocortex, mGIuR | and muscarinic receptors trigger
synchronized firing in electrically coupled interneurons, resulting in rhythmic sIPSPs in their
target cells (Beierlein et al., 2000; Deans et al., 2001). Such mGIuR- and muscarinic ACh
receptor-mediated patterned burst firing has been also reported in thalamocortical neurons
(Hughes et al., 2008).

The mechanisms of mGluR-triggered temporally patterned AP-dependent spontaneous
glycine release onto MNTB are not completely clear. Our data obtained with cell-attached
recordings provided indirect evidence for the presynaptic somatic loci of mGIuR I-triggered
patterned spike activities in the VNTB (Fig. 4). The mGluR-triggered temporally patterned
SIPSCs in MNTB are likely the result of mGluR-triggered temporally patterned spikes in
VNTB glycinergic neurons (but see limitations below). The percentage of MNTB cells that
showed mGIuR-triggered temporally patterned AP-dependent sIPSCs was about the same as
the percentage of VNTB cells that fired mGIluR-induced temporally patterned APs. More
importantly, the 1EIs of the spike activity matched approximately the IElIs of the large
SIPSCs observed in the postsynaptic MNTB neurons (Fig. 4). However, one single MNTB
neuron could receive convergent inputs from more than one VNTB neurons. In that case,

if the VNTB neurons with convergent inputs onto the same MNTB neuron shared similar
IEls in their mGluR-induced spikes, the correlation between the rhythmic VNTB spikes
and MNTB sIPSCs would be maintained. In contrast, if the VNTB neurons projecting to
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the same MNTB neuron had different IEls in their mGluR-induced spikes, the correlation
would be lost, but a more complicated temporal pattern might be generated. It awaits further
investigation to determine which scenario is the case and which is more physiologically
relevant. Our anatomical data supported the physiological results in that group | mGIuRs
were present in the cell bodies and axonal terminals of the VNTB projection upon the
MNTB. The distinct preference of mGIuR1 in the cell bodies of MNTB neurons and
mGIuR5 in the axon terminals innervating MNTB suggests that the two members of mGIuR
I may exert differential actions to facilitate site-specific modulation effects. The elimination
of 3,5-DHPG effects on both sIPSCs and SEPSCs of MNTB in the mGIuR5 KO mice (Fig.
3) indicates a dominant role of mGIuR5 in the regulation of synaptic transmission, whereas
the retention of the 3,5-DHPG-induced inward current in MNTB of the mGIuR5 KO (Fig.
3C) supports a dominant role of mGIuR1 in the regulation of intrinsic properties.

The mechanisms of mGIluR-triggered temporally patterned AP-dependent spontaneous
glutamate release onto MNTB are elusive. For the following three reasons, we suspect that
the non-calyceal glutamatergic inputs to the MNTB may be responsible for the rhythmic
large SEPSCs under mGIuR 1 activation. First, besides receiving the calyceal glutamatergic
inputs, MNTB neurons also receive non-calyceal glutamatergic inputs (Banks and Smith,
1992; Smith et al., 1998; Hamann et al., 2003). The eEPSCs mediated by the non-calyceal
inputs are of much smaller amplitude than those mediated by the calyceal inputs, with the
former usually in the pA range (Forsythe and Barnes-Davies, 1993; Hamann et al., 2003),
and the latter in the nA range (Borst et al., 1995; Inchauspe et al., 2012; Chang et al.,

2015; Grande et al., 2014). The large SEPSCs we recorded under 3,5-DHPG application
appeared to be similar in amplitude to the eEPSCs mediated by the non-calyceal inputs.
Second, cell-attached recordings provided indirect evidence against the presynaptic somatic
loci of mGIuR I-triggered patterned spike activity in the AVCN (Fig. 5), because the IEIs of
the spike activity in AVCN bushy cells were significantly shorter than the IEIs of the large
SEPSCs in MNTB neurons. Finally, the mGIuR I-induced enhancement and rhythmogenesis
of SEPSCs in MNTB neurons did not depend on the presence of cell bodies in the AVCN
(Fig. 6), pointing to a possible dependence on non-calyceal inputs. The sources of the non-
calyceal inputs to MNTB are not known, although it was suggested that cells located within
the superior olivary complex (Banks and Smith, 1992), or axonal collaterals of bushy cells
may give rise to these inputs (Forsythe and Barnes-Davies, 1993). Although we propose that
the non-calyceal inputs mediated the large sEPSCs under 3,5-DHPG, we cannot exclude the
possibility that compound vesicle fusion may occur inside the calyceal terminals, resulting
in increased quantal size (a few hundreds of pA in amplitude) (He et al., 2009).

