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Evidence for Layer-Specific Connectional Heterogeneity in
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Georgiy Yudintsev,"” Alexander R. Asilador,"* Stacy Sons,* Nathiya Vaithiyalingam Chandra Sekaran,'>
Macey Coppinger,” Kavya Nair,> Masumi Prasad,? Gang Xiao,"> Baher A. Ibrahim,"? Yoshitaka Shinagawa,’ and
Daniel A. Llano"??
"Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, Department of
Molecular and Integrative Physiology, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801, and *Neuroscience Program, University
of Illinois at Urbana-Champaign, Urbana, Illinois 61801

The auditory cortex (AC) sends long-range projections to virtually all subcortical auditory structures. One of the largest and
most complex of these—the projection between AC and inferior colliculus (IC; the corticocollicular pathway)—originates
from layer 5 and deep layer 6. Though previous work has shown that these two corticocollicular projection systems have dif-
ferent physiological properties and network connectivities, their functional organization is poorly understood. Here, using a
combination of traditional and viral tracers combined with in vivo imaging in both sexes of the mouse, we observed that
layer 5 and layer 6 corticocollicular neurons differ in their areas of origin and termination patterns. Layer 5 corticocollicular
neurons are concentrated in primary AC, while layer 6 corticocollicular neurons emanate from broad auditory and limbic
areas in the temporal cortex. In addition, layer 5 sends dense projections of both small and large (>1 pum? area) terminals to
all regions of nonlemniscal IC, while layer 6 sends small terminals to the most superficial 50-100 m of the IC. These find-
ings suggest that layer 5 and 6 corticocollicular projections are optimized to play distinct roles in corticofugal modulation.
Layer 5 neurons provide strong, rapid, and unimodal feedback to the nonlemniscal IC, while layer 6 neurons provide hetero-
modal and limbic modulation diffusely to the nonlemniscal IC. Such organizational diversity in the corticocollicular pathway
may help to explain the heterogeneous effects of corticocollicular manipulations and, given similar diversity in corticothala-
mic pathways, may be a general principle in top-down modulation.
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We demonstrate that a major descending system in the brain is actually two systems. That is, the auditory corticocollicular
projection, which exerts considerable influence over the midbrain, comprises two projections: one from layer 5 and the other
from layer 6. The layer 6 projection is diffusely organized, receives multisensory inputs, and ends in small terminals; while
the layer 5 projection is derived from a circumscribed auditory cortical area and ends in large terminals. These data suggest
that the varied effects of cortical manipulations on the midbrain may be related to effects on two disparate systems. These
findings have broader implications because other descending systems derive from two layers. Therefore, a duplex organiza-
tion may be a common motif in descending control. /
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Introduction
The classical ascending central auditory pathway consists of a se-

Received Oct. 7, 2020; revised Oct. 7, 2021; accepted Oct. 7, 2021.

Author contributions: G.Y., AR.A., and D.A.L. designed research; G.Y., A.RA., S.S., N.V.CS., M.C, KN., M.P.,
G.X, B.AL, Y.S., and D.A.L. performed research; G.Y. and D.A.L. analyzed data; G.Y. wrote the paper.

This work was supported by Department of Health and Human Services | National Institutes of Health |
National Institute on Deafness and Other Communication Disorders Grant DC013073 to D.A.L. We thank Dr.
Jasmine Grimsley for providing recordings of mouse calls and assistance in their use; and Dr. Hideki Derek
Kawai and Dr. Brett Schofield for useful discussions.

M. Coppinger’s present address: Department of Microbiology, University of Georgia, Athens, GA 30602.

The authors declare no competing financial interests.

Correspondence should be addressed to Daniel A. Llano at d-llano@illinois.edu.

https://doi.org/10.1523/JNEUR0SCI.2624-20.2021
Copyright © 2021 the authors

ries of projections from the auditory brainstem (cochlear nu-
cleus, and superior olivary and lateral lemniscal nuclei) to the
inferior colliculus (IC), which projects to the auditory thalamus.
The thalamus then projects to the auditory cortex (AC), which
has multiple subfields that are interconnected. A prominent fea-
ture of the central auditory system is the presence of massive de-
scending connections, which arise virtually at all levels of the
auditory pathway (Winer, 2006; Suga, 2008; Malmierca and
Ryugo, 2011; Bajo and King, 2013; Terreros and Delano, 2015).
One of the largest of these descending pathways, the pathway
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between the AC and IC, referred to here as the corticocollicular
system, has recently attracted much attention because of its
potential to alter the sensory information processing at the level
of the IC. For example, chronic electrical stimulation of fre-
quency-specific regions of the AC evokes long-lasting changes of
best frequency representation in the IC in a corticocentric fash-
ion (Yan and Suga, 1998; Yan et al., 2005), while acute stimula-
tion of this pathway diminished stimulus selectivity of IC
neurons (Blackwell et al., 2020). In addition to altering the fre-
quency representation, tuning to a number of other sound fea-
tures including duration, intensity, and location is altered after
AC stimulation (Ma and Suga, 2001; Yan and Ehret, 2002; Zhou
and Jen, 2005). The corticocollicular system has also been impli-
cated in mediating experience-induced auditory plasticity (Bajo
et al,, 2010), control of an innate sound-evoked escape behavior
(Xiong et al., 2015), and compensatory gain changes following a
significant loss of peripheral auditory input (Asokan et al., 2018).
Such functional heterogeneity is unlikely to be supported by a
single projection type of the corticocollicular neuron, and calls
for further understanding and characterization of the anatomy of
this projection system. Despite a mounting body of research elu-
cidating the functions of the corticocollicular system, a detailed
picture of the functional neuroanatomical organization of this
pathway remains to be uncovered.

