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Abstract Neurons in the primary auditory area (AUDp)

innervate multiple brain regions with long-range projec-

tions while receiving informative inputs for diverse func-

tions. However, the brain-wide connections of these

neurons have not been comprehensively investigated. Here,

we simultaneously applied virus-based anterograde and

retrograde tracing, labeled the connections of excitatory

and inhibitory neurons in the mouse AUDp, and acquired

whole-brain information using a dual-channel fluorescence

micro-optical sectioning tomography system. Quantified

results showed that the two types of neurons received

inputs with similar patterns but sent heterogeneous projec-

tions to downstream regions. In the isocortex, functionally

different areas consistently sent feedback-dominated pro-

jections to these neurons, with concomitant laterally-

dominated projections from the sensory and limbic cortices

to inhibitory neurons. In subcortical regions, the dorsal and

medial parts of the non-lemniscal auditory thalamus (AT)

were reciprocally connected to the AUDp, while the ventral

part contained the most fibers of passage from the

excitatory neurons and barely sent projections back,

indicating the regional heterogeneity of the AUDp-AT

circuit. Our results reveal details of the whole-brain

network and provide new insights for further physiological

and functional studies of the AUDp.
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Direct inputs � Axonal projections

Introduction

The primary auditory area (AUDp, AI, or Au1) is a key

part of the auditory areas in processing acoustic [1, 2] and

other modalities of sensory [3, 4] and non-sensory infor-

mation [5, 6]. It is also involved in high-level cognitive

behaviors, such as prediction, learning, and decision-

making [7, 8].

To uncover the circuits underlying functional imple-

mentation, early anatomical studies using traditional trac-

ers, such as horseradish peroxidase and biotinylated

dextran amine, have revealed that the AUDp is densely

innervated by and has efferent projections to both cortical

and subcortical regions [9, 10]. However, these traditional

techniques cannot distinguish synaptic inputs from extra-

synaptic innervation or passage of fibers [11]. Recent

studies using optogenetic identification in serial histolog-

ical sections or virus-based tracers targeting specific

regions have provided more precise connections between

the AUDp and other anatomical regions, and cortical

subnetworks have proven to be vital for multisensory

integration [12, 13]. Reciprocal connections with the

auditory thalamus (AT) have been well documented in
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rodents [14, 15], and descending pathways to the cau-

dateputamen (CP), inferior colliculus (IC), and many other

subcortical regions have also been reported [16, 17].

The AUDp contains diverse neuron types that differ in

morphology, neurotransmitter type, and connectivity.

Among them, *75% are excitatory and *20% are

inhibitory [18, 19]. Although these two populations are

found in one subregion, they differ in their functional roles.

One restriction is that excitatory neurons form local and

long-range connections, whereas inhibitory interneurons

mainly have local connections [20]. In addition, excitatory

neurons in the AUDp have broader action potentials (APs)

and discharge as regular-spiking units. In contrast,

inhibitory interneurons have sharper APs and discharge

as fast-spiking units [21]. Furthermore, the stimulus-

following ability of fast-spiking units is significantly better

than that of regularly-spiking units [22]. To understand the

differences in functional roles between excitatory and

inhibitory neurons in the AUDp, it is essential to map the

whole-brain connectivity with cell-type specificity.

To date, the brain-wide input-output organization of

mouse AUDp is still incompletely understood. Relevant

studies on this issue have achieved some results. The

whole-brain direct inputs to the AUDp have been quanti-

tatively analyzed using modified rabies virus (RV) in

C57BL/6J mice [23]. However, the circuits are not specific

to cell types. The Allen Mouse Brain Connectivity Atlas

[24], using Cre-dependent adeno-associated virus (AAV)

tracing combined with Cre driver lines (mice expressing

Cre recombinase in specific types of neurons), character-

izes the cell-type-specific whole-brain axonal projections

of mouse AUDp and many other brain regions, providing a

reference database for research. However, a z-sampling

interval of 100 lm between coronal images might result in

the omission of labeled neurons or discontinuity in axonal

projections. Therefore, the precise characterization and

systematic analysis of whole-brain input-output circuits

with cell-type specificity require a combination of valid

tracing strategies, high-resolution whole-brain imaging,

and efficient analytical technology.

In this study, we mapped the direct inputs to and axonal

projections from excitatory and inhibitory neurons in the

mouse AUDp using a virus-based tracing strategy com-

bined with dual-channel fluorescence micro-optical sec-

tioning tomography (dfMOST) [25] to analyze the neural

circuits at submicron resolution. In addition, we established

pipelines to automatically and quantitatively dissect the

brain-wide connections. Our goal was to provide a

comprehensive whole-brain cell-type-specific connectivity

depiction of mouse AUDp to facilitate the mechanistic

investigation of auditory cortical functions.