4.3. Functional implications

We speculate that temporally patterned synaptic activities in the sound localization circuit
may facilitate the establishment of the neural properties essential for temporal coding (e.g.,
phase-locking), in addition to forming the tonotopic organization of auditory neural circuits
(Clause et al., 2014; Bach and Kandler, 2020). In hippocampal CA1 pyramidal neurons,
mGIuRS5 activation improves spike timing and temporal precision in local neural circuits
via enhancement of Ingp (Yu et al., 2018a, b). Temporally patterned synaptic inhibition

can coordinate the timing of APs, resulting in timely precise phasic inhibition which
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functions to sculpt the spike timing for the excitatory inputs (Cobb et al., 1995). In MNTB,
precisely timed excitation as well as timed inhibition are important neuronal features

for auditory temporal processing (review in Grothe et al., 2010). Besides its potential

roles in development of neural circuits, the mGluR-triggered patterned AP-dependent
spontaneous transmitter release was observed at both excitatory and inhibitory synapses

in MNTB, suggesting that such modulation plays a role in maintenance of the balance
between excitation and inhibition. The IEls of the temporally patterned events, however,
differ substantially in their absolute values between the SEPSCs and sIPSCs, pointing to
differential modulation as well as independent functions for the modulation of mGIuRs

on the excitatory vs inhibitory transmission. Interestingly, only a subpopulation of MNTB
neurons displayed mGIuR I-triggered temporally patterned spontaneous synaptic responses
while others showed increased responses without any apparent temporal patterns. Similarly,
mGIluR-triggered spike firing in cortical interneurons and subsequent sIPSPs in their target
neurons could be either irregular or patterned in their temporal structure (Beierlein et al.,
2000). Differential expression of mGIuR | and/or Iygp in the presynaptic neurons may
underlie the different propensity of the generation of temporally patterned spike activities.
Further, the existence of temporally patterned transmitter release onto a subpopulation of
MNTB neurons may be sufficient in facilitating functional establishment of neural circuits,
by recruiting neural network via gap junction channels in early development. Finally,
mGIuR I-triggered temporally patterned spontaneous transmitter release was very prominent
in early development (P7-10) in MNTB neurons (our unpublished observation), warranting
further investigation of their roles in the establishment of neural circuits prior to hearing
onset.

4.4. Limitations of the current study

We recognize limitations of our study. First, we did not identify the cell types recorded in
VNTB. In non-mouse rodent species, VNTB consists of a mixed cell population in terms of
transmitter phenotypes including glycinergic, GABAergic, and cholinergic cells (Helfert et
al., 1989; Yao and Godfrey, 1998; Gomez-Nieto et al., 2008). In the mouse, the existence
of glycinergic cells in VNTB and their inhibitory projections to the ipsilateral MNTB have
been confirmed (Albrecht et al., 2014). The reported intrinsic neural properties of mouse
VNTB neurons have not yet offered criteria to distinguish cell types in the nucleus (Sinclair
etal., 2017). Therefore, our cell-attached recordings from the VNTB inevitably contained
mixed cell types. The second limitation is that the sources of the excitatory inputs mediating
the large SEPSCs enhanced by 3,5-DHPG were not identified. Third, the MNTB neurons
we recorded were primarily collected from the low and middle frequency-coding parts of
the nucleus, preventing us from determining whether there exists a tonotopic organization
in the mGIuR modulation. Fourth, the application of 3,5-DHPG was of a prolonged time,
which may not closely mimic the physiological condition in vivo under which glutamate

