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Multiple Nonauditory Cortical Regions Innervate the
Auditory Midbrain
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Institute of Neuroscience, Newcastle University, Newcastle upon Tyne NE2 4HH, United Kingdom

Our perceptual experience of sound depends on the integration of multiple sensory and cognitive domains, however the networks
subserving this integration are unclear. Connections linking different cortical domains have been described, but we do not know the
extent to which connections also exist between multiple cortical domains and subcortical structures. Retrograde tracing in adult male rats
(Rattus norvegicus) revealed that the inferior colliculus, the auditory midbrain, receives dense descending projections not only, as
previously established, from the auditory cortex, but also from the visual, somatosensory, motor, and prefrontal cortices. While all these
descending connections are bilateral, those from sensory areas show a more pronounced ipsilateral dominance than those from motor
and prefrontal cortices. Injections of anterograde tracers into the cortical areas identified by retrograde tracing confirmed those findings
and revealed cortical fibers terminating in all three subdivisions of the inferior colliculus. Immunolabeling showed that cortical terminals
target both GABAergic inhibitory, and putative glutamatergic excitatory neurons. These findings demonstrate that auditory perception
and behavior are served by a network that includes extensive descending connections to the midbrain from sensory, behavioral, and
executive cortices.

Key words: cortex; inferior colliculus; motor; prefrontal; somatosensory; visual

Introduction
Sensory processing has traditionally been viewed as the centrip-
etal flow of information from a sense organ to a modality-specific
region of the cerebral cortex. This view is now being re-evaluated
on two grounds. First, evidence for extensive feedback connec-
tions from higher levels to earlier stages in the processing hierar-

chy demonstrates the flow of information is not one way. Such
top-down processing is in keeping with a growing appreciation
that perception involves the interaction between predictions or
expectations based on prior experience and incoming sensory
information (Rao and Ballard, 1999; Friston, 2005; Bastos et al.,
2012). A second challenge to the traditional view of sensory pro-
cessing is recent evidence that areas of cortex previously consid-
ered to be exclusively unimodal, including so-called primary
regions, can respond to stimuli of other modalities (Kayser and
Logothetis, 2007).

Top-down and cross-modal sensory interactions have been
most extensively explored in the cerebral cortex, but the organi-
zation of the auditory system, with its many subcortical centers,
means that such interactions could potentially occur much ear-
lier in the pathway. The inferior colliculus (IC), the midbrain
auditory center, receives extensive top-down input from the au-
ditory cortex (AC) (Diamond et al., 1969; Beyerl, 1978; Andersen
et al., 1980; Saldaña et al., 1996; Winer et al., 1998; Budinger et al.,
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Significance Statement

Making sense of what we hear depends not only on the analysis of sound, but also on information from other senses together with
the brain’s predictions about the properties and significance of the sound. Previous work suggested that this interplay between the
senses and the predictions from higher cognitive centers occurs within the cerebral cortex. By tracing neural connections in rat,
we show that the inferior colliculus, the subcortical, midbrain center for hearing, receives extensive connections from areas of the
cerebral cortex concerned with vision, touch, movement, and cognitive function, in addition to areas representing hearing. These
findings demonstrate that wide-ranging cortical feedback operates at an earlier stage of the hearing pathway than previously
recognized.
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2000; Bajo and Moore, 2005; Coomes et al., 2005; Bajo et al.,
2007). Cortico-collicular projections to the dorsal and lateral cor-
tices of the IC (ICD and ICL, respectively) are known to be par-
ticularly dense, but connections to the central nucleus (ICC), the
main recipient of afferent input from lower level brainstem cen-
ters, have also been reported in rat (Feliciano and Potashner,
1995; Saldaña et al., 1996) and other species (Budinger et al.,
2000; Bajo et al., 2007). These cortico-collicular connections me-
diate both short- and long-term plasticity that influences the re-
sponse properties of neurons in the IC to sounds (Gao and Suga,
2000; Suga and Ma, 2003; Bajo et al., 2010; Bajo and King, 2013).

While research on cortico-collicular connections has focused
almost exclusively on those originating from the AC, an earlier
anatomical study (Cooper and Young, 1976), conducted before
the advent of modern tracers, suggested that inputs to the IC
might originate from more diverse cortical sources. Cooper and
Young (1976) found degenerating fibers in the IC following le-
sions to the visual, “somaesthetic” (somatosensory) and motor
cortices, suggestive of cortico-collicular inputs from these non-
auditory cortices. Surprisingly, despite this evidence, the intrigu-
ing possibility that the IC receives extensive inputs from cortical
areas other than those subserving audition has not been ad-
dressed systematically. The concept of cortical feedback from
nonauditory regions to the IC would be congruent with evidence
for nonauditory feedforward sensory inputs that terminate in
the cortical subdivisions of the IC. These include connections
from the somatosensory dorsal column and spinal trigeminal
nuclei to ICL (Aitkin et al., 1978, 1981; Jain and Shore, 2006), and
visual inputs from the retina (Itaya and Van Hoesen, 1982; Yam-
auchi and Yamadori, 1982) and sources in the brainstem, includ-
ing the superior colliculus (Adams, 1980; Coleman and Clerici,
1987).

Here we use retrograde and anterograde tracing to identify
definitively which regions of the cerebral cortex project to the IC,
and used immunohistochemistry to define the neuronal targets
of these connections. We demonstrate that extensive projections
from sensory, motor, and executive cortices innervate all subdi-
visions of the IC. These findings show that our understanding of
perceptual processing, and specifically the contribution of the
auditory midbrain, must take account of these several and diverse
sources of top-down cortical input. We speculate that such feed-
back mechanisms may provide multisystem prediction and feed-
back signals that are essential for an individual to make sense of,
and respond to, the auditory world.

Materials and Methods
Animals. Experiments were performed in accordance with the terms and
conditions of a Project Licence issued by the UK Home Office under the
Animals (Scientific Procedures) Act 1986 and with the approval of the
Local Ethical Review committee of Newcastle University. Male Lister-
hooded rats (Rattus norvegicus, 250 –350 g, age 9 –15 weeks) were ob-
tained from Charles River and housed in the Newcastle University
Comparative Biology Centre in keeping with the ARRIVE (Animal Re-
search: Reporting of In Vivo Experiments) guidelines. Rats were acclima-
tized for at least 5 d before use and were maintained in an enriched
environment under a 12 h light/dark cycle (lights on 7:00 A.M.to 7:00
P.M.) with access to food and water ad libitum.