Materials and Methods

Animals

All surgical and experimental procedures were approved

by the Animal Experimentation Ethics Committee of

Huazhong University of Science and Technology, and all

efforts were made to minimize the number and suffering of

experimental animals. Thy1-Cre, CamKIIa-Cre, and Vgat-

Cre mice were purchased from the Jackson Laboratory

(Bar Harbor, ME, USA). All animals were housed under

standard conditions of humidity and temperature with a

12/12 h light/dark cycle, and food and water were available

ad libitum. Adult mice (2–4 months of age) of both sexes

were used.

Viral Constructs

All viruses used in this study were customized or

commercially provided by BrainVTA Science and Tech-

nology Co. (Wuhan, China) and BrainCase Ltd. AAV-

DIO-EGFP-TVA (GT) and AAV-DIO-RG were co-pack-

aged at a ratio of 1:2 to generate littermate virus (lAAV-

DIO-GT/RG) [26] as AAV helper virus, and EnvA-

pseudotyped RV (EnvA-SADDG-DsRed) was prepared as

previously described [27].

Viral Injections

For retrograde and anterograde tracing, 80 nL of AAV

helper virus was injected into the target area [AUDp,

anterior–posterior (AP)/medial–lateral (ML)/dorsal–ventral

(DV) coordinates (mm): -2.46/-4/-2.2] with a microsy-

ringe pump (UMP3 and Micro4, WPI, USA) in either

hemisphere. The coordinates of the injection target were

determined using the Allen Reference Atlas [28]. Three

weeks later, 200 nL of pseudotyped RV was injected into

the same area to allow cell-type-specific retrograde tracing.

RV was allowed to express for another 7 days before the

mice were sacrificed. Samples labeled with inputs or

axonal projections were also stained with propidium iodide

(PI) to provide cytoarchitectonic information. The surgical

and viral injection procedures have been described in detail

elsewhere [27].

Histology

Subsequently, deeply anesthetized mice were perfused with

0.01 mol/L PBS (Sigma-Aldrich Inc., St Louis, MO, USA)

followed by 4% paraformaldehyde (Sigma-Aldrich Inc.).

The brains were excised and post-fixed in paraformalde-

hyde for 12 h. For whole-brain imaging, the intact brain
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was embedded in glycol methacrylate resin (Ted Pella

Inc.). The embedding protocol was as described previously

[29]. Briefly, each intact brain was rinsed in PBS and

dehydrated in a graded ethanol series (50%, 70%, and

95%), then the brains were immersed in a graded glycol

methacrylate series. The samples were then impregnated

for 3 days and polymerized at 48�C for 24 h.

Imaging and Preprocessing

For whole-brain imaging, the embedded brain samples

were imaged by our home-made dfMOST system at a

resolution of 0.32 lm 9 0.32 lm 9 2 lm. Preprocessing,

including mosaic stitching and illumination correction, was

applied to the acquired two-channel image datasets to

produce entire coronal sections. Bilinear resampling and

maximum-intensity projection were performed to obtain

images with desired resolutions for better visualization and

analysis.

Starter Neuron Counting and Infected Volume

Assessment

To verify the fidelity of our tracing experiments, we

quantified the starter neurons or infected volume for

different cases.

For retrograde tracing, the starter neurons were double-

positive for enhanced green fluorescent protein (eGFP) and

discosoma red fluorescent protein (DsRed) and manually

counted using the Cell Counter plug-in in Fiji (https://

imagej.nih.gov/ij/) after merging the two channels of

images with different pseudo colors to manifest the double-

labeled neurons. To check whether the majority of infected

neurons were within the scope of the target region, we

calculated the proportions of starter neurons in the AUDp

and its adjacent regions (the ventral and dorsal auditory

areas, i.e. AUDv and AUDd; n = 4). The borders of the

regions were determined by consulting the Allen Reference

Atlas.

For anterograde tracing of excitatory neurons in the

AUDp, the dendrites and axons of the neurons were

labeled, making it difficult to distinguish infected neurons

in the images. In these cases (n = 3), we manually

segmented the infected volume using Amira software

(v6.1.1, FEI) and calculated the proportion of volume

contained in the AUDp and its adjacent regions. For

anterograde tracing of inhibitory neurons in the AUDp

where the starter neurons were distinguishable at the

injection site (n = 3), we counted them in the same way as

described above. The quantified results in both situations

were combined to determine the quality of anterograde

tracing (n = 6).

