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ABSTRACT 34 

The central nucleus of the inferior colliculus (ICC) of the auditory midbrain integrates the majority of 35 

ascending auditory information from lower brainstem regions. It receives prominent long-range 36 

inhibitory input from the ventral nucleus of the lateral lemniscus (VNLL), a region thought to be 37 

important for temporal pattern discrimination. Histological evidence suggests that neurons in the VNLL 38 

release both glycine and GABA in the ICC, but functional evidence for their co-release is lacking. We took 39 

advantage of the GlyT2-Cre mouse line (both male and female) to target expression of ChR2 to 40 

glycinergic afferents in the ICC and made whole-cell recordings in vitro while exciting glycinergic fibers 41 

with light. Using this approach it was clear that a significant fraction of glycinergic boutons co-release 42 

GABA in ICC. Viral injections were used to target ChR2 expression specifically to glycinergic fibers 43 

ascending from the VNLL, allowing for activation of fibers from a single source of ascending input in a 44 

way that has not been previously possible in ICC. We then investigated aspects of the glycinergic versus 45 

GABAergic current components to probe functional consequences of co-release. Surprisingly, the time 46 

course and short-term plasticity of synaptic signaling were nearly identical for the two transmitters. We 47 

therefore conclude that the two neurotransmitters may be functionally interchangeable and that 48 

multiple receptor subtypes subserving inhibition may offer diverse mechanisms whereby inhibitory 49 

homeostasis is maintained. 50 

SIGNIFICANCE STATEMENT 51 

Co-release of neurotransmitters is a common feature of the brain. GABA and glycine co-release 52 

is particularly common in the spinal cord and brainstem, but its presence in the midbrain is unknown. 53 

We show co-release of GABA and glycine for the first time in the central nucleus of the inferior colliculus 54 

of the auditory midbrain. Glycine and GABA are both inhibitory neurotransmitters involved in fast 55 

synaptic transmission, so we explored differences between the currents to establish a physiological 56 

foundation for functional differences in vivo. In contrast to the auditory brainstem, co-released 57 
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GABAergic and glycinergic currents in midbrain are strikingly similar. This apparent redundancy may 58 

ensure homeostasis if one neurotransmitter system is compromised.  59 

INTRODUCTION 60 

 GABA is co-released with a variety of other neurotransmitters throughout the brain (Tritsch et 61 

al. 2016). One of the most paradoxical partners of GABA co-release is glycine as they are both fast 62 

inhibitory neurotransmitters. In the central auditory system, GABA/glycine co-release is particularly 63 

common during development (Kotak et al. 1998; Nabekura et al. 2004; Muller et al. 2006). However, co-64 

release persists in adulthood in a variety of regions, including the lateral superior olive (LSO), medial 65 

nucleus of the trapezoid body, and dorsal cochlear nucleus (Helfert et al. 1992; Rubio 2004; Awatramani 66 

et al. 2005; Roberts et al. 2008; Weisz et al. 2016). Many functions of co-release have been proposed, 67 

including subserving tonic versus phasic inhibition via different time courses of glycinergic and 68 

GABAergic synaptic currents (Russier et al. 2002; Kuo et al. 2009; Xie & Manis 2013), extra-fast inhibition 69 

(Lu et al. 2008), and compensation by one neurotransmitter during periods of sustained activity 70 

(Ishibashi et al. 2013; Fischl et al. 2014; Nerlich et al. 2014). Despite the common presence of and 71 

functional implications for GABA/glycine co-release in auditory brainstem regions, it has yet to be 72 

explored in the auditory midbrain. 73 

The central nucleus of the inferior colliculus (ICC) is a nearly obligatory relay station for 74 

ascending streams of auditory information from the brainstem (Oliver 2005). Different types of auditory 75 

information coalesce in the ICC to create unique tuning properties that are then conveyed to the 76 

thalamus and cortex (Haplea et al. 1994; Joris et al. 2004; Loftus et al. 2010). Multiple brainstem nuclei 77 

send glutamatergic, GABAergic, and glycinergic fibers to the ICC. Glycinergic input in particular originates 78 

largely from the ventral nucleus of the lateral lemniscus (VNLL) and lateral superior olive (LSO), regions 79 

hypothesized to be important for temporal pattern discrimination and location of sound in space, 80 

respectively (Saint Marie et al. 1989; Covey & Casseday 1991; Glendenning et al. 1992, Oertel & 81 
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Wickesberg 2002). The VNLL is a particularly unique structure because it is largely composed of 82 

inhibitory cell types and is one of the largest sources of input to ICC (Brunso-Bechtold et al. 1981; Saint 83 

Marie & Baker 1990; Winer et al. 1995, Saint Marie et al. 1997, reviewed by Cant 2005). A large fraction 84 

of cells in the VNLL across species express both glycine and GABA (Saint Marie et al. 1997; Riquelme et 85 

al. 2001; Tanaka & Ezure 2004), raising the possibility that projections from VNLL to ICC co-release these 86 

inhibitory neurotransmitters. However, functional evidence for co-release is difficult to demonstrate 87 

experimentally because of the anatomy of ascending projections. Ascending fibers from all lower 88 

brainstem regions enter the ICC through the same lemniscal fiber tract and there are multiple sources of 89 

pure GABAergic input that would be stimulated with electrical stimulation, making it unfeasible to 90 

activate glycinergic fibers in isolation in order to assay co-release. 91 

Here we used a GlyT2-Cre mouse line (Ishihara et al. 2010) to express ChR2 in glycinergic cells 92 

and activate glycinergic fibers with photostimulation. ChR2 was targeted to glycinergic neurons either 93 

globally (by crossing the Cre line with a reporter line that expresses ChR2 in a Cre-dependent manner) or 94 

specifically within VNLL (via intracranial injection of AAV that induces Cre-dependent ChR2 expression). 95 

In this way we asked whether glycinergic afferents in the ICC co-release glycine and GABA and studied 96 

the possible functional consequences of this co-release. We found that GABA was consistently co-97 

released with glycine from individual terminals in the auditory midbrain, but the postsynaptic effects of 98 

the two transmitters were almost identical. Targeted expression of ChR2 to glycinergic fibers ascending 99 

from VNLL yielded similar results to global glycinergic stimulation. Indeed, our data suggest that putative 100 

roles for GABA/glycine co-release in lower brain regions are not recapitulated in the auditory midbrain, 101 

leaving the possibility open that the two neurotransmitters are functionally interchangeable.  102 

MATERIALS AND METHODS 103 

Animals 104 
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 All procedures involving animals were approved by OHSU’s Institutional Animal Care and Use 105 

Committee. Optogenetic experiments were performed using heterozygous GlyT2-Cre;ChR2 mice 106 

generated by crossing GlyT2-Cre mice (Tg(Slc6a5-cre)KF109Gsat/Mmucd, RRID:MMRRC_030730-UCD) 107 

with the floxed ChR2(H134R)-EYFP Cre Ai32 reporter line (B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, 108 

RRID:IMSR_JAX:024109). This cross resulted in the expression of ChR2 targeted to glycinergic neurons 109 

(Lu & Trussell 2016). Miniature inhibitory postsynaptic current (mIPSC) recordings were made from wild-110 

type C57BL/6 mice against which all transgenic lines were bred. Male and female mice postnatal days 19 111 

to 35 were used for experiments. Specifically, an age range of 19 to 35 was used for experiments 112 

utilizing wild type or GlyT2-Cre;ChR2 mice and an age range of 29 to 35 was used for experiments in 113 

which GlyT2-Cre mice were injected with virus to induce region-specific ChR2 expression (see 114 

“Stereotactic injections” below). This wide age range apparently did not introduce variability in our 115 

dataset as there was no significant relationship between age and the percentage of the postsynaptic 116 

current attributed to GABA release in either the GlyT2-Cre;ChR2 dataset (n=28 cells, R2=0.028, p=0.39, 117 

linear regression) or the viral injection dataset (n=15 cells, R2=0.006, p=0.78, linear regression). Age also 118 

did not correlate with IPSC decay in either the GlyT2-Cre;ChR2 dataset (n=26 cells, R2=0.008, p=0.67, 119 

linear regression) or the viral injection dataset (n=13 cells, R2=0.005, p=0.82, linear regression).   120 