Surgical procedures. Animals were heavily sedated with ketamine/me-
detomidine (�15/0.2 mg/kg, i.p.) and the scalp was shaved. Local anes-
thetic cream (Emla) was applied to the nose, and a pediatric nasogastric
tube was inserted into one nostril for the delivery of isoflurane in O2. The
concentration of isoflurane was adjusted (1%– 4% in �0.1 L/min O2) to
provide a surgical plane of anesthesia throughout. Animals were placed
in a stereotaxic frame using atraumatic ear bars (David Kopf Instru-

ments) with the tooth bar set at �0.3 mm (flat skull position). Body
temperature was measured with a rectal probe and maintained at 37°C
with a homeothermic blanket (Harvard Instruments). A midline incision
was made in the scalp, and the periosteum was removed to reveal the
skull.

For retrograde tracing experiments (n � 8), a craniotomy was per-
formed over both ICs (coordinates from bregma: AP �8.5 mm, ML �2.0
mm) leaving a bridge of bone in the midline. Retrobeads (Lumafluor)
were injected using a Nanoject programmable injector (Drummond Sci-
entific) fitted with a borosilicate glass capillary pipette (1.14 mm OD,
0.53 mm ID, Drummond Scientific) pulled to a fine tip and broken back
to allow filling. Pipettes were preloaded with Aloe Vera and a small vol-
ume of Retrobeads at the tip end. Red Retrobeads were injected into the
right IC and green Retrobeads into the left. In each case, the pipette was
initially lowered into the ICC to a depth of �4.5 mm from the brain
surface, and 200 nl of Retrobeads were injected over a period of 2 min.
The pipette was left in situ for 2 min before being raised to �3.3 mm
where a further 200 nl was injected, and then to �2.3 mm where a final
200 nl injection was made. To reduce the likelihood of the injection being
drawn upward through the tissue following the final injection, the pipette
was left in place for 5 min before it was removed.

For anterograde tracing experiments, TRITC- or fluorescein-labeled
dextran was injected into either one or two cortical regions (n � 10;
Table 1). A glass capillary pipette (1.14 mm OD, 0.53 mm ID, Drum-
mond Scientific) preloaded with TRITC- or fluorescein-labeled dextran
(10,000 MW, D1816 and D1821, Invitrogen, 10 mg/ml in sterile 0.9%
saline) was fitted to the Nanoject injector. Injections (200 nl/site � 2
min) were made at two or three positions in each region. Cortical regions
targeted were as follows: AC (craniotomy at AP �5.2, ML 4.8 mm, injec-
tor angled at 30°-20° away from the midline, injection sites correspond-
ing to AP �5.2, ML 7.4, DV �5.6 mm, AP �5.2, ML 6.8, DV �4.2 mm,
and AP �5.2, ML 5.8, DV �1.6 mm); PFC (AP 3.2, ML 0.5, DV �4.3,
�2.8, and �1.6 mm); motor cortex (injections: AP 3.2, ML 1.0, DV �1.0
mm, and AP 3.2, ML �1.7, DV �2.2 mm); somatosensory cortex (AP
2.1, ML 5.0, DV �1.9 and �1.0 mm); and visual cortex (VC; AP �8.0,
ML 2.5, DV �0.8 mm, and AP �8.0, ML 4.1, DV 1.30 mm, and AP �8.0,
ML 5.1, DV �1.0 mm). TRITC-labeled dextran (red) was always injected
into the right hemisphere, and fluorescein-labeled dextran (green) was
injected into the left hemisphere. Following injection, the pipette was left
in place for 5 min to minimize the spread of the tracer.

Toward the end of the surgical procedure, animals received meloxicam
(15 �g, s.c.) to provide analgesia during recovery. The scalp wound was
then stitched using Vicryl 4.0 suture (Ethicon) and local anesthetic cream
(Emla) was applied to the wound. Animals were allowed to recover from
the anesthetic in a warm environment and were then returned to their
home cage and normal housing conditions. The next morning, a second
dose of meloxicam (15 �g, s.c.) was administered to provide ongoing
analgesia.

Tissue collection and processing. Between 48 and 60 h following Ret-
robead injection, or 7– 8 d following injection of dextran, animals were
deeply anesthetized with pentobarbital (�400 mg/kg) and transcardially
perfused with �100 ml heparinized 0.1 M PBS composed of the following

Table 1. Anterograde injection sitesa

Rat identifier Left Right

Anterograde 1 — Auditory*
Anterograde 2 — Auditory*
Anterograde 3 — Auditory
Anterograde 4 — Auditory
Anterograde 5 Visual Prefrontal*
Anterograde 6 — Motor*
Anterograde 7 Prefrontal Visual*
Anterograde 8 Visual* Prefrontal
Anterograde 9 Prefrontal Somatosensory*
Anterograde 10 Somatosensory* Visual
aTRITC-labeled dextran (red) was always injected into the right hemisphere, and fluorescein-labeled dextran
(green) was injected into the left hemisphere.

*The animals/injections used in the immunohistochemistry studies.
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(mM): 66 NaCl, 16 Na2HPO4, 3.8 KH2PO4, followed by �100 ml 4% PFA
in PBS. The brain was removed, postfixed overnight in 4% PFA, and then
cryoprotected in 30% sucrose in PBS. Cryoprotected brains were stored
at �80°C until sectioning.

For retrograde tracing experiments, the brain was sectioned on a cry-
ostat from the cerebellum to the olfactory bulb. Coronal sections (30 or
40 �m) were collected onto gelatin subbed slides, air dried, and stored at
�20°C. Before imaging, slides were dipped in DAPI (1 �g/ml, 5 min), air
dried, and coverslipped with Fluoroshield mounting medium (Sigma-
Aldrich).

For anterograde tracing experiments, the cortical injection sites
and the ICs were sectioned. Coronal sections (30 �m) were cut on a
rotary microtome and collected into antifreeze solution (30% ethyl-
ene glycol, 30% sucrose, 1% polyvinyl pyrrolidone-40 in PBS) (Wat-
son et al., 1986) and stored at �20°C. Sections from the injection sites
and the ICs were mounted on glass slides, dipped in DAPI (1 �g/ml, 5
min), rinsed and coverslipped with Fluoroshield mounting medium
(Sigma-Aldrich).