Data Analysis

Registration

To compare the input and projection patterns of excitatory

and inhibitory neurons in the AUDp in different regions of

the brain, we registered our data to the Allen Common

Coordinate Framework version 3 [30]. The registration

method was as previously described [31]. Briefly, the

anatomical regions were segmented as landmarks based on

the cytoarchitectonic information provided by PI staining

or the autofluorescence texture in samples without PI.

Then, affine transformation and symmetric image normal-

ization in Advanced Normalization Tools (v2.x) were

applied to acquire the transformation parameters. Finally,

these transformation parameters were used for neuron

centroid registration and high-resolution image

registration.

Quantification of Whole-Brain Inputs

Input neurons were automatically detected using

NeuroGPS [32] software combined with the TDat [33]

format for parallel computation. The programs were

written in C?? and run on clusters. Then, the transfor-

mation parameters of registration were applied to the

centroids of the located somata to map them into a unified

space. The numbers of neurons were normalized by

dividing the total number in the whole brain to represent

the ‘‘input strength’’ for each subregion.

Quantification of Whole-Brain Projections

The axonal filaments were segmented from the images.

A Gaussian filter was applied to reduce the noise, followed

by a square root transform to remove second-order effects

while maintaining high discriminant power in a low signal

intensity range. An artificial threshold was set in advance

according to the segmentation results of the selected

coronal images using a plug-in (Threshold, Otsu) in Fiji.

The ultimate segmentation threshold for each coronal slice

was a weighted average of the artificial threshold and a

threshold automatically generated by the Otsu method [34].

The programs were written in Python 3.6.4 and run on

workstations. Artifacts were manually removed in post-

processing. The volume of axonal filaments was normal-

ized by dividing the total volume in the whole brain to

represent the ‘‘projection strength’’ for each subregion.

Analysis of Input and Projection Strength

Here, we were only concerned about the extrinsic inputs

and connections within the gray matter, the neurons and
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axonal filaments in the AUDp and within the fiber tracts

were identified and included for the visualization but

excluded in the strength calculation. Brain regions with a

strength\0.003% were neglected.

Visualization and Statistical Analysis

The registered somata and detected volume were loaded

into Amira software for three-dimensional (3D) visualiza-

tion. For statistical analyses, one-way ANOVAs followed

by Tukey test if data were normally distributed or the

Kruskal-Wallis test if not, were applied to determine

statistical differences using GraphPad Prism (v7.00) and

SPSS (v26.0.0), with significant differences labeled as

*P\0.05, **P\0.01, and ***P\0.001. All data values

are presented as the mean ± standard error of the mean

(SEM).

Results

Mapping Cell-Type-Specific Circuits of Mouse

AUDp

To dissect the cell-type-specific connections of mouse

AUDp, we injected viral tracers to label the afferent and

efferent circuits of excitatory or inhibitory neurons in Cre

driver lines. A previously described viral tracing strategy

was used to enable comparisons between direct inputs and

axonal projections of the AUDp in the same sample

(Fig. 1A). Monosynaptic upstream neurons were labeled

with DsRed, and efferent axons with eGFP (Fig. 1B).

Whole-brain imaging at the mesoscopic scale was per-

formed using the dfMOST system. We acquired [5,000

coronal slices for each brain with a voxel resolution at 0.32

lm 9 0.32 lm 9 2 lm.

We then quantified the distribution of the starter neurons

or the infected volume to check the quality of the

retrograde and anterograde tracing (Figs. 1C, S1 and

Table S2). Most of the ‘‘leaked’’ starters were in regions

adjacent to the AUDp (AUDv and AUDd). Samples with

proportions of starter neurons or infected volume \60%

inside the AUDp were discarded as heavily contaminated

and excluded from our study.

Next, pipelines were established to automatically ana-

lyze the connectivity strength between the AUDp and other

regions. For anterograde tracing, the axonal filaments were

automatically segmented from 2D coronal images (Fig. 1D,

upper panel). The segmented volume contained in one

subregion was then normalized by the total volume in the

whole brain to represent the projection strength from the

AUDp to a specific subregion. For retrograde tracing, input

neurons were counted automatically using NeuroGPS

combined with the TDat format (Fig. 1D, lower panel).

Then, the number of neurons in one subregion was divided

by the total in the whole brain to represent the input

strength from the source region to the AUDp.

