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Abstract 38 

The inferior colliculus (IC) is a critical integration center in the auditory pathway. However, since 39 

the inputs to the IC have typically been studied by the use of conventional anterograde and 40 

retrograde tracers, the neuronal organization and cell-type-specific connections in the IC are 41 

poorly understood. Here, we utilized monosynaptic rabies tracing and in situ hybridization 42 

combined with excitatory and inhibitory Cre transgenic mouse lines of both sexes to characterize 43 

the brain-wide and cell-type-specific inputs to specific neuron types within the lemniscal IC core 44 

and nonlemniscal IC shell. We observed that both excitatory and inhibitory neurons of the IC shell 45 

predominantly received ascending inputs rather than descending or core inputs. Correlation and 46 

clustering analyses revealed two groups of excitatory neurons in the shell: one received inputs 47 

from a combination of ascending nuclei, and the other received inputs from a combination of 48 

descending nuclei, neuromodulatory nuclei and the contralateral IC. In contrast, inhibitory neurons 49 

in the core received inputs from the same combination of all nuclei. After normalizing the 50 

extrinsic inputs, we found that core inhibitory neurons received a higher proportion of inhibitory 51 

inputs from the ventral nucleus of the lateral lemniscus than excitatory neurons. Furthermore, the 52 

inhibitory neurons preferentially received inhibitory inputs from the contralateral IC shell. Since 53 

IC inhibitory neurons innervate the thalamus and contralateral IC, the inhibitory inputs we 54 

uncovered here suggest two long-range disinhibitory circuits. In summary, we found: (1) dominant 55 

ascending inputs to the shell; (2) two subpopulations of shell excitatory neurons; and (3) two 56 

disinhibitory circuits. 57 

  58 
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Significance Statement 59 

Sound undergoes extensive processing in the brainstem. The inferior colliculus (IC) core is 60 

classically viewed as the integration center for ascending auditory information, whereas the IC 61 

shell integrates descending feedback information. Here, we demonstrate that ascending inputs 62 

predominated in the IC shell but appeared to be separated from the descending inputs. The 63 

presence of inhibitory projection neurons is a unique feature of the auditory ascending pathways, 64 

but the connections of these neurons are poorly understood. Interestingly, we also found that 65 

inhibitory neurons in the IC core and shell preferentially received inhibitory inputs from ascending 66 

nuclei and contralateral IC, respectively. Therefore, our results suggest a bipartite domain in the IC 67 

shell and disinhibitory circuits in the IC.  68 
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Introduction 69 

The auditory midbrain or inferior colliculus (IC) is a critical integration center of the auditory 70 

pathway and is divided into core (central nucleus) and shell (dorsal and lateral nucleus) 71 

subdivisions according to dendritic morphology and axonal trajectories (Oliver and Morest, 1984). 72 

The IC core primarily receives ascending brainstem inputs (Cant and Benson, 2006). In contrast, 73 

physiological and behavioral studies have demonstrated that the IC shell not only receives 74 

ascending inputs (Loftus et al., 2008) but also descending auditory cortex (AC) and IC core inputs 75 

(Winer et al., 1998; Winer and Schreiner, 2005). IC shell neurons display broader tuning (Syka et 76 

al., 2000) and stronger stimulus-specific adaptation (SSA) (Shen et al., 2015) than core neurons, 77 

suggesting an influence of both descending and core inputs. On the other hand, the shell neurons 78 

also exhibit short response latencies similar to the IC core neurons (Syka et al., 2000), and shell 79 

stimulation directly induces innate auditory behavior (Xiong et al., 2015), implying an effect of 80 

brainstem inputs. However, whether the IC shell primarily receives descending and core inputs or 81 

ascending inputs is still unclear. 82 

The core and shell subdivisions can also be divided into finer units of IC neuronal organization, 83 

i.e., synaptic domains, which receive inputs from different combinations of nuclei and are 84 

considered to be a fundamental feature of the IC and superior colliculus (SC) (Oliver, 2005). 85 

Synaptic domains or functional modules exist in specific locations of the core and shell, exhibit 86 

specific monaural, binaural and SSA responses, and receive specific ascending or descending 87 

inputs (Loftus et al., 2010; Ayala et al., 2015). However, previous studies only defined the synaptic 88 

domains by anterograde or retrograde tracing in terms of their anatomical location and not on a 89 

neuronal level. When neurons such as neurons in the deep shell layer (Malmierca et al., 2011) or 90 
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stellate neurons in the core (Oliver, 2005) project dendrites out of a specific location (i.e., injection 91 

site), the pattern and number of inputs received by these neurons may be severely underestimated. 92 

In addition to anatomical subdivisions of the core, shell, and finer synaptic domains, IC neurons 93 

can be subdivided into two major classes, i.e., excitatory glutamatergic neurons and inhibitory 94 

GABAergic neurons (Ito et al., 2011). Twenty-five percent of IC neurons are GABAergic 95 

(Merchan et al., 2005). One distinctive feature of the rat IC is that 40% of the thalamic projection 96 

neurons are GABAergic (Peruzzi et al., 1997). GABAergic projection neurons are characterized 97 

by large somata that are densely innervated by vesicular glutamate transporter 2 (Vglut2)-positive 98 

axosomatic terminals (Ito et al., 2009; Ito and Oliver, 2014; Ito et al., 2015). Furthermore, the 99 

large GABAergic projection neurons receive shorter latency excitatory inputs than other IC 100 

neurons (Geis and Borst, 2013). These findings strongly suggest that the organization of inputs to 101 

GABAergic projection neurons differs substantially from that of glutamatergic neurons. Although 102 

both excitatory and inhibitory inputs to the IC have been observed (Gonzalez-Hernandez et al., 103 

1996; Patel et al., 2017), the cell types of their postsynaptic targets remain mostly unknown. One 104 

study that combined electron microscopy, anterograde tracing, and immunocytochemistry showed 105 

preliminary evidence that the majority of terminals from the AC contacted non-GABAergic 106 

neurons (Nakamoto et al., 2013a). However, this study did not provide the proportion of total 107 

inputs to each cell type, making it difficult to assess their contribution to the auditory midbrain 108 

circuitry. 109 

  Here, we utilized the monosynaptic rabies tracing technique (Wickersham et al., 2007; 110 

Watabe-Uchida et al., 2012; Weissbourd et al., 2014; Menegas et al., 2015; Do et al., 2016) 111 

combined with excitatory and inhibitory Cre driver lines to characterize the brain-wide inputs to 112 
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specified IC neuron types within specific subdivisions. Furthermore, combining the viral tracing 113 

with in situ hybridization (ISH) histochemistry, we clarified the cell types that give rise to the 114 

commissural inputs on specific cell types, allowing us to reveal parallel ascending pathways in the 115 

IC core and shell, different combinations of inputs to excitatory neurons, and two long-range 116 

disinhibitory connections in the IC. 117 

 118 

Materials and Methods 119 

Animal Surgery and Virus Injection 120 

All experiments were approved and conducted in accordance with the guidelines set by the 121 

Tsinghua University Animal Care and Use Committee. For all experiments, 27 Vglut2-Cre (JAX: 122 

016963) and 25 VGAT-Cre (JAX: 016962) and 8 C57BL/6 wild type (Vital River Laboratory, 123 

Beijing, China) adult (2-5 month) mice of both sexes were used. 124 

  The mice were anesthetized with pentobarbital (40 mg/kg, I.P.), and eye ointment was used to 125 

prevent dry eyes during the surgery. The head skin was washed by alternating application of 126 

Betadine and 70% (vol/vol) alcohol three times to prevent inflammation. The skin over the IC was 127 

cut with sterile scissors and forceps, after which the animals were mounted in a stereotaxic holder, 128 

and a portion of the occipital bone ~1 mm in diameter was thinned with a 0.5 mm drill bit. When 129 

the boundary of the IC could be clearly defined by visualization of the transverse sinus, 130 

cerebellum, and SC, the drilling stopped, and a 26-gauge needle was used to remove the thinned 131 

skull (~50 μm in diameter) at the desired location to allow for virus injection. The virus injections 132 

sites along the medial-lateral and dorsal-ventral planes were guided using stereotaxic coordinates 133 