The auditory corticocollicular projections emanate from dis-
tinct regions of layer 5 and lower layer 6 of the temporal cortex.
Dual layer 5/layer 6 projections to the IC have been documented
across multiple species (Games and Winer, 1988; Kiinzle, 1995;
Coomes et al.,, 2005; Bajo et al., 2007; Schofield, 2009; Slater et
al., 2013), and in the mouse, layer 6 neurons comprise ~20-25%
of all corticocollicular neurons (Slater et al., 2019). Neurons from
these two layers possess different morphologic, electrophysiolog-
ical, and local and long-range circuit properties (Slater et al.,
2013, 2019; Zurita et al., 2017). In a related descending system,
the corticothalamic system, layer 5 and layer 6 projections
have been shown to have distinct morphologic, electrophysio-
logical, and network properties (Llano and Sherman, 2008,
2009), and have been hypothesized to have different roles in
modulating the thalamus and supporting corticocortical com-
munication (Ojima, 1994; Guillery and Sherman, 2002; Theyel
et al.,, 2010). Whether a similar functional distinction exists
between layer 5 and layer 6 corticocollicular projections is not
yet known.

One key set of questions regarding layer 5 and layer 6 cortico-
collicular projections is whether they originate from different
regions of the cortex and terminate differentially in the IC. Early
neuroanatomical experiments described regional distributions of
layer 5 corticocollicular neurons with respect to the IC, but used
less sensitive retrograde tracers that did not label the layer 6
pathway (Herbert et al., 1991). In the present study, using sensi-
tive tracers and modern molecular genetic tools to separate layer
5 from layer 6 projections as well as in vivo imaging to identify
cortical regions, the distributions and cortical regions of origin of
layer 5 and layer 6 corticocollicular neurons in the mouse were
examined. Substantial heterogeneity and a regional nonoverlap
between the corticocollicular neurons arising from the two layers
were found. Layer 5 corticocollicular neurons were concentrated
over a smaller area of the mouse AC, largely confined to primary
regions of the AC, while the areal distribution of layer 6 cortico-
collicular neurons was wider, extending beyond nonprimary
mouse AC regions and into nonauditory limbic regions. In addi-
tion, the layer 5 system was found to terminate throughout the
nonlemniscal IC in large and small terminals, while the layer 6
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system sends small synapses to the most superficial 50-100 pm
of the IC. Such neuroanatomical organization would partially
explain the functional heterogeneity observed in in vivo studies
of the corticocollicular system and provides a foundation for
forming and testing future hypotheses about this descending
projection system.

Materials and Methods

Mice. BALB/c mice, 45-90d old and of both sexes, were used for
most experiments. For mice involving Cre-dependent viruses, Tg(Rbp4-
cre)KL100Gsat/Mmucd mice from the Mutant Mouse Resource and
Research Center (stock #031125-UCD) or B6.Cg-Foxp2tm1.1(cre)Rpa/]
mice from The Jackson Laboratory (stock #030541) were used. For in
vivo imaging experiments (see details below) and reconstructions,
C57BL6J-Tg(Thyl-GCaMP6s)GP4.3Dkim] mice were purchased from
The Jackson Laboratory (stock #024275) and bred as heterozygous in the
local animal facility. Before the experiments, mice were genotyped in-house
(for GCaMP6s and RBP4) or commercially [using Transnetyx (transnetyx.
com), for Forkhead box protein P2 (FOXP2)], using the following sequen-
ces. For GCaMP6s, forward CATCAGTGCAGCAGAGCTTGC, and reverse
CAGCGTATCCACATAGCGTA were used. For FOXP2, 13007 Mutant
Reverse A IRES, ACACCGGCCTTATTCCAAG, and 36567 Common,
TCCGGAGTTAGAAGATGACAGA were used. For RBP4, forward
GGGCGGCCTCGGTCCTC, and reverse CGGCAAACGGACAGAAG
CATT were used.

Surgical procedures. All surgical procedures were approved by the
Institutional Animal Care and Use Committee at the University of
Illinois at Urbana-Champaign. Mice were housed in animal care facili-
ties approved by the Association for Assessment and Accreditation of
Laboratory Animal Care International. Every attempt was made to mini-
mize the number of animals used and to reduce suffering at all stages
of the experiments. For Fluoro-Gold injections, animals were anesthe-
tized with ketamine hydrochloride (100 mg/kg) and xylazine (3 mg/kg)
intraperitoneally and placed in a stereotaxic apparatus (David Kopf
Instruments). Aseptic conditions were maintained throughout the sur-
gery. Fluoro-Gold (Fluorochrome) was either pressure injected or
injected into the IC via iontophoresis. For pressure injections, as recom-
mended by the manufacturer (https://fluorochrome.com/flouro-gold/),
Fluoro-Gold was dissolved (1%) in distilled water, and 500 nl was pres-
sure injected into the left IC using glass pipettes 10-14 um in diameter
placed into a Nanoject III device. For iontophoretic injections, Fluoro-
Gold was dissolved in acetate buffer (0.1 m) at pH 3.4 and injected into
the left IC using iontophoresis through a broken glass electrode with 20-
pum-diameter tip for 10-15min at 10 uA positive current, with 7 s on 7 s
off (50% duty cycle). These protocols resulted in large unilateral injec-
tions into the left IC. Injection sites were checked for spillover to adja-
cent brain regions and were not included if injection sites spread outside
the IC. For injections of red beads to the IC, latex red beads were pur-
chased from Lumafluor and diluted 2:3 in PBS, and 100 nl was injected
into the IC using a Nanoject pressure injector. For viral injections to the
AC, 1-2% isoflurane in oxygen was used for anesthesia, and animals
were placed in a stereotaxic apparatus, as above. Two hundred nanoliters
of AAV9 pCAG-FLEX-EGFP-WPRE (catalog #51502, Addgene) or
AAV9 pCAG-FLEX-tdTomato-WPRE (catalog #51503, Addgene; titer,
1.9 x 10" viral genomes/ml) was injected 8001000 um deep into the
AC over a 10-15min period via a pressure-injector micropipette system,
as above.

