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Abstract 35 

The auditory cortex (AC) sends long-range projections to virtually all subcortical auditory 36 

structures. One of the largest and most complex of these - the projection between AC and 37 

inferior colliculus (IC, the corticocollicular pathway) - originates from layer 5 and deep layer 6. 38 

Though previous work has shown that these two corticocollicular projection systems have 39 

different physiological properties and network connectivities, their functional organization is 40 

poorly understood. Here, using a combination of traditional and viral tracers combined with in 41 

vivo imaging in both sexes of the mouse, we observed that layer 5 and layer 6 corticocollicular 42 

neurons differ in their areas of origin and termination patterns. Layer 5 corticocollicular neurons 43 

are concentrated in primary AC while layer 6 corticocollicular neurons emanate from broad 44 

auditory and limbic areas in the temporal cortex. In addition, layer 5 sends dense projections of 45 

both small and large (> 1 μm2 area) terminals to all regions of non-lemniscal IC, while layer 6 46 

sends small terminals to the IC most superficial 50-100 μm of the IC. These findings suggest 47 

that layer 5 and 6 corticocollicular projections are optimized to play distinct roles in corticofugal 48 

modulation. Layer 5 neurons provide strong, rapid and unimodal feedback to the non-lemniscal 49 

IC while layer 6 neurons provide heteromodal and limbic modulation diffusely to the non-50 

lemniscal IC. Such organizational diversity in the corticocollicular pathway may help explain the 51 

heterogeneous effects of corticocollicular manipulations and, given similar diversity in 52 

corticothalamic pathways, may be a general principle in top-down modulation. 53 

 54 

Significance statement 55 

We demonstrate that a major descending system in the brain is actually two systems. That is, 56 

the auditory corticocollicular projection, which exerts considerable influence over the midbrain, 57 

comprises two projections: one from layer 5 and the other from layer 6. The layer 6 projection is 58 

diffusely organized, receives multisensory inputs and ends in small terminals while the layer 5 59 

projection is derived from a circumscribed auditory cortical area and ends in large terminals. 60 

These data suggest that the varied effects of cortical manipulations on the midbrain may be 61 

related to effects on two disparate systems. These findings have broader implications because 62 

other descending systems derive from two layers. Therefore, a duplex organization may be a 63 

common motif in descending control. 64 

 65 

 66 

 67 

 68 
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Introduction 69 

The classical ascending central auditory pathway consists of a series of projections from the 70 

auditory brainstem (cochlear nucleus, superior olivary and lateral lemniscal nuclei), to the 71 

inferior colliculus (IC), which projects to the auditory thalamus. The thalamus then projects to 72 

the auditory cortex (AC), which has multiple subfields that are interconnected. A prominent 73 

feature of the central auditory system is the presence of massive descending connections, 74 

which arise virtually at all levels of the auditory pathway (Winer, 2006; Suga, 2008; Malmierca 75 

and Ryugo, 2011; Bajo and King, 2012; Terreros and Délano, 2015). One of the largest of these 76 

descending pathways, the pathway between the AC and IC, referred to here as the 77 

corticocollicular system, has recently attracted much attention due to its potential to alter the 78 

sensory information processing at the level of the IC. For example, chronic electrical stimulation 79 

of frequency-specific regions of the AC evokes long-lasting changes of best frequency 80 

representation in the IC in a corticocentric fashion (Yan and Suga, 1998; Yan et al., 2005) while 81 

acute stimulation of this pathway diminished stimulus selectivity of IC neurons (Blackwell et al., 82 

2020). In addition to altering the frequency representation, tuning to a number of other sound 83 

features including duration, intensity and location is altered after AC stimulation (Ma and Suga, 84 

2001; Yan and Ehret, 2002; Zhou and Jen, 2005). The corticocollicular system has also been 85 

implicated in mediating experience-induced auditory plasticity (Bajo et al., 2010), control of an 86 

innate sound-evoked escape behavior (Xiong et al., 2015), and compensatory gain changes 87 

following a significant loss of peripheral auditory input (Asokan et al., 2018). Such functional 88 

heterogeneity is unlikely to be supported by a single projection type of the corticocollicular 89 

neuron, and calls for further understanding and characterization of the anatomy of this 90 

projection system. Despite a mounting body of research elucidating the functions of the 91 

corticocollicular system, a detailed picture of the functional neuroanatomical organization of this 92 

pathway remains to be uncovered. 93 

 94 

The auditory corticocollicular projections emanate from distinct regions of layer 5 and lower 95 

layer 6 of the temporal cortex. Dual layer 5/layer 6 projections to the IC have been documented 96 

across multiple species (Games and Winer, 1988; Künzle, 1995; Coomes et al., 2005; Bajo et 97 

al., 2007; Schofield, 2009; Slater et al., 2013), and in the mouse, layer 6 neurons comprise 98 

approximately 20-25% of all corticocollicular neurons (Slater et al., 2019). Neurons from these 99 

two layers possess different morphological, electrophysiological and local- and long-range 100 

circuit properties (Slater et al., 2013; Zurita et al., 2017; Slater et al., 2019). In a related 101 

descending system, the corticothalamic system, layer 5 and layer 6 projections have been 102 
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shown to have distinct morphological, electrophysiological and network properties (Llano and 103 

Sherman, 2008; Llano and Sherman, 2009), and have been hypothesized to have different roles 104 

in modulating the thalamus and supporting cortico-cortical communication (Ojima, 1994; Guillery 105 

and Sherman, 2002; Theyel et al., 2010). Whether a similar functional distinction exists between 106 

layer 5 and layer 6 corticocollicular projections is not yet known.  107 

 108 

One key set of questions regarding layer 5 and layer 6 corticocollicular projections is whether 109 

they originate from different regions of the cortex and terminate differentially in the IC. Early 110 

neuroanatomical experiments described regional distributions of layer 5 corticocollicular 111 

neurons with respect to the IC, but used less sensitive retrograde tracers that did not label the 112 

layer 6 pathway (Herbert et al., 1991). In the present study, using sensitive tracers and modern 113 

molecular genetic tools to separate layer 5 from layer 6 projections as well as in vivo imaging to 114 

identify cortical regions, the distributions and cortical regions of origin of layer 5 and layer 6 115 

corticocollicular neurons in the mouse were examined. Substantial heterogeneity and a regional 116 

non-overlap between the corticocollicular neurons arising from the two layers was found. Layer 117 