One mid rostrocaudal IC section from each animal was immunola-
beled for GABA (rabbit anti-GABA antibody 1:1000, Sigma-Aldrich, cat-
alog #A2052, RRID:AB_477652), and the neuronal marker NeuN
(mouse anti-NeuN antibody 1:1000, Merck Millipore, catalog #MAB377,
RRID:AB_2298772). A second section was immunolabeled for nitric ox-
ide synthase (nNOS; rabbit anti-nNOS, 1:3000, Sigma-Aldrich, catalog
#N7280, RRID:AB_260796) to identify the subdivisions of the IC (see
below). Sections were washed with PBS (3 � 10 min), incubated in 1%
NaBH4 for antigen retrieval (30 min), and washed in PBS (3 � 10 min)
before being incubated (4 h at room temperature followed by overnight
at 8°C) in a mixture containing the primary antibodies made up in a
block buffer comprising 1% BSA (Sigma-Aldrich), 0.1% porcine gelatin
(BDH), and 50 mM glycine (Thermo Fisher Scientific) in PBS. Sections
were washed again (3 � 10 min PBS) before incubation (2 h at room
temperature) with a mixture of AlexaFluor-488 or -568 goat anti-rabbit
secondary (1:500, Invitrogen) and biotinylated horse anti-mouse sec-
ondary (1:500, Vector Labs) in 5% normal goat serum (Sigma-Aldrich)
in PBS. Sections were washed in PBS (3 � 10 min) and incubated with
Cy5 streptavidin (1:500, Invitrogen) in PBS (1 h at room temperature).
Finally, sections were washed in PBS (10 min), incubated in DAPI (1
�g/ml, 10 min), washed again in PBS (10 min), and dipped in distilled
water before mounting on plain glass slides. Slides were coverslipped
with Fluoroshield (Sigma-Aldrich).

Imaging. For retrograde tracing experiments, the injection sites were
first examined to verify proper placement of the injection and to deter-
mine the extent of the local spread of the tracer. Only labeling from
appropriately placed injections (15 of 16) was further examined. Next,
every third slide was inspected for the presence of red and green fluores-
cent Retrobeads on a widefield microscope (Nikon NiE equipped with an

Andor Zyla 5.2. camera). Detailed notes of areas with retrogradely la-
beled cells were made on a copy of the Brain Atlas in Stereotaxic Coor-
dinates (Paxinos and Watson, 1998).

Three animals in which the injection of Retrobeads was of very
similar size and centered within the ICC at a mid rostrocaudal level
were chosen for quantitative analysis. For these 3 animals, low-power
confocal mosaic images of cortical regions and the IC injection sites
were acquired on a AxioObserver Z1 (Carl Zeiss), fitted with an
LSM800 confocal scan head and a motorized stage using a 20� air
objective (0.8 numerical aperture NA, 0.52 �s pixel dwell time, X-Y
dimension 1024 � 1024, bit depth 8 with linear look-up tables
[LUTs]). The images were examined, and cells containing fluorescent
beads were manually tagged in FIJI/ImageJ (Schindelin et al., 2012)

Figure 1. Sites of Retrobead injection in the right IC. For the 3 animals used for quantitative analysis (a, R4; b, R5; and c, R6), mosaic images were taken and the outline of each injection site was
traced in Adobe Illustrator and superimposed on corresponding atlas outlines redrawn from Paxinos and Watson (1998). Figures show the rostrocaudal midpoint of the injection.

Figure 2. Neurons in the ipsilateral AC retrogradely labeled from the IC. Following injection
of red Retrobeads into the right ICC/ICD, Retrobeads are found in neurons in the right AC. Nuclei
are labeled with DAPI (blue). a, Retrogradely labeled cells are concentrated in a narrow band
corresponding to layer V of AC. b, The distribution of beads in the somata highlights the pyra-
midal cell morphology of the retrogradely labeled neurons.
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using the Cell Counter plugin. Since the red beads were more easily
distinguished than the green beads, for quantification purposes, we
counted only cells containing red beads in the cortices both ipsilateral
and contralateral to the injection site.

For anterograde tracing experiments, low-power confocal mosaic im-
ages (�20 air, 0.8 NA, 1024 pixels in the X-Y dimension, 0.52 �s pixel
dwell time, bit depth 8 with linear LUTs) of the injection sites, were first
acquired from DAPI-labeled sections to verify the proper placement of
injections. Next, confocal mosaic images (�40 oil, 1.3 NA, 1024 pixels in
the X-Y dimension, 6.06 �s pixel dwell time, bit depth 16 with linear
LUTs) of the whole IC at a mid rostrocaudal level were acquired in a
section immunolabeled for nNOS, and the presence of red and green
dextran in the three subdivisions of the IC (ICC, ICD, and ICL) was
examined. The borders of these subdivisions were delineated by the dis-

tribution of labeling for nNOS. ICD and ICL are
characterized by neurons with cytoplasmic la-
beling for nNOS, whereas the ICC contains few
neurons that label cytoplasmically (Coote and
Rees, 2008; Olthof et al., 2019). This difference
makes the borders between the subdivisions
easy to distinguish (see Fig. 7a). Since TRITC-
dextran was more easily visualized and quanti-
fied than fluorescein-dextran, in 6 cases, we
examined only the distribution of red dextran
in both hemispheres after injection into the
right hemisphere (see Fig. 6a– d). In 2 cases
(one VC injection and one somatosensory
cortex injection; see Fig. 6b,d), we examined
the distribution of fluorescein-dextran after
injection into the left hemisphere.

To allow a qualitative examination of the rel-
ative densities of innervation of the three IC
subdivisions (see Fig. 7b–f ), fluorescent puncta
of dextran were captured using the “analyze
particles” function in ImageJ and a “mask” was
made for each particle. As the puncta are too
small to be visible at low power, for illustration

purposes, we expanded each mask digitally by a radius of 15 pixels using
Adobe Photoshop.

To determine whether dextran labeling in terminals was associated
with GABAergic or non-GABAergic (putative glutamatergic) neurons,
confocal Z stacks of varying depths (7–15 �m) (�63 oil, 1.40 NA, 1.03 �s
pixel dwell time, X-Y dimensions 1024 � 1024, Z step 0.26 �m, bit depth
8 with linear LUTs) were taken from the immunolabeled sections. Rep-
resentative Z stacks were taken in the ICD (2 stacks per animal), ICC (3
stacks per animal), and ICL (1 stack per animal). Z stacks were cropped
post hoc to 7 �m thickness. The presence of red dextran was imaged in
sections in which GABA had been labeled with AlexaFluor-488 (green),
and green dextran was imaged in sections in which GABA had been
labeled with AlexaFluor-568 (red).

Using Imaris (Bitplane), the DAPI signal was rendered to a “surface”
and the dextran labeling was rendered into “spots.” The proximity of the
dextran “spots” to DAPI “surface” was measured, allowing us to assess
whether dextran-labeled terminals were in close proximity (�3 �m) to
cell somata.

We immunolabeled for NeuN to visualize more of the cell body and
proximal processes of the IC neurons to allow us to examine whether
dextran-labeled terminals contacted somatic or dendritic sites. However,
we noted that many DAPI-labeled nuclei in the IC that were in close
proximity to dextran-labeled terminals (in some cases also labeled for
GABA) and thus presumed to be neurons, did not label for NeuN. Hence,
we used the DAPI nuclear signal rather than NeuN to define cell somata.