For in vivo imaging, mice were initially anesthetized with a mixture
of ketamine and xylazine (same concentrations as above) delivered intra-
peritoneally using a 27 gauge needle, followed by an intraperitoneal
injection of acepromazine (2-3 mg/kg). A skin incision over the dorsal
portion of the skull was made, after which the skull was exposed. The
dorsal surface of the skull was roughened using a small surgical drill bit.
The area was cleaned of any remaining bone pellets, and a small alumi-
num bolt 1 cm in length was secured to the surface using dental cement
(ESPE Ketac, 3M). Once the cement was set, the animal was carried into
a dark soundproof chamber for imaging. Proper care was taken to main-
tain body temperature within the range of 35.5-37°C during imaging
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using a direct current temperature controller (FHC) and a rectal ther-
mometer probe.

Upon the completion of each imaging session, Fluoro-Gold was
injected into the left IC of these mice, as above. To aid alignment of cor-
onal sections for 3D reconstructions, three fiducial markers were created
by iontophoresis of small amounts of tetramethylrhodamine (molecular
weight, 10,000 kDa) dissolved in PBS (Thermo Fisher Scientific) into the
cortical regions outside the AC. The iontophoretic injections were per-
formed using unbroken glass electrode (tip size, ~0.5 um) with 5 uA
positive current and a 7 s 50% duty cycle for 4 min. Using the same filter
settings as during in vivo imaging, a micrograph of the skull surface and
vasculature was taken to aid in coregistration of functional maps with
the reconstructions in Neurolucida later. Seven days following the imag-
ing experiment and the surgery, animals were transcardially perfused, af-
ter which the brain tissue was processed according to a standard
histologic protocol described further below.

Macroscope and in vivo imaging setup. An Imager 3001 Integrated
Data Acquisition And Analysis System (Optical Imaging) was used to
image the cortical responses to sound in GCaMP6s mice. A macroscope
consisting of 85 mm /1.4 and 50 mm f/1.2 Nikon lenses was mounted
on an Adimec 1000m high-end CCD camera (pixel size, 7.4 x 7.4 um;
1004 x 1004 pixels, thus covering a broad area of 7.4 x 7.4 mm). The
image was centered above the left AC to ensure that it was in focus, and
the focal plane was adjusted to ~0.5 mm below the surface of the
exposed skull. Images were collected at 10 frames/s. The temporalis mus-
cle was reflected, and a surgical drill was used to smooth the surface of
the insertion site. Blue excitation (450 nm, 30 nm bandpass), green emis-
sion (515nm, long-pass) filters and a 495 DRLP dichroic mirror were
used. Imager 3001 VDAQ software controlled the acquisition and stimu-
lus trigger. Ten repetitions of each stimulus were used, and the average
response is displayed.

Acoustic stimulation and analysis. Acoustic stimuli were generated
using a System 3 (Tucker-Davis Technologies) with an RP 2.1 Enhanced
Real-Time Processor and delivered via an ESI Free Field Electrostatic
Speaker (Tucker-Davis Technologies), located 8 cm away from the con-
tralateral ear. All imaging experiments were conducted in a soundproof
chamber. Five hundred millisecond pure tones of 5, 10, 20, and 30kHz
were used, 100% amplitude modulated at 20 Hz. In another set of experi-
ments, a series of species-specific mouse calls were used as auditory stim-
uli. The recordings were used by previous investigators (Grimsley et al.,
2011, 2016) and made available by this group. In this study, four calls
from three major categories were used. Two calls (calls 1 and 2) are from
a group of low-frequency stress calls. Another call (call 3) is a medium-
frequency stress call, which the animals produce when restrained. The
final call used (call 4) is a mating call. All playbacks were sampled at
200kHz. Calls 1, 3, and 4 are 500 ms in duration, and call 2 is 300 ms.
Custom-written MATLAB software was used to obtain AF/F responses
to pure tones (5, 10, 20, and 30 kHz) and species-specific mouse calls. In
this way, multiple AC regions could be identified. A threshold of 2.5 SDs
threshold above baseline fluorescence was used as a cutoff point to dis-
play the peaks of neural signals.

Fluorescence microscopy and reconstructions. All coronal sections
of the brain that contained retrograde labeling were serially photo-
graphed using an Olympus IX71 epifluorescence microscope using 5-
x 0.15numerical aperture (NA) objective. These images were then used
to create 3-D reconstructions of the left AC, which were done in
Neurolucida (MBF Bioscience). For counting cells and to account for the
curvature of the temporal cortex, a grid consisting of 12 rectangular bins
(bin size, 118,360 umz) was placed throughout images of the cortex in
each coronal section, such that all layers of the cortex were covered. The
short base of each rectangle was aligned to the gray-white junction of the
cortex. As such, the angle of each rectangle was incrementally decreased
from 90° in the most ventral regions of the AC to ~45° at the most dor-
sal portions of the AC. Thus, cells in any particular bin were radially
aligned. The rhinal fissure was used as a reference point for grid place-
ment, with 2 bins of the grid being positioned ventral to the rhinal fis-
sure and 10 bins placed dorsal to the rhinal fissure. The same grid was
applied to all sections. Confocal pictures were taken on a SP8 UV/
Visible Laser Confocal Microscope (Leica). The 488 and 561 nm
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excitation beams were used for visualizing EGFP and mCherry, respec-
tively. For analysis of terminal size, similar to previous studies
(McGonigal et al., 2012; Petrof and Sherman, 2013; Prasad et al., 2020),
maximal-intensity projections of stacks of calibrated images were
obtained at 63x (1.4NA) and imported into Image] (https://imagej.nih.
govl/ij/) for analysis. As in previous analyses of terminal size (Llano and
Sherman, 2008), three square regions of area 2500 pmz were placed over
each analyzed brain region for sampling. Terminals were traced with the
ellipse function in ImageJ, which automatically calculated terminal area.
Based on the numerical aperture of our objective (1.4), we estimated the
spatial resolution of our microscope to be 0.24 um (resolution, 0.61 * 561
nm/NA), with 561 nm being the approximate emission wavelength of
EGFP. The corresponding area using this value as radius was0.18 pm>
We therefore conservatively estimate the smallest area measurable on our
confocal microscope to be 0.20 um?” and only counted those values in this
range or above.