5 corticocollicular neurons were concentrated over a smaller area of the mouse AC, largely 118 

confined to primary regions of the AC, while the areal distribution of layer 6 corticocollicular 119 

neurons was wider, extending beyond non-primary mouse AC regions and into non-auditory 120 

limbic regions. In addition, the layer 5 system was found to terminate throughout the non-121 

lemniscal IC in large and small terminals, while the layer 6 system sends small synapses to the 122 

most superficial 50-100 μm of the IC. Such neuroanatomical organization would partially explain 123 

the functional heterogeneity observed in in vivo studies of the corticocollicular system, and 124 

provides a foundation for forming and testing future hypotheses about this descending 125 

projection system. 126 

 127 

Materials and Methods 128 

Mice: 129 

45-90 day-old BALB/c mice of both sexes were used for most experiments. For mice involving 130 

Cre-dependent viruses, Tg(Rbp4-cre)KL100Gsat/Mmucd from the Mutant Mouse Resource and 131 

Research Center (MMRRC, stock number 031125-UCD) or B6.Cg-Foxp2tm1.1(cre)Rpa/J from 132 

Jackson Laboratories (Stock #030541) were used. For in vivo imaging experiments (see details 133 

below) and reconstructions, C57BL6J-Tg(Thy1-GCaMP6s)GP4.3DkimJ mice were purchased 134 

from Jackson Laboratories (Stock #024275) and bred as heterozygous in the local animal 135 

facility. Prior to the experiments, mice were genotyped in-house (for GCaMP6s and RBP4) or 136 
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commercially (using Transnetyx, transnetyx.com, for FOXP2), using the following sequences. 137 

For GCaMP6s,  forward CATCAGTGCAGCAGAGCTTC, reverse 138 

CAGCGTATCCACATAGCGTA were used. For FOXP2, 13007 Mutant Reverse A IRES:  139 

ACACCGGCCTTATTCCAAG, 36567 Common:  TCCGGAGTTAGAAGATGACAGA were used. 140 

For RBP4, forward GGGCGGCCTCGGTCCTC, reverse CGGCAAACGGACAGAAGCATT were 141 

used. 142 

 143 

Surgical procedures: 144 

All surgical procedures were approved by the Institutional Animal Care and Use Committee at 145 

the University of Illinois at Urbana-Champaign. Mice were housed in animal care facilities 146 

approved by the Association for Assessment and Accreditation of Laboratory Animal Care 147 

International  (AAALAC). Every attempt was made to minimize the number of animals used and 148 

to reduce suffering at all stages of the experiments. For Fluorogold injections, animals were 149 

anesthetized with ketamine hydrochloride (100 mg/kg) and xylazine (3 mg/kg) intraperitoneally 150 

and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). Aseptic 151 

conditions were maintained throughout the surgery. Fluorogold (Fluorochrome, LLC, Denver, 152 

CO) was either pressure-injected, or injected into the IC via iontophoresis. For pressure 153 

injections, as recommended by the manufacturer (https://fluorochrome.com/flouro-gold/), 154 

Fluorogold was dissolved (1%) in distilled water and 500 nL was pressure-injected into the left 155 

IC using glass pipettes with 10-14 μm in diameter placed into a Nanoject III device. For 156 

iontophoretic injections, Fluorogold was dissolved in acetate buffer (0.1 M) at pH 3.4, and 157 

injected into the left IC using iontophoresis through a 20 μm tip diameter broken glass electrode 158 

for 10-15 minutes at 10 μA positive current, with 7 s on 7 s off (50% duty cycle). These protocols 159 

resulted in large unilateral injections into the left IC. Injection sites were checked for spillover to 160 

adjacent brain regions and were not included if injection sites spread outside the IC. For 161 

injections of red beads to the IC, latex red beads were purchased from Lumafluor and diluted 162 

2:3 in phosphate-buffered saline, and 100 nL was injected into the IC using a Nanoject pressure 163 

injector. For viral injections to the AC, 1-2% isoflurane in oxygen was used for anesthesia and 164 

animals were placed in a stereotaxic as above. 200 nL of AAV9 pCAG-FLEX-EGFP-WPRE 165 

(Addgene #51502), or AAV9 pCAG-FLEX-tdTomato-WPRE (Addgene #51503), titer 1.9 x 1013 166 

viral genomes/mL) was injected 800-1000 μm deep into the AC over a 10-15 minute period via a 167 

pressure-injector micropipette system as above. 168 

 169 
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For in vivo imaging, mice were initially anesthetized with a mixture of ketamine and xylazine 170 

(same concentrations as above) delivered intraperitoneally using a 27-gauge needle, following 171 

by an intraperitoneal injection of acepromazine (2-3 mg/kg). A skin incision over the dorsal 172 

portion of the skull was made, after which the skull was exposed. The dorsal surface of the skull 173 

was roughened using a small surgical drill bit. The area was cleaned of any remaining bone 174 

pellets, and a small aluminum bolt of 1 cm in length was secured to the surface using dental 175 

cement (3M ESPE KETAC). Once the cement was set, the animal was carried into a dark 176 

sound-proof chamber for imaging. Proper care was taken to maintain body temperature within 177 

the range of 35.5 to 37C during imaging using a direct-current temperature controller (FHC, ME, 178 

USA) and a rectal thermometer probe. 179 

 180 

Upon the completion of each imaging session, Fluorogold was injected into the left IC of these 181 

mice, as above. To aid alignment of coronal sections for 3D reconstructions, three fiducial 182 

markers were created by iontophoresis of small amounts of tetramethylrhodamine 10,000 kDa 183 

MW dissolved in phosphate-buffered saline (PBS, Invitrogen, Grand Island, NY) into the cortical 184 

regions outside the AC. The iontophoretic injections were done using unbroken glass electrode 185 

(tip size ~ 0.5 μm) with 5-μA positive current and 7 s 50% duty cycle, for 4 minutes. Using the 186 

same filter settings as during in vivo imaging, a micrograph of the skull surface and vasculature 187 

was taken to aid in co-registration of functional maps with the reconstructions in Neurolucida 188 

later. Seven days following the imaging experiment and the surgery, animals were transcardially 189 

perfused, after which the brain tissue was processed according to a standard histological 190 

protocol described further below. 191 

 192 

Macroscope and in vivo imaging set-up 193 

An Imager 3001 Integrated data acquisition and analysis system (Optical Imaging Ltd., Israel) 194 

was used to image the cortical responses to sound in GCaMP6s mice. A macroscope consisting 195 

of 85 mm f/1.4 and 50 mm f/1.2 Nikon lenses was mounted to an Adimec 1000m high-end CCD 196 

camera (7.4 x 7.4 μm pixel size, 1004 X 1004 pixels, thus covering a broad area of 7.4 x 7.4 197 

mm).  The image was centered above the left AC to ensure that it was in focus, and the focal 198 

plane was adjusted to approximately 0.5 mm below the surface of the exposed skull. Images 199 

were collected at 10 frames/s. The temporalis muscle was reflected and a surgical drill was 200 

used to smooth the surface of the insertion site. Blue excitation (450 nm, 30 nm band-pass), 201 

green emission (515 nm, long-pass) filters and a 495 DRLP dichroic mirror were used. Imager 202 
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3001 VDAQ software controlled the acquisition and stimulus trigger. 10 repetitions of each 203 

stimulus were used and the average response is displayed. 204 

 205 

Acoustic stimulation and analysis 206 

Acoustic stimuli were generated using a TDT System 3 with an RP 2.1 Enhanced Real-Time 207 