Experimental design and statistical analysis. This study describes largely
qualitative data on the distribution of retrograde and anterograde tracers
in the brain.

For retrograde tracing experiments, 8 animals received injections of
Retrobeads: red in the right and green in the left IC. For each animal,
sections through the whole brain were visually inspected using a wide-
field microscope. The presence of both red and green beads in both
hemispheres was recorded. For quantification, we selected six sections
(distributed rostrocaudally through the brain) from each of 3 animals.
All cells containing red Retrobeads were counted in each section in both
hemispheres, dividing cortical areas according to the atlas of Paxinos and
Watson (1998). Descriptive statistics (mean � SEM) for the raw cell
counts and for the percentage in each hemisphere are presented. No
statistical comparisons were made.

For anterograde tracing experiments, 10 animals received injections of
fluorescent dextran: 5 received one injection (right side only) and 5 re-
ceived two injections (one right, one left). Red and green dextran was
injected into the right and left hemispheres, respectively (Table 1). From
these animals, the whole of the IC was sectioned and visually inspected
using a widefield microscope and the distribution of dextran recorded.
Distribution of the terminal fields in the subdivisions of the IC were

Figure 3. Multiple cortical regions are retrogradely labeled from the IC. High-power maximum intensity projections from
confocal Z stacks showing red Retrobeads in neurons in cortical regions ipsilateral to the injection site. a, VC. b, AC. c, Primary
somatosensory cortex (S1). d, Secondary motor cortex (M2). e, Primary motor cortex (M1). f, PFC. Nuclei are stained with DAPI
(blue).

Table 2. Retrogradely labeled cells in cortical regionsa

Ipsilateral Contralateral

Area
(mm 2) R 4 R 5 R 6 Mean R 4 R 5 R 6 Mean

PFC Count 439 595 504 513 362 510 415 429
(10.57) % 54.9 54.7 56.2 55.3 45.1 45.3 43.8 44.7
M2 Count 315 430 262 336 225 294 190 236
(6.31) % 57.7 60.5 59.1 59.1 42.3 39.5 40.9 40.9
M1 Count 491 565 638 565 401 480 549 477
(11.91) % 56.6 56.4 55.0 56.0 43.4 43.6 45.0 44.0
S2 Count 73 104 120 99 56 80 100 79
(0.98) % 62.2 58.2 57.2 59.2 37.8 41.8 42.8 40.8
S1 Count 518 493 430 480 403 355 345 368
(13.60) % 57.3 60.2 57.4 58.3 42.7 39.8 42.6 41.7
AuV Count 145 153 59 119 46 51 20 39
(1.41) % 75.7 75.1 75.2 75.3 24.3 24.9 24.8 24.7
AuD Count 208 169 57 145 47 60 20 42
(1.70) % 81.5 74.4 74.0 76.6 18.5 25.6 26.0 23.4
Au1 Count 170 171 124 155 52 55 40 49
(2.45) % 76.8 75.9 75.6 76.1 23.2 24.1 24.4 23.9
V2 Count 164 103 64 110 83 55 24 54
(9.15) % 68.3 69.5 73.7 70.5 31.7 30.5 26.3 29.5
V1 Count 31 42 68 47 7 19 22 16
(8.34) % 81.6 69.4 75.9 75.6 18.4 30.6 24.1 24.4
aNumbers of Retrobead-labeled cells in each cortical region in each of three representative animals (R4, R5, and R6).
Percentages refer to the total number of labeled cells in the ipsilateral and contralateral hemispheres for each area
for each individual animal. Cells were counted in the representative sections shown in Figures 4 and 5 in each animal.
However, regions differ in size, and some appear in more than one section; thus, the total area of each cortical region
counted (shown in parentheses) varies between regions. Comparisons of cell counts cannot be used to infer the
degree of connectivity different cortical areas have with the IC. M2, Secondary motor cortex; M1, primary motor
cortex; S2, secondary somatosensory cortex; S1, primary somatosensory cortex; AuV, secondary auditory cortex
ventral zone; Aud, secondary auditory cortex dorsal zone; Au1, primary auditory cortex; V2, secondary visual cortex;
V1, primary visual cortex.
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studied using one IC section from 1 animal with an injection in each of
the cortical ROIs. To examine lateralization, one IC section from 1 ani-
mal with an injection in the motor cortex and 1 animal with an injection
in the AC were selected. Dextran spots were counted in five Z stacks of
ROIs (160 �m 2, 7 �m thickness: one in ICD and ICL, and 3 in ICC) in
both hemispheres. Descriptive statistics (mean and SEM) of the percent-
age of dextran spots in each hemisphere are presented. No statistical
comparisons were made. To examine the distribution of dextran around
GABA-labeled elements, one section from individual animals with injec-
tions in the prefrontal (n � 1), motor (n � 1), auditory (n � 2), visual
(n � 2), and somatosensory (n � 2) cortices were immunolabeled for
GABA. These sections were visually inspected at high power (�40), and
photographs representative of the distribution of dextran relative to
GABA-labeled elements were taken.

Results
Retrograde labeling
Injection sites
We injected red Retrobeads into the right IC and green Ret-
robeads into the left IC of 8 rats (see Materials and Methods).
Retrobead injection sites in all animals were inspected using a
widefield microscope which revealed the presence of many bright
beads. In all but 1 case, Retrobead injections were well placed: one
green Retrobead injection was misplaced, and the data from this
injection were discounted. Correctly placed injections (n � 15)
were centered in the ICC and included the lateral part of the ICD:
in some cases, there was some spread of Retrobeads into ICL. All
injections were contained entirely within the boundaries of the
IC. Notably, there was no upward spread of Retrobeads into the
visual cortex (VC) that overlies the IC. From the larger group of
injections, the red Retrobead injections in 3 animals (R4, R5, and
R6) were chosen for quantitative analysis. Figure 1 shows the
extent of the red Retrobead injection in in the right IC in these
animals traced from �20 confocal mosaic images.

Retrograde labeling from the IC is seen in multiple cortical areas
in both the ipsilateral and contralateral hemispheres
As a positive control for our retrograde labeling, we first exam-
ined the presence of Retrobeads in the AC ipsilateral and con-
tralateral to the injection site (henceforth referred to as the
ipsilateral and contralateral cortices). As anticipated, Retrobeads
injected in the ICC/ICD labeled many neurons in both the ipsilat-
eral and contralateral AC, predominantly at a depth consistent
with layer V (Fig. 2a). Labeling was evident as distinct bright
beads, which are associated with DAPI-stained nuclei, suggesting
that the beads are located within cell somata. The subcellular
distribution of the Retrobeads and the orientation of the labeled
cells indicate that they are pyramidal neurons (Fig. 2b).