To control for Cre expression in the GlyT2-Cre line outside of glycinergic neurons, we crossed the 121 

GlyT2-Cre line with the floxed Ai9 tdTomato Cre reporter line (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, 122 

RRID:IMSR_JAX:007909) and subsequently crossed Cre-positive offspring with a well-characterized 123 

GlyT2-EGFP mouse line (FVB.Cg-Tg(Slc6a5-EGFP)13Uze/UzeBsiRbrc, RRID:IMSR_RBRC04708; Zeilhofer et 124 

al. 2005). At one month of age, three of the resulting GlyT2-Cre/tdTomato: GlyT2-EGFP offspring were 125 

transcardially perfused with 4% paraformaldehyde (PFA). The brains were dissected out, postfixed 126 

overnight in 4% PFA, and sectioned on a vibratome at 50 μm thickness. Sections containing VNLL were 127 

counterstained with Hoechst 34580 (Thermo Fisher Scientific). Because the intensity of tdTomato and 128 
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GFP varied between cells, we formulated a way to remove bias in determining whether cells were 129 

counted as positive for one, both, or neither. Using Adobe Illustrator CS6 (RRID:SCR_014198), we first 130 

used dots to mark tdTomato and GFP+ cell bodies when viewing these in separate channels. We used 131 

the Hoechst DNA counterstain to locate and label cells that were clearly negative for either. These 132 

templates were then merged to create a single template that marked cell bodies throughout the VNLL. 133 

This single template was overlaid on red and green channels separately and points were deleted if they 134 

labeled a soma that was negative for the respective fluorophore. Finally, the two maps of tdTomato- 135 

and EGFP-positive cell bodies were overlaid and compared to identify the percentage of Cre/tdTomato-136 

expressing neurons that were EGFP-negative and therefore unlikely to be glycinergic. 137 

Brain slice preparation 138 

Mice were anesthetized with isofluorane, decapitated, and coronal slices containing ICC (220 μm 139 

thick) were cut in warm (35°C) ACSF on a vibratome (Leica VT1200S). ASCF contained (in mM) 130 NaCl, 140 

2.1 KCl, 1.2 KH2PO4, 1.7 CaCl2, 1 MgSO4, 20 NaHCO3, 3 Na-HEPES, 10–12 glucose, 0.4 ascorbate, and 2 Na 141 

pyruvate and bubbled with 5% CO2/95% O2 (300 – 310 mOsm). Slices recovered at 34° C ACSF for 30 142 

minutes and were then kept at room temperature until use.    143 

Electrophysiology 144 

Brain slices were contained in a chamber that was perfused with ACSF (~3 ml/min) heated to 31-145 

33° C by an inline heater. Neurons in the ICC were visualized with Dodt contrast optics using a 40X 146 

objective on an upright microscope (Zeiss Axioskop2). The ICC was identified as the central area of the 147 

inferior colliculus in coronal slices where the tissue was harder to visualize due to the abundance of 148 

myelinated lemniscal fibers. The VNLL was identified by anatomical location as well as a concentration 149 

of EYFP-expressing cells in slices obtained from the GlyT2-Cre:ChR2(H134R)-EYFP reporter cross. Whole-150 

cell patch-clamp recordings from ICC and VNLL neurons were made with a Multiclamp 700B amplifier. 151 
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Data were filtered at 10 kHz, digitized at 20 kHz by Digidata 1322A, and acquired by pClamp 10.4 152 

software (Molecular Devices, RRID:SCR_011323).  153 

Intrinsic ChR2 currents were measured in neurons of the VNLL by blocking synaptic transmission 154 

with 5 μM NBQX, 10 μM MK-801, 10 μM SR95531, and 500 nM strychnine. In voltage clamp, exposing 155 

cells to a 50-ms light pulse would necessarily result in a long inward current. In the ICC, inhibitory 156 

postsynaptic currents were measured in response to either ChR2 stimulation or stimulation of fibers 157 

with a bipolar electrode made from borosilicate theta glass (Sutter Instrument #BT-150-10; henceforth 158 

“theta stimulation”). Wide-field photostimulation was achieved by coupling a 470 nm LED to the 159 

epifluorescence port of the microscope and delivering brief (1-2 ms) pulses of light with pClamp. Fibers 160 

were stimulated electrically by 0.1-0.2 ms square wave pulses (2-20 V) produced by pClamp and 161 

delivered through an isolation unit (AMPI ISO-Flex). Recording electrodes (4-6 MOhm) were pulled from 162 

borosilicate glass (WPI 1B150F-4) by a vertical puller (Narishige P-10). The internal pipette solution used 163 

for recording mIPSCs contained (in mM) 115 CsCl, 10 HEPES, 4.5 MgCl2, 10 EGTA, 4 Na2-ATP, and 0.5 Tris-164 

GTP with pH adjusted to 7.25 with CsOH and osmolality adjusted to 290 mOsm with sucrose. The 165 

calculated chloride reversal potential (ECl) was -2.3 mV. The internal solution used for all other 166 

experiments contained (in mM) 113 K gluconate, 2.75 MgCl2 hexahydrate, 1.75 MgSO4, 0.1 EGTA, 9 167 

HEPES, 14 Tris-phosphocreatine, 4 NA2-ATP, and 0.3 tris-GTP with pH adjusted to 7.25 with KOH and 168 

osmolality adjusted to 290 mOsm with sucrose (ECl = -84.8 mV). For this internal solution, holding 169 

potentials cited in the text are corrected for a -13 mV junction potential. Series resistance (<20 MOhm) 170 

was compensated by 60-80% ‘correction,’ 90% ‘prediction’ (bandwidth=3 kHz). Data were excluded from 171 

analysis if series resistance changed by more than 25% over the course of the experiment.  172 

Firing patterns were studied by holding cells in current clamp, delivering a bias current as 173 

needed to stabilize the resting potential at -65 mV (unbiased resting potentials typically ranged from -60 174 

to -65 mV), and delivering a 500-ms current step ranging from -500 pA to +500 pA in 50-pA increments. 175 
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Neurons recorded in VNLL displayed firing properties characteristic of VNLL neurons in mouse and gerbil 176 

(Caspari et al. 2015; Franzen et al. 2015). The cells recorded from ICC were organized into five different 177 

categories based on differences in firing pattern. Sustained neurons fired action potentials over the 178 

duration of positive current steps with varying levels of adaptation. Sustained, Ih neurons were similar 179 

except they showed prominent depolarizing sag at the onset of a hyperpolarizing current step. Cells 180 

categorized as transient fired multiple spikes only at the beginning of positive current steps while onset 181 

cells fired only one or two spikes at most at the beginning of a positive step. Finally, pauser cells 182 

displayed either a buildup in depolarization that preceded spiking or a long interspike interval after the 183 

first action potential. This was sometimes accompanied by acceleration in firing frequency over the 184 

length of the train.  185 

All reagents were purchased from Sigma-Aldrich with the exception of SR-95531, which was 186 

purchased from Tocris Bioscience. 187 

mIPSC analysis 188 

mIPSCs were recorded in 1 μM tetrodotoxin (TTX) to block spontaneous spike-driven events, 10 189 

μM zolpidem and 30 μM pentobarbital to slow the GABAergic component, and 5 μM NBQX/5 μM MK-190 

801 to block AMPA/NMDA receptors. Glycinergic and GABAergic mIPSCs were recorded in isolation 191 

using 5 μM SR95531 and 500 nM strychnine respectively. Individual events were first detected in 192 

AxoGraph X 1.5.4 (RRID:SCR_014284) using a synaptic template with variable amplitude and then 193 

checked by eye to remove spurious events (Clements & Bekkers 1997). To calculate that portion of the 194 

total amplitude contributed by glycine or GABAA receptors (Jonas et al. 1998; Awatramani et al. 2005), 195 

individual mIPSCs were force-fit with the dual exponential equation below: 196 

 197 

Amplitude = AFAST*exp(-t/τFAST) + ASLOW*exp(-t/τSLOW) 198 

 199 
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A and τ represent amplitude and decay time constant values associated with fast glycinergic and slow 200 