For analysis of layer 5 and 6 neuronal cell body distributions, binned
cell counts for each layer were exported as Excel spreadsheets.
Abercrombie adjustments were done on each layer cell count separately
(Abercrombie, 1946). Full-width at half-maximum analysis of neuronal dis-
tributions along dorsoventral and rostrocaudal axes was performed. To
compute full-width at half-maximum, cell counts for each layer were
summed separately along the rows and along the columns to obtain distri-
butions of counts along the dorsoventral and rostrocaudal axes, respectively.
A fourth-degree polynomial provided the best fit for each distribution. The
peak and full-width at half-maximum measures were obtained for each
layer in both dimensions (dorsoventral and rostrocaudal), using the polyno-
mial fit. This analysis was done for each animal separately. For qualitative
comparisons, the individual distributions for layers 5 and 6 were imported
into MATLAB (MathWorks) and plotted as contour maps.

Immunohistochemistry. The mice were first deeply anesthetized with
a lethal intraperitoneal injection of ketamine hydrochloride (200 mg/kg)
and xylazine (6 mg/kg), and were perfused transcardially with 4% para-
formaldehyde in PBS at pH 7.4. Frozen 50 um sections were cut using a
sliding microtome. Before cutting, three fiducial markers were placed in
brain tissue along the rostrocaudal axis using a 27 gauge needle dipped
into water-insoluble black India ink. The fiducials were placed to ensure
alignment of serial coronal sections for reconstructions in Neurolucida.
For immunohistochemistry, sections were washed three times for 5 min
in PBS, microwaved for 15 s at full power for antigen retrieval, then
incubated for 30 min in PBS containing 0.3% Triton-X (PBT) followed
by a 30min blocking step in a 3% serum containing PBT solution.
Blocking serum was of same species that the secondary antibody was
generated in. Sections were then incubated with corresponding primary
antibody overnight in a cold room. For parvalbumin (PV; Sigma-
Aldrich), a 1:1000 dilution was used, and for SMI32 (BioLegend), a
1:1500 dilution was used. Secondary antibody was diluted in the serum
solution used for the primary wash, and sections were incubated in this
solution for 2 h at room temperature. To avoid any spectral overlap with
Fluoro-Gold during imaging of the sections, Alexa Fluor 568-conjugated
secondary antibody was used (Thermo Fisher Scientific) to reveal SMI32
or parvalbumin immunoreactivity (Thermo Fisher Scientific). Then, the
sections were washed in PBS three times for 10 min each, mounted on
gelatin-coated slides, air dried in a dark room, coverslipped using fluo-
rescence mounting medium (Vectashield H-1000, Vector Laboratories),
and sealed with nail polish.

Statistical analysis. Assumption of normality was not made and pair-
wise differences were analyzed using nonparametric statistical tests.
Wilcoxon rank-sum test was used to compare the differences between
layer 5 and layer 6 measures of peaks and full-width at half-maximum
measures. Mann-Whitney testing was used to compare the corticocollic-
ular terminals sizes from layer 5 versus layer 6 projections. p Values of
<C0.05 were taken as statistically significant.

Results

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

Fluoro-Gold was injected into the left IC of 10 mice, producing
retrogradely labeled corticocollicular neurons in cortical layers 5
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Figure 1.

Partially segregated distributions of layer 5 and layer 6 corticocollicular neurons in mouse AC. 4, E, Corticocollicular neurons in layers 5 and 6 from adjacent coronal sections from

the same animal labeled with Fluoro-Gold after an injection into the IC. B, F, Parvalbumin (B) and SMI32 (F) immunoreactivity in the same sections. C, G, Fluorescence intensity profiles for PV
(€) and SMI32 (G). Blue traces correspond to the intensity of the example mouse shown in this figure. The orange trace is the mean of all animals. Grayed-out traces are the individual other
mice from this study. D, H, J, K, Layer 5 corticocollicular neurons are confined to PV- and SMI32-rich regions of the mouse AC (D, H), while many layer 6 corticocollicular neurons are found in
PV~ and SMI32™ cortical regions (D, H, J, K). I, Corresponding injection of Fluoro-Gold in the left IC. Scale bar, 250 wm. Dotted boxes in D and H correspond to the areas shown in J and K,

respectively. Solid boxes in J and K illustrate the presence of layer 6 corticocollicular cells without the presence of corresponding layer 5 corticocollicular cells.

Figure 2.

L

Caudal

A representative reconstruction of corticocollicular cellular distributions in the cortex. 4, A representative image of corticocollicular neurons labeled with Fluoro-Gold after IC injec-

tion. Images such as this were loaded into Neurolucida, where corticocollicular neurons were marked with a red (layer 5) or a yellow (layer 6) marker, as shown in B. B, A series of pooled
reconstructed coronal sections of the mouse brain on the left side. The outer gray border marks the pial surface. C, The results of rotation of this reconstruction by 90° along the y-axis results

in the lateral view of the reconstructed distributions. Scale bar, 250 pm.

and 6 in all animals (Fig. 1A,E). In six cases, the sections were
also processed for PV or SMI32 fluorescent immunofluorescence
(Fig. 1B,F). Previous studies reported that PV and SMI32 immu-
noreactivity in the AC delineate lemniscal auditory areas (pri-
mary auditory cortex (Al) and anterior auditory field (AAF;
Cruikshank et al., 2001; Horie et al., 2015). However, no studies
have described the distribution of layer 5 and 6 corticocollicular
neurons with respect to these neurohistological markers. Using a
50% threshold for fluorescence intensity of PV or SMI32 staining
(Fig. 1C,G), it was observed that the majority of layer 5 cortico-
collicular neurons were restricted to A1 and AAF, while layer 6
corticocollicular neurons, particularly more rostrally, appeared

in both PV and SMI32 strongly and weakly stained regions, sug-
gesting that nonlemniscal AC regions are connected with the IC
primarily via projection neurons emanating in layer 6 (Fig. 1D,
H,J.K, insets).

