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Long-range neuronal circuits play an important role in motor and sensory information
processing. Determining direct synaptic inputs of excited and inhibited neurons is
important for understanding the circuit mechanisms involved in regulating movement.
Here, we used the monosynaptic rabies tracing technique, combined with fluorescent
micro-optical sectional tomography, to characterize the brain-wide input to the motor
cortex (MC). The whole brain dataset showed that the main excited and inhibited
neurons in the MC received inputs from similar brain regions with a quantitative
difference. With 3D reconstruction we found that the distribution of input neurons, that
target the primary and secondary MC, had different patterns. In the cortex, the neurons
projecting to the primary MC mainly distributed in the lateral and anterior portion, while
those to the secondary MC distributed in the medial and posterior portion. The input
neurons in the subcortical areas also showed the topographic shift model, as in the
thalamus, the neurons distributed as outer and inner shells while the neurons in the
claustrum and amygdala were in the ventral and dorsal part, respectively. These results
lay the anatomical foundation to understanding the organized pattern of motor circuits
and the functional differences between the primary and secondary MC.

Keywords: motor cortex, whole brain, long-range input, distinct distribution, 3D

INTRODUCTION

The motor cortex (MC) plays a crucial role in the generation and control of movement and motor
learning (Sanes and Donoghue, 2000; Tanji, 2001; Peters et al., 2017). Dysfunction of the MC
can cause many neurological diseases, such as Parkinson’s disease, amyotrophic lateral sclerosis,
Huntington’s disease and Alzheimer’s disease (Ferreri et al., 2011; Shepherd, 2013). There are two
functional subregions in the MC, primary motor cortex (MOp) and the secondary motor cortex
(MOs) (Sul et al., 2011; Guo J. Z. et al., 2015). A study based on intracortical microstimulation
revealed that stimulation of the MOp and MOs induced movements of the forelimbs and whiskers
in mice, respectively (Tennant et al., 2011). The MOs is more involved in cognitive-related
motor control processing, such as motor decision, motor planning, motor learning, and spatial
memory (Barthas and Kwan, 2017). The functional differences between the MOp and MOs rely
on integrating information from upstream areas and sending information to downstream areas
through dendrites and axons. Investigation of the connectivity patterns, including the input and
output circuits, are essential to dissect the diverse functions of these subregions. With viral neuronal
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tracing, the output circuit pattern MC has been well-identified,
in which the projections from the MOp and MOs showed unique
and separate tract pathways, despite targeting similar areas (Jeong
et al., 2016). However, the organization patterns of the upstream
circuits in the whole brain, especially the direct input to the
subregions of the MC, are not clear at present.

Previous studies revealed that the MC integrates inputs
from many brain areas, such as the orbital cortex, primary
somatosensory cortex (especially the barrel field, SSp-bfd),
secondary somatosensory cortex (SSs), ventrolateral thalamic
nucleus (VL) and the ventromedial thalamic nucleus (VM) in
the thalamus, and basal forebrain (Hooks et al., 2013; Zingg
et al., 2014; Zaborszky et al., 2015). But these studies were based
on tracing methods that cannot identify the whole brain input
to the specific type of neurons, while the neurons in the MC
can be divided into two main categories: glutamatergic neurons
and GABAergic neurons (Huang, 2014). The former sends long-
range axons to other areas for innervation, and the latter mainly
establishes the connection in the local area to carry on the
regulation, accounting for about 20% of the total cortical neurons.
The monosynaptic rabies tracing technique has been widely used
to characterize the presynaptic inputs of desired starter neurons
with high accuracy and efficiency (Wickersham et al., 2007a; Wall
et al., 2010; Ogawa et al., 2014). The inputs to glutamatergic
neurons and three subtypes of GABAergic neurons in the MC
has been revealed (Zhang et al., 2016). But structure information
of the upstream circuits of the subregions of the MC, including
the MOp and MOs, especially the whole-brain input to different
types of neurons, remains indistinct.

To map the whole brain inputs to glutamatergic and
GABAergic neurons in the MOp and MOs, here, we used a dual-
color monosynaptic rabies tracing technique combined with
fluorescent Micro-Optical Sectional Tomography (fMOST)
(Gong et al., 2016) and performed systematic analyses
and comparisons.

MATERIALS AND METHODS

Animal
Adult (2–4 months) C57BL/6J mice Thy1-cre mice (JAX: 006143)
and Vgat-cre mice (JAX: 028862) were used in this study,
targeting glutamatergic neurons (Campsall et al., 2002; Yang H.
et al., 2016; Yang Y. et al., 2016) and GABAergic neurons (Vong
et al., 2011; Chen et al., 2018), respectively. All animals were
housed in normal cages in an environment with a 12-h light/dark
cycle and were free to get enough food and water. All animal
experiments were approved by the Animal Ethics Committee of
Huazhong University of Science and Technology.

Surgery and Stereotaxic Injection
of Virus
The mice were intraperitoneally injected with 1% pentobarbital
sodium for anesthesia. The anesthetized mice were attached
to a mouse adapter. A drill was used to make a small hole
in the skull above the target area. A virus was injected into
the target area using a pressure injection pump (Nanoject II:

Drummond Scientific, Co., Broomall, PA, United States). The
wound was cleaned alternately with iodine and 75% alcohol to
prevent inflammation.