GABAergic currents. The average decay time constants measured for glycinergic and GABAergic mIPSCs 201 

were measured individually for each cell recorded in 5 μM SR95531 and 500 nM strychnine, 202 

respectively. These average values were used for τFAST and τSLOW.  203 

Stereotactic injections 204 

GlyT2-Cre mice of both sexes (P16-19) were injected with AAVrh10.CAGGS.flex.ChR2.tdTomato.-205 

WPRE.SV40 (UPENN AV-10-18917P) to induce the expression of ChR2 in cells of the VNLL in a Cre-206 

dependent manner. The AAV (serotype 2/1) expresses ChR2 and tdTomato under the control of a FLEX 207 

switch that makes expression dependent on the presence of Cre. The transgenes were driven by the 208 

CAG promoter and included a WPRE element and SV40 polyadenylation signal to enhance expression 209 

(Atasoy et al. 2008). Recordings were made in ICC starting 14 days after injections. Mice were 210 

anesthetized with 1% isoflurane and stabilized in a stereotaxic instrument (David Kopf). An unilateral 211 

craniotomy was made using a dental drill (Foredom K.1070) and a beveled glass capillary micropipette 212 

(inner diameter of 20-30 μm) attached to a hydraulic injector (Narishige) was used to deliver 30 nl AAV 213 

at a speed of 5 nl/sec. The micropipette was advanced into and out of the brain tissue at a speed of ~5 214 

μm/sec, with a 5-minute wait time at the injection site before and after injection. The coordinates we 215 

used for VNLL were (in mm from Bregma): -3.2 posterior, 1.3 lateral, and 5.2 deep from the pia. 216 

Experimental Design & Statistical Analyses  217 

Electrophysiological traces were analyzed with pClamp 10.4 software or custom-written 218 

procedures in IGOR Pro 6.3. Statistics (RRID:SCR_000325) were performed and graphs created using 219 

GraphPad Prism 7 (RRID:SCR_002798). Averages are represented as mean ± SEM. Data was tested for 220 

assumptions of equal variances (Bartlett’s test) between groups and normality (Shapiro-Wilk test) 221 

before using parametric tests. One-way ANOVA with repeated measures was used for comparisons 222 

across treatments within single cells followed by Tukey post hoc comparisons (P values for post hoc 223 
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comparisons are reported only when the p-value associated with the main effect is significant). 224 

Alternatively, for paired and unpaired data respectively, the Friedman test and Kruskal-Wallis with 225 

Dunn’s post hoc tests were used if the data were not normally distributed. Multiple comparisons were 226 

controlled for by selecting the “multiplicity adjusted P value” option in Prism 7. Sphericity and effective 227 

matching were also tested for when using ANOVAs. Two-way ANOVA with repeated measures on one or 228 

both factors (for data collected within single cells across conditions) was used to compare short-term 229 

synaptic depression in Figure 7. P, F, and df values reported for two-way ANOVAs are those associated 230 

with the main effect and P values associated with the interaction term are reported only if significant. 231 

Data are displayed as box-and-whisker plots with the median value marked within the “box” extending 232 

from the 25th to 75th percentiles. The Tukey method was used to create the “whiskers” in which the 233 

interquartile distance is multiplied by 1.5 and extended from the edges of the box. Data outside of this 234 

calculated range are plotted as points. Conversely, if these calculated values were outside of the 235 

minimum or maximum values of the dataset, the whiskers were instead set to the respective minimum 236 

and maximum values.  237 

RESULTS 238 

Ascending afferents in the inferior colliculus co-release glycine and GABA 239 

One of the largest ascending sources of inhibition to the ICC is the VNLL, an auditory region 240 

putatively important for temporal pattern discrimination (Brunso-Bechtold et al. 1981; Saint Marie & 241 

Baker 1990; Winer et al. 1995, Saint Marie et al. 1997, Oertel & Wickesberg 2002). Curiously, histological 242 

evidence shows that a large fraction of cells in the VNLL of multiple species express both GABA and 243 

glycine (Saint Marie et al. 1997; Riquelme et al. 2001; Tanaka & Ezure 2004). We therefore asked 244 

whether glycinergic afferents entering the ICC co-release glycine and GABA. 245 

Glycine and GABA are packaged into presynaptic vesicles by the same vesicular transporter 246 

VGAT (Wojcik et al. 2006). To verify the co-release of both inhibitory neurotransmitters from the same 247 
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synapse, we recorded miniature IPSCs (mIPSCs), the postsynaptic consequence of a single vesicle 248 

released presynaptically. Spontaneous vesicular release was blocked by the inclusion of 1 μM 249 

tetrodotoxin in the bath. Miniature events were recorded with pipettes containing a high chloride 250 

internal solution to increase the amplitude of the currents. The inhibitory currents are inward under 251 

these conditions. mIPSCs had uniformly rapid kinetics that were well fit with a single exponential, giving 252 

an average decay of 3.3 ± 0.1 ms (n=618 mIPSCs for control cell displayed in Figure 1A). The 253 

homogenous kinetics made the differentiation of glycinergic and GABAergic components problematic. 254 

To address this confound, we added 10 μM zolpidem and 30 μM pentobarbital to the bath to slow 255 

GABAA receptor kinetics (Figure 1A) (Zhang et al. 2008; Apostolides & Trussell 2013). This revealed 256 

slower GABAergic currents, some of which appeared to be combined with fast glycinergic currents 257 

within a single vesicular release event (Figure 1A: see starred events).  258 

Glycinergic and GABAergic components were therefore distinguished based on their differing 259 

kinetics, allowing us to detect single mIPSCs with dual components following the analysis technique of 260 

Jonas et al. (1998). When isolated pharmacologically (see Methods), the average decay time constants 261 

for glycinergic (Figure 1B “+SR95531”) and GABAergic (Figure 1B “+strychnine”) mIPSCs were 2.8 ± 0.2 262 

and 25.7 ± 1.2 ms respectively (n=6 cells, average 730 ± 102 glycinergic and 723 ± 85 GABAergic mIPSCs 263 

analyzed per cell; Figure 1C). Following Jonas et al. 1998, these values were used in a double exponential 264 

equation where the two time constants are fixed and the amplitude values associated with each time 265 

constant are free-floating (see Methods). Force-fitting this equation to individual events yields 266 

amplitude values associated with each time constant that together account for the full amplitude of the 267 

current. For example, the total amplitude of a purely glycinergic mIPSC should be fully accounted for by 268 

the amplitude associated with the fast decay time constant. In Figure 1D, each point represents a single 269 

mIPSC recorded from a cell using the slow GABAergic and fast glycinergic amplitude values resulting 270 

from force-fitting the double exponential equation. The plot to the right shows the results of force-271 
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fitting events recorded from the same cell in the presence of either GABA or glycine receptor blockers.  272 

In the presence of GABA receptor blockers (green points), it appears that the majority of the full 273 

amplitude of each event can be explained by glycine receptor kinetics, while the opposite holds in the 274 

presence of glycine receptor kinetics (purple points). The dotted gray lines mark two standard deviations 275 

from the mean. Points that fall above these lines are regarded as containing both glycinergic and 276 

GABAergic components and appear in abundance in control conditions (blue points, Figure 1D). The 277 

percentage of mIPSCs that were regarded as containing dual components in baseline conditions was 278 

22.9 ± 2.8 % (n=6 cells, Figure 1E). Using this method, the percentage of events classified as having dual 279 

components after the addition of strychnine or SR95531 was only 1.8 ± 0.2% (n=6 cells). Furthermore, 280 

53.0 ± 10.3 % (n=6 cells) of the mIPSCs identified as containing a significant glycine receptor component 281 

also contained a significant GABA receptor component. These results indicate that GABA and glycine can 282 

be released from the same synaptic vesicle in terminals in ICC.  283 

Spike-triggered co-release of glycine and GABA 284 

 The previous analysis shows that vesicles containing both transmitters may fuse spontaneously, 285 

but does not indicate whether such co-release occurs during normal spike-triggered exocytosis. 286 

However, analysis of evoked release is not straightforward because electrical stimulation of fibers within 287 

the ICC would inevitably activate purely GABAergic interneurons as well as the glycinergic input fibers.  288 