Processor and delivered via an ES1 free field electrostatic speaker (Tucker-Davis Technologies, 208 

FL, USA), located 8 cm away from the contralateral ear. All imaging experiments were 209 

conducted in a soundproof chamber. 500 ms pure tones of 5, 10, 20, and 30 kHz were used, 210 

100% amplitude-modulated at 20 Hz. In another set of experiments, a series of species-specific 211 

mouse calls were used as auditory stimuli. The recordings were used by previous investigators 212 

(Grimsley et al., 2011; Grimsley et al., 2016), and kindly made available by this group. In this 213 

study, four calls from three major categories were used. Two calls (call 1 and 2) are from a 214 

group of low-frequency stress calls. Another call (call 3) is a medium-frequency stress call, 215 

which the animals produce when restrained. The final call used (call 4), is a mating call. All 216 

playbacks were sampled at 200 kHz. Call 1, 3 and 4 are 500 ms in duration, call 2 is 300 ms. 217 

Custom-written MATLAB software was used to obtain ΔF/F -responses to pure tones (5, 10, 20, 218 

and 30 kHz) and species-specific mouse calls. In this way, multiple AC regions could be 219 

identified. A threshold of 2.5 standard deviations threshold above baseline fluorescence was 220 

used as a cutoff point to display the peaks of neural signals signal.  221 

 222 

Fluorescence microscopy and reconstructions 223 

All coronal sections of the brain that contained retrograde label were serially photographed 224 

using an Olympus IX71 epifluorescence microscope using 5x 0.15 NA objective. These images 225 

were then used to create 3-D reconstructions of the left AC, which were done in Neurolucida 226 

(MBF Bioscience, Williston, VT). For counting cells and to account for the curvature of the 227 

temporal cortex, a grid consisting of twelve rectangular bins (bin size 118,360 μm2) was placed 228 

throughout images of the cortex in each coronal section, such that all layers of the cortex were 229 

covered. The short base of each rectangle was aligned to the grey-white junction of the cortex. 230 

As such, the angle of each rectangle was incrementally decreased from 90 degrees in the most 231 

ventral regions of the AC to approximately 45 degrees at the most dorsal portions of the AC. 232 

Thus cells in any particular bin were radially-aligned. The rhinal fissure was used as a reference 233 

point for grid placement, with two bins of the grid being positioned ventral to the rhinal fissure 234 

and ten bins were placed dorsal to the rhinal fissure. The same grid was applied to all sections. 235 

Confocal pictures were taken on a Leica SP8 UV/Visible Laser Confocal Microscope. 488 nm 236 
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and 561 nm excitation beams were used for visualizing eGFP and mCherry, respectively. For 237 

analysis of terminal size, similar to previous studies (McGonigal et al., 2012; Petrof and 238 

Sherman, 2013; Prasad et al., 2020), maximal intensity projections of stacks of calibrated 239 

images were obtained at 63X (1.4 NA) and imported into ImageJ (https://imagej.nih.gov/ij/) for 240 

analysis. As in previous analyses of terminal size (Llano and Sherman, 2008), three square 241 

regions of area 2500 μm2 were placed over each analyzed brain region for sampling. Terminals 242 

were traced with the ellipse function in ImageJ which automatically calculated terminal area. 243 

Based on the numerical aperture of our objective (1.4), we estimated the spatial resolution of 244 

our microscope to be 0.24 μm (resolution = 0.61*561nm/NA), with 561 nm being the 245 

approximate emission wavelength of eGFP. The corresponding area using this value as radius 246 

= 0.18 μm2. We therefore conservatively estimate that the smallest area measurable on our 247 

confocal microscope to be 0.20 μm2 and only counted those values in this range or above. 248 

 249 

For analysis of layer 5 and 6 neuronal cell body distributions, binned cell counts for each layer 250 

were exported as Excel spreadsheets. Abercrombie adjustments were done on each layer cell 251 

count separately (Abercrombie 1946). Full width at half maximum analysis of neuronal 252 

distributions along dorsoventral and rostrocaudal axes was performed. To compute full width at 253 

half maximum, cell counts for each layer were summed separately along the rows and along the 254 

columns to obtain distributions of counts along the dorsoventral and rostrocaudal axes, 255 

respectively. A fourth degree polynomial provided the best fit each distribution. The peak and 256 

full width at half maximum measures were obtained for each layer in both dimensions 257 

(dorsoventral and rostrocaudal), using the polynomial fit. This analysis was done for each 258 

animal separately.  For qualitative comparisons, the individual distributions for layer 5 and 6 259 

were imported into MATLAB (MathWorks, Natick, MA) and plotted as contour maps. 260 

 261 

Immunohistochemistry 262 

The mice were first deeply anesthetized with a lethal intraperitoneal injection of ketamine 263 

hydrochloride (200 mg/kg) and xylazine (6 mg/kg), and perfused transcardially with 4% 264 

paraformaldehyde in PBS at pH 7.4. Frozen 50 μm sections were cut using a sliding microtome. 265 

Prior to cutting, three fiducial markers were placed in brain tissue along the rostrocaudal axis 266 

using a 27-gauge needle dipped into water-insoluble black India ink. The fiducials were placed 267 

to ensure alignment of serial coronal sections for reconstructions in Neurolucida. For 268 

immunohistochemistry, sections were washed three times for 5 minutes in PBS, microwaved for 269 

15 seconds at full power for antigen retrieval, then incubated for 30 minutes in PBS containing 270 
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0.3% Triton-X (PBT) followed by a 30 minute blocking step in a 3% serum containing PBT 271 

solution. Blocking serum was of same species that the secondary antibody was generated in. 272 

Sections were then incubated with corresponding primary antibody overnight in a cold room. For 273 

parvalbumin (Sigma, St. Louis, MO), 1:1000 dilution was used, and for SMI32 (BioLegend, San 274 