To determine whether layer 5 and layer 6 corticocollicular
neurons have different distributions, we first marked the location
of all layer 5 and 6 corticocollicular neurons in Neurolucida soft-
ware so that the retrogradely labeled cells can be visualized in a
lateral view, similar to the procedure in the study by Herbert et
al. (1991). Micrographs of coronal sections containing cortico-
collicular neurons were serially aligned and used to create a 3-D
reconstruction with plots of layer 5 and 6 corticocollicular cells
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(Fig. 2A-C). Figure 2 shows the final result of one
such reconstruction, where layer 5 corticocollicu-
lar cells are represented as red markers, and layer
6 corticocollicular cells as yellow markers. It
appeared that layer 5 and 6 corticocollicular cells
were substantially nonoverlapping; an area con-
taining layer 6 corticocollicular neurons without
any layer 5 corticocollicular neurons was consis-
tently observed rostroventrally (Fig. 2C, bottom
left, rostrocaudal area showing only layer 6 cells).

For further quantitative analyses, the distribu-
tions as shown in Figure 2 were plotted as contour
maps. In Figure 3, the rows correspond to individ-
ual animals, and the columns contain the injection
sites of Fluoro-Gold in left ICs (first column),
layer 5 and layer 6 maps of the Fluoro-Gold back-
labeled cell bodies (Fig. 3, second and third col-
umns, respectively), and finally the difference
between maps for layers 6 and 5 (Fig. 3, fourth
column). Here, layer 5 cell counts were subtracted
from those for layer 6, and any positive values
show regions where the number of layer 6 cells
exceeded that in layer 5. Negative values were nor-
malized to zero. This subtraction revealed cortical
areas containing larger numbers of layer 6 cortico-
collicular neurons in each animal. Qualitatively, it
appeared that layer 6 corticocollicular neurons
occupy overall a broader area in the cortex com-
pared with layer 5 corticocollicular neurons. In
each animal, regardless of the IC injection site, an
area of nonoverlap with isolated layer 6 corticocol-
licular neurons was observed rostroventral to the
AC (Fig. 3, right-most column). A smaller layer 6-
dominant area was also seen dorsocaudally (Fig. 3,
rightmost column, rows 2, 5, 6, 7, 8 and 9, top
right corners). To quantify these differences in dis-
tributions, the widths and peaks of the distribu-
tion for layers 5 and 6 within each animal (n =10)
were then compared.

The cell counts for each layer and each animal
were collapsed in rostrocaudal and dorsoventral axes
to obtain two distributions (Fig. 4A,B). Along the
dorsoventral axis, the average full-width at half-max-
imum for layer 5 was 824.6 um (SD =57.5 um), and
9290 um (SD=92.1um) for layer 6 (n=10;
p=0.0059, Wilcoxon signed-rank test; Fig. 4C).
Along the rostrocaudal axis, the mean value of full-
width at half-maximum for layer 5 was 1286.8 um
(SD=131.9 um), and 1473.7 um (SD=161.9 m)
for layer 6 (n=10; p=0.0020, Wilcoxon signed-rank
test; Fig. 4D). Thus, it appears that layer 6 corticocol-
licular neurons occupy a significantly broader area in the cortex
than layer 5, suggesting that these layer 6 neurons may route dis-
tinct forms of information from cortical areas surrounding the lem-
niscal AC areas to the IC. In addition, the peak of layer 5
corticocollicular cells was found to be displaced by 99.9 um dorsally
and 42525 um caudally relative to layer 6 corticocollicular cells
(n=10; p=0.0020, Wilcoxon signed-rank test; Fig. 4E), which aligns
the peak of the layer 5 corticocollicular distribution with the center
of the lemniscal AC areas.

Figure 3.

Rostroventral layer 6 corticocollicular projections are
derived from outside of the AC

Given the global anatomic differences between the layer 5 and 6
corticocollicular neuronal distributions described above, we
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Spatial distributions of layer 5 and 6 corticocollicular neurons. Each row includes data from one ani-
mal. The first column includes the injection sites of Fluoro-Gold into the left IC of each animal. The second column
shows the distribution of layer 5 corticocollicular neurons in the cortex, while the third column has the corre-
sponding distributions of layer 6 corticocollicular neurons. The final column shows the difference (layer 6 — layer
5). The compass in the top right corer describes the directionality for the maps. Scale bar, 250 zem.

asked whether some of the more rostrally and ventrally located
layer 6 corticocollicular cells were in acoustically responsive
zones. To answer this question, the left AC in GCaMP6s-Thyl
transgenic mice was mapped by imaging responses to amplitude-
modulated pure tones at 5, 10, 20, and 30 kHz using wide-field
transcranial optical imaging with blue light (Fig. 5A-C). Four au-
ditory subfields could be identified reliably as described by previ-
ous investigators (Issa et al., 2014), with A1 and AAF organized
tonotopically, converging in high-frequency regions near weakly
tonotopic secondary AC (A2). The ultrasonic field (UF) was
located dorsally, and only responses to frequencies >20kHz
were present in this field (Fig. 5C,D). After characterization of
the sound-evoked responses, Fluoro-Gold was injected into left
IC of these mice, complete reconstructions of layer 5 and 6 corti-
cocollicular distributions were obtained (Fig. 5EF), and
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previously recorded responses were overlaid with layer 5 and 6
distributions (Fig. 5G,H).