While it is feasible to electrically stimulate ascending axons as they enter the ICC ventrally, this lemniscal 289 

fiber bundle also contains fibers from purely GABAergic regions, such as the dorsal nucleus of the lateral 290 

lemniscus (DNLL). Therefore, to further study co-release in the ICC, we used the GlyT2-Cre mouse line to 291 

achieve targeted optical activation of ascending glycinergic input to the ICC (Figure 2). The GlyT2-Cre 292 

mouse line effectively drives Cre expression in greater than 80% of glycine-immunoreactive cells in the 293 

brainstem and spinal cord (Ishihara et al. 2010). Therefore, when crossed with a Cre-dependent reporter 294 

line to induce expression of tdTomato in Cre-expressing cells, tdTomato-positive somata are present 295 
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throughout auditory brainstem areas known to contain glycinergic cell bodies, including the VNLL (Figure 296 

2Ai-iii) and LSO (Figure 2Bi-ii). Notably, cell bodies are absent from regions that are known to contain 297 

many GABAergic neurons but not glycinergic cells, such as the ICC (Figure 2Bi) and DNLL (not shown). To 298 

verify that Cre expression is limited to glycinergic neurons in the auditory brainstem, we crossed the 299 

GlyT2-Cre line with a floxed tdTomato reporter line (Ai9) and subsequently crossed the offspring to the 300 

GlyT2-EGFP line that labels greater than 90% of glycinergic neurons in the cerebellum and throughout 301 

the brainstem (Zeilhofer et al. 2005). We analyzed the VNLL (Figure 2Aii-iii) for co-label of tdTomato and 302 

EGFP within cell bodies. Across three animals, an average of 3.0 ± 0.7% of the Cre-expressing cells in the 303 

VNLL were GFP-negative and may therefore release only GABA or glutamate in the ICC with light 304 

stimulation (somas counted per animal = 222, 423, 194). We believe this small percentage is unlikely to 305 

change the interpretation of our results. 306 

 Global expression of ChR2 in glycinergic neurons allowed us to stimulate fibers from all 307 

ascending sources of glycinergic input to the ICC. Previous studies showed that the GlyT2-Cre;ChR2  308 

cross effectively allows for light-evoked activation of glycinergic neurons (Lu & Trussell 2016). We 309 

confirmed that photostimulation was effective in our preparation by making whole-cell recordings from 310 

the VNLL, the largest source of glycinergic input to the ICC. With synaptic transmission blocked, cells in 311 

the VNLL displayed an intrinsic ChR2 current in response to blue light, and spiked reliably in response to 312 

1-2 ms light stimulation (Figure 3A). We made whole-cell recordings from cells in the ICC and stimulated 313 

IPSCs from ascending glycinergic afferents with blue-wavelength light (Figure 3B). Voltage clamping cells 314 

at -60 mV, the average light-evoked IPSC was 362.2 ± 46.98 pA (n=29 cells). The currents were large 315 

enough that low internal chloride solution was sufficient, so the inhibitory postsynaptic currents 316 

henceforth are outward. The theoretical chloride reversal potential was -84.5 mV while the measured 317 

reversal potential was -84.3 ± 1.2 mV (n=4 cells). The addition of GABA receptor antagonist SR95531 (5 318 

μM) or glycine receptor antagonist strychnine (500 nM) revealed an average GABAergic component of 319 
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31 ± 4% of the evoked currents (n=29 cells; Figure 3B-E). This concentration was sufficient to block the 320 

entire slow-decaying mIPSC component in the presence of GABAA modulators (Fig. 1D). Together, the 321 

percentage of the IPSC that was GABAergic ranged quite widely, from 7.1 to 71.9% (Figure 3E). 322 

 We compared the kinetics of glycinergic and GABAergic components within single postsynaptic 323 

cells to probe for possible functional differences in the signaling of these co-released neurotransmitters. 324 

For each cell, one component was pharmacologically isolated while the other component was digitally 325 

isolated by subtracting the pharmacologically isolated current from the control trace. Half of the 326 

experiments in Figure 3 were performed by adding SR95531 first and digitally recreating the GABAergic 327 

current while the other half were performed by adding strychnine first and digitally recreating the 328 

glycinergic current. This approach should remove systematic bias in kinetic measurements resulting 329 

from the noise added to a digitally subtracted current. IPSCs were well fit with a monoexponential decay 330 

(Figure 4A). The decay time constant of the isolated GABAergic component, 3.73 ± 0.24 ms, was similar 331 

but significantly slower than the isolated glycinergic component, 3.02 ± 0.23 ms (Figure 4B; control 3.34 332 

± 0.21 ms, n=22 cells, F=11.00, p=0.0041, Friedman test; post hoc glycinergic vs. GABAergic p=0.0027). 333 

The fast time course of the GABAergic component was expected given the kinetics observed in our 334 

miniature IPSC recordings in control solutions. Glycinergic decays measured from evoked events were 335 

not different from mIPSC events (mIPSC n=6 cells, eIPSC n=22 cells, t(26)=0.42, p=0.67, two-tailed t-336 

test). Rise time (20-80%) was also significantly slower for the GABAergic component (0.93 ± 0.08 ms) 337 

compared to the glycinergic component (0.79 ± 0.05 ms, control 0.80 ± 0.04 ms; Figure 4B; n=24 cells, 338 

F(2,23)=4.79, p= 0.027, repeated measures one-way ANOVA; post hoc GABAergic vs. glycinergic 339 

p=0.039). The paired-pulse ratio collected with an inter-stimulus interval of 100 ms was similar between 340 

groups (control 0.70 ± 0.04, glycinergic 0.61 ± 0.05, GABAergic 0.71 ± 0.06; n=11 cells, F(2,10)=1.45, 341 

p=0.26, repeated measures one-way ANOVA).  342 
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 To control for unforeseen effects of light stimulation on decay times, we compared the kinetics 343 

of isolated glycinergic IPSCs evoked by light versus theta electrode stimulation measured from the same 344 

cells in GlyT-Cre/ChR2(H134R) Cre reporter tissue (Figure 4C). Light-evoked IPSCs (200.2 ± 52.4 pA) were 345 

about two times larger than theta-evoked (95.5 ± 24 pA), suggesting that the theta electrode effectively 346 

stimulated around half of the total portion of glycinergic inputs, assuming light can trigger spikes in all 347 

glycinergic fibers (Figure 4D; n=7 cells, t(6)=2.89, p=0.028, paired two-tailed t-test). However, light-348 

evoked (2.24 ± 0.30 ms) versus theta-electrode-evoked (2.20 ± 0.34 ms) IPSCs had similar decay time 349 

constants (n=7 cells, t(6)=0.11, p=919, paired two-tailed t-test) and rise times (0.63 ± 0.06 ms vs. 0.91 ± 350 

0.21 ms; n=7 cells, t(6)=1.26, p=0.25, paired two-tailed t-test). Kinetic measures therefore appear to be 351 

unaffected by light stimulation. Isolated GABAergic IPSCs were also recorded with theta stimulation to 352 

determine whether slower IPSCs could be observed. This would presumably activate either co-releasing 353 

and/or pure sources of GABAergic input, including local GABAergic input. However, slower IPSCs were 354 

not observed.  355 

Targeted stimulation of afferents from VNLL reveals co-releasing fibers 356 

 A prominent source of glycinergic input to the ICC comes from the VNLL. We therefore targeted 357 

expression of ChR2 to glycinergic neurons of the VNLL (see Methods), allowing for greater specificity in 358 

the source of stimulated fibers compared to global expression of ChR2 in glycinergic neurons. 359 

Intracranial viral injections resulted in infected cell bodies clearly localized to the VNLL (Figure 5A left) 360 

and heavy fiber labeling in the ipsilateral ICC (Figure 5A right). The average IPSC amplitude evoked from 361 

virally injected animals (156.5 ± 32.2 pA, n=15 cells) was about one third the size of IPSCs recorded in 362 

transgenic mice with global ChR2 expression in glycinergic fibers (368.0 ± 45.8 pA, n=29 cells, Figure 5B-363 

C). This difference in amplitude could not be accounted for by the relatively older age range for virally 364 

injected animals as there was no correlation between age and IPSC amplitude in either the GlyT2-365 