Based on the maximum-intensity projection coronal

slices of the whole-brain datasets (Figs. S2, S3), we

obtained rough connectivity profiles of the excitatory and

inhibitory neurons in the AUDp. Both the input connec-

tions and axonal projections were mainly ipsilateral, and

most of the contralateral connections were within the

isocortex. The two types of neurons received inputs from

similar upstream regions, among which the isocortex and

the thalamus (TH) were the primary sources. However, the

projection patterns were different. The axons of labeled

excitatory neurons were widely distributed in the isocortex,

corpus callosum, CP, TH, and IC and extended far to the

hindbrain through the corticospinal tracts. On the contrary,

the arbors of inhibitory neurons were mainly scattered in

adjacent auditory sub-areas. Thus, whole-brain datasets

provided a qualitative view of cell-type-specific neural

circuitry. Further quantitative analysis was necessary for

obtaining a more detailed and precise connectivity map of

mouse AUDp.

Whole-Brain Connectivity Quantification of Mouse

AUDp

To understand the connectivity between the AUDp and

other brain regions, we first analyzed the 3D distribution of

upstream neurons and axonal projections along the AP and

ML axes (Fig. 2A). According to the ML distribution,

[91% of inputs or projections were ipsilateral; according

to the AP distribution,[50% were identified within 1 mm

AP, and[77% were within 2 mm AP from the AUDp.

We then mapped the registered somata and volume to

the Allen Reference Atlas to provide an intuitive view of

the whole-brain circuits (Fig. 2B–D). In general, the two

types of neurons in the AUDp shared highly similar

upstream regions, including the isocortex, striatum (STR),

TH, hippocampal formation (HPF), and hypothalamus

(Fig. 2B). Meanwhile, the distribution of axonal projec-

tions was heterogeneous (Fig. 2C, D). As noted previously,

this was mainly due to morphological differences between

the excitatory and inhibitory neurons in the neocortex.

Furthermore, to provide a more precise perception of the

circuitry, we analyzed the input/projection strength and

identified 111 regions that contained input neurons and/or

labeled fibers (Table S3) and further combined them into

53 larger regions to obtain a more general connectivity

pattern (Fig. 2E–H). The isocortex was functionally

subdivided into four parts (Fig. 2E, G), among which the

sensory cortex had ten-times the input/projection strengths

of all other cortices.
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For regions beyond the isocortex, the TH was the

primary source of inputs to the AUDp, followed by the

HPF (Fig. 2F). The midbrain (MB) contained the third

most numerous inputs to excitatory neurons, but the second

least inputs to inhibitory neurons. In all 53 brain regions,

three parts of the IC (central ICc, external ICe, and dorsal

ICd) were the only regions with significant differences

between inputs to excitatory and inhibitory neurons, where

direct inputs were observed for excitatory but not for

inhibitory neurons in the AUDp. Concerning the axonal

Fig. 1 Experimental procedures for cell-type-specific tracing in the

AUDp. A Dual-color labeling of retrograde and anterograde tracing

with Cre-dependent mice and viral vectors. Left, construction of AAV

helper viruses and pseudotyped RV for RV-mediated monosynaptic

retrograde and AAV viral anterograde tracing; middle, time course of

virus injection and histology for tracing; right, an illustration adapted

from the Allen Reference Atlas of the injection site and cartoons of

labeled objects. B Typical coronal planes of the injection sites for

labeling excitatory (left) and inhibitory (middle) neurons as well as an

enlarged view of the region indicated by a white arrow in the middle

image (right) (lower left, distances from bregma; arrowheads, starter

neurons for retrograde tracing; scale bars, left and middle, 500 lm;

right, 25 lm). C Proportions of starter neurons or infected volume in

the AUDp and its adjacent regions (AUDd and AUDv) for retrograde

(n = 4) and anterograde (n = 6) tracing (mean ± SEM; *P\0.05,

***P\0.001, one-way ANOVAs followed by Tukey tests if data are

normally distributed or Kruskal-Wallis tests if not). D Main steps of

data acquisition and analysis for anterograde (upper panel) and

retrograde (lower panel) tracing.
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projections from the AUDp to regions beyond the isocor-

tex, the STR, MB, and TH contained the most projections

from the excitatory neurons, followed by the pallidum and

cortical subplate (Fig. 2H).

In addition, we analyzed the distributions of inputs/

projections in the ipsilateral and contralateral hemispheres

(Fig. S4). Most of the regions in the isocortex, with several

exceptions in the sensory (mouth region of the primary

somatosensory, posteromedial visual, and gustatory areas)

and limbic (ventral anterior cingulate, ventral agranular

insular, and ectorhinal areas) cortices, containing ipsilateral

inputs to or projections from the excitatory neurons, were

also contralaterally labeled, although the proportions were

much lower (by about an order of magnitude). In contrast,

the regions beyond the isocortex tended to form only

ipsilateral connections with the AUDp. Specifically, no

contralateral connections were observed in the TH, and the

entorhinal area (ENT) was the only region in the HPF with

contralateral inputs to the AUDp.