In addition to the labeling seen in the AC, large numbers of
Retrobead-labeled neurons were also seen in many nonauditory cor-
tical areas. Indeed, labeling extended from the visual areas caudally
all the way to the prefrontal regions rostrally. Large numbers of neu-
rons containing Retrobeads were found in VC (Fig. 3a), somatosen-
sory cortex (Fig. 3c), motor cortex (Fig. 3d,e), and prefrontal cortex
(PFC) (Fig. 3f; Table 2). As in AC (Fig. 3b), Retrobeads were pre-
dominantly in the cell soma; however, compared with the labeling in
AC (Fig. 3b) in nonauditory cortical areas (Fig. 3a,c–f), the density of
Retrobeads in each cell appeared lower.

Visual cortex
Retrogradely labeled neurons were found in both ipsilateral and
contralateral visual cortices (Figs. 4a,b, 5a,b; Table 2). They were
numerous in both primary VC (monocular and binocular) and
secondary VC (lateral area and mediolateral area) (Figs. 4a,b,
5a,b). Caudally, labeled cells were found in a wide band (Figs. 4a,

5a), whereas more rostrally, retrogradely labeled cells were con-
centrated in the deeper part of the cortical thickness (Figs. 4b, 5b).
Quantification of the labeled neurons (in two sections from each
of 3 animals) revealed a consistently high degree of lateralization.
Thus, although retrograde labeling was bilateral, there were far
fewer labeled neurons in the contralateral compared with the
ipsilateral visual cortices (Figs. 4a,b,h, 5a,b; Table 2).

Auditory cortex
As expected (see Introduction), retrograde labeling was seen in
both the ipsilateral and contralateral auditory cortices (Figs. 4b,c,
5b,c; Table 2). Many labeled neurons were present in the primary
AC and both dorsal (secondary auditory cortex dorsal zone) and
ventral secondary auditory cortices (Figs. 4b,c, 5b,c). On the ipsi-
lateral side, labeled neurons were densely packed in presumed
layer V with a few in layer VI; whereas on the contralateral side,
the labeled neurons were scattered over a wider band (Figs. 4b,c,
5b,c). As in the VC, we observed far fewer retrogradely labeled
neurons in the contralateral compared with the ipsilateral AC
(Fig. 4h; Table 2).

Somatosensory cortex
A second major nonauditory sensory cortical region that con-
tained a substantial number of retrogradely labeled neurons, was
the somatosensory cortex. As was the case in the auditory and
visual cortices, in the somatosensory cortex, labeling was present
in both ipsilateral and contralateral hemispheres (Figs. 4c– e,
5c– e; Table 2). Primary somatosensory regions with large num-
bers of retrogradely labeled cells included the trunk, forelimb,
hindlimb, dorsal zone, and jaw areas. Although there are rela-
tively few cells in the barrel field of Case R5 (shown in Fig. 4c),
Cases R4 and R6 did have some labeled neurons in this region
(Fig. 5c). Secondary somatosensory areas also contained large
numbers of retrogradely labeled cells (Figs. 4c, 5c). In more ros-
tral sections, the width of the band of labeled cells increases con-
sistent with the increased thickness of the cortical layers (Figs.
4d,e, 5d,e). Interestingly, while there were more labeled neurons
ipsilateral than contralateral to the injected IC, this difference was
not as great as that observed in the auditory and visual cortices
(Fig. 4h; Table 2).

Motor cortex
Outside the sensory domain, we also found retrograde labeling
from the IC in the motor cortex. Here, as in other cortical regions,
labeling was evident in both ipsilateral and contralateral sides.
Many labeled neurons were seen in both the primary motor cor-
tex and secondary motor cortex (Figs. 4d–f, 5d–f; Table 2), and
labeling extended along the whole rostrocaudal extent of the mo-
tor cortices. On both ipsilateral and contralateral sides, labeled
neurons were dispersed more widely through the cortical thick-
ness. It was notable that, in motor areas, the lateralization pattern
of retrograde labeling resembled that seen in the somatosensory
regions in that only marginally fewer labeled neurons were found
in the contralateral compared with the ipsilateral side (Fig. 4h;
Table 2).

Prefrontal cortex
The PFC lies at the most rostral end of the cerebral cortex and
comprises both the medial prefrontal and orbitofrontal regions.
Following Retrobead injections into the IC, many labeled neu-
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Figure 4. Retrograde cortical labeling demonstrates bilateral inputs from multiple cortical regions to IC. a–f, Confocal mosaic images of coronal cortical sections at multiple locations (shown as
distance from bregma) along the rostrocaudal axis (g) following the injection of red Retrobeads in the right ICC/ICD in 1 animal, R5. Red markers represent cells containing Retrobeads. Cortical
divisions are redrawn from the atlas of Paxinos and Watson (1998), and region names are abbreviated on the sections. h, Proportions of retrogradely labeled cells in the cortex ipsilateral
and contralateral to the injected IC as a percentage of total labeled neurons in each cortical region. Error bars indicate mean � SEM (n � 3 animals) derived from counts made in 2 or
3 sections per region per animal. AI, agranular insular cortex; Au1, primary auditory cortex; AuD, secondary auditory cortex dorsal zone; AuV, secondary auditory cortex, ventral zone;
Cg1, cingulate cortex area 1; Cg2, cingulate cortex area 2; Den, dorsal endopiriform nucleus; DI, dysgranular insular cortex; DP, dorsal peduncular cortex; DZ, primary somatosensory
cortex dorsal zone; Ect, ectorhinal cortex; GI, granular insular cortex; IL, infralimbic cortex; LO, lateral orbital cortex; M1, primary motor cortex; M2, secondary motor cortex; MO, medial
orbital cortex; Prh, perirhinal cortex; PrL, prelimbic cortex; RSA, retrosplenial agranular cortex; RSG, retrosplenial granular cortex; RSGb, retrosplenial granular b cortex; S1, primary
somatosensory cortex; S1BF, primary somatosensory barrel cortex; S1Tr, primary somatosensory cortex trunk region; S2, secondary somatosensory cortex; TeA, temporal association
cortex; V1B, primary visual cortex, binocular area; V1M, primary visual cortex, monocular area; V2L, secondary visual cortex, lateral area; V2M, secondary visual cortex, mediolateral
area; VO, ventral orbital cortex.
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rons were found in the PFC of both hemispheres (Figs. 3b, 4d–f,
5d–f; Table 2).