Cre;ChR2 dataset (n=30 cells, R2=0.010, p=0.60, linear regression) or the viral injection dataset (n=15 366 
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cells, R2=0.007, p=0.77, linear regression). Compared to IPSCs measured with global stimulation of 367 

glycinergic input (31 ± 4%, n=29 cells), IPSCs resulting from light stimulation of glycinergic fibers from 368 

the VNLL were 42 ± 5% GABAergic (n=15 cells, Figure 5D; these values are not statistically different: 369 

t(42)=1.77, p=0.11, two-tailed t-test). 370 

We compared kinetic parameters between isolated glycinergic and GABAergic components and 371 

the findings were similar to what was seen with global stimulation. Decay times were similar but 372 

significantly slower for GABAergic (3.94 ± 0.33 ms) versus glycinergic (2.97 ± 0.19 ms) currents (Figure 373 

5E; control 3.53 ± 0.17 ms, n=13 cells, F(2,12)=8.09, p=0.0021, repeated measures one-way ANOVA; post 374 

hoc GABAergic vs. glycinergic p=0.0015). Unlike with global stimulation, the GABAergic rise time (1.09 ± 375 

0.15 ms) was slightly but significantly slower than the average rise time measured in control conditions 376 

(0.91 ± 0.13 ms) or from the isolated glycinergic IPSC (0.92 ± 0.11 ms) (Figure 5F; n=13 cells, F=9.39, 377 

p=0.0092, Friedman test; post hoc GABAergic vs. control p=0.0324, GABAergic vs. glycinergic p=0.0181). 378 

All biophysical subtypes of ICC neurons received co-released input 379 

 Given the wide variation in the fraction of the IPSC contributed by GABA, we asked if this might 380 

vary with cell type in the ICC. Classification schemes of cell types in the ICC based on morphology, 381 

neurotransmitter content, and biophysical properties have not yet correlated in such a way to define 382 

agreed-upon subsets of neurons (Reetz & Ehret 1999; Peruzzi et al. 2000; Bal et al. 2002; Wallace et al. 383 

2012). We therefore categorized the firing properties of cells from which we recorded into five groups 384 

(Figure 6) and compared these to the profile of inhibition. All five subtypes displayed light-evoked IPSCs 385 

as well as evidence for dual components based on the addition of either glycine- or GABA-receptor 386 

antagonists to the bath. The average percentage GABAergic component present in the IPSCs of each cell 387 

type are as follows (followed by the number of cells in which % GABAergic component was determined 388 

out of the total number of the cell type recorded from that received input from photostimulation of 389 

glycinergic fibers): sustained, Ih 32 ± 6% (n=12 out of 54 cells), sustained 31 ± 6% (n=6 out of 14 cells), 390 
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pauser 44 ± 8% (n=5 out of 8 cells), strongly adapting 37 ± 9% (n=5 out of 18 cells), and onset 7.1% (n=1 391 

out of 4 cells). Excluding the onset subtype, there was no difference in the percentage GABAergic 392 

component between cell types (n=28 cells, F(3,24)=0.65, p=0.590, one-way ANOVA). Furthermore, 393 

general features of the IPSCs were similar between cell types, including amplitude (n=29 cells across 394 

subtypes, F(3,25)=1.74, p=0.184, one-way ANOVA) and decay time (n=26 cells across subtypes, F=3.09, 395 

p=0.377, Kruskal-Wallis).   396 

High-frequency stimulation of co-releasing fibers does not support unique roles for GABA and glycine 397 

in short-term synaptic depression 398 

 Co-released glycine and GABA at some auditory brainstem synapses differ in their short-term 399 

synaptic plasticity, particularly under periods of high activity. This may endow the neurotransmitters 400 

with unique roles in maintaining inhibition (Ishibashi et al. 2013; Fischl et al. 2014; Nerlich et al. 2014). 401 

Besides enabling a glycine-source specific comparison of amplitudes and kinetics, injections in the VNLL 402 

of the viral construct allowed us to study short-term synaptic plasticity in greater detail. This advantage 403 

became clear when, using the transgenic cross described above, we observed that light stimulation 404 

resulted in greater short-term synaptic depression compared to theta electrode stimulation (data not 405 

shown). We reasoned that this difference in plasticity may result from ChR2 desensitization if the 406 

expression levels of ChR2 are just sufficient to drive spikes for a limited number of stimuli. Virally-407 

induced ChR2 expression results in higher expression levels of ChR2 that may compensate for this 408 

desensitization. Indeed, we found that during trains of stimuli, relative amplitudes of IPSCs evoked by 409 

light stimulation matched those of theta electrode stimulation for up to 50 Hz in virally-injected animals 410 

(Figure 7A-B; light n10,20,50 Hz=24, 18, 21 cells; theta n10,20,50 Hz=5, 6, 6 cells; F10,20, 50 Hz=2.48, 1.48, 0.25; 411 

df10,20,50 Hz=(1,27), (1,22), (1,25); p10,20,50 Hz=0.1267, 0.2375, 0.6208, two-way ANOVAs with repeated 412 

measures; 10 Hz data showed a significant interaction (p=0.0083), but post hoc comparisons were NS). 413 
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 Given the reliability of the measurements with virally expressed ChR2, we next used this 414 

preparation to test whether the relative contribution of glycine and GABA to the postsynaptic current is 415 

dependent on the length and frequency of stimulation, which might suggest selective depletion of one 416 

transmitter vs. the other. However, no difference in synaptic depression was observed between control 417 

conditions and in the presence of strychnine when stimulating a train of ten spikes at 10 Hz (Figure 7C; 418 

n=9 cells, F(1,8)=0.682, p=0.4328, two-way ANOVA with repeated measures on both factors). There was 419 

also no difference in depression when stimulating at a higher frequency for a longer time period, 420 

specifically driven at 50 Hz for 1 second (n=10 cells, F(1,9)=3.5, p=0.0942, two-way ANOVA with 421 

repeated measures on both factors). These results indicate that the relative contributions of GABA and 422 

glycine to the total IPSC remains constant even during long trains of stimuli. 423 

 GABAB receptors are located on glutamatergic (Sun et al. 2006) and GABAergic (Ma et al. 2002) 424 

terminals in the ICC. We confirmed that glycinergic terminals likely express GABAB receptors as well: the 425 

addition of GABABR agonist 10 μM baclofen decreased the amplitude of light-evoked IPSCs by an 426 

average of 39±8% (Figure 8Ai-ii; ACSF 286.6 ± 91.5 pA, baclofen 167.6 ± 53.2 pA, wash 258.6 ± 87.1 pA; 427 

n=10 cells, F=11.14, p=0.0012, Friedman test; post hoc ACSF vs. baclofen p=0.004, baclofen vs. wash 428 

p=0.005; n=10 cells, F(2,9)=1.23, p=0.3157, repeated-measures one-way ANOVA). While activation of 429 

pre-synaptic GABABRs is also expected to change paired-pulse depression, no change was observed 430 

(Figure 8Aiii; ACSF 0.76 ± 0.05, baclofen 0.75 ± 0.05, wash 0.75 ± 0.05; n=10 cells, F(2,9)=1.23, p=0.3157, 431 

repeated-measures one-way ANOVA). However, baclofen did not affect the input resistance or bias 432 

current of the cells recorded from, and we conclude that paired pulse ratio may not be robust indicator 433 

of the expected presynaptic change (input resistance averages 494.6 ± 115.7 MΩ in ACSF, 432.5 ± 85.2 434 

MΩ in baclofen; n=9 cells, t(8)=1.35, p=0.214, paired t-test: bias current averages -25.3 ± 24.3 pA in 435 

ACSF, -10.6 ± 31.1 pA in baclofen; n=10 cells, t(9)=1.45, p=0.1819, paired t-test).  436 
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 In vivo, iontophoresis of GABAB receptor blockers alters response to tones (Vaughn et al. 1997), 437 

but the source of the GABA that reaches these receptors is unknown. We therefore tested whether the 438 

GABA co-released from glycinergic terminals could act on presynaptic GABAB receptors to affect the 439 

release probability of the synapse. However, there was no difference in depression in trains of 10 (Figure 440 

8Bi) and 50 Hz (Figure 8Bii) stimuli before and after application of the GABAB receptor antagonist 441 

CGP55845 (2 μM) (n=5 cells, F(1,4)10,50Hz=0.007, 2.147, p10,50Hz=0.94, 0.22, two-way ANOVA with repeated 442 

measures on both factors). We also tested whether co-released GABA could inhibit glutamate release in 443 