Diego, CA), the dilution was 1:1500. Secondary antibody was diluted in the serum solution used 275 

for the primary wash and sections were incubated in this solution for 2 hours at room 276 

temperature. To avoid any spectral overlap with Fluorogold during imaging of the sections, 277 

Alexa-568 conjugated secondary antibody was used (Invitrogen, Grand Island, NY) to reveal 278 

SMI32 or parvalbumin immunoreactivity (Invitrogen, Grand Island, NY). Then, the sections were 279 

washed in PBS three times for 10 minutes each, mounted on gelatin-coated slides, air-dried in 280 

dark room, coverslipped using fluorescence mounting medium (Vectashield H-1000, Vector 281 

labs) and sealed with nail polish. 282 

Statistical analysis 283 

Assumption of normality was not made and pairwise differences were analyzed using non-284 

parametric statistical tests. Wilcoxon rank-sum test was used to compare the differences 285 

between layer 5 and layer 6 measures of peaks and full-width-half-max measures. Mann-286 

Whitney testing was used to compare the corticocollicular terminals sizes from layer 5 vs. layer 287 

6 projections. P values of less than 0.05 were taken as statistically significant. 288 

 289 

Results 290 

Layer 5 and layer 6 corticocollicular projections are derived from different cortical areas: 291 

Fluorogold was injected into the left IC of 10 mice, producing retrogradely-labeled 292 

corticocollicular neurons in cortical layers 5 and 6 in all animals (Figure 1, A and E). In six 293 

cases, the sections were also processed for PV or SMI32 fluorescent immunofluorescence 294 

(Figure 1, B and F). Previous studies reported that PV and SMI32 immunoreactivity in the AC 295 

delineate lemniscal auditory areas (primary auditory cortex A1 and anterior auditory field AAF 296 

(Cruikshank et al., 2001; Horie et al., 2015)). However, no studies have described the 297 

distribution of layer 5 and 6 corticocollicular neurons with respect to these neurohistological 298 

markers. Using a 50% threshold for fluorescence intensity of PV or SMI32 staining (Figure 1, C 299 

and G), it was observed that the majority of layer 5 corticocollicular neurons were restricted to 300 

A1 and AAF, while layer 6 corticocollicular neurons, particularly more rostrally, appeared in both 301 

PV and SMI32 strongly- and weakly- stained regions, suggesting that non-lemniscal AC regions 302 

are connected with the IC primarily via projection neurons emanating in layer 6 (Figure 1, D, H, 303 

and insets J and K). 304 



 

 10 

 305 

To determine whether layer 5 and layer 6 corticocollicular neurons have different distributions, 306 

we first plotted all layer 5 and 6 corticocollicular neurons in Neurolucida software so that the 307 

retrogradely-labeled cells can be visualized in a lateral view, similar to Herbert et al. (1991). 308 

Micrographs of coronal sections containing corticocollicular neurons were serially aligned and 309 

used to create a 3-D reconstruction with plots of layer 5 and 6 corticocollicular cells (Figure 2A-310 

C). Figure 2 shows the final result of one such reconstruction, where layer 5 corticocollicular 311 

cells are represented as red markers, and layer 6 corticocollicular cells as the yellow ones. It 312 

appeared that layer 5 and 6 corticocollicular cells were substantially non-overlapping; an area 313 

containing layer 6 corticocollicular neurons without any layer 5 corticocollicular neurons was 314 

consistently observed rostroventrally (rostro-caudal area showing only layer 6 cells in lower-left 315 

of Figure 2C). 316 

 317 

For further quantitative analyses, the distributions as shown in Figure 2 were plotted as contour 318 

maps. In Figure 3, the rows correspond to individual animals, and the columns contain the 319 

injection sites of Fluorogold in left ICs (first column), layer 5 and layer 6 maps of the Fluorogold 320 

back labeled cell bodies (second and third columns, respectively), and finally the difference 321 

between layers 6 and 5 maps (fourth column). Here, layer 5 cell counts were subtracted from 322 

layer 6, and any positive values show regions where the number of layer 6 cells exceeded layer 323 

5. Negative values were normalized to zero. This subtraction revealed cortical areas containing 324 

larger numbers of layer 6 corticocollicular neurons in each animal. Qualitatively, it appeared that 325 

layer 6 corticocollicular neurons occupy overall a broader area in the cortex compared to layer 5 326 

corticocollicular neurons. In each animal, irrespective of the IC injection site, an area of non-327 

overlap with isolated layer 6 corticocollicular neurons was observed rostroventral to the AC 328 

(right-most column in Figure 3). A smaller layer 6-dominant area was also seen dorso-caudally 329 

(upper right corners of rows 2, 5, 6, 7, 8 and 9 of the rightmost column of Figure 3). To quantify 330 

these differences in distributions, the widths and peaks of the distribution for layers 5 and 6 331 

within each animal (n = 10) were then compared. 332 

 333 

The cell counts for each layer and each animal were collapsed in rostrocaudal and dorsoventral 334 

axes to obtain two distributions (Figure 4 A and B). Along the dorsoventral axis, the average full-335 

width at half maximum for layer 5 was 824.6 μm (SD = 57.5 μm)  and 929.0 μm (SD = 92.1 μm) 336 

for layer 6 (n = 10, p-value = 0.0059, Wilcoxon signed rank test; Figure 4C). Along the 337 

rostrocaudal axis, the mean value of full-width at half maximum for layer 5 was 1286.8 μm (SD 338 
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= 131.9 μm), and 1473.7 μm (SD = 161.9 μm) for layer 6 (n = 10, p-value = 0.0020, Wilcoxon 339 

signed rank test; Figure 4D). Thus, it appears that layer 6 corticocollicular neurons occupy a 340 

significantly broader area in the cortex than layer 5, suggesting that these layer 6 neurons may 341 

route distinct forms of information from cortical areas surrounding the lemniscal AC areas to the 342 

IC. In addition, the peak of layer 5 corticocollicular cells was found to be displaced by 99.9 μm 343 

dorsally and 425.25μm caudally relative to layer 6 corticocollicular cells, (n = 10, p-value = 344 

0.0020, Wilcoxon signed rank test; Figure 4E), which aligns the peak of the layer 5 345 

corticocollicular distribution with the center of the lemniscal AC areas. 346 

 347 

Rostro-ventral layer 6 corticocollicular projections are derived from outside of the AC: 348 