Cooperativity and Bias Analysis of Whole-Brain

Circuits

According to our analysis, the connections were largely

reciprocal for excitatory neurons, and the upstream regions

usually sent inputs to both types of neurons. Therefore, we

further investigated the cooperativity (using Pearson’s

correlation coefficient, r) and bias (above or below

diagonals) between inputs and axonal projections of one

population of neurons in the AUDp or between the two

populations of either inputs or projections (Fig. 3).

First, we assessed the cooperativity between inputs to

excitatory and inhibitory neurons and found high correla-

tions for both the isocortex and other regions (Fig. 3A, E).

The regions in the isocortex were close to the diagonal of

the scatter diagram, which meant that these regions sent

nearly equal inputs to the two types of neurons (Fig. 3A).

Other regions showed a slightly lower correlation, with

significant differences in the ICc, ICd, and ICe (Fig. 3E).

These findings demonstrated that the whole-brain inputs to

the two types of neurons are highly cooperative and

unbiased.

We then evaluated the cooperativity between axonal

projections from the two populations to the isocortex and

found a correlation as high as for the inputs to them

(Fig. 3B), indicating that the regions containing more

projections from one type of neuron contained more from

the other. The AUDd was the only region in the isocortex

with a significantly higher proportion of fibers from the

inhibitory neurons than the excitatory neurons, as most of

the inhibitory axonal projections were confined to the

auditory areas.

Furthermore, we evaluated the reciprocity bias of

connectivity for each type of neurons (Fig. 3C, D, and

F). For both types of neurons, the input and projection

strengths were significantly correlated for regions in the

isocortex (Fig. 3C, D), indicating that the regions in the

isocortex that gave more inputs also contained more axonal

projections from the AUDp. However, the regions beyond

the isocortex rarely formed homologous reciprocal projec-

tions (Fig. 3F). It is worth noting that the regions with

significant differences between the input/projection

strengths were mainly in the MB (the compact part of

substantia nigra, cuneiform nucleus and lateral terminal

nucleus of the accessory optic tract) and HPF (Ammon’s

horn, ENT and molecular layer of dentate gyrus). The

former were projection-biased, which mainly received top-

down inputs from the cortex, and the latter were input-

biased, which sent bottom-up information to higher levels.

However, since axonal terminals cannot be distinguished

from fibers of passage in our quantitative analysis, the

conclusions on reciprocal connections between the AUDp

and other brain regions need further studies.

Feedback-Dominated Projections from the Isocortex

The isocortex was widely connected with the AUDp as the

major input source and projection target (Fig. 2E, G). Next,

we investigated the laminar organization of the cortico-

cortical connections. Representative coronal images

showed the upstream neurons and projecting axons with

different layer distribution patterns in the isocortex

(Fig. 4A). However, it is still unknown whether there are

criteria for these laminar distributions and whether these

bFig. 2 Whole-brain connectivity quantification of the AUDp.

A Three-dimensional visualization of the whole-brain inputs and

axonal projections of excitatory or inhibitory neurons in the AUDp.

The distribution of inputs or projections along the AP and ML axes is

shown on the left and below. The intersection of two red dashed lines

indicates the position of the AUDp. B–D Representative coronal

sections depict inputs (B) to the excitatory and inhibitory neurons in

the AUDp and axonal projections from the excitatory (C) and

inhibitory (D) neurons in the AUDp, using the same color legends as

in (A). Numbers indicate the positions of the sections relative to

bregma (mm). Each depicted section includes neurons or axons within

50 lm before and after the slice. One dot represents one neuron, and

the colored regions indicate the brain areas containing axonal

projections. Region outlines with a white background are adapted

from the Allen Reference Atlas. E–H Quantitative analysis of inputs/

projections of the isocortex (E, G) and regions beyond the isocortex

(F, H). Values for each region are given as the percentage of total

direct input neurons or total axonal projection volume in the whole

brain. Data are shown as mean ± SEM, n = 3 mice per condition.