ICC via activation of GABAB receptors located on glutamatergic terminals. We evoked EPSCs with theta 444 

stimulation (paired pulses, 100 ms interval) before and after intense photostimulation of glycinergic 445 

fibers (50 Hz 1 ms light pulses delivered for 5 seconds; Figure 8Ci). If the co-released GABA reaches 446 

GABAB receptors on glutamatergic terminals, this should depress release from these terminals, resulting 447 

in decreased EPSC amplitude and a larger ratio of the second to the first EPSC amplitude. However, 448 

similar to glycinergic fibers, there was no difference in either the amplitude of the first EPSC after 449 

intense photostimulation of glycinergic fibers (Figure 8Cii; average 156.2 ± 30.7 pA pre- vs. 157.6 ± 30.65 450 

pA post-light train; n=10 cells, t(9)=0.59, p=0.57, paired t-test) or paired-pulse depression (Figure 8Ciii; 451 

average 0.85 ± 0.02 pre- vs. 0.87 ± 0.03 post-light train; n=10 cells, t(9)=1.12, p=0.29, paired t-test). 452 

 453 

Discussion 454 

We found that glycinergic fibers ascending to the ICC co-release glycine and GABA. We 455 

proceeded to probe the currents for differences that have been shown at other synapses to endow the 456 

neurotransmitters with unique functions. Surprisingly, co-released glycinergic and GABAergic currents in 457 

the ICC had strikingly similar features, including kinetics, contact with cell types in the ICC, short-term 458 

depression dynamics, and effect on pre-synaptic release. Therefore, despite the likely presence of co-459 
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release in the auditory midbrain into adulthood, our data do not support popular hypotheses for the 460 

functions of co-release.  461 

Glycinergic neurons are found only as far up the neuraxis as the lemniscal nuclei, and their 462 

collicular inputs are probably the highest density of glycinergic synapses in the brain.  From the midbrain 463 

on, GABA is the primary inhibitory transmitter of projection and interneurons. Yet even in the ICC, 464 

glycinergic afferents, largely ascending from VNLL, co-release GABA with glycine, suggesting that co-465 

release is a highly conserved feature of glycinergic terminals. One line of evidence supporting co-release 466 

in the ICC is the presence of dual decay components observed in mIPSCs, which are the result of the 467 

release of a single synaptic vesicle. Glycine and GABA use the same vesicular transporter and are 468 

therefore packaged together into the same vesicle if both present at the synaptic terminal (Wojcik et al. 469 

2006). Mixed components within mIPSCs can be distinguished via differing receptor pharmacology and 470 

kinetics. Using allosteric modulators of the GABAA receptor to slow its decay, we found that 22.9 ± 2.8% 471 

of the mIPSCs were mixed. This percentage is an underestimation of the fraction of glycinergic terminals 472 

releasing GABA because the estimate also includes mIPSCs from GABAergic cells within the ICC. Co-473 

release is further supported by the fact that GABAR-mediated currents are recorded from cells in the ICC 474 

with targeted light stimulation of glycinergic fibers. Co-release has been described as characteristic of 475 

neonatal cells (< 10 days old, Nabekura et al. 2004; Muller et al. 2006). However, we find prominent co-476 

release in mature animals, which is consistent with immunohistochemical studies performed in adult 477 

animals and suggests functional importance of co-release in the mature ICC (Saint Marie et al. 1997; 478 

Riquelme et al. 2001; Tanaka & Ezure 2004).   479 

One way in which co-released GABA and glycine could serve different functions is through 480 

differing postsynaptic kinetics, given that GABAergic currents typically decay more slowly (Russier et al. 481 

2002). However, we found that in ICC, GABAergic currents were nearly as fast as glycinergic currents (3.7 482 

ms vs. 3.0 ms respectively). This observation is likely accounted for by the fact that the α1 subunit that 483 
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endows GABA receptors with fast kinetics is more common in the ICC compared to α2 (Milbrandt et al. 484 

1997; Wässle et al. 2009; Dixon et al. 2014). Another possibility is that GABA co-release in the IC shapes 485 

the kinetics of the glycinergic component of the IPSC. In trapezoid body neurons, GABA binds to glycine 486 

receptors as a co-agonist to accelerate IPSC decay times, yielding IPSCs with sub-millisecond kinetics (Lu 487 

& Trussell 2008). It is possible that GABA co-release is similarly required to very precisely fine-tune the 488 

time course of inhibitory input to optimally balance excitatory input (Kim & Fiorillo 2017).  489 

Our viral injections demonstrate that at least some portion of co-releasing fibers in the ICC 490 

ascend from the VNLL. The VNLL is largely a monaural region and is therefore thought to be important 491 

for recognition of temporal patterns (Oertel & Wickesberg 2002). A large population of cells in the VNLL 492 

show an onset pattern in response to sound stimuli with a stable first-spike latency across intensities 493 

(Zhang & Kelly 2006; Liu et al. 2014). These cells likely receive their primary input from octopus cells of 494 

the cochlear nucleus (Adams 1997; Pollak et al. 2011). The large inhibitory input from the VNLL to the 495 

ICC is therefore generally thought to provide precisely timed feed-forward inhibition that would sculpt 496 

the tuning properties of cells in the ICC, particularly at the onset of sound (Covey & Casseday 1991; 497 

Nayagam et al. 2005; Xie et al. 2007). The IPSC amplitude evoked from virally injected animals was 498 

smaller than in transgenic mice, suggesting that neurons in the ICC receive glycinergic input from 499 

multiple cells. The kinetic features and percentage of GABAergic input from glycinergic fibers ascending 500 

from VNLL were similar to what we observed when stimulating global glycinergic input, suggesting that 501 

glycinergic inputs from LSO may have similar properties.  502 

Viral injections into VNLL enabled us to examine dynamics of short-term synaptic depression for 503 

currents mediated by co-released GABA versus glycine. There was no difference in synaptic depression 504 

exhibited in the presence of GlyR blockers compared to control even with high-frequency stimulation, 505 

arguing against an activity-dependent shift in the GABA/glycine ratio observed at other co-releasing 506 

synapses (Ishibashi et al. 2013; Fischl et al. 2014; Nerlich et al. 2014). We also tested whether co-507 
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released GABA could act on pre-synaptic GABAB receptors to affect synaptic release as reported in AVCN 508 

and spinal cord (Chéry & De Koninck 1999; Lim et al. 2000). In the ICC, GABAB receptors are located on 509 

glutamatergic and GABAergic terminals (Ma et al. 2002; Sun et al. 2006), with little evidence for 510 

postsynaptic GABAB receptors outside of the dorsal cortex (Sun et al. 2006; Sun & Wu 2009). In this 511 

study, GABAB receptor agonist depressed the amplitude of light-evoked IPSCs by 39±8%. Though the 512 

paired-pulse depression was unaffected, it is likely that the GABAB receptors are largely pre-synaptic as 513 

GABAB receptor agonist shows no effect on the cells recorded from either in this or previous studies in 514 

ICC. We asked whether the co-released GABA could act on GABAB receptors to modify the release 515 

probability of either glycinergic or neighboring glutamatergic fibers. However, intense photostimulation 516 

to maximize GABA release from glycinergic terminals did not change the release properties of either 517 

glycinergic or glutamatergic terminals. We therefore did not observe any evidence for a unique role for 518 

co-released GABA in GABAB receptor activation.  519 

The balance of glycinergic and GABAergic transmission from co-releasing afferents not only 520 

relies on presynaptic loading of glycine and GABA into single vesicles, but also postsynaptic receptor 521 

expression. We therefore compared response properties to photostimulation across cell types in ICC 522 

categorized according to firing properties in response to current injection. We observed firing patterns 523 

similar to those described by Ono et al. (2005), except that we did not attempt to further categorize 524 

subtypes based on neurotransmitter content, levels of spike adaptation during the train, and firing rate. 525 

The pauser firing pattern is mediated by a fast inactivating K conductance known as A-type current 526 

(Sivaramakrishnan & Oliver 2001). The sag and rebound displayed by all but sustained subtypes are likely 527 

mediated by Ih, a hyperpolarization-activated cation current (Koch & Grothe 2003). The rebound hump 528 

present in sustained neurons lacking Ih could be accounted for by activation of calcium channels 529 