Given the global anatomical differences between layer 5 and 6 corticocollicular neuronal 349 

distributions described above, we asked whether the some of the more rostrally- and ventrally- 350 

located layer 6 corticocollicular cells were in acoustically-responsive zones. To answer this 351 

question, the left AC in GCaMP6s-Thy1 transgenic mice was mapped by imaging responses to 352 

amplitude-modulated pure tones at 5, 10, 20 and 30 kHz using wide-field transcranial optical 353 

imaging with blue light (Figure 5, panels A -C). Four auditory subfields could be identified 354 

reliably as described by previous investigators (Issa et al., 2014), with A1 and AAF organized 355 

tonotopically, converging in high frequency regions near weakly tonotopic secondary AC (A2). 356 

The ultrasonic field (UF) was located dorsally, and only responses to frequencies above 20 kHz 357 

were present in this field (Figure 5 C, D). After characterization of the sound-evoked responses, 358 

Fluorogold was injected into left IC of these mice, complete reconstructions of layer 5 and 6 359 

corticocollicular distributions were done obtained (Figure 5 E, F), and previously recorded 360 

responses were overlaid with layer 5 and 6 distributions (Figure 5 G, H). 361 

 362 

It was observed that the rostroventral cortical area containing primarily layer 6 corticocollicular 363 

neurons appeared outside the main acoustically-responsive regions, highlighted with an oval in 364 

Figures 5G and H. To determine whether this apparently acoustically-unresponsive zone would 365 

be responsive to more meaningful sounds, the same approach was applied to examine the 366 

responses of the AC to ethologically relevant sounds (Grimsley et al., 2011; Grimsley et al., 367 

2016). Several different species-specific mouse calls were used as stimuli. Again, after 368 

obtaining the reconstructions of layer 5 and 6 corticocollicular cells and overlaying this 369 

reconstruction with functional mapping, it was found that the rostroventral to the AC area 370 

enriched in layer 6 corticocollicular cells was outside sound-responsive functional cortical areas 371 
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(Figure 6). A similar analysis using white noise as the stimulus revealed similar results (data not 372 

shown). 373 

 374 

To further characterize this rostroventral region containing isolated layer 6 corticocollicular 375 

projections, Fluorogold was injected into this region to label its inputs. Red retrobeads were 376 

injected into the IC of the same animal to ensure that the Fluorogold was injected into the non-377 

overlap area (See Figure 7A for injection diagram). Sections were immunostained for PV to 378 

ensure that injection site was in the PV-poor zone of the cortex (see Figure 7B for injection site 379 

images). The distribution of the inputs from one of these experiments is presented in Figure 7C. 380 

Consistent with the in vivo neuroimaging findings, the rostroventral region received substantial 381 

input from non-auditory structures, including the visual and somatosensory cortices, amygdala 382 

(LA), parafascicular nucleus (PF), posterior intralaminar nucleus of the thalamus (PIL), lateral 383 

posterior nucleus (LP) of the thalamus, medial dorsal nucleus (MD) and posterior complex of the 384 

thalamus (PO). Of note, there is essentially no input from the ventral division of the medial 385 

geniculate body (MGB), which is the main lemniscal thalamic nucleus responsible for auditory 386 

processing. Similar distributions were seen in n=2 additional mice. These connectivity findings 387 

are indicative of the multisensory nature for this cortical area containing isolated layer 6 388 

corticocollicular neurons. 389 

 390 

Layer 5 and layer 6 corticocollicular projections have different termination patterns in the IC: 391 

Layer 5 and layer 6 corticofugal neurons have differential patterns of projections in other 392 

descending systems such as the corticothalamic pathway (Llano and Sherman 2008). These 393 

anatomical differences are also postulated to have functional significance in forward 394 

propagation of sensory information via the higher order thalamic nuclei (Llano and Sherman 395 

2009, Theyel, Llano et al. 2010). Given the presence of functional neuroanatomical differences 396 

with respect to the cortical projections to thalamus, we next aimed to examine the termination 397 

patterns of layer 5 and 6 corticocollicular neurons in the mouse IC. 398 

 399 

The RBP4-Cre mouse line labels neurons that express retinol-binding protein, which is found in 400 

layer 5 corticocollicular neurons (Xiong et al., 2015; Asokan et al., 2018). To confirm this finding 401 

and determine the proportion of layer 5 corticocollicular cells that are RBP4+, dual injections of 402 

CTb-Alexa 594 into the IC and a Cre-dependent virus (AAV9 pCAG-FLEX-eGFP-WPRE) into 403 

the AC were performed. Similar to (Xiong et al., 2015), we found that 77.1% (383/497) of layer 5 404 

corticocollicular cells also expressed RBP4 (Figure 8A1-A2), suggesting that these cells 405 
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comprise the majority of the layer 5 corticocollicular projection. Neurons that express Forkhead 406 

box protein P2 (FOXP2) in the AC are known to project to the MGB and IC (Chang and Kawai, 407 

2018). We confirmed this finding by injecting Fluorogold into the IC and AAV9 pCAG-FLEX-408 

tdTomato-WPRE into the AC of FOXP2-Cre mice and found that 70% (91/130) of layer 6 409 

corticocollicular neurons also expressed FOXP2 (Figure 8B1-B2). 410 

 411 

The projection patterns of RBP4+ layer 5 corticocollicular neurons and FOXP2+ layer 6 neurons 412 

were compared (n=2 mice each). We found that layer 5 corticocollicular projections are found 413 

throughout the dorsal cortex of IC (DC) and in layers 1-3 of the lateral cortex of IC (LC) with 414 

patchiness in layer 2 (Figure 8C1-C3), as previously shown (Lesicko et al., 2016), and were 415 

numerically dominant compared to layer 6 terminals. In contrast, layer 6 corticocollicular 416 

projections are found primarily along the superficial rim of both the DC and LC (Figure 8D1-D3). 417 

Both showed relatively weak labeling in the central nucleus of IC. Terminal sizes derived from 418 

the two cortical layers were also found to differ. In both DC and LC, average terminal size was 419 

significantly larger in layer 5-derived terminals than those from layer 6 (Figures 8C3 and D3, 420 

Figure 8E). Review of their distributions revealed that both had large numbers of terminals less 421 

than 1 μm2, but that a subset of the layer 5 terminals were larger than this value, while a tiny 422 

fraction of the layer 6 terminals were in this range (Figure 8F, 23.2 vs. 1.5%, p<0.001, Chi-423 