is released in a much briefer period. However, given that the spontaneous spike activity at
the mouse calyx-MNTB synapse in vivo is high (70 Hz, Lorteije et al., 2009), sustained
activation of mGIuR | and subsequent generation of temporally patterned AP-dependent
transmitter release might be highly possible. Such patterned activity may play a similar role
as the cochlea-originated spontaneous activity in the auditory system prior to hearing onset
(review in Wang and Bergles, 2015). Fifth, for historical reasons, we used a higher-than
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physiological calcium concentration (2.4 mM) in ACSF. In mouse CSF, the physiological
calcium concentration is about 1.2 mM (Ding et al., 2016). High calcium is known to
presynaptically promote multiquantal release (Budisantoso et al., 2013) and postsynaptically
reduce cellular excitability (review in Jones and Smith, 2016). Therefore, our physiological
data were collected under a high release probability and low cellular excitability condition,
although we do have limited data showing similar phenomenon regarding 3,5-DHPG
modulation of SEPSCs when using 1.2 mM calcium (data not shown). Finally, the loci

of mGIuR1/5 in MNTB and VNTB were determined with light microscopy not electronic
microscopy. Typically these mGIuRs are expressed postsynaptically, but here we reported
presynaptic mGIuR5, which is consistent with its effects on increasing the frequency of
transmitter release, an indicator for presynaptic actions. Although not common, presynaptic
mGIuR5 expression and its modulation of calcium signaling and synaptic transmission have
been demonstrated in multiple neural circuits (Kim et al., 2009; Xie et al., 2017; Colmers
and Bains, 2018; Fernandes et al., 2021).

Acknowledgments

We thank Lin Cai for editorial assistance. This work was supported by National Institute of Health Grant
R01DC016054 (YL), NEOMED Bridge Fund (YL), and ROIMH126176 (YW).

Data Availability Statement

The datasets generated for this study are available on request to the corresponding author.

Abbreviations

ACSF artificial cerebrospinal fluid
AP action potential
AVCN anteroventral cochlear nucleus

eEPSC/elPSC

evoked excitatory/inhibitory postsynaptic current

FMRP fragile X retardation protein

GPCR G-protein-coupled receptor

IEI inter-event interval

mGIuR | group | metabotropic glutamate receptor
INapP persistent voltage-gated Na* channel current
KO knockout

MNTB medial nucleus of the trapezoid body

Nay channel voltage-gated Na* channel

NM nucleus of magnocellularis
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SEPSC/sIPSC spontaneous excitatory/inhibitory postsynaptic current
VNTB ventral nucleus of the trapezoid body
WT wildtype
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Highlights

mGIuR | activation triggered temporally patterned sIPSC/SEPSC in MNTB
neurons.

Knockout of mGIuRS5 eliminated the effects.

mGIuR | activation generated temporally patterned action potentials in VNTB
neurons.

The effects of mGIuR | on SEPSCs did not depend on the contralateral AVCN.

Inhibitory presynaptic but not calyceal terminals contained mGIuR5.
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Figure 1.
Activation of mGIuR | triggered temporally patterned AP-dependent spontaneous glycine

release onto a subpopulation of MNTB neurons (18 out of 58 cells, 31%). (A) Activation
of mGIuR I by 3,5-DHPG (200 uM) resulted in temporally patterned sIPSCs of large
amplitudes (Al). The large sIPSCs were rhythmic, with a visually detectable constant
interval between two neighboring events (A2). The large sIPSCs were interspersed with
much smaller sIPSCs, the size of which approximates the quantal size and the timing of
which appeared random (A3, indicated by the symbol #). The histogram of the sIPSC
amplitudes displays one cluster of events with small values, and a second cluster of events
of larger events. (B) The average amplitude of the maximal sIPSCs under 3,5-DHPG (n=18)
was not different from that of the elPSCs under control conditions (n=15; unpaired t

test p=0.1688), suggesting that the large sIPSCs under 3,5-DHPG were AP driven. (C)
Autocorrelogram detected the first side peak at the timing of 61 ms, which approximates
the visually-detected interval between two neighboring large sIPSCs in A2. The amplitude
of the first side peak, representing the strength of the periodicity for rhythmic release, was
0.176. (D) The timing of the first side peaks, representing the interval of the rhythmic
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SIPSCs, was 109 ms (n=18) under 3,5-DHPG. (E) Paired t test detected significant
difference in the first side peak amplitude between control and drug group (p=0.0016;
n=18). Note that under control conditions, most cells did not have side peaks in their
autocorrelograms, and the amplitude was assigned a value of zero. (F) When the IEIs were
plotted sequentially in the order of event detection, the distribution of the IEls of the sample
cell showed a peak at about 50 ms (indicated by the red arrows in the main graph and