(ICC: 1000 μm lateral from midline, 800-1200 μm deep from brain surface; ICD: 300 μm lateral, 134 

100-300 μm deep, and ICX: 1500 μm lateral, 300-500 μm deep). The injection was made 200 μm 135 
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caudal to the transverse sinus to avoid blood vessel rupture. 136 

  A microsyringe pump (Micro4, WPI, Sarasota, FL, USA) was used to inject 100 nl of a viral 137 

cocktail of AAV9 helper viruses, rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA and 138 

rAAV-EF1α-DIO-RG-WPRE-pA (BrainVTA, Wuhan, China), which express avian-specific 139 

retroviral receptor (TVA), green fluorescent protein (GFP), and rabies glycoprotein (RG) driven by 140 

the elongation factor 1 alpha (EF1α) promoter. The concentration of the viruses was 2 × 1012 141 

vector genomes (vg) per milliliter (ml). Two weeks after the injection of the AAV helper viruses, 142 

50 nl SADΔG-DsRed rabies virus (RV) at 2 × 108 vg/ml (BrainVTA, Wuhan, China) was injected 143 

into the same location using a similar procedure. For the control experiments mentioned in Fig. 1E 144 

and 1F, we only injected rAAV-EF1α-DIO-RG-WPRE-pA and SADΔG-DsRed RV or 145 

rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA and SADΔG-DsRed RV, respectively. For the 146 

control experiments mentioned in Fig. 1G-K, we injected 147 

rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA, rAAV-EF1α-DIO-RG-WPRE-pA and 148 

SADΔG-DsRed RV to the C57BL/6 wild type mice. The volume and titer of AAV and RV used in 149 

the control experiments were same as regular experiments. 150 

Histology and in situ Hybridization 151 

One week after the injection of RV, the mice were anesthetized with pentobarbital (200 mg/kg, I.P.) 152 

and transcardially perfused with saline followed by 4% paraformaldehyde in PBS. After 153 

post-fixation with the same fixative overnight, the brains were cryoprotected by immersion in 20% 154 

and 30% sucrose in 0.1 M PB for 12 and 24 h, respectively. The brains were then embedded in 155 

OCT compound (Tissue-Tek, Sakura Finetek, Tokyo, Japan) and sliced using a cryostat (CM1950, 156 

Leica Biosystems, Nussloch, Germany) at a thickness of 50 μm. We examined the brain sections 157 

from the caudal end of the cochlear nuclei (CN) (6.48 mm caudal from bregma) to the 158 
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subparafascicular thalamic nucleus (SPF) (1.70 mm caudal from bregma). Every other section was 159 

collected and mounted on gelatin-coated slides. For DAPI staining, the brain sections mounted on 160 

slides were washed with PBS for 10 minutes, followed by the addition of 1: 2000 DAPI (D1306, 161 

Thermo Fisher Scientific, Waltham, MA, USA). Five minutes later, the sections were washed 162 

again for another 10 minutes with PBS. For Nissl staining, the brain sections were collected in a 163 

6-well cell culture plate, rinsed with PBS for half an hour, and then washed with PBS plus 0.1% 164 

Triton X-100 for 10 minutes and PBS for 5 minutes. Later, 1:200 fluorescent Nissl (N21479, 165 

Thermo Fisher Scientific) was added to the buffer, and the sections were incubated at room 166 

temperature for 20 minutes. Finally, the sections were washed with PBS overnight at 4˚C. 167 

  For the ISH experiments, we prepared Vglut2 and VGAT antisense riboprobes (Table 1) by 168 

including a t7 promoter in the 5’-overhang of the forward primer. DNA fragments of the target 169 

gene were then obtained from mouse whole-brain cDNA with PCR. Afterward, the DNA product 170 

was transcribed with DIG-RNA Labeling Mix (11277073910, Roche, Basel, Switzerland) to make 171 

the Vglut2 and VGAT probes. 172 

  Samples were prepared as described above except that DEPC-treated buffers were used to 173 

prevent the degradation of RNA during the perfusion and cryoprotection procedure. DEPC-PTw 174 

(DEPC-PBS with 0.1% Tween 20) and 0.5% Triton 2× saline sodium citrate (SSC) were used to 175 

permeabilize the tissue. Then, the sections were incubated with acetylation buffer, washed with 176 

DEPC-PBS three times, and then incubated with the prehybridization buffer (50% formamide, 5× 177 

SSC, 5 mM EDTA pH 8.0, 0.1% Tween 20, 1% CHAPS) for 2 hours. The probe was then diluted 178 

in hybridization solution (50% formamide, 5× SSC, 5 mM EDTA pH 8.0, 0.1% Tween 20, 1% 179 

CHAPS, 300 μg/ml tRNA, 1× Denhalt’s solution, 1% Heparin) to 1 μg/ml and incubated with 180 
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brain sections for 20 hours at 65˚C. After hybridization, sections were incubated with 181 

prehybridization buffer at 65˚C for 30 minutes, and the same operation was carried out in a 182 

mixture of TBST and prehybridization buffer at a ratio of 1:1. The sections were then washed with 183 

TBST twice, rinsed with TBST and TAE buffer (1:1) once, and washed with TAE buffer three 184 

times. Electrophoresis was used to remove the foreign material from the sections. After this, the 185 

sections were incubated with anti-digoxigenin-POD (10520200, 1:500, Roche) at 4˚C for 30 hours 186 

and washed with TNT. The TSA Plus Cyanine 5 system (NEL745B001KT, 1:100, PerkinElmer, 187 

CA, USA) was then used to detect the primary antibody. The samples were incubated with 188 

anti-EYFP (511201, rabbit anti-mouse, 1:200, Zen bioscience, Chengdu, China) or anti-DsRed 189 

(632496, rabbit anti-mouse, 1:250, Clontech, CA, USA) antibodies overnight at 4˚C so that the 190 

fluorescence that had been quenched by the high temperature during hybridization could be 191 

measured. Finally, sections were incubated with the Alexa Fluor 594-conjugated (A11037, goat 192 

anti-rabbit, 1:500, Thermo Fisher Scientific) secondary antibody, and fluorescence images were 193 

obtained with a confocal microscope (A1, Nikon, Tokyo, Japan). 194 

Experimental Design and Statistical Analysis  195 

In this study, we compared the inputs between excitatory and inhibitory neurons and between the 196 

IC core and shell. For this reason, two variables needed to be controlled.  197 

One variable was the location and size of the injection. The combination of inputs is known to 198 

be different not only between the IC core and shell but also between the dorsal and ventral part of 199 

the IC core, the superficial and deep layers of the IC shell, and even small synaptic domains within 200 

the IC core and shell (Oliver, 2005). To eliminate this sampling bias, we attempted to cover a large 201 

area of the IC core and shell with our viral injection. The side effect for this injection strategy is 202 

that some virus may have leaked into other subdivisions (Fig. 2B). For example, when the virus 203 



 

10 
 

was injected into the dorsal part of the IC core, some neurons infected with the initial tracing virus 204 

(i.e., starter neurons) were located in the boundaries of the central nucleus of the IC (ICC), dorsal 205 

nucleus of the IC (ICD) and external nucleus of the IC (ICX); conversely, when the injection was 206 

located in a deeper layer of the IC shell, the virus leaked, infecting some starter neurons in the IC 207 

core. Therefore, we counted the number of starter neurons within the ICC, ICD, ICX, rostral cortex 208 

of the IC (RC) and brachial nucleus of the IC (BIC). Then, we classified the injections as located in 209 

either the core or shell when the proportion of starter neurons in the IC core or shell was higher than 210 

70%, respectively. There were some cases in which the combined proportion in the core and shell 211 

was less than 100% because a few starter neurons were located in the periaqueductal gray (PAG). In 212 

those cases, the inputs from the neuromodulatory nuclei were excluded from the analyses. 213 