Square). Thus, similar to the layer 5 corticothalamic system (Prasad et al., 2020), considerable 424 

heterogeneity exists across terminal size in the layer 5 corticocollicular system, though virtually 425 

all large terminals were derived from this layer.  426 

 427 

Discussion 428 

Summary of findings: 429 

In this study, it was observed that the distributions of layer 5 and layer 6 corticocollicular 430 

neurons are partially and significantly non-overlapping with respect to the cortical areas from 431 

which they originate. In particular, layer 6 corticocollicular neurons were derived from a broader 432 

area of the cortex than layer 5, and the peak of the distribution of corticocollicular cells shifted 433 

more rostrally and ventrally compared to layer 5. In addition, it was found that the IC receives 434 

heavy layer 6 input from non-auditory regions of the cortex, which serves as an indirect conduit 435 

to route multisensory and limbic information to the IC. Finally, layer 5 and layer 6 show different 436 

termination patterns in the IC with layer 5 sending axons with large terminals distributed 437 

throughout the non-lemniscal IC while layer 6-derived terminals line the most superficial portions 438 
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of the IC with small terminals. The potential functional implications of these differences are 439 

described below. 440 

 441 

Methodological considerations: 442 

This study relied on the use of relatively large injections of Fluorogold into the IC to capture a 443 

broad range of its cortical inputs. Although it is possible that large injections led to nonspecific 444 

labeling of layer 6 neurons, we feel that this is unlikely for a number of reasons. First, the layer 6 445 

inputs were always indexed against those from layer 5, which generally conformed to the known 446 

areas of the auditory cortex, based on PV, SMI-32 and GCaMP6 signals. Second, layer 6 is not 447 

known to project to any subcortical brain regions other than the thalamus, claustrum and the IC. 448 

Therefore, the only known target in the vicinity of our injections was the IC. Finally, similar 449 

results were seen with multiple-sized injections, including iontophoretic injections, suggesting 450 

that the results shown were not related to injection spillover. 451 

 452 

The findings of this study also suggest that areas of non-auditory cortex send isolated layer 6 453 

projections to the IC. This supposition is based in part on findings that this area does not 454 

measurably respond to sound stimuli such as pure tones of different frequencies, neither is it 455 

responsive to more ethologically relevant sounds such as species-specific calls, nor noise. It is 456 

possible that imaging the AC in awake animals may have elicited acoustically-driven responses 457 

from this region. However, the maps elicited in the current study are similar to the distributions 458 

of acoustically-responsive areas seen in previous studies in awake animals (Issa et al., 2014). It 459 

is also possible that other techniques to measure responsiveness of cortical neurons, such as 460 

two-photon imaging, would have revealed acoustically-driven responses. Previous work has 461 

shown that there is some divergence between what can be measured using single-photon vs. 462 

population-based imaging (Bandyopadhyay et al., 2010; Rothschild et al., 2010; Romero et al., 463 

2020). In the current study, four regions of the mouse AC could be distinguished based on their 464 

responses to pure tones. A1 and AAF were tonotopically organized consistent with previous 465 

reports (Stiebler et al., 1997; Tohmi et al., 2009; Issa et al., 2014). The ultrasonic frequencies 466 

pure tones activated neurons in the UF, while all pure tone stimuli also activated A2, located 467 

ventrally to A1 and AAF gradient convergence. These regions overlapped more so with the 468 

distributions of layer 5 corticocollicular neurons, and less with the corticocollicular neurons 469 

emanating from layer 6. Four types of mouse-specific calls used in this study activated neurons 470 

located primarily in A2. Again, this activation did not overlap with the rostro-ventral cortical area 471 

containing only layer 6 but not layer 5 corticocollicular cells. Finally, the proposal that this region 472 
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is a multisensory region is supported by the finding that this area did not receive input from the 473 

ventral division of the MGB. The latter finding distinguishes this region from the insular auditory 474 

field, which received input from the ventral division of the MGB (Sawatari et al., 2011). Instead, 475 

intralaminar and heteromodal thalamic nuclei were the main source of thalamic input to this 476 

area, in addition to input from the amygdala.  477 

 478 

RBP4-Cre and FOXP2-Cre mice were used to label layer 5 and layer 6 corticocollicular 479 

projections, respectively. It is possible that use of these mice only labeled a subset of each 480 

layer’s projection to the IC, thus not providing an accurate representation of each layer’s 481 

projection to the IC as a whole. We think this is unlikely for two reasons. First, dual-labeling 482 

experiments established that the majority of corticocollicular cells in each layer also expressed 483 

each marker (77.1 and 70% for RBP4 in layer 5 and FOXP2 in layer 6, respectively). Second, 484 

the viral injection approach used to determine if corticocollicular cells express either RBP4 or 485 

FOXP2 is likely to underestimate these percentages because it relies on the spatial overlap 486 

between the viral injection site and retrogradely-labeled corticocollicular cells. Thus, it is likely 487 

that data derived from RBP4 and FOXP2-Cre mice provide a representative assessment of the 488 

layer 5 and layer 6 projection to the IC, respectively. 489 

 490 

Implications for top-down modulation of the IC: 491 

Differences between layer 5 and 6 corticocollicular distributions found in this study and previous 492 

in vitro electrophysiological recordings from these neurons point to different plausible functions 493 

of these layers in auditory cortical and midbrain processing (Slater et al., 2013; Slater et al., 494 

2019). Consistent with previous findings (Herbert et al., 1991; Budinger et al., 2000; Bajo et al., 495 

2007), in our study layer 5 corticocollicular neurons also appeared to be confined to 496 

tonotopically-organized lemniscal auditory fields (A1 and AAF) as confirmed by PV and SMI-32 497 

immunostaining and GCaMP imaging. Thus, these corticocollicular neurons may be the main 498 

mediators of frequency shifts and changes in tuning duration observed in the IC upon AC 499 

stimulation. The presence of direct thalamocortical connections onto layer 5 corticocollicular 500 

cells (Slater et al., 2019), coupled with their tendency to fire in bursts (Slater et al., 2013), and 501 

the presence of large, depressing, AMPA-mediated EPSCs in presumed layer 5 corticocollicular 502 

synapses (Oberle et al., 2021), now combined with the finding of large synaptic connections, 503 

suggest that layer 5 corticocollicular cells can have rapid, powerful and frequency-specific 504 

effects on IC neurons, similar to “drivers” that have been described in the layer 5 corticothalamic 505 

system (Sherman and Guillery, 2011).  506 
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 507 

Unlike layer 5, the non-overlapping area of layer 6 corticocollicular neurons found rostrally and 508 

ventrally may be important for integrating information more broadly than layer 5. Based on the 509 

comparison of this region to published anatomical atlases, likely candidates for the origin of 510 

these projections are the entorhinal and perirhinal cortices (Franklin and Paxinos, 2007; Dong, 511 

2008). In the current study, the lateral nucleus of the amygdala sends a heavy projection to this 512 

area, as well as upper-layer neurons found in somatosensory and visual cortices (Figure 7). 513 