the inset), approximately matching the interval between two large neighboring sIPSCs. (G)
Plotting of the IEIs against the amplitudes of sIPSCs of the sample cell. There was one
group of sIPSCs that were of the smallest amplitudes (likely quantal size, <100 pA) and a
large range of varying IElIs (green dashed oval), reflecting the randomness in timing of the
quantal release. With increasing amplitudes, a group of large sIPSCs showed a constant IEI
of about 50 ms (red dashed oval; also see the inset), matching the timing of the first side
peak in the autocorrelogram. Mean £ SEM are shown in this and subsequent figures. ns: not
significant; * p < 0.05, ** p < 0.01, *** p < 0.001 (paired or unpaired t test). Cells were held
at =70 mV for IPSC recordings.
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Activation of mGIuR | triggered temporally patterned AP-dependent spontaneous glutamate
release onto a subpopulation of MNTB neurons (17 out of 107 cells, 16%), most of which
(13 out of 17 cells, 76%) also displayed bursts of SEPSCs. (A) Activation of mGIuR

| by 3,5-DHPG (200 pM) resulted in large SEPSCs forming clusters. The clusters were
obvious during the wash of 3,5-DHPG, with a gap of about 5 s between two neighboring
clusters (A1). Within each cluster, and during the initial phase of the drug application,
bursts (with two or more large SEPSCs) had a relatively constant IEI (A2). The large
SEPSCs were interspersed with much smaller SEPSCs (A3, indicated by the symbol #). (B)
Although apparently larger than the quantal size, the maximal amplitude of SEPSCs under
3,5-DHPG (n=17) was significantly smaller than that of eEPSCs recorded under the same
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conditions (n=30; unpaired t test p=0.0269). (C) Autocorrelogram detected the first side
peak at the timing of 395 ms, which approximates the visually-detected interval between
two neighboring bursts. The amplitude of the first side peak was 0.104. (D) The timing of
the first side peaks of the bursts of SEPSCs (n=17). (E) Paired t test detected significant
difference in the first peak amplitude between the control and the drug group (n=17). Under
control conditions, 16 cells did not have side peaks in their autocorrelograms, and the
amplitude was assigned a value of zero. (F) When the IEIs were plotted sequentially in the
order of event detection, the distribution of the IEIs showed a group of events with very
small IEls (indicated by the red arrow in the main graph), and an apparent group of events
with IEI at about 200 ms (indicated by the red arrow in the inset). The histogram distribution
of the IEIs showed two peaks, with the first peak averaging at about 15 ms matching the
interval between the large SEPSCs within the bursts, and the second peak at about 200

ms. (G) Plotting of the IEls against the amplitudes of SEPSCs. There was one group of
SEPSCs that were of the smallest amplitudes (likely quantal size) and varying IEls (green
dashed oval), reflecting the randomness in timing of the quantal release. With increasing
amplitudes, a group of large SEPSCs showed a constant IEI of about 15 ms (red dashed oval)
matching the interval between large SEPSCs within the bursts, and another group of events
at IE1 of about 200 ms (red arrow; and the inset) matching half of the timing of the first side
peak in the autocorrelogram. Cells were held at =60 mV for EPSC recordings.
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Figure 3.

Knockout of mGIuRS5 eliminated the enhancement effects of 3,5-DHPG on AP-dependent
SEPSCs and sIPSCs of MNTB neurons. All recordings were made from MNTB neurons
of mGIuR5 KO mice, except for the WT data in panel C. (A, B) 3,5-DHPG did not affect
SEPSCs of the sample cell. A1 shows the original recording of SEPSCs. Two 7-s segments
(A2 and A3) from the control and 3,5-DHPG conditions, respectively, are presented at a
larger time scale. Interestingly, a second component (indicated by the arrow in panel B) of
the SEPSC was often observed in the recordings from mGIuR5 KO mice, which was rarely
seen in WT mice (Peng et al., 2020). (C) 3,5-DHPG resulted in an inward current, the
amplitude of which was not different from that of WT cells, indicating that the current was
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primarily mediated by mGIuR1, the other member of mGIuR I. (D-G) We adopted the same
protocol as used before (Peng et al., 2020) to detect all the SEPSCs. In population analysis,
3,5-DHPG did not result in significant differences in SEPSC frequency, amplitude, rise time,
and decay time constant (n=16). (H-M) We adopted the same protocol as used before (Curry
et al., 2018) to detect all the sIPSCs. Similarly, 3,5-DHPG did not affect sIPSCs of MNTB
neurons in the mGIuR5 KO (n=30). The averaged sIPSC traces in panel | were normalized
to their peaks.
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Figure 4.
In response to activation of mGIuR I, APs in VNTB neurons had a similar rhythm to that of