The other variable that needed to be controlled was the expression level of the virally 214 

introduced molecules. Unlike the AAV helper virus, the titer of the RV decreases considerably 215 

within 48 hours of thawing from the -80˚C environment. Therefore, to maintain the inoculation 216 

efficiency after the RV was thawed, 8 or 12 mice received the RV injection within one day, 217 

typically within approximately 6 hours or 9 hours of being thawed (requiring approximately 45 218 

minutes for each mouse). During the virus injection, surgeries on the different mouse lines and 219 

injection sites were interleaved, i.e., core-Vglut2-Cre, core-VGAT-Cre, shell-Vglut2-Cre and 220 

shell-VGAT-Cre. For fixation, the animals were transcardially perfused in the same order as the 221 

viral injection surgeries, i.e., the core-Vglut2-Cre mice were perfused first. 222 

In the brain regions without starter neurons, i.e., outside of the injected IC, input neurons, which 223 

expressed DsRed but not EGFP, were manually counted with a fluorescence microscope (BX51, 224 

Olympus, Tokyo, Japan) if the labeled cells were sparsely distributed in an isolated nucleus. For 225 
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the brain regions with complex cytoarchitecture (e.g., superior olivary complex, SOC) and/or 226 

those that had a high-density of labeled cells, images were acquired with a CCD camera (QIClick, 227 

QImaging, Burnaby, Canada), and the input neurons were counted with ImageJ software 228 

(http://imagej.nih.gov/ij/). In several cases, whole brain sections were imaged with an automated 229 

slice scanner (Axio Scan Z1, Zeiss, Jena, Germany), and the general borders of the nuclei that 230 

contained input neurons were determined and drawn using Neurolucida software (MBF 231 

Bioscience, VT, USA). 232 

  Tiled images of the brain sections with starter neurons, which expressed both DsRed and 233 

EGFP, were acquired with a 10× objective (NA=0.45) and a confocal laser scanning microscope 234 

(A1, Nikon). DsRed and EGFP were excited sequentially with 561 and 488 nm lasers, and emitted 235 

fluorescence was filtered with 570-620 and 500-550 nm bandpass filters, respectively. The laser 236 

intensity was adjusted to eliminate the over-exposed neurons, as those saturated spots biased the 237 

colocalization results, i.e., the starter neurons. The distribution of starter neurons was analyzed 238 

with Neurolucida. The cell count of starter neurons was analyzed with Imaris (Bitplane, Belfast, 239 

United Kingdom). 240 

We identified the borders of nuclei using the ISH, Nissl counterstain (with the fluorescent 241 

NeuroTrace, instead of the cresyl violet and thionin, which would quench the signals of the 242 

fluorescent proteins) and brain atlas unless otherwise stated. The borders were defined as follows: 243 

The dorsal cochlear nucleus (DCN) and posterior ventral cochlear nucleus (VCN) are separated by 244 

the granule cell layer (GrC). The anterior VCN is located anterior to the 8th nerve root. 245 

Identification of the borders of subnuclei of the SOC were in accordance with Ito et al. (2011). To 246 

identify the nuclear borders of the ventral, intermediate, and dorsal nucleus of the lateral 247 
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lemniscus (VLL/ILL/DLL), the distribution of cells that expressed Vglut2/VGAT mRNA was used, 248 

as the VLL and DLL are characterized by numerous VGAT-expressing cells and few 249 

Vglut2-expressing cells, whereas the ILL is characterized by numerous Vglut2-expressing cells 250 

and few VGAT-expressing cells (Ito et al., 2011). The DLL and IC are separated by Probst's 251 

commissure, which connects the bilateral DLL. To identify the nuclear borders of the descending 252 

(the AC and the peripeduncular and posterior intralaminar thalamic nuclei, PP and PIL, 253 

respectively) and neuromodulatory nuclei (locus coeruleus, LC; laterodorsal and 254 

pedunculopontine tegmental nuclei, LDTg and PPTg; dorsal, median, and rostral linear nuclei of 255 

the raphe, DR, MR, and RLi; SPF), we primarily referenced the Allen Brain Atlas (Lein et al., 256 

2007) (www.brain-map.org) with further consultation of the standard Mouse Brain Atlas (Paxinos 257 

and Franklin, 2001).  258 

The IC subdivisions were delineated by the Nissl staining patterns in each subdivision: In the 259 

ICC, flat cell bodies are aligned parallel to the isofrequency laminae. In the ICD, although there 260 

are still flat cell bodies, their percentage is lower than the ICC. In the ICX, the Nissl stain clearly 261 

visualizes three laminae that are almost oblique or perpendicular to the ICC laminae. Furthermore, 262 

the Nissl counterstain method has been widely used by previous studies to determine the nuclear 263 

borders of the IC (Loftus et al., 2008; Lee and Sherman, 2010; Ito et al., 2011; Ito et al., 2015; 264 

Patel et al., 2017). Since dendritic arbors and axon trajectories have been used to characterize the 265 

subdivisions of the IC (Oliver and Morest, 1984; Malmierca et al., 1993; Malmierca et al., 2011), 266 

we also referred to the dendritic and axonal morphologies of the DsRed/EGFP-labeled neurons to 267 

facilitate the border determination (Fig. 1D, left; see also Ito and Oliver, 2014). 268 

  To compare the number of inputs between extrinsic sources, we first normalized the number of 269 
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input neurons in each extrinsic nucleus to the corresponding number of starter neurons and 270 

calculated Pearson's correlation coefficients between all pairs of input nuclei with MATLAB 271 

(Mathworks, Natick, MA, USA) using the built-in corrcoef function (with a matrix in which the 272 

rows were cases and the columns were input nuclei), thereby obtaining a matrix of pairwise 273 

Pearson's correlation coefficients. This correlation matrix (in which the rows and columns were 274 

equal to the input nuclei) was then used for the creation of a cluster tree using the built-in linkage 275 

function (a matrix in which the rows were cases and columns were distance between nodes). 276 

Finally, the built-in dendrogram function was used to display the tree (Altman and Krzywinski, 277 

2017). To compare the difference between Vglut2-Cre and VGAT-Cre mice, we used a two-tailed 278 

unpaired t-test or Mann-Whitney U test or one-way or two-way ANOVA with Prism software 279 

(GraphPad, San Diego, CA, USA). All the p-values mentioned were post hoc tested and corrected 280 

with Holm-Sidak, Tukey and Bonferroni methods. Error bars indicate the standard error of the 281 

mean (SEM). 282 

 283 

Results 284 

IC excitatory and inhibitory neurons as starter cells for rabies-based monosynaptic tracing 285 

To target excitatory neurons in the IC, we used the Vglut2-Cre line, as IC excitatory neurons 286 

express Vglut2 but not Vglut1 (Ito et al., 2011). To target the GABAergic inhibitory population, 287 

we used the VGAT-Cre line, as glycinergic neurons, which also express VGAT, are absent in the 288 

IC (Tanaka and Ezure, 2004). To verify the specificity of the Cre lines in the IC, we injected 289 

Vglut2- or VGAT-Cre mice with rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA alone and then 290 

used ISH to examine the expression of Vglut2 or VGAT mRNA in infected neurons, respectively. 291 

Most of the AAV-infected neurons (green, Fig. 1A) in the Vglut2- (93% ± 4%; mean ± SD) and 292 
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VGAT-Cre (92% ± 2%; mean ± SD) lines were positive for the corresponding mRNA (red, Fig. 293 

1A), demonstrating the high specificity of this method.  294 

To achieve cell-type-specific monosynaptic tracing of extrinsic inputs, we utilized the modified 295 

monosynaptic rabies tracing technique, which has been widely used to characterize the presynaptic 296 

inputs of desired starter neurons with high accuracy and efficiency (Wickersham et al., 2007; 297 

Watabe-Uchida et al., 2012; Weissbourd et al., 2014; Menegas et al., 2015; Do et al., 2016). 298 

Briefly, the RV used here was modified to lack the ability to infect mammalian cells and its 299 

retrograde transsynaptic property by pseudotyping the virus with avian sarcoma leucosis virus 300 

envelop protein (EnvA) and replacing the transsynaptic required RG with DsRed (Fig. 1B). 301 

Cre-dependent AAV helper viruses encoding TVA, a receptor for avian sarcoma leucosis virus, and 302 

RG were used to label the starter neurons in the desired cell type, after which the RV was 303 

introduced to label their monosynaptic inputs (Fig. 1C). Starter neurons were identified by the 304 

coexpression of EGFP and DsRed, and input neurons were identified by the expression of DsRed 305 