These findings suggest that layer 6 corticocollicular neurons are preferentially found in brain 514 

regions that funnel a broad spectrum of visual, somatosensory and limbic information, 515 

potentially to modulate IC function in response to multisensory and emotional-stimuli. By 516 

targeting the most superficial portions of the LC and DC, these layer 6 projections are expected 517 

to provide modulatory influence over these regions, possibly via synaptic connections in the 518 

form of small synaptic terminals, similar to layer 6 corticothalamic modulators (Llano and 519 

Sherman, 2008), to the small neurons in the fibrodendritic capsule surrounding the LC or DC or 520 

the apically-oriented dendrites of LC bitufted, pyramidal or chandelier neurons in these regions 521 

(Morest and Oliver, 1984; Faye-Lund and Osen, 1985; Malmierca et al., 2011). The finding that 522 

layer 6 may target superficial portions of the LC while layer 5 targets superficial and deep layers 523 

may suggest different roles for these projections. In the cerebral cortex, axons targeting 524 

superficial layers may provide a contextual or priming signal needed to permit maximal 525 

activation by thalamic afferents (Muckli et al., 2015; Roth et al., 2016; Schuman et al., 2021). It 526 

is possible, though speculative, that a similar organization occurs in the cortical layers of the IC. 527 

See Figure 9 for a schematic representation of a model of layer 5 vs. layer 6 corticocollicular 528 

termination patterns.  529 

 530 

An additional consideration for the interpretation of the current study is the crossed 531 

corticocollicular projection. Approximately 10-20% of the mouse corticocollicular projection is to 532 

the contralateral IC, that this crossed projection is derived from both layers 5 and 6 and that 533 

both layers 5 and 6 demonstrate substantial contralateral branches (Chandrasekaran et al., 534 

2021). It is not yet known if the crossed projection is in part derived from non-auditory portions 535 

of the cortex. However, the presence of contralateral branching from both layers 5 and 6 536 

suggest that at least part of this crossed layer 6 pathway receives non-auditory input. 537 

 538 

 539 

Conclusions: 540 
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Combined with previous results suggesting that layer 5 and layer 6 neurons are embedded into 541 

distinct cortical networks and have different physiological response properties, the current data 542 

support the notion that layer 5 and layer 6 neurons send different messages to the IC. The 543 

presence of a rapid pathway from the MGB, directly to layer 5 corticocollicular cells of the 544 

primary AC, which then sends a large-terminal-based projection to the IC, stands in contrast 545 

with a broadly integrative layer 6 pathway with smaller projections and likely slower conduction, 546 

producing slower and possibly longer-term modulation of the IC. This type of dual corticofugal 547 

system maximizes the efficiency of the organization of corticofugal inputs: a partially overlapping 548 

system of descending projections can receive similar sets of inputs but its outputs to subcortical 549 

centers are split into two systems to maximize rapid frequency-specific modulation (layer 5) 550 

while allowing simultaneous slower multimodal modulation (layer 6). Further research will test 551 

this hypothesis and determine if it is a general principle of top-down modulatory control.  552 

 553 

Legends: 554 

Figure 1. Partially segregated distributions of layer 5 and layer 6 corticocollicular neurons in 555 

mouse AC. 556 

Corticocollicular neurons in layers 5 and 6 from adjacent coronal sections from the same animal 557 

labeled with Fluorogold (A and E) after an injection into the IC. Parvalbumin (B) and SMI32 (F) 558 

immunoreactivity in the same sections. Fluorescence intensity profiles for PV (C) and SMI32 559 

(G). Blue traces correspond to the intensity of the example mouse shown in this figure. Orange 560 

trace is mean of all animals. Greyed-out traces are the individual other mice from this study. 561 

Layer 5 corticocollicular neurons are confined to PV-and SMI32-rich regions of the mouse AC 562 

(D and H), while many layer 6 corticocollicular neurons in found in PV and SMI32 negative 563 

cortical regions (D and H, also J and K). (I). Corresponding injection of Fluorogold in the left IC. 564 

Scale bar = 250 μm. Dotted boxes in D and H correspond to the areas shown in J and K, 565 

respectively. Solid boxes in J and K illustrate the presence of layer 6 corticocollicular cells 566 

without the presence of corresponding layer 5 corticocollicular cells. 567 

 568 

Figure 2. A representative reconstruction of corticocollicular cellular distributions in the cortex. 569 

(A) Shows a representative image of corticocollicular neurons labeled with Fluorogold after IC 570 

injection. Images such as this were loaded into Neurolucida, where corticocollicular neurons 571 

were marked with a red (layer 5) or a yellow (layer 6) marker, as shown in (B). (B) 572 

Demonstrates a series of pooled reconstructed coronal sections of the mouse brain on the left 573 

side. The outer grey border marks the pial surface. (C) Demonstrates the results of rotation of 574 
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this reconstruction by 90 degrees along the y-axis results in the lateral view of the reconstructed 575 

distributions. Scale bar = 250 μm. 576 

 577 

Figure 3. Spatial distributions of layer 5 and 6 corticocollicular neurons. 578 

Each row includes data from one animal. The first column includes the injection sites of 579 

Fluorogold into the left IC of each animal. The second column shows the distribution of layer 5 580 

corticocollicular neurons in the cortex, while the third column has the corresponding distributions 581 

of layer 6 corticocollicular neurons. The final column shows the difference (Layer 6 – Layer 5). 582 

The compass in the top right corner describes the directionality for the maps. Scale bar = 250 583 

μm. 584 

 585 

Figure 4. Partially segregated distributions of layer 5 and layer 6 corticocollicular neurons in 586 

mouse AC. 587 

(A) Distribution of layer 5 corticocollicular neurons in the neocortex, also showing the 588 

summation along the rows, which results in a dorsoventral distribution, and summation along 589 

the columns – rostrocaudal distribution. (B) Distribution of layer 6 corticocollicular neurons from 590 

the same animal. (C) Comparison of full-width at half maximum measures for layers 5 and 6 in 591 

the dorsoventral direction and (D) rostrocaudal direction. (E) Estimated peaks of layer 5 (red) 592 

and layer 6 (yellow) corticocollicular distributions. The peak for layer 6 is shifted more ventrally 593 

and rostrally compared to layer 5. The error bars represent 95% confidence intervals. Scale bar 594 

= 250 μm. 595 

 596 

Figure 5. Functional maps and corresponding distributions of layer 5 and layer 6 corticocollicular 597 

neurons in mouse AC. 598 

(A) Illustration of experimental design for this figure and Figure 6. GCaMP6s mice were injected 599 

with Fluorogold into the IC. The AC of the mice was then mapped using transcranial in vivo 600 

imaging. The distribution of layer 5 and layer 6 corticollicular neurons was reconstructed using 601 