*P\0.05, **P\0.01, ***P\0.001, one-way ANOVAs followed by

Tukey tests if data were normally distributed or Kruskal-Wallis tests

if not. Details of the abbreviations for brain regions and anatomical

hierarches are shown in Table S1.
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criteria are similar or different across all parts of the

isocortex. Therefore, the isocortex was functionally

divided into five parts (Fig. 4B) to evaluate the directional

features of the cortico-cortical connections as feedforward-

dominated (axons terminate in granular layer IV and

usually originate in supragranular layers I–II/III), feed-

back-dominated (terminate outside the granular layer and

originate in infragranular layers V–VI), or lateral-domi-

nated (terminate across all layers and originate equally in

infragranular and supragranular layers) [35, 36]. The

sensory cortex, which contained most of the cortico-

cortical connections, was further separated into the audi-

tory cortex and the other sensory cortices (Fig. 4C). The

association cortex contained the second most inputs to both

types and the third most projections from the excitatory

neurons (the second most was the limbic cortex). Overall,

the infragranular layers contained the most inputs to both

types of neurons and axonal projections from the excitatory

neurons compared with the supragranular and granular

layers (Fig. 4D).

For input circuits (Fig. 4E, F), the infragranular layers

contained more inputs than the supragranular layers and the

granular layer for both types of neurons. No significant

difference was found between the supragranular layers and

the granular layer for inputs to excitatory neurons, but was

found between inputs to inhibitory neurons in the other

sensory and limbic cortex. Therefore, we deduced that the

afferent pathways from different parts of the isocortex to

both types of neurons in the AUDp were generally

feedback-dominated, with concomitant lateral-dominated

projections from the sensory and limbic cortices to

inhibitory neurons. For output circuits (Fig. 4G, H), we

asked whether the axonal projections in the supragranular

layers were significantly more than those in the other layers

(suggesting that they were feedback-dominated) or whether

the axonal projections in the granular layer were

significantly less than those in the other layers (suggesting

no feedforward domination). Our results demonstrated that

the excitatory and inhibitory neurons sent feedback-dom-

inated projections to the association cortex and the other

sensory cortex, respectively. However, the axonal projec-

tions comprised both fibers of passage and axonal termi-

nals, and only the latter made real connections between the

cortical regions. Further studies are needed to verify our

conclusions regarding the directionality of efferent projec-

tions from the AUDp.

Taken together, we found that functionally different

cortical regions were characterized by specific laminar

distributions of connections with specific types of neuron in

the AUDp.

AUDp-AT Circuits with Regional Heterogeneity

It is well established that acoustic information usually

passes through five subcortical levels [cochlear nuclei,

superior olivary complex, nucleus of the lateral lemniscus,

IC, and medial geniculate complex (MG)] before reaching

the auditory cortex [37]. Here, we focused on the MG and

expanded it to the whole AT to obtain a more comprehen-

sive perception of the central auditory system (Fig. 5A).

Previous studies have divided the AT into two parts,

lemniscal and non-lemniscal, based on their segregated

anatomical locations, different connections, and distinct

functions [38]. The lemniscal AT indicates the ventral part

of the MG (MGv). The non-lemniscal AT surrounds the

MGv and can be further divided into three parts: the dorsal

part, consisting of the dorsal MG (MGd) and the supra-

geniculate nucleus (SGN); the medial part MGm; and the

ventral part, consisting of the posterior intralaminar

thalamic nucleus (PIL) and the peripeduncular nucleus

(PP) [15]. Details of the abbreviations and anatomical

hierarchies of the AT are listed in Table S4.

Among all subcortical regions that form connections

with the AUDp, the TH contained the most inputs to both

types of neurons and the second most projections from the

excitatory neurons, in which approximately half of these

thalamocortical/corticothalamic connections were within

the AT (Fig. 2F, H). The MGv was the main area

reciprocally connected to the excitatory neurons in the

AUDp (Fig. 5B, upper panel). The inputs to inhibitory

neurons were densely distributed in both the MGv and

several parts of the non-lemniscal AT (Fig. 5B, lower

panel). The connectivity profiles across subdivisions of the

non-lemniscal AT with the AUDp were heterogeneous

(Fig. 5C). In contrast to the MGd/SGN and MGm, which

were reciprocally connected to the AUDp, the PIL/PP

contained the most projections from the excitatory neurons

but barely sent inputs to the AUDp. The axonal projections

in the PIL/PP were mostly thick, smooth, and fasciculate,

bFig. 3 Cooperativity and bias analysis of cell-type-specific inputs and

projections. A Comparison of isocortex inputs to excitatory and

inhibitory neurons in the AUDp. B Comparison of isocortex

projections from excitatory and inhibitory neurons in the AUDp.