(Fig. 1D, right). 306 

To rule out nonspecific labeling, we performed control experiments. Injecting only 307 

rAAV-EF1α-DIO-RG-WPRE-pA and RV did not result in DsRed-labeled neurons, indicating the 308 

dependence of the RV infection on the AAV-induced expression of TVA (Fig. 1E). Injecting only 309 

rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA and RV resulted in starter neurons that expressed 310 

both EGFP and DsRed without extrinsic input neurons, demonstrating that RG was necessary for 311 

the retrograde transport of the RV from the starter neurons (Fig. 1F). Injecting 312 

rAAV-EF1α-DIO-His-EGFP-2a-TVA-WPRE-pA, rAAV-EF1α-DIO-RG-WPRE-pA and RV 313 

resulted in DsRed-labeled neurons in the injection site of wild type mice (Fig. 1G, H). This is 314 
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because very low-level expression of TVA in AAV-infected non-Cre neurons was sufficient for RV 315 

infection (Watabe-Uchida et al., 2012; Do et al., 2016). However, the extent of RV expression in 316 

non-Cre neurons was 10 times smaller than RV expression in Cre starter neurons (p < 0.0001; 317 

Mann-Whitney U test; Vglut2: 1080 ± 123, N = 17 vs. wild type: 81 ± 8, N = 6; mean ± SEM). 318 

We performed further control experiments to show that each cell type was equally susceptible to 319 

the nonspecific labeling. We performed ISH for VGAT mRNA to identify the GABAergic non-Cre, 320 

nonspecific labeling RV neurons of injection site (Fig. 1I). We found that 19.9 % proportion of Cre 321 

independent RV expressed neurons was GABAergic (Fig. 1J, K), this was quite consistent with the 322 

percentage of GABAergic neurons in the IC (Merchan et al., 2005; Beebe et al., 2016), suggesting 323 

that neither GABAergic neurons, nor glutamatergic neurons, were more susceptible to nonspecific 324 

labeling. Although the nonspecific labeled RV neurons could be misidentified as local input 325 

neurons, the leaky expression of RG in non-Cre neurons was insufficient to cause transsynaptic 326 

infection of RV, as we did not observe any DsRed+ neurons outside the injection site (data not 327 

shown). This was consistent with previous studies (Callaway and Luo, 2015; Do et al., 2016; Wall 328 

et al., 2013). Because of this, we primarily focused our analysis on the extrinsic inputs (except for 329 

Fig. 5B that includes the inter-subdivision inputs and Fig. 9B that includes intrinsic inputs, see 330 

below).   331 

Since each IC subdivision receives a different combination of inputs from extrinsic nuclei, we 332 

divided cases into core, shell, and mixed injection cases based on the proportion of input neurons 333 

in each IC subdivision. We had 5 core and 7 shell cases in Vglut2-Cre mice and 4 core and 6 shell 334 

cases in VGAT-Cre mice (Fig. 2A, B). In the following results and discussion, the Vglut2-Cre and 335 

VGAT-Cre cases are simply indicated by the discussion of either excitatory or inhibitory neurons, 336 
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respectively.  337 

 To examine the variability of the viral retrograde tracing among different mice, we next 338 

counted the number of starter and input neurons (Fig. 2C, D) and performed a regression analysis 339 

for Vglut2-Cre, VGAT-Cre, and combined cases (Fig. 2E). The number of presynaptic input 340 

neurons had a linear relationship (Vglut2: F(1, 15)=13.4; VGAT: F(1, 15)=5.2; combined: F(1, 341 

32)=6.2) to the number of starter neurons, suggesting that the input/starter ratio was not related to 342 

the location of the injection and that this method was rather stable. 343 

Brain-wide monosynaptic inputs to IC excitatory and inhibitory neurons 344 

To map the brain-wide inputs to the IC, we grouped the extrinsic input neurons by anatomical 345 

locations. Here, we show an example of input neurons (red) to the IC and output fibers (green) 346 

from the IC of a Vglut2-Cre mouse (Fig. 3). Of the ascending nuclei, input neurons were found in 347 

the CN, SOC, and nuclei of the LL (Fig. 3A-E). We confirmed that the input neurons in the 348 

contralateral (c) VCN (Fig. 3A) were VGAT-negative (Fig. 3B), consistent with previous results 349 

that IC-projecting CN neurons are excitatory (Ito and Oliver, 2010), and that the input neurons in 350 

the ipsilateral (i) VLL (Fig. 3D) were VGAT-positive (Fig. 3E), consistent with previous results 351 

that iVLL inputs to the IC are inhibitory (Saint Marie and Baker, 1990). Of the descending nuclei, 352 

thalamotectal inputs originated from the PP/PIL region, which was targeted by a small fraction of 353 

EGFP-positive IC ascending fibers (Fig. 3F, left). Cortical inputs originated mainly from layer 5 354 

(L5) pyramidal neurons, fewer originating from L6 in the ipsilateral AC (Fig. 3F, middle and right). 355 

Fewer number input neurons were found in the ipsilateral temporal association area (TEA) (Fig. 356 

3F, right). Of the neuromodulatory nuclei, DsRed-positive input neurons as well as a few 357 

EGFP-positive IC projection fibers (Fig. 3G, left) were identified in the DR, which is populated 358 
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with serotonergic neurons. Likewise, in the SPF, the source of dopaminergic fibers in the IC, input 359 

neurons were also found with a few EGFP-positive fibers (Fig. 3G, middle). 360 

The above examples (Fig. 3) show the inputs and outputs of IC excitatory glutamatergic 361 

neurons. To demonstrate the topographical and qualitative differences in inputs to different cell 362 

types of different IC subdivisions prior to quantitative analysis, here, four example cases were 363 

employed to show the plots of starter cells and inputs cells of Vglut2-Cre and VGAT-Cre mice in 364 

the IC core (Fig. 4A, B) and shell (Fig. 4C, D), respectively. Overall, excitatory and inhibitory 365 

neurons in the same IC subdivisions received inputs from the same brain regions, and outside of 366 

the injection site, input neurons were densest in the contralateral IC and VLL. We excluded several 367 

nuclei from further analyses, including the hindbrain nuclei, ipsilateral CN, contralateral VLL and 368 

contralateral AC because they only included a very small number of input neurons. Inputs from 369 

other SOC nuclei, the PAG, cuneiform nucleus (CnF) and SC were also excluded because their 370 

function in the IC is still largely unknown. 371 

Dominant ascending inputs to the IC shell subdivision 372 

IC shell excitatory neurons received more descending inputs from the AC than the IC core (Fig. 373 

4B and D), which is consistent with the traditional view that the shell is the main recipient of the 374 

descending projection. However, the shell also received dense ascending inputs, especially from 375 

the VLL; as a result, the dominant inputs to the IC core/shell on excitatory/inhibitory neurons 376 

remained unclear. To resolve this issue, we analyzed the ratio of descending to ascending inputs. 377 

Although the shell glutamatergic neurons did not have a significantly higher ratio than the core 378 

glutamatergic or shell GABAergic neurons (p=0.0600, p=0.2248, respectively) (between 379 

subdivision: F(1, 18)=6.0, p=0.0244; between cell type: F(1, 18)=1.8, p=0.1984; two-way ANOVA 380 
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with Bonferroni correction), the ratio (0.3632 ± 0.0392; mean ± SEM) was still far less than 1 381 

(t(6)=6.1, p=0.0008) (Fig. 5A), indicating that the shell glutamatergic cells received more 382 

ascending than descending inputs. This difference in ascending and descending inputs cannot be 383 

accounted for by the leakage of starter neurons into the core, which mainly received ascending 384 

inputs, as the two shell cases without any starter neurons in the core subdivision (larger dots of Fig. 385 

5A) still predominantly received ascending inputs (i.e., the ratio was still less than 1). 386 