(Sivaramakrishnan & Oliver 2001). All of these subtypes showed light-evoked IPSCs with similar 530 

GABA/glycine ratios and kinetic features (with the possible exception of onset cells). However, some 531 
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types may be found to express a unique complement of inhibitory receptors as cell type definitions in 532 

the ICC are refined. 533 

Given the strikingly similar features of glycinergic and GABAergic currents in ICC, it is possible 534 

that co-release provides a mechanism for finer inhibitory tuning via independent receptor modulation. 535 

Glycine transmission in this study made up the majority of the IPSC amplitudes. Glycine receptors may 536 

therefore be relatively more important for setting strength of inhibition whereas GABA receptors, with 537 

their smaller unitary conductance and more complex subunit diversity, could allow for inhibitory 538 

refinement. Differential modulation of GABA and glycine receptors, by neurosteroids and zinc for 539 

instance, could also aid in tuning inhibition (Hosie et al. 2003; Belelli & Lambert 2005; Trombley et al. 540 

2011). Independent receptor modulation coupled with the highly similar features of co-released GABA 541 

and glycine observed in this study may further permit the neurotransmitters to compensate for one 542 

another under conditions where one system is compromised (Takazawa et al. 2017). Aging, acoustic 543 

trauma, and tinnitus have all been associated with hyperactivity and decreased GABAergic activity in the 544 

IC (Caspary et al. 2008; Robertson & Mulders 2012; Auerbach et al. 2014; Ropp et al. 2014). 545 

Interestingly, unilateral acoustic trauma or cochlear ablation results in decreased GABA release and 546 

GABAAR expression in IC without any persistent change in levels of glycine receptor mRNA or 547 

[3H]strychnine binding (Suneja et al. 1998; Yan et al. 2007; Dong et al 2010a, Dong et al. 2010b). Co-548 

release may therefore provide a necessary redundancy that maintains the homeostasis of inhibition in 549 

the ICC.  550 

In summary, current models about the functional impact of glycine and GABA co-release in the 551 

auditory brainstem are not supported in the auditory midbrain despite the fact that co-release likely 552 

persists into adulthood. However, the resulting diversity in postsynaptic receptors could serve to 553 

maintain homeostasis of inhibitory networks integrated by the ICC, including under conditions such as 554 

aging or acoustic trauma where one neurotransmitter system may be preferentially affected. 555 
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 732 

Legends 733 

Figure 1 734 

Co-release revealed through analysis of mIPSCs 735 

A: Miniature IPSCs recorded from a neuron in the ICC in control conditions (left trace) appear 736 

homogeneous in the speed of their decay (recorded in 1 μM TTX with excitatory transmission blocked). 737 

However, when 10 μM zolpidem and 30 μM pentobarbital are added to the bath to increase the open 738 

probability of the GABAA receptor and effectively slow the current (right trace), dual-component mIPSCs 739 

are revealed (starred events).   740 
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B: With zolpidem and pentobarbital in the bath, glycinergic and GABAergic mIPSCs have distinctly fast 741 

and slow kinetics, respectively. Displayed are miniature IPSCs recorded from the same neuron in control 742 

(left trace), 5 μM SR95531 to isolate glycinergic mIPSCs (middle trace), and 500 nM strychnine to isolate 743 

GABAergic mIPSCs (right trace). 744 

C: Normalized and averaged glycinergic (green) and GABAergic (purple) mIPSCs. The average decays 745 

were 2.8 ± 0.2 and 25.8 ± 1.2 ms respectively.  746 

D: Scatter plots of amplitude values associated with fast and slow mIPSC components. In control 747 

conditions, individual events were force-fit with a dual exponential equation where the tau values were 748 

fixed using these averages and the associated amplitude values were left free-floating and plotted (left 749 

scatter plot represents the results from a single neuron). The pharmacologically isolated glycinergic 750 

(green points) and GABAergic (purple points) mIPSCs from the same neuron were force-fit with the 751 

same dual exponential equation and plotted (right scatter plot). The vertical dotted line represents 2*SD 752 

of the average amplitude associated with the slow decay time constant for glycinergic mIPSCs while the 753 

horizontal dotted line represents the same for the amplitude associated with the fast decay time 754 

constant for GABAergic mIPSCs. Points beyond these cutoff amplitudes are considered mixed events. In 755 

control conditions (left scatter plot), mixed events are labeled in blue and largely disappear in the 756 

presence of either blocker (right scatter plot). 757 

E: The percentage of mIPSCs that are mixed in control (average 22.9 ± 2.8%) is significantly higher 758 

compared to the fraction that is mixed with the addition of SR95531 or strychnine (average 1.9 ± 0.2%; 759 

n=6 cells, t(5)=7.08, p=0.0009, two-tailed t-test). ***p<0.001.   760 

 761 

Figure 2 762 

Cre expression is limited to GlyT2-expressing neurons in a GlyT2-Cre mouse line.  763 
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Ai: Confocal image (10X tiled image) of a coronal section taken from GlyT2-Cre;tdTomato mouse in 764 

which tdTomato is expressed in a Cre-dependent manner. Note that the VNLL has a large number of 765 

tdTomato-positive cell bodies (white). Atlas illustration adapted from Paxinos & Franklin 2001. Aii: The 766 

GlyT2-Cre;tdTomato line was crossed with the GlyT2-EGFP mouse line to confirm the targeted 767 

expression of Cre to glycinergic neurons. Displayed is a confocal image (20X tiled image) of a coronal 768 

section of VNLL from this cross. Aiii: Enlarged section from the VNLL with the red and green channels 769 

displayed separately in the bottom two panels. The neuron marked by the solid arrowhead is an 770 

example of a Cre/tdTomato-expressing cell that does not express EGFP and therefore may not be 771 

glycinergic. The neuron marked by the arrowhead outline expresses both Cre/tdTomato and EGFP.   772 

Bi: Confocal image (10X tiled image) of a coronal section containing LSO taken from GlyT2-Cre;tdTomato 773 

mouse. Note that the LSO contains a large number of tdTomato-positive cell bodies (white), while the 774 

ICC contains only tdTomato-positive fibers. Atlas illustration adapted from Paxinos & Franklin 2001. Bii: 775 

Enlarged image of the LSO in the GlyT2-Cre;tdTomato line crossed with the GlyT2-EGFP mouse line.   776 

 777 

Figure 3  778 

Photostimulation of ascending glycinergic fibers to the ICC results in IPSCs with both glycinergic and 779 

GABAergic components.  780 

Ai: Example 10 Hz train of spikes evoked by light in a neuron in VNLL that expresses ChR2. In all figures, 781 

gray traces represent individual sweeps while black traces represent the average. Aii: Enlarged 782 

individual spike.   783 

B: Example light-evoked IPSCs recorded from two separate neurons in the ICC with bath application of 784 

glycine and GABA receptor blockers, strychnine and SR95331. Bi shows an example where SR95531 was 785 

added first followed by strychnine (n=14 cells) and Bii shows the reverse (n=15 cells). This was done to 786 

eliminate systematic bias in measuring kinetics of one component solely from subtracted currents. 787 
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C: Light-evoked IPSC amplitude over time from an example cell following bath application of GABAR 788 

antagonist SR95531 (5 μM) followed by GlyR antagonist strychnine (500 nM). Due to the fact that 789 

strychnine does not easily wash out, the amplitude only shows partially recovery when these drugs are 790 

removed. 791 

D: Summary data plotting the amplitude of light-evoked IPSCs in control, SR95531, and strychnine. The 792 

GABAergic component was significantly smaller than the glycinergic component of the total current 793 

(n=29 cells, F=49.72, p<0.0001, Friedman test; post hoc control vs. glycinergic p<0.0001, control vs. 794 

GABAergic p<0.0001, glycinergic vs. GABAergic p=0.038). *p<0.05, ***p<0.001.  795 

E: The addition of GABA receptor antagonist SR95531 (5 μM) or glycine receptor antagonist strychnine 796 

(500 nM) revealed an average GABAergic component of 31 ± 4% of the evoked currents (n=29 cells). 797 

 798 

Figure 4  799 

Glycinergic and GABAergic components to light-evoked currents had similar kinetics. 800 

A: Example light-evoked IPSC shown in control conditions (black trace) and in the presence of GABAR 801 

antagonist SR95531 (5 μM) to isolate the glycinergic component (blue trace). The lower trace is the 802 