The medial PFC, which subserves executive function, is dis-
tinct in that its laminae lie dorsoventrally. Retrograde labeled
neurons were concentrated in the cingulate (cingulate cortex area
1 and cingulate cortex area 2) and prelimbic cortices, and there

were few, if any, labeled neurons in the more ventral infralimbic
cortex and dorsal peduncular cortex regions. Retrogradely la-
beled neurons were located in the middle and deep part of the
cortex thickness close to the white matter of the forceps minor.
The orbitofrontal cortex, which is situated ventral to the forceps
minor, integrates sensory and autonomic information. In or-

Figure 5. Retrograde cortical labeling demonstrating inputs from multiple cortical regions to IC in 2 further representative cases. a–f, Confocal mosaic images of coronal cortical sections at
multiple locations (shown by distance from bregma) along the rostrocaudal axis (see Fig. 4g) following the injection of red Retrobeads in the right ICC/ICD in R4 (left column) and R6 (right column).
Red markers represent cells containing Retrobeads. Cortical regions as marked in Figure 4a–f. These cases with case R5 (Fig. 4a–f ) provide the data for the histogram in Figure 4h.
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bitofrontal cortex, retrogradely labeled neurons were located
more deeply and were observed in the ventral orbital cortex
and lateral orbital cortex regions, with fewer labeled neurons
in the medial orbitofrontal cortex. Considering the PFC as a
whole (cingulate cortex area 1, cingulate cortex area 2, prelim-

bic cortex, infralimbic cortex, dorsal peduncular cortex, ven-
tral orbital cortex, medial orbital cortex, and lateral orbital
cortex), the degree of lateralization was low with almost as
many retrogradely labeled neurons on the contralateral side
(44%) as on the ipsilateral side (56%) (Fig. 4h; Table 2).

Figure 6. Sites of anterograde tracer injection in the cortices. TRITC (red)-labeled dextran anterograde tracer was injected in the right hemisphere, and fluorescein (green)-labeled dextran was
injected in the left hemisphere. For the injection sites selected for analysis, mosaic images were taken, and the outline of each injection site was traced in Adobe Illustrator and superimposed on
corresponding atlas outlines redrawn from Paxinos and Watson (1998). Figures show the rostrocaudal midpoint of the injection. Each area traced is from a different animal shown on each coloured
injection site. Injection sites: (a) PFC (cingulate cortex area 1 and prelimbic cortex, magenta) and motor cortex (M2, red), (b) somatosensory cortex (S1, red and green), (c) AC (primary auditory cortex;
secondary auditory cortex dorsal zone; parietal association area, red and magenta), and (d) visual cortex (V1, green and V1 and V2, red).

Figure 7. Distribution of dextran-labeled terminals in subdivisions of the IC following anterograde tracer injection into cortical regions. a, Coronal section of IC immunolabeled for nNOS to identify
the subdivisions of the IC. Cortical IC subdivisions contain neurons whose cytoplasm labels for nNOS. Anterograde labelling from the prefrontal cortex for this section is shown in (b). Similar nNOS
Immunolabelling (not shown) was used to define the subdivisions in the remaining cases (c–f ). b–f, Coronal sections of the IC showing the distribution of dextran-labeled terminals in the IC
following injection of dextran into the cortical region shown above the section. Experimental numbers correspond to Table 1. Terminals were masked and expanded to allow them to be seen at low
power (see Materials and Methods). b, f, Left ICs but reflected in the vertical plane for consistency. d, *Site of a fiducial mark where there is no tissue.
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As is evident from Table 2, the number
of labeled neurons counted in different
cortical regions varies considerably. Such
cell counts cannot, however, be used to
infer differences in the degree of connec-
tivity between cortical regions and the IC
for two reasons. First, the area within a
section occupied by some cortical regions
is considerably greater than others (Table
2), and some regions extend to more than
one section (Figs. 4a–f, 5a–f). Second, we
have only counted representative sec-
tions, not the whole cortex. Thus, cell
counts are indicative that connections ex-
ist between specific cortical regions and
the IC, but do not quantify these
connections.

Noncortical regions are retrogradely
labeled from IC
Following Retrobead injections into the
IC, labeled cells were also observed in
brainstem auditory regions known to
innervate the IC (including cochlear nu-
cleus, olivary complex, dorsal nucleus of
the lateral lemniscus). In addition, we
noted Retrobead-labeled cells in many
subcortical forebrain regions, including
olfactory bulb, caudate-putamen, hip-
pocampus, thalamus, hypothalamus,
and amygdala, as well as in midbrain
and hindbrain regions, including supe-
rior colliculus and dorsal raphe. The in-
nervation of the IC by these regions will
be the subject of a second paper.

Although we concentrated our de-
tailed analysis on the red Retrobeads and
quantified retrograde labeling in only a
subset of the animals, qualitatively the
distribution of retrogradely labeled cells
was the same for all red and green Ret-
robead injections.

Anterograde labeling
To verify our findings with retrograde
tracing, and to examine both the regional distribution and neu-
ronal targets of cortical inputs to the IC, we injected anterograde
tracers (TRITC-labeled [red] and fluorescein-labeled [green]
dextran) into cortical ROIs and examined the presence of
dextran-labeled terminals in the ipsilateral and contralateral IC.
For this purpose, we chose a relatively high molecular weight
dextran (10,000 MW) conjugated to a fluorophore, to highlight
terminals and avoid the labeling of other neuronal elements.

Cortical sites of anterograde tracer injections
At the injection site, fluorescent labeling of neuronal elements
was intense and the location and dispersion of the tracer were
readily visualized. All injections were correctly placed within the
intended cortical ROI. Although most animals had two cortical
injection sites (one red, right; one green, left), we selected just one
of these sites in each animal. As a result, labeling originating from
one prefrontal and one motor cortex injection, and two auditory,

two visual, and two somatosensory cortical injections were stud-
ied in detail (Fig. 6a– d).

Anterograde labeling confirms nonauditory cortical projections
to IC
For each of the cortical ROIs highlighted by our retrograde find-
ings (visual, auditory, somatosensory, motor, and prefrontal),
dextran injection (Fig. 6; Table 1) resulted in dense anterograde
labeling in the IC (Fig. 7). In all cases, dextran labeling, which was
evident as individual small fluorescent puncta or clusters of
puncta (presumed neuronal terminals), was present in all subdi-
visions (Fig. 7). Subdivisions were identified using immunolabel-
ing for nNOS (see Materials and Methods), which distinguishes
the cortical subdivisions (ICD and ICL) from the ICC (Fig. 7a).
However, the different cortical sites of injection shown in Figure
6 resulted in different densities and patterns of labeling. For ex-
ample, whereas the injection in the motor cortex resulted in
dense labeling ventromedially in ICC and ICD, the injection in the
AC resulted in dense labeling dorsally in the ICD and ICL (e.g.,

Figure 8. Anterograde labeling is present in the ICs both ipsilateral and contralateral to the cortical injection. Anterograde
dextran labeling (yellow) in the three subdivisions of the IC (ICD, ICC, and ICL). Dextran injected in (a) AC (see Fig. 4c). b, Motor cortex
(MC, see Fig. 4a). Cell nuclei are stained with DAPI (blue).
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Fig. 7c,e). However, as we only made a few tracer injections in
each cortical region and these were not placed systematically, we
cannot draw specific conclusions about these patterns of connec-
tivity between cortical regions and the IC.