In addition to ascending and descending inputs, neurons in the shell are also heavily innervated 387 

by intrinsic inputs from the ipsilateral IC core. Therefore, we normalized the ascending, 388 

descending, and core inputs by the corresponding number of starter neurons to reflect the average 389 

number of input neurons per starter cell. We found that shell glutamatergic neurons received more 390 

ascending inputs than descending (p=0.0066) and core inputs (p=0.0136), and the difference 391 

between the number of descending and core inputs was not significant (p=0.9389) (F(2, 18)=7.5, 392 

p=0.0042; one-way ANOVA with Tukey correction) (Fig. 5B, left). Similarly, shell GABAergic 393 

neurons received more ascending inputs than descending (p<0.0001) and core inputs (p=0.0003), 394 

and the difference between the number of descending and core inputs was not significant 395 

(p=0.2518) (F(2, 15)=25.8, p<0.0001; one-way ANOVA with Tukey correction) (Fig. 5B, right). In 396 

general, our results strongly suggested that ascending inputs far exceed descending and core inputs 397 

to neurons in the shell subdivision. 398 

In the classical model, neurons within the IC shell subdivision receive more inputs from 399 

descending or core rather than ascending sources (Fig. 5C). In the new model introduced from the 400 

quantitative analysis described here, we propose that excitatory and inhibitory neurons within the 401 

IC shell subdivision receive more ascending inputs than descending or core inputs (Fig. 5D). 402 
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IC core and shell excitatory neurons receive inputs from different combinations of nuclei 403 

Previous studies showed that small groups of neurons within a specific small region of the core or 404 

shell subdivisions mainly receive a particular combination of inputs from several nuclei (Loftus 405 

2010, Ayala 2015). However, the postsynaptic cell types of such clustered inputs were unknown. 406 

To address this question, we performed correlation analyses of cells in the IC core and shell across 407 

Vglut2-Cre and VGAT-Cre mice and constructed dissimilarity cluster trees to reveal the input 408 

nuclei that were more related than others (Weissbourd et al., 2014; Menegas et al., 2015). This 409 

analysis relied on the fact that each injection likely covered a subset of neurons rather than 410 

targeting all IC neurons homogeneously. For example, in the IC core, a particularly strong 411 

negative correlation (F(1, 3)=25.4) was seen between ascending cDCN and iLSO inputs to 412 

excitatory neurons (Fig. 6A, left), consistent with previous studies (Cant and Benson, 2006; Loftus 413 

et al., 2010). On the other hand, for inhibitory neurons, the same pair of nuclei were positively 414 

correlated (F(1, 2)=18.6) (Fig. 6A, right).  415 

We found that the input nuclei of the core glutamatergic neurons formed a cluster and displayed 416 

a large dissimilarity index with the clusters formed by other groups (Fig. 6B, upper). In contrast, 417 

for core GABAergic neurons, most input nuclei were strongly correlated and displayed smaller 418 

dissimilarities between one another (Fig. 6B, lower). Taken together, our results suggested that 419 

excitatory neurons receive inputs from different combinations of specific nuclei and inhibitory 420 

neurons receive inputs from the same combination of all nuclei in the core subdivision.  421 

Although we previously found that shell excitatory neurons predominantly received ascending 422 

inputs and the largest descending inputs (Fig. 5A, B), whether those inputs converged onto one 423 

population or targeted two subpopulations was unknown. Here, we found that shell glutamatergic 424 
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neurons that received inputs from the combination of ascending nuclei (‘I’) were distinct from 425 

those that received inputs from other nuclei (‘II’) (Fig. 6C, upper), suggesting that those inputs 426 

were mostly segregated. On the other hand, inputs to shell GABAergic neurons displayed larger 427 

dissimilarities between each other and did not form clear clusters (Fig. 6C, lower). We suggest that 428 

a bipartite domain, composed of the deep shell domain and nonlemniscal domain, is organized by 429 

the IC shell excitatory neurons (Fig. 6D) (see Discussion). 430 

Proportion of extrinsic inputs is different between excitatory and inhibitory neurons 431 

The ratio of inputs per starter neuron, i.e., the absolute number of inputs for specific cell types, 432 

revealed the degree of convergence of the extrinsic nuclei (Fig. 5-6). On the other hand, the 433 

responses of a neuron to sound and other stimuli are more likely associated with the relative input 434 

strength of each nucleus, which may be represented by the proportion of inputs (Loftus et al., 435 

2010). To this end, we normalized the inputs of each nucleus by the total number of extrinsic 436 

inputs and compared the ratio separately in the IC core and shell (Fig. 7A).  437 

We first describe the results for the ascending group of inputs: compared with GABAergic 438 

neurons, glutamatergic neurons received a higher proportion of cVCN inputs in the core 439 

(p<0.0001) (between cell type: F(1, 63)=0.3, p=0.5592; between nuclei: F(8, 63)=140.7, p<0.0001; 440 

two-way ANOVA with Bonferroni correction) and tended to receive a lower proportion of cVCN 441 

inputs in the shell (p=0.3475; 0.03±0.004 vs. 0.06±0.009; mean ± SEM) (between cell type: F(1, 442 

99)=0.6, p=0.4358; between nuclei: F(8, 99)=36.0, p<0.0001; two-way ANOVA with Bonferroni 443 

correction) (Fig. 7A). We also found that GABAergic neurons received a higher proportion of 444 

iVLL inputs than glutamatergic neurons in the core (p=0.0002) (Fig. 7A). Next, we describe the 445 

analysis of the descending group of inputs: the glutamatergic neurons tended to receive a higher 446 
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proportion of cortical inputs than GABAergic neurons in the shell subdivision (t(11)=2.0, 447 

p=0.0748; t-test; 0.07±0.006 vs. 0.03±0.003; mean ± SEM) (Fig. 7A). Lastly, we describe the 448 

inputs from the neuromodulatory nuclei: in the IC core, GABAergic neurons received a higher 449 

proportion (t(6)=12.2, p<0.0001) of inputs from the raphe than glutamatergic neurons, whereas 450 

glutamatergic neurons received a higher proportion (t(6)=9.1, p=0.0001; all t-test) of inputs from 451 

the SPF than GABAergic neurons. In the IC shell, glutamatergic neurons received a higher 452 

proportion (t(11)=2.3, p=0.0435) of inputs from the LC, the source of noradrenergic fibers, and 453 

LDTg/PPTg (t(11)=4.2, p=0.0014; all t-test), the source of cholinergic fibers, than GABAergic 454 

neurons (Fig. 7A).  455 

When examining the outputs to the midbrain, we found that shell GABAergic neurons projected 456 

to the PAG (Fig. 7B, left), while glutamatergic neurons projected to both the PAG (Fig. 7B, right) 457 

and SC (Fig. 7C). In summary, the core GABAergic neurons received a lower proportion of VCN 458 

and higher proportion of VLL inputs than glutamatergic neurons, whereas shell GABAergic 459 

neurons tended to receive a higher proportion of VCN inputs and lower proportion of 460 

corticocollicular inputs than glutamatergic neurons (Fig. 7D). Importantly, the neuromodulatory 461 

nuclei differentially innervated glutamatergic and GABAergic neurons in the core and shell. 462 

Furthermore, all input nuclei except for the cerebral cortex received projections from the IC, 463 

suggesting a reciprocal relationship between the IC input/output systems. 464 

Disinhibitory commissural connections and local circuits 465 

Previous studies have shown that glutamatergic and GABAergic neurons both project to the 466 

contralateral IC (Nakamoto et al., 2013b). Here, we found that projections of shell GABAergic 467 

neurons preferentially terminated in the contralateral dorsal shell subdivision (Fig. 8A), and the 468 
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connection between both sides of the IC was homotopic for GABAergic neurons (Fig. 8B). 469 

Although one study revealed that the GABAergic neurons receive contralateral inhibitory inputs 470 

(Lee et al., 2015), the cell type of the IC commissural input neurons is less understood overall. 471 

Therefore, we performed ISH for VGAT mRNA to identify GABAergic commissural projection 472 

neurons and calculated the proportion of VGAT-positive input neurons to total commissural input 473 

neurons in the contralateral core and shell subdivision, respectively (Fig. 8C). The proportion of 474 

VGAT-expressing neurons that projected onto contralateral glutamatergic neurons was similar 475 

between the shell and core (t(12)=0.7, p=0.4759, t-test; 33.76 ± 10.81% vs. 37.65 ± 6.05%; mean 476 