C Comparison of isocortex inputs to and projections from excitatory

neurons in the AUDp. D Comparison of isocortex inputs to and

projections from inhibitory neurons in the AUDp. E Comparison of

inputs beyond the isocortex to excitatory and inhibitory neurons in the

AUDp. F Comparison of inputs beyond the isocortex to and

projections beyond the isocortex from excitatory neurons in the

AUDp. The Pearson product-moment correlation coefficient (r) rep-
resents the similarity of the connections between the brain regions and

the AUDp. Regions containing an input or projection strength

\0.003% for one variable but higher for the other are set on the axis

of the latter. Red, P\0.05; green, P\0.01; black P[0.05, one-way

ANOVAs followed by Tukey tests if data are normally distributed or

Kruskal-Wallis tests if not. Details of the abbreviations for brain

regions and anatomical hierarchies are shown in Table S1.
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indicating that they were mainly fibers of passage

(Fig. S5A), while in the MGv, MGm, and MGd/SGN, the

axons were diffuse with numerous varicosities, indicating

that they were more likely to be axonal terminations

forming synaptic connections with the AUDp. These

findings demonstrated the distinct connectivity patterns

across different parts of the non-lemniscal AT with the

AUDp, providing anatomical clues for further functional

investigations.

Thus, we summarized the AUDp-AT circuits in mice

and created a comprehensive model for the central auditory

system (Fig. 5D). Based on previous studies, we amended

the thalamocortical projections by targeting both types of

neuron in the AUDp, and the PIL/PP contributed little to

the reciprocal connections between the non-lemniscal AT

and the AUDp.

bFig. 4 AUDp-isocortex connections. A Coronal views adapted from

the Allen Reference Atlas and corresponding images showing cortical

areas that contain inputs to (DsRed-labeled neurons) and projections

from (eGFP-labeled axons) the excitatory and inhibitory neurons in

the AUDp. Maximum-intensity projection at 100 lm. Scale bar, 200

lm. The demarcations and annotations of the brain regions are based

on the Allen Reference Atlas after data registration. B A three-

dimensional view of mouse isocortex from the Allen Reference Atlas

showing the anatomical locations of functionally different cortical

areas. C Quantification of inputs and projections in functionally

different cortical regions. D Laminar distribution of inputs and

projections in five parts of the isocortex. Data are shown as mean ±

SEM. I–II/III, supragranular layers; IV, granular layer; V–VI,

infragranular layers. E–H Laminar distribution of inputs to excitatory

neurons (E), inputs to inhibitory neurons (F), projections from

excitatory neurons (G), and projections from inhibitory neurons

(H) in five functionally different cortices (*P \0.05, **P \0.01,

***P \0.001, one-way ANOVAs followed by Tukey tests if data

were normally distributed or Kruskal-Wallis tests if not).

Fig. 5 Central auditory system connections. A The central auditory

ascending pathway between the auditory midbrain and the auditory

cortex for the processing of acoustic information. One of the main

subcortical levels, the auditory thalamus (AT), is highlighted in red.

The demarcations and annotations of brain regions are based on the

Allen Reference Atlas. B Representative sections showing the AT

with inputs to (DsRed-labeled neurons) and projections from (eGFP-

labeled axons) the excitatory (upper panel) and inhibitory (lower

panel) neurons in the AUDp, scale bar, 200 lm. C Quantification of

connectivity between the AT and AUDp (*P \0.05, **P \0.01,

***P\0.001, one-way ANOVAs followed by Tukey tests if data are

normally distributed or Kruskal-Wallis tests if not). D Refined

connectivity model of the AUDp-AT circuits (red lines, new findings;

dashed lines, weak connections). Details of the abbreviations and

anatomical hierarchies of the AT are shown in Table S4.
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Discussion

Audition is vital for animal survival in a dynamic

environment; completely uncovering the neural structure

of the auditory system is important for understanding the

intricate mechanism of the auditory sense. In this study, by

combining virus tracing in transgenic mice and the

dfMOST system, we comprehensively and selectively

labeled the brain-wide connections at mesoscale resolution

and automatically generated a description of the whole-

brain direct inputs to and axonal projections from excita-

tory and inhibitory neurons in mouse AUDp.

Overall, the connections between the AUDp and other

regions were primarily ipsilateral, which is a common

property of the circuits in the cortical regions of rodents

[10, 39, 40]. Quantitative analysis showed that the

upstream regions sent comparable inputs to excitatory

and inhibitory neurons in the AUDp (Fig. 2). Many studies

have reported that different types of neuron in one brain

region share similar presynaptic partners in the whole brain

[27, 39, 41], suggesting convergent external innervation for

a given region regardless of cell-type specificity. In

contrast, projection patterns are usually cell-type dependent

[24].

Cooperativity and bias analysis further revealed that

regions presented high cooperativity between the two types

of neurons for direct inputs to or axonal projections from

the AUDp. However, when focusing on one population of

neurons, the inputs and projections were often uncooper-

ative, especially in subcortical regions, suggesting global

non-reciprocal connections between subcortical regions

and the AUDp.