the large AP-dependent sIPSCs in MNTB neurons. Cell-attached recordings revealed spike
generation in a subpopulation of VNTB neurons (16 out of 50 cells, 32%) in response to
activation of mGIuR I, with 15 cells (30%) displaying rhythmic spike firing. (A) Activation
of mGIuR | by 3,5-DHPG (200 pM) triggered APs with regular 1EIs (A1), and the effect
was long-lasting. The spikes are of a characteristic bi-phasic waveform for cell-attached
extracellular recordings (A2), with relatively uniform amplitudes. (B) Autocorrelogram

of this sample cell detected the first side peak at the timing of about 85 ms, which
approximates the visually detected interval between two neighboring spikes. The amplitude
of the first side peak was 0.179. (C, D) Average timing and amplitude of the first side

peak (n=15) had no significant differences from those for the temporally patterned sIPSCs
recorded in MNTB cells (n=18), suggesting a strong correlation of the rhythmic presynaptic
firing in VNTB cells and the temporally patterned glycine release in MNTB neurons.
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Figure 5.
In response to activation of mGIuR I, rhythmogenesis of action potentials in AVCN bushy

cells differed in timing from that of the large AP-dependent SEPSCs in MNTB neurons.
Cell-attached recordings revealed spike generation in a subpopulation of AVCN bushy cells
(12 out of 38 cells, 32%) in response to activation of mGIuR 1, with 7 cells (18%) displaying
rhythmic spike firing. (A) Activation of mGIuR | by 3,5-DHPG (200 pM) triggered APs
with regular IEIs (Al), and the effect was long-lasting (minutes after washout of the drug).
The spike waveform is similar to that in VNTB cells (A2). (B) Autocorrelogram for a 6-s
segment of the recording under 3,5-DHPG detected the first side peak at the timing of about
25 ms, which approximates the visually detected interval between two neighboring spikes.
The amplitude of the first side peak was 0.149, representing the strength of the periodicity
for temporally patterned spikes. (C, D) Average timing of the first side peak of the spikes of
the cells with rhythmic spike firing (n=7) was significantly shorter than that of the bursting
SEPSCs recorded in MNTB cells (n=17), whereas the average amplitude of the first side
peak had no differences.
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Figure 6.

The effects of mGIuR | on SEPSCs of MNTB neurons did not depend on the presence of
the cell bodies of neurons in the contralateral AVCN. In half brainstem slices, in which

the connection between the contralateral AVCN and the MNTB was completely severed,
activation of mGIuR | enhanced SEPSCs and triggered temporally patterned AP-dependent
spontaneous glutamate release onto a subpopulation of MNTB neurons (10 out of 44 cells,
23%), 8 of which also displayed bursts of SEPSCs. (A) Schematic drawing of the half
brain slice preparation. (B) Effects of bath-applied 3,5-DHPG (200 pM) on sEPSCs in

a representative MNTB neuron. (C, D) 3,5-DHPG significantly increased the normalized
frequency and amplitude of SEPSCs (n=44). (E) Autocorrelogram of another cell detected
the first side peak at the timing of 178 ms. (F) The average of the first side peak time was
244 ms (n=10). (G) The amplitude of the first side peak under 3,5-DHPG was significantly
larger than that under control condition (n=10), under which none of the cells displayed any
rhythmic SEPSCs.
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AP: VNTB neurons
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Age dependence of the auto-correlation strength of rhythmic activities. (A, B) No significant
correlation was detected between the 15t side peak amplitude of the rhythmic sIPSCs of
MNTB neurons and the mouse age (n=18), and between the 15t side peak amplitude of the
rhythmic APs of VNTB neurons and the mouse age (n=15), although there seemed to be a
trend of a decrease in rhythmic strength with increasing age. (C) For rhythmic SEPSCs of
MNTB neurons, a significant correlation was detected between the 15t side peak amplitude
and the mouse age (n=27). (D) However, after excluding the three data points from animals
prior to hearing onset, the correlation disappeared (n=24), suggesting a developmental shift

in the rhythmic activity after hearing onset.
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B