± SD) (Fig. 8D, left). However, the proportion of VGAT-expressing neurons that projected onto 477 

contralateral GABAergic neurons was significantly higher in the shell than in the core (t(20)=9.9, 478 

p<0.0001, t-test; 65.39 ± 10.23% vs. 22.09 ± 4.26%; mean ± SD) (Fig. 8D, right). In general, our 479 

anterograde and retrograde results indicate that the commissural projection onto GABAergic 480 

neurons from the shell was mainly inhibitory and that from the core was mainly excitatory, 481 

suggesting that contralateral shell GABAergic neurons may inhibit ipsilateral GABAergic neurons 482 

and then disinhibit their efferent targets (Fig. 8E). 483 

In addition to extrinsic inputs, excitatory and inhibitory neurons also received considerable local 484 

inputs (Fig. 9A). Here, we compared the ratio of intrinsic inputs to extrinsic inputs among core 485 

and shell, glutamatergic and GABAergic neurons (Fig. 9B). We found considerable local and 486 

inter-subdivision connections in shell neurons (t(30)=3.0, p=0.0060) and GABAergic neurons 487 

(t(30)=2.5, p=0.0163; all t-test). Based on previous studies (Lesicko et al., 2016) and our results 488 

from the ascending (Fig. 7A), contralateral (Fig. 8), and local inputs (Fig. 9) to GABAergic 489 

neurons, we suggest a model that could partially explain the multisensory function of the ICX (Fig. 490 
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9C, see Discussion). 491 

 492 

Discussion 493 

In this study, we revisited the neuronal organization in the IC using monosynaptic and 494 

cell-type-dependent methods. We revealed that IC shell neurons predominantly received ascending 495 

inputs. Two subpopulations of IC shell excitatory neurons received inputs from different 496 

combinations of nuclei, implicating a bipartite domain in the IC shell. In the IC core, we found 497 

that the excitatory neurons received different combinations of inputs whereas the inhibitory 498 

neurons received the same combination. In addition, we uncovered two long-range disinhibitory 499 

connections in the IC core and shell. 500 

Dominant ascending pathway in the IC shell 501 

In previous studies (Tokunaga et al., 1984; Coleman and Clerici, 1987), a retrograde tracer 502 

horseradish peroxidase (HRP) was injected into the superficial layer of the IC shell subdivision in 503 

the rat and showed that the major source of inputs was from the somatosensory nuclei, IC core and 504 

AC. However, our study revealed that shell neurons predominantly received inputs from ascending 505 

auditory nuclei. Two differences may account for this discrepancy. 506 

One difference may arise from different injection areas within the shell. Considerable ascending 507 

inputs were observed when the HRP injection covered both the ICC and ICX (Aitkin et al., 1981). 508 

However, a portion of the injection area assigned to the ICC in the above study was actually the 509 

ventrolateral nucleus (VLN) in the cat, which corresponds to layer 3 of the ICX in the rat (Loftus 510 

et al., 2008). Furthermore, differences between the traditional tracer and RV methods (see 511 

Introduction) may also contribute to the discrepancy. Specifically, unlike the small and 512 

medium-sized neurons of the superficial layer, the deep layer of the shell contains large multipolar 513 
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neurons whose dendrites not only extend a long distance within the shell but also project into the 514 

adjacent core subdivision and are densely covered by spines (Malmierca et al., 2011). When the 515 

diffusion of the conventional retrograde tracer is limited locally, inputs to dendrites that are 516 

outside of the injection sites will be missed. 517 

In addition, many anterograde tracing studies have clearly shown that the deep layer of the shell 518 

is innervated by numerous ascending fibers from auditory brainstem nuclei, i.e., the CN (Oliver et 519 

al., 1999; Malmierca et al., 2005; Loftus et al., 2008), SOC (Willard and Martin, 1983; Loftus et 520 

al., 2004; Saldana et al., 2009) and nuclei of the LL (Whitley and Henkel, 1984; Shneiderman et 521 

al., 1988; Gabriele et al., 2000). Accordingly, the difference is likely attributable to the fact that 522 

neurons in the deep layer of the shell or their long-range dendritic inputs were severely 523 

under-sampled, if not entirely missed, in some previous studies. 524 

Implications for a bipartite domain in the IC shell 525 

Neurons within the IC shell displayed stronger SSA than those in the core (Shen et al., 2015), and 526 

Ayala et al. (2015) reported that IC shell SSA sites received descending and core inputs but almost 527 

completely lacked lemniscal inputs. In contrast, Syka et al. (2000) reported that shell neurons and 528 

core neurons exhibited similarly short response latencies. These observations are suggestive of 529 

two different domains in the shell. Consistent with this, our results suggested that a group of 530 

excitatory neurons in the shell primarily received lemniscal inputs (Fig. 6C, upper ‘I’) and were 531 

likely located within the deep layer of the shell (discussion above; Fig. 6D, ‘I’ and triangle). In 532 

contrast, another group of IC shell neurons mainly received nonlemniscal inputs (Fig. 6C, upper 533 

‘II’) and were likely located throughout all layers of the shell (Fig. 6D, ‘II’ and open circle). Thus, 534 

we propose that a bipartite domain may exist in the IC shell that is composed of the deep shell 535 
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domain and nonlemniscal domain (Fig. 6D). 536 

Excitatory neurons receive inputs from different combinations of nuclei, while inhibitory 537 

neurons receive inputs from the same combination of nuclei in the IC core  538 

The synaptic domain or functional module hypothesis predicts that neurons with similar response 539 

properties will receive similar inputs (Oliver, 2005). In the well-studied core subdivision, for 540 

example, units with monaural and binaural responses mainly receive ascending inputs from 541 

corresponding nuclei (Loftus et al., 2010). However, AC descending projections to the core, which 542 

are topographically organized (Saldana et al., 1996; Bajo et al., 2007), had been poorly examined 543 

in previous studies. Although ascending and descending projections both innervate the core, we 544 

found that neurons that received descending inputs were distinct from other neurons, especially 545 

those that received ascending inputs (Fig. 6B, upper), consistent with the previous hypothesis that 546 

descending inputs collectively converge onto regions other than those innervated by ascending 547 

inputs (Winer et al., 1998). On the other hand, GABAergic neurons received inputs from the same 548 

combination of all nuclei (Fig. 6B, lower). In the core, the majority of large cells that also exhibit 549 

large dendritic trees (Oliver et al., 1991) are GABAergic neurons (Beebe et al., 2016). In addition, 550 

we found that GABAergic neurons had more intrinsic connectivity than glutamatergic neurons 551 

(Fig. 9B). Therefore, single core inhibitory neuron may integrate all extrinsic and intrinsic inputs 552 

with long-range dendrites.  553 

Two long-range disinhibition circuits 554 

Inhibitory neurons in the IC and VLL are well known for their ascending projections. The VLL 555 

provides the largest source of inhibitory ascending projections to the IC (Fig. 7A), and its neurons 556 

display either an onset or sustained response to sound stimuli, with those with an onset response 557 
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showing a higher selectivity for temporally modulated sound (Zhang and Kelly, 2006). When 558 

projection fibers from the IC to medial geniculate body (MGB) are electrically stimulated, almost 559 

all MGB neurons are initially inhibited and then excited, indicating that inhibitory postsynaptic 560 

potentials (IPSPs) arrive before excitatory postsynaptic potentials (EPSPs) (Peruzzi et al., 1997). 561 

Here, we found that core inhibitory neurons received a higher proportion of VLL inputs than 562 

excitatory neurons, suggesting that this inhibitory feedforward tectothalamic circuit may be 563 

effectively modulated by the VLL.  564 

The IC shell is characterized by its multimodal connections. GABAergic modules in the ICX 565 

receive somatosensory inputs, whereas the extramodular regions receive auditory inputs (Lesicko 566 

et al., 2016). Furthermore, the ICX mainly receives ipsilateral somatosensory inputs (Coleman and 567 