It was observed that the rostroventral cortical area primarily
containing layer 6 corticocollicular neurons appeared outside the
main acoustically responsive regions, highlighted with an oval in
Figure 5, G and H. To determine whether this apparently acous-
tically unresponsive zone would be responsive to more meaning-
ful sounds, the same approach was applied to examine the
responses of the AC to ethologically relevant sounds (Grimsley
et al., 2011, 2016). Several different species-specific mouse calls
were used as stimuli. Again, after obtaining the reconstructions
of layer 5 and 6 corticocollicular cells and overlaying these recon-
structions with functional mapping, it was found that the rostro-
ventral to AC area enriched in layer 6 corticocollicular cells was
outside sound-responsive functional cortical areas (Fig. 6). A
similar analysis using white noise as the stimulus revealed similar
results (data not shown).

To further characterize this rostroventral region containing
isolated layer 6 corticocollicular projections, Fluoro-Gold was
injected into this region to label its inputs. Red retrobeads were
injected into the IC of the same animal to ensure that the
Fluoro-Gold was injected into the nonoverlap area (Fig. 7A,
injection diagram). Sections were immunostained for PV to

ensure that the injection site was in the PV-poor zone of the cor-
tex (Fig. 7B, injection site images). The distribution of the inputs
from one of these experiments is presented in Figure 7C.
Consistent with the in vivo neuroimaging findings, the rostro-
ventral region received substantial input from nonauditory struc-
tures, including the visual and somatosensory cortices, amygdala
(LA), parafascicular nucleus (PF), posterior intralaminar nucleus
of the thalamus (PIL), lateral posterior nucleus (LP) of the thala-
mus, mediodorsal nucleus (MD), and posterior complex of the
thalamus (PO). Of note, there is essentially no input from the
ventral division of the medial geniculate body (MGBv), which is
the main lemniscal thalamic nucleus responsible for auditory
processing. Similar distributions were seen in n=2 additional
mice. These connectivity findings are indicative of the multisen-
sory nature for this cortical area containing isolated layer 6 corti-
cocollicular neurons.

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

Layer 5 and layer 6 corticofugal neurons have differential
patterns of projections in other descending systems such as the
corticothalamic pathway (Llano and Sherman, 2008). These ana-
tomic differences are also postulated to have functional
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Functional maps and corresponding distributions of layer 5 and layer 6 corticocollicular neurons in mouse AC. 4, lllustration of experimental design for this figure and Figure 6.

GCaMP6s mice were injected with Fluoro-Gold into the IC. The AC of the mice was then mapped using transcranial in vivo imaging. The distribution of layer 5 and layer 6 corticollicular neurons
was reconstructed using Neurolucida and overlaid on the in vivo map. B—H, AF/F responses to 100% amplitude-modulated pure tones in mouse AC (B). B, C, A threshold level at 2.5 SDs was
set to responses in B to display the peaks of stimulus-evoked cortical activity (C). €, D, Combination of cortical responses at threshold level from € identifies different auditory regions: tonotopi-
cally organized A1 and AAF, as well as A2 and UF (D). E, F, Reconstructions of layer 5 (E) and layer 6 (F) corticocollicular neurons for the same mouse. G, H, Overlays of the tonotopic map and
corticocollicular reconstructions. Notice the absence of sound-evoked activity in the rostroventral to AC regions (highlighted in oval). Scale bar, 500 m. Sound pressure levels: 5 kHz (70 dB

SPL), 10 kHz (30 dB SPL), 20 kHz (29 dB SPL), and 30 kHz (50 dB SPL). N = 10 repetitions of each stimulus. Mean responses are displayed.

significance in the forward propagation of sensory information
via the higher-order thalamic nuclei (Llano and Sherman, 2009;
Theyel et al., 2010). Given the presence of functional neuroana-
tomical differences with respect to the cortical projections to
thalamus, we next aimed to examine the termination patterns of
layer 5 and 6 corticocollicular neurons in the mouse IC.

The RBP4-Cre mouse line labels neurons that express retinol-
binding protein, which is found in layer 5 corticocollicular neu-
rons (Xiong et al., 2015; Asokan et al.,, 2018). To confirm this
finding and determine the proportion of layer 5 corticocollicular

cells that are RBP4+, dual injections of CTb-Alexa Fluor 594
into the IC and a Cre-dependent virus (AAV9 pCAG-FLEX-
eGFP-WPRE) into the AC were performed. Similar to the study
by Xiong et al. (2015), we found that 77.1% of layer 5 corticocol-
licular cells (383 of 497) also expressed RBP4 (Fig. 841,A2), sug-
gesting that these cells comprise the majority of the layer 5
corticocollicular projection. Neurons that express FOXP2 in the
AC are known to project to the MGB and IC (Chang and Kawai,
2018). We confirmed this finding by injecting Fluoro-Gold into
the IC and AAV9 pCAG-FLEX-tdTomato-WPRE into the AC of
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FOXP2-Cre mice and found that 70% of layer 6 corticocollicular
neurons (91 of 130) also expressed FOXP2 (Fig. 8B1,B2).

The projection patterns of RBP4+ layer 5 corticocollicular neu-
rons and FOXP2+ layer 6 neurons were compared (n=2 mice
each). We found that layer 5 corticocollicular projections are found
throughout the dorsal cortex of IC (DC) and in layers 1-3 of the lat-
eral cortex of IC (LC) with patchiness in layer 2 (Fig. 8CI-C3), as
previously shown (Lesicko et al., 2016), and were numerically domi-
nant compared with layer 6 terminals. In contrast, layer 6 corticocol-
licular projections are found primarily along the superficial rim of
both the DC and LC (Fig. 8DI-D3). Both showed relatively weak