Figure 8.
MGIuR1 localization in the cell bodies of VNTB, but not in their axon terminals within

MNTB, in P14 wildtype mice. (A) Triple immunostaining of mGIuR1 (red) and Syt2
(green) in the MNTB with NeuroTrace (NeuT) counterstain (blue). Arrows point out an
opposite distribution of Syt2 and mGIuR1. A closer view of the region outlined by the
white-dotted box is shown in the right column (also applicable to images in B and C).
(B) Immunostaining of mGIuR1 (red) and Homerl (green) in the MNTB with NeuroTrace
(NeuT) counterstain (blue). mGIluR1 immunoreactivity encircled MNTB cell bodies and
overlapped with Homerl. (C) Immunostaining of mGIluR1 (red) and SV2 (green) in the
VNTB with DAPI counterstain (blue). mGluR1-immunoreactive puncta were opposed to
SV2-labeled terminals in VNTB. Somatic mGIuR1 was evident in some VNTB neurons
(white asterisks). Yellow dot indicates a cell body in the VNTB that did contain mGIluR1
puncta. Scale bars = 10 ym in A-C; 1 ym in all magnified images in the right column.
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Figure 9.
VNTB neurons contained mGIuRS5 in their axon terminals within the MNTB but not in their

cell bodies, in P14 and P21 wildtype mice. (A-B) Triple immunostaining of mGIuRS5 (red)
and vGIuT1 (green) in the P14 (A) and P21 (B) MNTB with DAPI counterstain (blue).
mGIuR5 immunoreactivity was largely non-overlapped with vGluT1-containing terminals.
Closer views of the regions outlined by the white-dotted boxes are shown in the right
column (also applicable to images in C and D). (C) Immunostaining of mGIuR5 (red),
GlyT2 (green) and VGAT (blue) in the MNTB. mGIuR5 immunoreactivity overlapped
with GlyT2- and VGAT-labeled terminals. Somatic mGIuR5 puncta were evident in the
MNTB (asterisks). (D) Immunostaining of mGIuR5 (red) and SV2 (green) in the VNTB
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with NeuroTrace (NeuT) counterstain (blue). Most mGIluR5-immunoreactive puncta did not
overlap with SV2-labeled terminals in the VNTB. Neuronal cell bodies in VNTB (asterisks)
lacked mGIuRS5. Scale bars = 10 um in A-C; 1 um in all magnified images in the right
column.
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Table 1.

Primary antibodies for immunohistochemistry.

Antibody  Manufacturer, Cat.# Dilution & concentration RRID

mGIuR1 Cell Signaling Technology, Cat. #12551  1:500 dilution AB_2797953
mGIuR5 Abcam, Cat. #ab76316 1:500 dilution 0.28 pg/ml AB_1523944
SV2 DSHB, Cat. #SV2 1:1000 dilution 0.51 pg/ml  AB_2315387
Syt2 DSHB, Cat. #Znp-1 1:1000 dilution 0.21 ug/ml AB_2315626
GlyT2 Synaptic Systems, Cat. #272004 1:500 dilution 0.5 pug/ml AB_2619998
VGAT Sigma Aldrich, Cat. #AMAB91043 1:500 dilution AB_2665778
Homerl Synaptic Systems, Cat. #160308 1:500 dilution 2 pg/ml AB_2923010
VvGIuT1 Abcam, Cat. #242204 1:2000 dilution 0.5 pg/ml AB_2936821

Page 38

Note: the concentrations of the antibodies for mGIuR1 and VGAT were not available from the manufacturers, although the dilutions and the RRID
shall be of sufficient information.
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Table 2.

Cell numbers and percentages with temporally patterned sIPSCs and/or bursting SEPSCs, in response to
activation of mGIuR | by 3,5-DHPG (200 uM), in MNTB neurons of WT and Fmrl KO mice.

PSC Genotype (#total cells)  #cells with patterned PSCs (% of total ~ Chi-square p  #cells with bursting PSCs (% of cells with

cells) patterned PSCs)
sIPSC WT (27) 10 (37%) 0 (0%)
KO (31) 8 (26%) 0.4041 2 (25%)
SEPSC  WT (95) 15 (16%) 11 (73%)
KO (12) 2 (17%) >0.9999 2 (100%)

PSC: postsynaptic current; WT: wildtype; KO: Fmrl knockout
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