Furthermore, we compared the laminar distributions of

cortico-cortical connections with the AUDp, and deduced

that the cortical regions mainly sent feedback-dominated

afferents. Meanwhile, the sensory and limbic cortices

concomitantly sent lateral-dominated projections to the

inhibitory neurons. This is partially consistent with a

mapping study of the direct inputs to the AUDp in wild-

type mice [23], in which lateral-dominated projections are

common. This difference may reflect the different

emphases of the two studies; while Costa et al. evaluated

the cortico-cortical connections by calculating the fraction

of labeled neurons within layers I–IV [supragranular layer

neurons (SLN)], and defined the feedback-dominated

projections as SLN \0.33 and the lateral-dominated as

0.33\ SLN\ 0.66, our study compared the fractions of

input neurons in layers I–II/III and V–VI to measure the

significant differences of inputs between the supragranular

and the infragranular layers. In addition, labeling specific

types of neuron vs non-specificity of tracing may also

contribute to this difference. However, it should be noted

that the directionality of the connections discussed in our

study is confined to cortico-cortical projections. The

definition of feedforward and feedback rules can be

different when considering projections between the cortex

and subcortical regions [42].

In the AT, statistical analysis showed that the MGv

contained significantly more inputs and projections than

the non-lemniscal AT (Fig. 5C), consistent with the well-

documented conclusion that the MGv primarily forms

reciprocal connections with the AUDp [43, 44]. In the non-

lemniscal AT, the PIL/PP contained the most labeled fibers

from the excitatory neurons and barely sent inputs to the

AUDp, suggesting weak connections between the two

regions. Cai et al. reported that the PIL/PP mainly

innervate the association cortex, while the MGd/SGN and

MGm are predominantly connected to the sensory pro-

cessing centers [15], which is consistent with our findings.

There are several caveats in the interpretation of our

tracing results. First, we used Thy1-Cre and CamKIIa-Cre
mice to analyze the connectivity of the excitatory neurons.

When comparing the input and projection strengths in 53

regions (Fig. 2), we found no significant differences among

them (one-way ANOVAs followed by Tukey’s tests).

Second, benefitting from our tracing strategy, which

enhanced the brightness of axonal projections [26], neurons

with long-range axonal projections were observed in

anterograde tracing on the inhibitory neurons (Fig. S6),

presenting an inhibitory corticostriatal pathway from the

AUDp to the dorsal part of the striatum (i.e. CP). These

findings provide evidence for long-range corticostriatal

inhibitory neurons [16, 45–47], but additional confirmation

experiments are needed. Third, a major limitation of our

anterograde tracing strategy is that we could not distinguish

all the axonal terminals from labeled fibers. Therefore, the

output from the AUDp was quantified as the overall

number of eGFP-positive pixels within each brain region.

Further studies using synaptic markers such as AAV-DIO-

mRuby-T2A-synaptophysin-eGFP [48] could overcome

this limitation. Fourth, in our study, input neurons in the

IC were observed by retrograde tracing on excitatory

neurons in the AUDp (Fig. S5B). However, such direct

ascending projections from the IC to the AUDp have not

yet been formally described [17, 36, 49]. We injected AAV

anterograde tracing virus (AAV-CAG-EGFP-WEPR-PA)

into the IC of wild-type mice and captured coronal images

with a confocal microscope, but did not observe projecting

bFig. 6 Whole-brain neural circuits of excitatory (A) and inhibitory

(B) neurons in mouse AUDp. Inputs are shown as circles with

different diameters, and projections are shown as lines with different

widths. Regions with input and projection strengths\0.003% are not

shown. Illustrations are adapted from open-access brain atlas

templates [50]. The demarcations and annotations of brain regions

are based on the Allen Reference Atlas.
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axons or axonal terminals in the AUDp. We conjectured

that this might be due to the weakness of these connections

as we only found tens to hundreds of retrogradely labeled

neurons in the IC. Meanwhile, the tracing strategy used in

our study at a resolution of 0.32 lm 9 0.32 lm 9 2 lm
remarkably enhanced the tracing efficiency across the

whole brain. Further systematic confirmation experiments

using more sophisticated technology are needed. Finally,

the conclusions regarding the neural network of the AUDp

would be more credible and precise if the boundaries of the

AUDp in this study were defined functionally.

Based on the analysis above, we generated a whole-

brain connectivity atlas of excitatory and inhibitory

neurons in mouse AUDp (Fig. 6). In summary, the circuitry

structures at the level of specific cell types within the

AUDp were investigated. The findings reveal many details

of the circuitry of the AUDp and can provide new insights

for further study into the physiological functions of the

auditory areas in mice.
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