labeling in the central nucleus of IC. Terminal sizes derived from the
two cortical layers were also found to differ. In both DC and LC, av-
erage terminal size was significantly larger in layer 5-derived termi-
nals than those from layer 6 (Fig. 8C3,D3,E). Review of their
distributions revealed that both had large numbers of terminals <1
um?, but that a subset of the layer 5 terminals was larger than this
value, while a tiny fraction of the layer 6 terminals were in this range
(Fig. 8F: 23.2% vs 1.5%, p < 0.001, ). Thus, similar to the layer 5
corticothalamic system (Prasad et al., 2020), considerable heterogene-
ity exists across terminal size in the layer 5 corticocollicular system,
though virtually all large terminals were derived from this layer.
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Discussion nonoverlapping with respect to the cortical areas from which
Summary of findings they originate. In particular, layer 6 corticocollicular neurons
In this study, it was observed that the distributions of layer 5 and ~ were derived from a broader area of the cortex than layer 5, and
layer 6 corticocollicular neurons are partially and significantly ~ the peak of the distribution of corticocollicular cells shifted more
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Figure 8. Corticocollicular termination patterns at the level of the IC. A7, Diagram illustrating experimental design

and validation of use of RBP4-Cre mice to label layer 5 corticocollicular neurons. An RBP4-Cre mouse was injected with
(TB-594 to the IC and AAV9-flex-eGFP to the AC. A2, Overlay of CTB-594-labeled corticocollicular cells (red) and RBP4 ™
cells (green) after AAV9-flex-eGFP injection into the AC showing that a large fraction of layer 5 corticocollicular cells also
express RBP4 (small arrows). Scale bar, 100 um. B17, Diagram illustrating FOXP2-Cre mouse injected with Fluoro-Gold
(FG) to the IC and AAV9-flex-tdTomato to the AC. B2, Overlay of Fluoro-Gold-labeled corticocollicular cells (green) and
FOXP2™ cells (red) after AAV9-flex-tdtomato injection into the AC showing that a large fraction of corticocollicular cells
also express FOXP2 (small arrows). Scale bar, 100 pum. €7, Diagram of experimental design. €2, Low-power micrograph
showing EGFP-labeled terminals from an RBP4-Cre mouse with injection of AAV9-flex-eGFP into the AC (injection site at
inset). Scale bar, 100 pum. €3, High-power expansion of dotted boxed area from A2. White arrows correspond to large
terminals. Scale bar, 50 um. D1, Diagram of experimental design. D2, Low-power micrograph showing EGFP-labeled ter-
minals from a FOXP2-Cre mouse with injection of AAV9-flex-eGFP into the AC (injection site at inset). Scale bar, 100 pum.
D3, High-power expansion of dotted boxed area from B2. Scale bar, 50 um. E, Mean values for synaptic area for n=2
mice from each group (number of layer 5 terminals in LC, 576; number of layer 6 terminals in DC, 405; number of layer
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rostrally and ventrally compared with layer 5.
In addition, it was found that the IC receives
heavy layer 6 input from nonauditory regions
of the cortex, which serves as an indirect con-
duit to route multisensory and limbic infor-
mation to the IC. Finally, layer 5 and layer 6
show different termination patterns in the IC
with layer 5 sending axons with large termi-
nals distributed throughout the nonlemniscal
IC, while layer 6-derived terminals line the
most superficial portions of the IC with small
terminals. The potential functional implica-
tions of these differences are described below.

Methodological considerations
This study relied on the use of relatively large
injections of Fluoro-Gold into the IC to
capture a broad range of its cortical inputs.
Although it is possible that large injections
led to nonspecific labeling of layer 6 neurons,
we feel that this is unlikely for a number of
reasons. First, the layer 6 inputs were always
indexed against those from layer 5, which
generally conformed to the known areas of
the auditory cortex, based on PV, SMI-32,
and GCaMP6 signals. Second, layer 6 is not
known to project to any subcortical brain
regions other than the thalamus, striatum,
claustrum and the IC. Therefore, the only
known target in the vicinity of our injections
was the IC. Finally, similar results were seen
with multiple-sized injections, including ionto-
phoretic injections, suggesting that the results
shown were not related to injection spillover.
The findings of this study also suggest that
areas of nonauditory cortex send isolated
layer 6 projections to the IC. This supposition
is based in part on findings that this area does
not measurably respond to sound stimuli such
as pure tones of different frequencies, and is
not responsive to more ethologically relevant
sounds such as species-specific calls or to
noise. It is possible that imaging the AC in
awake animals may have elicited acoustically
driven responses from this region. However,
the maps elicited in the current study are simi-
lar to the distributions of acoustically respon-
sive areas seen in previous studies in awake
animals (Issa et al., 2014). It is also possible
that other techniques to measure the respon-
siveness of cortical neurons, such as two-pho-
ton imaging, would have revealed acoustically
driven responses. Previous work has shown
that there is some divergence between what
can be measured using single-photon versus

«—

5 terminals in DC, 824; number of layer 6 terminals in DG, 362).
**p << 0.005. F, Normalized distributions of terminal sizes
(pooled from DC and LC) from layer 5 (top) and layer 6 (bottom).
All terminals <<0.2 m? were omitted, given the resolution lim-
its of our microscope.
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Nonprimary regions of the AC and nonauditory regions housing layer 6 corticocollicular neurons receive input from nonauditory regions of the thalamus and amygdala. Layer 6 corticocollicular
cells then send projections ending in small terminals on the outer rim of the nonlemniscal portions of the IC.

population-based imaging (Bandyopadhyay et al., 2010; Rothschild
et al,, 2010; Romero et al,, 2020). In the current study, four regions
of the mouse AC could be distinguished based on their responses to
pure tones. Al and AAF were tonotopically organized, consistent
with previous reports (Stiebler et al., 1997; Tohmi et al., 2009; Issa et
al., 2014). The ultrasonic frequency pure tones activated neurons in
the UF, while all pure-tone stimuli also activated A2, located ven-
trally to the A1 and AAF gradient convergence. These regions over-
lapped more so with the distributions of layer 5 corticocollicular
neurons, and less with the corticocollicular neurons emanating
from layer 6. Four types of mouse-specific calls used in this study
activated neurons located primarily in A2. Again, this activation did
not overlap with the rostroventral cortical area containing only layer
6, but not layer 5, corticocollicular cells. Finally, the proposal that
this region is a multisensory region is supported by the finding that
this area did not receive input from the ventral division of the
MGB. The latter finding distinguishes this region from the insular
auditory field, which received input from the ventral division of the
MGB (Sawatari et al., 2011). Instead, intralaminar and heteromodal
thalamic nuclei were the main source of thalamic input to this area,
in addition to input from the amygdala.