Clerici, 1987; Zhou and Shore, 2006) but responds to bilateral stimuli (Robards, 1979), suggesting 568 

the convergence of bilateral inputs within the shell. Since somatosensory inputs can reduce 569 

neuronal responses to auditory stimulation (Jain and Shore, 2006), the auditory responses are 570 

likely inhibited by bilateral somatosensory inputs via GABAergic modules. Our results suggest 571 

some possible anatomical substrates for multisensory integration. First, shell inhibitory neurons 572 

tended to receive a higher proportion of ascending VCN inputs than excitatory neurons (Fig. 7A). 573 

Second, shell inhibitory neurons appeared to primarily innervate contralateral shell inhibitory 574 

neurons (Fig. 8A, C, D). Third, inhibitory neurons received more intrinsic inputs than excitatory 575 

neurons (Fig. 9B). Together, we hypothesize that the subsets of GABAergic neurons within the 576 

extramodular region are candidate substrates for multisensory integration and integrate excitatory 577 

auditory inputs from the VCN and inhibitory somatosensory inputs from bilateral GABAergic 578 

modules (Fig. 9C). 579 
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Functional implications 580 

From the major findings of this study, we suggest the following three functional implications: 581 

Firstly, unlike the nonlemniscal domain that primarily receives descending inputs, the deep shell 582 

domain is predominated by ascending inputs (Fig. 6C, upper). Unlike the lemniscal domain that 583 

primarily projects to MGB, this domain heavily innervates PAG and SC. From a neuroethological 584 

point of view (Casseday and Covey, 1996), the evidence suggests that deep shell domain relays 585 

ascending inputs and projects to the PAG and SC, in order to drive acoustic-motor behavior, e.g., 586 

escaping from a predator (Xiong et al., 2015), the localization of prey (Knudsen and Konishi, 1978; 587 

King et al., 1998), and conspecific communication (Jurgens, 2002; Wilczynski and Ryan, 2010). 588 

Similarly, SC not only responds to visual stimuli, but also drives visually innate behavior (Wei et 589 

al., 2015; Shang et al., 2015). Therefore, the IC and SC may share common circuitry that links 590 

sensory inputs with motor outputs directly. 591 

Secondly, a recent study showed that responses of IC excitatory and inhibitory neurons to pure 592 

tones are similar (Ono et al., 2017). As core inhibitory neurons receive inputs from the same 593 

combination of nuclei and each input nucleus encodes different aspects of sound information, 594 

convergence of extrinsic inputs may produce de novo responses to the complex sound, e.g., 595 

dynamic moving ripple (DMR) and communication calls (Chen et al., 2012; Akimov et al., 2017) 596 

in the core inhibitory neurons. This contrasts with the AC, where inhibitory neurons exhibit more 597 

separable spectral and temporal receptive fields to the DMR stimuli (Atencio and Schreiner, 598 

2008). 599 

Lastly, disinhibition triggered by onset-type VLL neurons may release the fast IPSPs in the 600 

thalamus at the onset of a sound stimulus and enhance the precision of auditory temporal pattern 601 
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processing in higher centers of the auditory system. In contrast, the sustained-type VLL neurons 602 

may release the thalamus from GABAergic inhibition and further relay information about the 603 

stimulus duration (Covey and Casseday, 1999). Therefore, inhibitory projections from the VLL to 604 

IC and then to the MGB highlight the role of long-range disinhibition for auditory temporal 605 

processing. Interestingly, long-range disinhibition circuits had recently also been observed in other 606 

brain areas (Caputi et al., 2013). 607 

We hope this systematic and cell-type-defined study on IC neuroanatomy will lay the 608 

foundation for physiological and behavioral experiments that probe further functional differences 609 

between excitatory and inhibitory neurons. 610 
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Figure Legends 756 

 757 

Figure 1. IC excitatory and inhibitory neurons as starter cells for rabies-based monosynaptic 758 

tracing. (A) Characterization of Vglut2-Cre mice with Vglut2 ISH (upper row) and VGAT-Cre mice 759 

with VGAT ISH (lower row). Almost all EGFP-positive neurons expressed Vglut2 mRNA in 760 

Vglut2-Cre mice (upper, arrowheads) and VGAT mRNA in VGAT-Cre mice (lower, arrowheads). 761 

(B) Construction of the AAV helper virus and rabies virus (left) and time course of the experiment 762 

(right). (C) A schematic diagram of extrinsic connections to the IC. Cre-expressing infected cells 763 

express EGFP-TVA (green dots) and RG. Neurons that contact these neurons are infected 764 

retrogradely and express DsRed alone (red dots, Input neurons). Neurons expressing both EGFP 765 

and DsRed are the starter neurons (yellow dots). (D) (Left) An image of the IC showing the input 766 

(red) and starter neurons (yellow) superimposed on the drawing of the IC subdivisions. The ICC is 767 

the core, while the ICD and ICX are grouped as the shell. Note that the DsRed fluorescence 768 

intensity was enhanced to emphasize the labeled fibers primarily located in the ICD and ICX. 769 

(Right) Starter neurons were identified by colocalization of EGFP (green) and DsRed (red) protein. 770 

(E) Injection of AAV-DIO-RG and RV without prior AAV-DIO-EGFP-TVA injection in the 771 

Vglut2-Cre mice resulted in no DsRed-labeled neurons. (F) Injection of AAV-DIO-EGFP-TVA and 772 

RV without prior AAV-DIO-RG injection in the Vglut2-Cre mice resulted in no DsRed-labeled 773 

input neurons. (G) Injecting AAV-DIO-EGFP-TVA, AAV-DIO-RG and RV to the wild type mice 774 

and performed ISH for VGAT mRNA to identify the GABAergic neurons in the injection site. (H) 775 

Non-Cre, nonspecific-labeled RV neurons that expressed DsRed in the injection site. (I) 776 

GABAergic neurons that identified by ISH. (J) 6 RV neurons (arrowheads) among the 27 RV 777 

neurons were GABAergic. (K) 19.9 % proportion of Cre independent RV neurons was 778 
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GABAergic (14 brain slices collected from 4 mice). Scale bars: 20 μm (A, H, I, J), 250 μm (D, 779 

left), 50 μm (D, right) and 200 μm (E, F). 780 

Figure 2. Brain-wide monosynaptic inputs to IC excitatory and inhibitory neurons. (A) The 781 

distribution of the injection center of all cases examined in this study. Red dots indicate Vglut2-Cre 782 

cases, and blue dots indicate VGAT-Cre cases. Numbers indicate the animal ID (see also Fig. 2B). 783 

(B) Core and shell cases of Vglut2-Cre and VGAT-Cre mice. Cases in which the proportion of 784 

starter cells in the ICC and IC shell met the 70% threshold were classified as core and shell cases, 785 

respectively. The remaining cases with a lower threshold are shown with a faint color (A, B). (C) 786 

The number of starter neurons ranged from 89 to 2377. (D) The number of input neurons ranged 787 

from 3482 to 13208. (E) A linear relationship was detected between the number of starter and input 788 

neurons. 789 

Figure 3. Characterization of the input neurons (red) and collicular fibers (green) in the ascending, 790 

descending, and neuromodulator nuclei of Vglut2-Cre mice. Ipsilateral and contralateral inputs 791 

were abbreviated as “i” and “c”. (A) Input neurons in the ascending nuclei, the cDCN and cVCN, 792 

with IC descending fibers. (B) cVCN input neurons (red, arrows) were negative for VGAT mRNA 793 

(green). (C) Inputs from the ipsilateral SOC subnuclei. In the case shown here, input neurons were 794 

found in the LSO, MSO and SPN, along with dense IC descending fibers in the VTB. DPO: dorsal 795 

periolivary nucleus; VMPO: ventromedial periolivary nucleus; VTB: ventral nucleus of the 796 

trapezoid body; LTB: lateral nucleus of the trapezoid body; SPN: superior paraolivary nucleus; 797 

MNTB: medial nucleus of the trapezoid body. (D) Input neurons in ascending nuclei, the iVLL 798 

and iDLL, with IC descending fibers. (E) The iVLL input neurons were determined to be 799 

inhibitory due to the colocalization (arrowheads) of VGAT mRNA (green) with DsRed (red). (F) 800 
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(Left) Input neurons came from the PIL but were absent in the dorsal, medial and ventral part of 801 

the medial geniculate nucleus (MGD, MGM and MGV). SG: suprageniculate thalamic nucleus; 802 