Neurolucida and overlaid on the in vivo map. (B-H) ΔF/F responses to 100% amplitude-602 

modulated pure tones in mouse AC (B). A threshold level at 2.5 standard deviations was set to 603 

responses in B to display the peaks of stimulus-evoked cortical activity (C). Combination of 604 

cortical responses at threshold level from (C) identifies different auditory regions: tonotopically 605 

organized A1 and AAF, as well as A2 and UF (D). Reconstructions of layer 5 (E) and layer 6 (F) 606 

corticocollicular neurons for the same mouse. (G) and (H) are overlays of the tonotopic map and 607 

corticocollicular reconstructions. Notice the absence of sound-evoked activity in the 608 
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rostroventral to AC regions (highlighted in oval). Scale bar = 500 μm. Sound pressure levels: 5 609 

kHz (70 dB SPL), 10 kHz (30 dB SPL), 20 kHz (29 dB SPL), 30 kHz (50 dB SPL). N = 10 610 

repetitions of each stimulus. Mean responses are displayed. 611 

 612 

Figure 6. Functional responses to ethologically-relevant sounds and corresponding distributions 613 

of layer 5 and layer 6 corticocollicular neurons in mouse AC. 614 

(A) Time-spectrograms of four classes of mouse calls used in this study. Call 1 and 2 are low-615 

frequency stress calls, call 3 is a restraint stress-induced medium-frequency call, and call 4 is a 616 

mating call. (B) ΔF/F responses to the four classes of species-specific calls (C) A threshold level 617 

at 2.5 standard deviations was set to responses in A to display the peaks of stimulus-evoked 618 

cortical activity (D). Distributions of layer 5 and 6 corticocollicular cells (D, E). Overlays of 619 

functional maps from (C) with layer 5 (F) and layer 6 (G) corticocollicular cells. Scale bar = 500 620 

μm. Sound pressure level approximately 80 dB SPL for all calls. Sound pressure levels: 5 kHz 621 

(70 dB SPL), 10 kHz (30 dB SPL), 20 kHz (29 dB SPL), 30 kHz (50 dB SPL). N = 10 repetitions 622 

of each stimulus. Mean responses are displayed. 623 

 624 

Figure 7. Inputs to the cortical area containing layer 6 but not layer 5 corticocollicular neurons. 625 

(A) Diagram of the dual injection paradigm, with Fluorogold being injected into the portion of the 626 

cortex containing a predominance of layer 6 corticocollicular cells and red retrobeads into the 627 

IC. (B) Illustrates the injection site showing Fluorogold, the parvalbumin distributions showing 628 

diminished parvalbumin staining in the injection zone and the red retrobead (RB) distribution. 629 

Box and expansion shows region of non-overlap with layer 6 corticocollicular cells (arrows) 630 

without corresponding layer 5 corticocollicular cells. Scale bar = 500 μm. (C) The top panel 631 

shows the injection site (FG) and cortical areas where retrogradely labeled neurons were found. 632 

A significant portion of inputs came from the lateral nucleus of the amygdala (LA), as well as 633 

somatosensory and visual cortices (SS and VC, respectively). The bottom panel shows the 634 

distribution of neurons in the thalamus and associated structures. The majority of labeled 635 

neurons were found in the posterior complex (PO), lateral posterior nucleus (LP), mediodorsal 636 

nucleus (MD), posterior intralaminar nucleus (PIL) and parafascicular nucleus (PF), the medial 637 

and dorsal medial geniculate body (MGm and MGd), but not the lemniscal ventral division of the 638 

medial geniculate body (MGBv). For display purposes only, Fluorogold is shown in blue. 639 

 640 

Figure 8. Corticocollicular termination patterns at the level of the IC. 641 
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A1:  Diagram illustrating experimental design and validation of use of RBP4-Cre mice to label 642 

layer 5 corticocollicular neurons. An RBP4-Cre mouse was injected with CTB-594 to the IC and 643 

AAV9-flex-eGFP to the AC. A2: Overlay of CTB-594 labeled corticocollicular cells (red) and 644 

RBP4+ cells (green) after AAV9-flex-eGFP injection into the AC showing a large fraction of layer 645 

5 corticocollicular cells also express RBP4 (small arrows). Scale bar = 100 μm. B1: Diagram 646 

illustrating FOXP2-Cre mouse injected with fluorogold (FG) to the IC and AAV9-flex-tdTomato to 647 

the AC. B2:  Overlay of Fluorogold labeled corticocollicular cells (green) and FOXP2+ cells (red) 648 

after AAV9-flex-tdtomato injection into the AC showing a large fraction of corticocollicular cells 649 

also express FOXP2 (small arrows). Scale bar = 100 μm. C1: Diagram of experimental design. 650 

C2: Low-power micrograph showing eGFP-labeled terminals from an RBP4-Cre mouse with 651 

injection of AAV9-flex-eGFP into the AC (injection site at inset). Scale bar = 100 μm. C3: High-652 

power expansion of dotted boxed area from A2. White arrows correspond to large terminals. 653 

Scale bar = 50 μm. D1: Diagram of experimental design D2: Low-power micrograph showing 654 

eGFP-labeled terminals from a FOXP2-Cre mouse with injection of AAV9-flex-eGFP into the AC 655 

(injection site at inset). Scale bar = 100 μm. D3: High-power expansion of dotted boxed area 656 

from B2. Scale bar = 50 μm. E: Mean values for synaptic area for n=2 mice from each group 657 

(number of Layer 5 terminals in LC= 576, number Layer 6 terminals in DC = 405, number of 658 

layer 5 terminals in DC = 824, number of layer 6 terminals in DC = 362). ** p < 0.005. F) 659 

Normalized distributions of terminal sizes (pooled from DC and LC) from layer 5 (top) and layer 660 

6 (bottom). All terminals less than 0.2 μm2 were omitted, given the resolution limits of our 661 

microscope. DC = dorsal cortex of the IC, LC = lateral cortex of the IC. 662 

 663 

Figure 9. Model of layer 5 and layer 6 input to the IC. 664 

Pyramidal cells in layer 5 receive direct input from the MGB and send large projections to the 665 

non-lemniscal portions of the IC.  Non-primary regions of the AC and non-auditory regions 666 

housing layer 6 corticocollicular neurons receive input from non-auditory regions of the thalamus 667 

and amygdala. Layer 6 corticocollicular cells then send projections ending in small terminals on 668 

the outer rim of the non-lemniscal portions of the IC. 669 

 670 
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