RBP4-Cre and FOXP2-Cre mice were used to label layer 5
and layer 6 corticocollicular projections, respectively. It is possi-
ble that the use of these mice only labeled a subset of the projec-
tion to the IC of each layer, thus not providing an accurate
representation of the projection of each layer to the IC as a
whole. We think this is unlikely for two reasons. First, dual-label-
ing experiments established that the majority of corticocollicular
cells in each layer also expressed each marker (RBP4 in layer 5,
77.1%; FOXP2 in layer 6, 70%). Second, the viral injection
approach used to determine whether corticocollicular cells
express either RBP4 or FOXP2 is likely to underestimate these
percentages because it relies on the spatial overlap between the

viral injection site and retrogradely labeled corticocollicular cells.
Thus, it is likely that data derived from RBP4 and FOXP2-Cre
mice provide a representative assessment of the layer 5 and layer
6 projection to the IC, respectively.

Implications for top-down modulation of the IC
Differences between the layer 5 and 6 corticocollicular distribu-
tions found in this study and previous in vitro electrophysiologi-
cal recordings from these neurons point to different plausible
functions of these layers in auditory cortical and midbrain proc-
essing (Slater et al., 2013, 2019). Consistent with previous find-
ings (Herbert et al., 1991; Budinger et al., 2000; Bajo et al., 2007),
in our study layer 5 corticocollicular neurons also appeared to be
confined to tonotopically organized lemniscal auditory fields (Al
and AAF), as confirmed by PV and SMI-32 immunostaining and
GCaMP imaging. Thus, these corticocollicular neurons may be
the main mediators of frequency shifts and changes in duration
tuning observed in the IC-on-AC stimulation. The presence of
direct thalamocortical connections onto layer 5 corticocollicular
cells (Slater et al., 2019), coupled with their tendency to fire in
bursts (Slater et al., 2013), and the presence of large, depressing,
AMPA-mediated EPSCs in presumed layer 5 corticocollicular
synapses (Oberle et al., 2021), now combined with the finding of
large synaptic connections, suggest that layer 5 corticocollicular
cells can have rapid, powerful, and frequency-specific effects on
IC neurons, similar to “drivers” that have been described in the
layer 5 corticothalamic system (Sherman and Guillery, 2011).
Unlike layer 5, the nonoverlapping area of layer 6 corticocol-
licular neurons found rostrally and ventrally may be important
for integrating information more broadly than those for layer 5.
Based on the comparison of this region to published anatomic
atlases, likely candidates for the origin of these projections are
the entorhinal and perirhinal cortices (Franklin and Paxinos,
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2007; Dong, 2008). In the current study, the lateral nucleus of the
amygdala sends a heavy projection to this area, as well as upper-
layer neurons found in somatosensory and visual cortices (Fig.
7). These findings suggest that layer 6 corticocollicular neurons
are preferentially found in brain regions that funnel a broad
spectrum of visual, somatosensory, and limbic information,
potentially to modulate IC function in response to multisensory
and emotional stimuli. By targeting the most superficial portions
of the LC and DC, these layer 6 projections are expected to pro-
vide modulatory influence over these regions, possibly via synap-
tic connections in the form of small synaptic terminals, similar to
layer 6 corticothalamic modulators (Llano and Sherman, 2008),
to the small neurons in the fibrodendritic capsule surrounding
the LC or DC, or the apically oriented dendrites of LC bitufted,
pyramidal, or chandelier neurons in these regions (Morest and
Oliver, 1984; Faye-Lund and Osen, 1985; Malmierca et al., 2011).
The finding that layer 6 may target superficial portions of the LC
while layer 5 targets superficial and deep layers may suggest dif-
ferent roles for these projections. In the cerebral cortex, axons
targeting superficial layers may provide a contextual or priming
signal needed to permit maximal activation by thalamic afferents
(MuckKli et al., 2015; Roth et al., 2016; Schuman et al., 2021). It is
possible, though speculative, that a similar organization occurs
in the cortical layers of the IC. Figure 9 shows a schematic repre-
sentation of a model of layer 5 versus layer 6 corticocollicular ter-
mination patterns.

An additional consideration for the interpretation of the current
study is the crossed corticocollicular projection. Approximately 10—
20% of the mouse corticocollicular projection is to the contralateral
IC; this crossed projection is derived from both layers 5 and 6, and
both layers 5 and 6 demonstrate substantial contralateral branches
(Chandrasekaran et al, 2021). It is not yet known whether the
crossed projection is in part derived from nonauditory portions of
the cortex. However, the presence of contralateral branching from
both layers 5 and 6 suggests that at least part of this crossed layer 6
pathway receives nonauditory input.

Conclusions

Combined with previous results suggesting that layer 5 and layer
6 neurons are embedded into distinct cortical networks and have
different physiological response properties, the current data sup-
port the notion that layer 5 and layer 6 neurons send different
messages to the IC. The presence of a rapid pathway from the
MGBYy, directly to layer 5 corticocollicular cells of the primary
AC, which then sends a large terminal-based projection to the
IC, stands in contrast with a broadly integrative layer 6 pathway
with smaller projections and likely slower conduction, producing
slower and possibly longer-term modulation of the IC. This type
of dual corticofugal system maximizes the efficiency of the orga-
nization of corticofugal inputs: a partially overlapping system of
descending projections can receive similar sets of inputs, but its
outputs to subcortical centers are split into two systems to maxi-
mize rapid frequency-specific modulation (layer 5) while allow-
ing simultaneous slower multimodal modulation (layer 6).
Further research will test this hypothesis and determine whether
it is a general principle of top-down modulatory control.
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