PTL: pretectothalamic lamina. (Middle) Cortical input neurons from Layer 5 (L5) and L6. 803 

(Right-upper) Location of the auditory thalamus and cortex in the brain atlas. (Right-lower) 804 

Distribution of input neurons in the AC and temporal association area (TEA). (G) Input neurons 805 

from neuromodulatory nuclei, the DR (Left) and SPF (Right), with reciprocal IC projection fibers. 806 

Scale bars: 50 μm (A, C, D, E left), 20 μm (B), 20 μm (E right), 100 μm (F) and 10 μm (G). 807 

Figure 4. Topographical distribution of the starter and input neurons. Representative starter 808 

neurons (A) and input neurons (B) of corresponding core and shell cases (C, D) for Vglut2-Cre 809 

and VGAT-Cre mice are shown. The ipsilateral IC, which contains starter neurons, is indicated in 810 

yellow, and input neurons are shown as red dots.  811 

Figure 5. Dominant ascending inputs in the shell subdivision. (A) The ratio of descending inputs 812 

to ascending inputs in shell glutamatergic neurons was not significantly higher than that in core 813 

glutamatergic or shell GABAergic neurons, but the ratio was still far less than 1. Two shell cases 814 

without starter neurons in the core subdivision are marked with the larger dots. (B) Shell 815 

glutamatergic and GABAergic neurons received more ascending inputs than descending or core 816 

inputs. (C) In the classical model, neurons within the IC shell subdivision are thought to receive 817 

more descending or core inputs. (D) In the new model, neurons within the IC shell subdivision 818 

receive more ascending inputs. (significance: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; 819 

n.s.: not significant; two-way ANOVA with Bonferroni correction for A and one-way ANOVA 820 

with Tukey correction for B). 821 

Figure 6. Glutamatergic neurons in the core and shell are subdivided into populations that receive 822 
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inputs from different combinations of nuclei, while GABAergic neurons in the core receive inputs 823 

from the same combination of nuclei. (A) In the core subdivision, the iLSO and cDCN inputs are 824 

negatively correlated for glutamatergic neurons but positively correlated for GABAergic neurons. 825 

r: Pearson’s correlation coefficient. Each dot indicates an individual mouse. (B, C) Patterns of 826 

Pearson's correlation coefficient values and cluster trees showing the dissimilarities in input nuclei. 827 

In the core subdivision, three clusters of input nuclei that shared a high correlation were found for 828 

glutamatergic neurons, suggesting three populations that received inputs from different 829 

combinations of nuclei (B, upper), while all input nuclei shared a high correlation for GABAergic 830 

neurons, suggesting a single population that received inputs from the same combination of nuclei 831 

(B, lower). Likewise, in the shell subdivision, two populations of glutamatergic neurons were 832 

identified that received inputs from different combinations of nuclei (C, upper ‘I’ and ‘II’), while 833 

the GABAergic population was not separated as they received inputs from mixed combinations of 834 

nuclei (C, lower). (D) Suggested bipartite domain of glutamatergic neurons: The deep shell 835 

domain (‘I’ and triangles in L3) mainly received ascending inputs. In contrast, the nonlemniscal 836 

domain in the other part of the shell (‘II’ and open circles in L3 and L1/2) mainly received 837 

descending inputs. 838 

Figure 7. Extrinsic inputs and outputs differ between glutamatergic and GABAergic neurons. (A) 839 

Summary of the proportion of extrinsic inputs from the nuclei categorized as ascending, 840 

descending, neuromodulatory nuclei, and contralateral IC is shown. Bars represent the average % 841 

inputs of all input neurons per region (mean ± SEM). The statistical significance was calculated 842 

from a two-way ANOVA with Bonferroni correction for the ascending group of nuclei and a 843 

multiple two-tailed unpaired t-test followed by Holm-Sidak correction for the other groups. 844 
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Significance: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. (B, C) Projections to the PAG and 845 

SC. (B) (Left) Projections to the PAG in VGAT-Cre mice. DR: dorsal raphe (Inset). Magnified 846 

images show the axonal fibers within the PAG. (Right) Projections to the PAG in Vglut2-Cre mice. 847 

(C) (Left) Projections to the SCd in Vglut2-Cre mice. Superficial, intermediate and deep layer of the 848 

SC (SCs, SCi and SCd). (Right) Magnified images show the axonal fibers within the SCd. Scale bar: 849 

100 μm. (D) A schematic diagram drawn from the current results and previous studies. Red and blue 850 

color: soma and axon of excitatory and inhibitory neurons, respectively. Core GABAergic neurons 851 

received a higher proportion of inhibitory VLL inputs than excitatory neurons (wide vs. slim solid 852 

line) and projected to the core thalamus (dotted line). Shell GABAergic neurons tended to receive a 853 

higher proportion of excitatory VCN inputs than glutamatergic neurons and projected to the shell 854 

thalamus and PAG. Core glutamatergic neurons received a higher proportion of VCN inputs than 855 

GABAergic neurons and projected to the core thalamus, while shell glutamatergic neurons tended to 856 

receive a higher proportion of cortical inputs than inhibitory neurons, and projected to the shell 857 

thalamus, PAG and SC. 858 

Figure 8. Disinhibitory commissural connections. (A) (Left) Commissural projection pattern of 859 

shell GABAergic neurons. (Right) Magnified images show the axonal fibers in the core (1 & 2) and 860 

shell (3). Denser fibers were found in the contralateral shell. (B) Symmetrical contralateral input 861 

pattern in VGAT-Cre mice. (C) ISH staining for VGAT mRNA (green) in contralateral input 862 

neurons (red) in a VGAT-Cre mouse. (Upper) A few VGAT-expressing input neurons (yellow) were 863 

found in the contralateral core. (Lower) Many of the input neurons expressed VGAT mRNA in the 864 

contralateral shell. VGAT-positive: arrowheads; VGAT-negative: arrows. Scale bars: 250 μm (A 865 

left), 20 μm (A right; C) and 200 μm (B). Asterisks indicate the location of the injection sites. (D) 866 
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GABAergic neurons received a higher proportion of VGAT-positive input from the contralateral IC 867 

shell than glutamatergic neurons. Two-tailed unpaired t-test followed by Holm-Sidak correction. 868 

Significance: ****p<0.0001; n.s.: not significant. (E) Inhibitory dominant projection in the shell 869 

(blue color solid line) and excitatory dominant projection in the core (red color solid line). 870 

Contralateral inhibition of ipsilateral GABAergic neurons could disinhibit their targets through 871 

efferent projections (blue color dotted line).  872 

Figure 9. Local circuits. (A) V-shape intrinsic connection patterns of Vglut2- and VGAT- Cre mice 873 

with the approximate locations of the starter neurons labeled (yellow spot). Scale bars: 150 μm. (B) 874 

The ratio of intrinsic (inter-subdivision plus local) inputs to extrinsic inputs was higher in the IC 875 

shell neurons than in the core neurons and higher in the IC GABAergic neurons than in the 876 

glutamatergic neurons (significance: *p<0.05, **p<0.01; two-tailed unpaired t-test). (C) A model 877 

that explains the multisensory function of the ICX. The shell GABAergic module receives 878 

ipsilateral somatosensory inputs (black solid line). In the shell extramodular region, inhibitory 879 

neurons receive a higher proportion of ascending VCN inputs (red solid line), and shell inhibitory 880 

neurons mainly innervate contralateral shell inhibitory neurons (blue solid line that crossed midline). 881 

Those inhibitory neurons also receive more intrinsic inputs (blue solid line) and may project to 882 

neighbor neurons (blue dotted line). 883 

 884 
Table Legend 885 
 886 
Table 1. Riboprobes for ISH used in this study. 887 

Probe Accession NO Probe region Primer sequence  

 Vglut2 NM_080853-3 720-1635 F: TGGATGGTCGTCAGTATTT 
R: ACCGTAAGATTTGGTGGT 

 VGAT NM_031782 239-1192 F: AGGGAGACATTCATTATCAGCG 
R: AGGGCAACGGGTAGGACA 
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