Our retrograde labeling showed that the largest difference in
the lateralization of cortico-collicular neurons was between the
AC (24% contralateral) and motor cortex (46% contralateral).
Hence, for these two regions, we compared anterograde labeling
in the IC ipsilateral and contralateral to the injection (Fig. 8). For
both AC (Fig. 8a) and motor cortex (Fig. 8b) tracer injections,
dextran-labeled terminals were observed in both ICs. Counts of
dextran spots in five Z stacks (1 in ICD, 1 in ICL, and 3 in ICC)
obtained from 1 animal on both the ipsilateral and contralateral
side confirmed the findings from the retrograde studies, there
was evidence for highly lateralized connections from AC (62.4 �
2.12% ipsilateral vs 37.6 � 1.48% contralateral) contrasting with

strongly bilateral connections from the
motor cortex (51.5 � 1.47% ipsilateral vs
49.5 � 1.97% contralateral).

To investigate the organization of la-
beled puncta with respect to the cellular
morphology of the IC, we calculated the
distance of the dextran-labeled terminals
from DAPI-labeled nuclei using the
Imaris (Bitplane) “spot” and “surface”
functions. This analysis revealed that the
majority of dextran-labeled terminals
were clustered around DAPI-labeled
cell nuclei, sometimes apparently ex-
tending along proximal processes but
within 3 �m of the nucleus (Fig. 9, green
puncta). Other labeled terminals were
further away from cell somata, presum-
ably on other neuronal elements (Fig. 9,
magenta puncta). This pattern of labeling
was seen regardless of the cortical site of
injection of the tracer or the subdivision
of the IC examined.

Both GABAergic and glutamatergic IC
neurones are targeted by cortical inputs
Sections from our anterograde tracing
studies immunolabeled for GABA re-
vealed a high density of GABAergic neu-
rons of various sizes and morphologies in
the IC. Regardless of the cortical site at
which the dextran tracer was injected,
many anterogradely labeled terminals
were found in close proximity both to
GABA-labeled neurons and to DAPI-
stained nuclei of cells that did not label for
GABA. Since it is well established that IC
neurons contain only one of two principal
neurotransmitters, glutamate or GABA
(Merchán et al., 2005), these non-
GABAergic cells were presumed to be glu-
tamatergic neurons (Fig. 10d). Two
populations of GABAergic neurons were
discerned, large (�15 �m; Fig. 10a) and
small (�15 �m; Fig. 10b) (Ito et al., 2009),
and dextran-labeled terminals were found
in close proximity to both. In the ICL in
particular, we saw GABA neurons with
extensive dendrites, and dextran-labeled

terminals were frequently found in close proximity to these struc-
tures (Fig. 10c). Labeled terminals were also found close to the
smaller, finer, GABAergic dendrites seen in ICD and ICC (Fig.
10c).

Discussion
The main finding of this study is that multiple regions of the
cerebral cortex make extensive bilateral connections with all
three subdivisions of the IC. In addition to previously well-
established cortico-collicular inputs from the AC, we demon-
strate substantial connections from visual, somatosensory,
motor, and prefrontal regions. Retrograde tracing shows that
connections from the ipsilateral side are the most abundant.
However, the ipsilateral/contralateral difference is less pro-
nounced for somatosensory, motor, and prefrontal cortices,

Figure 9. Anterograde tracing reveals terminals originating from multiple cortical regions target neurons in all IC subdivisions.
Anterograde dextran labeling and were converted into “spots” and DAPI-stained nuclei were converted to “surfaces” (blue) using
Imaris, and the proximity of spots to surfaces was determined. Green represents spots closer than 3 �m. Magenta represents spots
further away. Distribution of anterograde-labeled terminals in ICD, ICC, and ICL (columns left to right) following injections of tracer
into visual, auditory, somatosensory, motor, and prefrontal cortices (rows top to bottom).
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where numbers of labeled neurons are
nearly equal, than for the visual and audi-
tory cortices where the difference is ap-
proximately threefold. Cortico-collicular
neurons are most abundant in the deeper
part of the cortical thickness, but in some
regions, the motor and prefrontal cortices
in particular, they are distributed more
widely. Anterograde tracing suggests that
these cortico-collicular inputs synapse
with both GABAergic and glutamatergic
neurons in all three divisions of the IC. A
surprising aspect of our results is the ex-
tent to which diverse cortical projections
target the ICC, the main recipient of as-
cending input from brainstem auditory
nuclei and traditionally regarded as a cen-
ter of auditory processing (Oliver, 2005;
Ito and Malmierca, 2018).

Technical considerations
The combined application of retrograde
and anterograde tracing methods pro-
vides convincing evidence for the exis-
tence of cortico-collicular connections
from nonauditory cortical regions. Ret-
robeads show minimal diffusion (Katz et
al., 1984) and our injections, which tar-
geted ICC and ICD resulted in minimal
spread into ICL. Importantly, no Ret-
robeads were observed in the overlying
VC. Thus, we can be confident that the
cortical labeling we observed resulted
from retrograde transport from the IC.
Although we quantified data using red
Retrobeads from 3 exemplar animals, we
saw the same pattern of labeling with both
red and green Retrobeads in all 8 animals.

There were differences in the density of
Retrobead labeling of neurons, both
within and between regions. Retrobeads
are considered efficient tracers; neverthe-
less, differences in the density of labeling
of neighboring cortical neurons have been
reported previously (Schofield et al.,
2007). Such differences may relate to the
number of terminals, their pattern of dis-
tribution in the IC, or even to the level of
neuronal activity. Differences in labeling density are unlikely to
be explained by the distance from the IC to the soma in the cortex,
as both densely and less densely labeled cells were found in all
cortical regions.