GABAergic component generated by subtracting the two currents above. Each of these traces was fitted 803 

with a single exponential (red lines) to describe the decay kinetics. 804 

B: Summary data of measured IPSC decays (upper plot) and rise times (lower plot) for total currents and 805 

their glycinergic and GABAergic components. The glycinergic and GABAergic components had strikingly 806 

similar kinetics, but the GABAergic decay was significantly slower (n=22 cells, F=11.00, p=0.0041, 807 

Friedman test; post hoc control vs. glycinergic p=0.4074, control vs. GABAergic p=0.1752, glycinergic vs. 808 

GABAergic p=0.0027). Rise time (20-80%) was also significantly slower for the GABAergic component 809 

(n=24 cells, F(2,23)=4.79, p= 0.027, repeated measures one-way ANOVA; post hoc GABAergic vs. 810 

glycinergic p=0.039).  811 



 

 35 

C: Example IPSCs evoked by light (top trace) and theta electrode (bottom trace, stimulus artifacts 812 

removed).  813 

D: Light-evoked IPSCs were about two times larger in amplitude than theta-evoked IPSCs, indicating that 814 

theta-electrode stimulation only activated a portion of the total glycinergic input (n=7 cells, t(6)=2.89, 815 

p=0.028, paired two-tailed t-test).  816 

E: Decay time constants (left plot) and 20-80% rise times (right plot) were not different between light- 817 

and theta electrode-evoked IPSCs (time constant: n=7 cells, t(6)=0.11, p=919, paired two-tailed t-test; 818 

rise time: n=7 cells, t(6)=1.26, p=0.25, paired two-tailed t-test).  819 

*p<0.05, **p<0.01. 820 

Figure 5  821 

Light stimulation of glycinergic fibers ascending from the VNLL. 822 

A: Confocal images (10X tile) of coronal sections taken from a GlyT2-Cre mouse injected into the VNLL 823 

with an AAV (serotype 2/1) to drive expression of ChR2 in a Cre-dependent manner. Left: the injection is 824 

well-targeted to the VNLL. Right: Ascending fibers from the VNLL permeate the central nucleus of the IC. 825 

Atlas illustrations adapted from Paxinos & Franklin (2001). 826 

B: Light-evoked IPSCs recorded from a mouse with ChR2 targeted to glycinergic fibers ascending from 827 

the VNLL. Similar to photostimulation of global glycinergic input, bath application of GlyR antagonist 828 

strychnine results in only partial block of the current, with the remainder blocked by GABAR antagonist 829 

SR95531. 830 

C: Summary data of current amplitudes measured from control conditions, in strychnine (revealing the 831 

GABAergic component), and from the subtraction of these two currents (revealing the glycinergic 832 

component). The glycinergic (87.2 ± 20.3 pA) and GABAergic (69.5 ± 16.8 pA) components were 833 

significantly smaller in amplitude compared to the IPSCs measured in control conditions (156.5 ± 32.1 834 
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pA) (n=15 cells, F=23.3, p<0.001, Friedman test; post hoc control vs. glycinergic p<0.001 and control vs. 835 

GABAergic p<0.001).  836 

D: The average percentage component of GABA resulting from stimulation of glycinergic afferents from 837 

the VNLL was 41.6 ± 4.5% (n=15 cells). 838 

E: Similar to global stimulation of glycinergic inputs to the IC, the decay of the GABAergic component 839 

was slightly but significantly slower than that of the glycinergic component of the IPSC (n=13 cells, 840 

F(2,12)=8.09, p=0.0021, repeated measures one-way ANOVA; post hoc GABAergic vs. glycinergic 841 

p=0.0015). 842 

F: Summary data of 20-80% rise times measured from components of the IPSC. Isolated GABAergic IPSC 843 

rise times were slightly but significantly slower (n=13 cells, F=9.39, p=0.0092, Friedman test; post hoc 844 

GABAergic vs. control p=0.0324, GABAergic vs. glycinergic p=0.0181). 845 

*p<0.05, **p<0.01, ***p<0.001. 846 

 847 

Figure 6 848 

Intrinsic properties of neurons in the central nucleus of the IC. 849 

Voltage traces displayed for -500, -200, +200, and +500 pA current steps. Firing properties were 850 

recorded in a total of 67 neurons, which were categorized into the five subtypes displayed. The pauser 851 

phenotype is revealed with a pre-hyperpolarizing step (-100 pA). Cells were held at -65 mV. Horizontal 852 

axes in traces indicate 0 mV. 853 

 854 

Figure 7  855 

Synaptic depression measured from light-evoked IPSCs is comparable to synaptic depression 856 

measured from theta electrode-evoked IPSCs up to 50 Hz. 857 
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A: Example traces of light- versus theta electrode-evoked IPSCs (top and bottom traces respectively, 858 

stimulus artifacts removed) driven at 10 Hz. Gray indicates individual traces and black is the average. 859 

B: Summary data of normalized IPSC trains evoked at rates of 10 (left), 20 (middle), and 50 (right) Hz 860 

(light n10,20,50 Hz=24, 18, 21 cells; theta n10,20,50 Hz=5, 6, 6 cells; F10,20, 50 Hz=2.48, 1.48, 0.25; df10,20,50 Hz=(1,27), 861 

(1,22), (1,25); p10,20,50 Hz=0.1267, 0.2375, 0.6208, two-way ANOVAs with repeated measures; 10Hz data 862 

showed a significant interaction (p=0.0083), but post hoc comparisons were NS). 863 

C: Normalized amplitudes of light-evoked IPSCs stimulated ten times at 10 Hz (left) and at 50 Hz for 1 864 

second (right) in control conditions and in the presence of strychnine to block the glycinergic 865 

component. Neither stimulation frequency revealed a difference in short-term synaptic depression with 866 

the addition of strychnine (n10,50Hz=9, 10 cells, F(1,8)10Hz=0.68, F(1,9)50Hz=3.5, p10, 50Hz=0.4328, 0.0942, two-867 

way ANOVA with repeated measures on both factors). 868 

 869 

Figure 8 870 

Co-released GABA does not act on presynaptic GABAB receptors of glycinergic or glutamatergic fibers. 871 

A: Application of GABAB receptor agonist baclofen depresses release of glycine/GABA from glycinergic 872 

terminals. Ai: Light-evoked IPSC amplitude over time from an example cell following bath application of 873 

baclofen (10 μM). Aii: Light-evoked IPSC amplitude is significantly decreased in the presence of baclofen 874 

compared to ACSF and wash (n=10 cells, F=11.14, p=0.0012, Friedman test; post hoc ACSF vs. baclofen 875 

p=0.004, baclofen vs. wash p=0.005). Aiii: Paired-pulse depression of light-evoked IPSCs is unaffected by 876 

baclofen (n=10 cells, F(2,9)=1.23, p=0.3157, repeated-measures one-way ANOVA).       877 

B: Amplitudes of light-evoked IPSCs stimulated ten times at 10 Hz (Bi) and at 50 Hz for 5 seconds (Bii) in 878 

control conditions and CGP55845 (2 μM) to block GABABRs. Neither stimulation frequency revealed a 879 

difference in short-term synaptic depression with the addition of CGP55845 (n=5 cells, F(1,4)10,50 880 

Hz=0.007, 2.147, p10, 50Hz=0.94, 0.22, two-way ANOVA with repeated measures on both factors). 881 
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C: Intense photostimulation of glycinergic fibers does not modify the release probability of 882 

glutamatergic terminals. Ci: The top trace shows an example where glutamatergic fibers are stimulated 883 

with a theta electrode 2 times with 100 ms inter-stimulus interval (black marks) before and after 50 Hz 1 884 

ms light pulses delivered for 1 second (blue marks). The bottom traces show the theta electrode-evoked 885 

EPSCs expanded (with individual sweeps shown in gray and the average of the sweeps shown in black; 886 

stimulus artifacts truncated for clarity). Intense photostimulation did not affect EPSC amplitude (Cii; 887 

n=10 cells, t(9)=0.59, p=0.57, paired t-test) or paired-pulse ratio (Ciii; n=10 cells, t(9)=1.12, p=0.29, 888 

paired t-test). 889 

**p<0.01. 890 
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