Auditory and nonauditory cortico-collicular projections
Our tracing showed a dense and highly lateralized projection
from the AC to the three subdivisions of the IC. This is consistent
with earlier studies (see Introduction) (for review, see Winer,
2005; Schofield, 2010; Bajo and King, 2013), and serves as a pos-
itive control for our exploration of nonauditory cortico-
collicular connections. In addition to connections from the AC,
we demonstrate extensive bilateral cortico-collicular projections
from visual, somatosensory, motor, and prefrontal cortices. Al-
though we reveal the full extent of these connections, evidence

pointing to the existence of some of these nonauditory cortico-
collicular connections can be found in an earlier degeneration
study in cat by Cooper and Young (1976). Following large lesions
of the visual, somatosensory, or motor cortices, these authors
reported degenerating fibers in the ipsilateral IC. Although not
quantified, their figures suggest that these connections are sparse
and mostly confined to areas equivalent to ICD and ICL. Similar
findings were reported by RoBards et al. (1976) and RoBards
(1979) for somatosensory cortex. More recently, Lesicko et al.
(2016), using anterograde tracing, demonstrated connections
from somatosensory cortex to the IC in mouse, but they only
reported on the presence of labeled terminals in the “neurochem-
ical modules” in ICL (Chernock et al., 2004) that were also recip-
ients of somatosensory inputs from the dorsal column and spinal
trigeminal nuclei. In our study, we observed connections distrib-

Figure 10. Terminals originating from multiple cortical regions associate with both GABAergic and glutamatergic neurons in
the IC. Confocal Z stack images showing dextran-labeled terminals (yellow) and DAPI-stained nuclei (blue). Terminals originating
from cortical regions are evident in close proximity to (a) large GABAergic neurons (red, closed arrows), (b) smaller GABAergic cells
(red, open arrows), and (c) GABAergic dendrites (red, closed arrowheads). d, Terminals of cortical origin are also found in close
proximity to neurons which do not label for GABA, presumed glutamatergic neurons (open arrowheads). Example confocal images
from ICD, ICC, and ICL (columns left to right) showing dextran labeling following injection into visual, somatosensory, motor, or
prefrontal cortices (see individual panel labels).
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uted widely throughout all IC subdivisions, importantly includ-
ing ICC.

In the case of VC, we observed extensive cortico-collicular con-
nections from both V1 and V2 to the IC. Several functional studies in
IC have reported visual modulation of neuronal responses to
sounds, and even neuronal responses to visual stimuli alone (Syka
and Radil-Weiss, 1973; Tawil et al., 1983; Mascetti and Strozzi, 1988;
Porter et al., 2007; Bulkin and Groh, 2012). In the cortices of the IC,
these interactions may be explained by direct, but sparse, retinal
input (Itaya and Van Hoesen, 1982; Yamauchi and Yamadori, 1982).
However, responses to visual stimuli or saccades have also been re-
ported, in ICC, albeit with lower prevalence than in the IC cortices
(Porter et al., 2007; Bulkin and Groh, 2012). The longer latency
responses observed by Porter et al. (2007) are consistent with effects
mediated by indirect pathways via the superior colliculus (Adams,
1980; Coleman and Clerici, 1987), or from the visual cortical input
we describe here.

The existence of connections from the VC to the IC may explain
recent functional studies in which the BOLD response recorded in
the IC using fMRI was shown to be influenced by ablation or opto-
genetic modulation of the VC (Gao et al., 2015; Leong et al., 2018).
Interestingly, the results of these studies implied that input from VC
enhanced response gain, whereas input from the AC reduced gain.
Although cortical output projections are considered exclusively ex-
citatory, our finding that projections from cortical regions terminate
on both GABAergic and presumed glutamatergic neurons shows
that disynaptic circuits in the IC can readily transform cortically
mediated excitation to inhibition.

The feedback connections we demonstrate from motor cortex
to the IC may be important for two reasons. First, they could be a
source of feedback about self-generated sounds, such as vocaliza-
tions and sounds that ensue from an animal’s interaction with its
environment (Schneider and Mooney, 2018; Schneider et al.,
2018). Interestingly, neurons in the IC respond prior to vocaliza-
tion and the IC projects to the neighboring periaqueductal gray
(Moore and Goldberg, 1966; Carey and Webster, 1971), a region
involved in the control of vocalization (Jürgens, 1994; Pieper and
Jürgens, 2003). Motor and somatosensory cortical feedback to
the IC could also provide predictive information that enables
self-generated sounds to be discounted in the parsing of simulta-
neous sound sources. That neurons throughout the motor cortex
project to the IC suggests that body movements may contribute
to this process, perhaps via efference copy, and that such feedback
is not limited to the control of vocalization (Schneider and
Mooney, 2018). A second reason why motor inputs to the IC are
significant is that the IC is one of a network of brain centers
involved in escape and other fear responses to aversive sounds.
Blockade of inhibition and modulation of NMDA receptors in
the IC triggers such behaviors (Brandão et al., 1988; Cardoso et
al., 1994; Nobre et al., 2004) and auditory responses in IC are
enhanced by unconditioned and conditioned fear evoking stim-
uli (Brandão et al., 2001). Furthermore, connections from the AC
to the IC have been shown to be important in mediating sound-
evoked defense responses (Xiong et al., 2015).

We know of no existing evidence that the PFC influences re-
sponses in the IC. However, neurons in the orbitofrontal regions
respond to sound and, via descending connections, influence
sound processing in AC (Fritz et al., 2010; Schneider et al., 2014,
2018; Winkowski et al., 2018). These prefrontal cortical regions
have a central role in executive function and exert task-
dependent influences on sensory processing (Ongür and Price,
2000). Our results demonstrate direct projections from the me-
dial and orbital PFC to the IC and suggest that higher-level cog-

nitive functions, including goal-directed behavior, directly affect
auditory processing in the midbrain.

Interestingly, whereas neurons projecting to the IC from the
visual and auditory cortices displayed a marked ipsilateral dom-
inance, those in the somatosensory, motor, and prefrontal corti-
ces were less lateralized. This might reflect the fact that movement
elicited sounds and cognitive mechanisms are not as strongly
lateralized as sources of auditory and visual signals.

Extensive descending input to the IC from the cerebral cortex
indicates that the IC is more than an integrator of ascending
auditory signals. These descending inputs are diverse and include
other nonauditory sensory areas as well as nonsensory regions.
This diversity of cortical projections suggests that different sen-
sory, motor, and cognitive cortical influences operate at an early
stage of processing to influence an animal’s perceptual and be-
havioral responses to sound. We can only speculate about the
precise function of this multisystem feedback and how it might
mediate the signals required to identify sounds in sound-
cluttered environments. The mechanisms involved could sub-
serve predictive coding, using priors derived from stimulus
history, efference copy to discount self-generated sounds, and the
transforms of coordinate frames of reference that enable the
senses to be integrated into a coherent representation.

As discussed in the Introduction, there is mounting evidence
for the top-down modulation of sensory signals, as well as corti-
cocortical connections mediating interactions between sensory
modalities. Our data show that multisystem networks subserving
sensory, motor, and executive function extend to subcortical
structures. Together, these data demand a revision of current
models of sensory perception.
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