In this study, we used a monosynaptic rabies tracing technique
to label the whole-brain inputs to specific cell types in the MOp
and MOs simultaneously in a same transgenic mouse. First,
150 nl AAV helper mixtures were injected into the ipsilateral
MOp (AP:1.54 mm, ML:1.70 mm, DV:−1.50 mm) and MOs
(AP:1.54 mm, ML:0.50 mm, DV:−1.35 mm) in Thy1-cre or Vgat-
cre mice respectively, mixed with rAAV2/9-Ef1α-DIO-BFP-2a-
TVA-WPRE-pA and rAAV2/9-Ef1α-DIO-RG-WPRE-pA as the
ratio of 1:2. Three weeks later, 300 nl RV-MG-EnVA-EGFP and
RV-MG-EnVA-Dsred were injected into the two subregions of the
MC respectively. One week later, the mice were perfused. The
titer of both AAVs is 2.00E+12 vg/ml, while the titer of RV is
2.00E+8 IFU/ml. The virus used was produced by BrainVTA.
The amplification origins of RVs were from SADMG-EGFP
(EnvA) (Wickersham et al., 2007b; Osakada et al., 2011). The
AAV virus vectors were constructed by BrainVTA. The coding
region of the TVA element and RG element were obtained from
the AAV-EF1a-FLEX-GT plasmid (Addgene plasmid 26198)
and pAAV-EF1a-FLEX-RG plasmid (Addgene plasmid 98221)
respectively, and were separately constructed into the DIO
cassette of the plasmid pAAV-EF1a-DIO-hChR2 (H134R)-EYFP
(Addgene plasmid 20298) (Hu et al., 2016).

During the stereotaxic injection, we set the Bregma as the
zero point of the stereotactic coordinate. Briefly, Bregma is the
junction of the coronal suture and the sagittal suture of the skull,
and Lambda is the point of intersection of the bestfit lines passing
through the sagittal suture and the left and right portions of the
lambdoid suture. When Bregma and Lambda are on the same
level and the left and right hemispheres are symmetric in the
plane with the center line, the Bregma was set as the zero point.

Histology
All histological procedures followed previous reports (Gong
et al., 2016; Ren et al., 2018). The anesthetized mice received
cardiac perfusion using 0.01 M phosphate-buffered saline (PBS,
Sigma-Aldrich, United States) and 4% paraformaldehyde (PFA,
Sigma-Aldrich, United States) in 0.01 M PBS. Brains were
separated and then post-fixed with 4% PFA for 48 h. After
fixation, the brain tissues were rinsed with PBS overnight.

To perform three-dimensional reconstruction analysis, some
brains were embedded with GMA resin for whole brain imaging
with the fMOST system. Briefly, the brains were dehydrated in
a graded ethanol series (50, 70, and 95% ethanol, changing from
one concentration to the next every 1 h at 4◦C). Then, the brains
were immersed in a graded glycol methacrylate (GMA, Ted Pella,
Inc., Redding, CA, United States): 70, 85, and 100% GMA for
2 h each, and 100% GMA overnight at 4◦C, and into a pre-
polymerization of GMA for 3 days for penetration. Last, the
samples were polymerized in a vacuum oven at 48◦C for 24 h.

Imaging
To detect labeling signals, some brains were manually
sectioned with 50 µm coronal slices using the vibrating
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slicer (Leica 1200S). Then, the slices were imaged using confocal
microscopy (Zeiss LSM710).

For whole brain imaging, the brains were embedded with
GMA resin and sectioned and imaged automatically and
continuously using the fMOST system, with the voxel resolution
of 0.32 µm× 0.32 µm× 2 µm (Gong et al., 2016). We processed
the images following the procedures used in our previous work
(Gong et al., 2016; Li et al., 2017, 2018). For the whole brain
dataset, we uploaded the images into Amira software (v5.2.2,
Mercury Computer Systems, San Diego, CA, United States) and
Fiji (NIH) to perform the basic operations, including extraction
of areas of interest, resampling, maximum projection etc. In
order to distinguish the brain region boundary, the down
sampling data were registered into the Allen Reference Atlas (the
voxel resolution of 10 µm × 10 µm × 10 µm) (Kuan et al.,
2015). For registration, we performed the following steps: (1)
image preprocessing, including uneven illumination correction,
image contour outside background noise removal; (2) extracting
regional features of anatomically invariants in the whole brain
such as the ventricles, the hippocampus, the corpus callosum,
etc.; (3) used the current advanced gray-level based registration
algorithm (SyN) to register the extracted features, and to obtain
the corresponding relationship between the image dataset and
Allen CCFv3 brain atlas. (4) the registration parameters were
applied to the whole dataset. For the three-dimensional (3D)
reconstruction analysis and presentation, we extracted the cell
body information by NeuroGPS software (Quan et al., 2016) and
placed them in the corresponding 3D brain region contour.

Statistical Analysis
We used 50 µm of maximum fluorescence signal projection or
50 µm sections from eight brains to perform cell counting using
Fiji software. For cell counting in each area, we imported the
image to the Fiji software and used its cell counter module to
perform the manual cell count. Every two slices or sections were
counted. We counted all the long-range upstream brain regions
(upstream brain regions except for injection site -namely the
MOp and MOs at the same hemisphere with the injection sites). If
the number of cell bodies in any region of any sample was over 10,
we regarded it as valid and there were 48 valid upstream regions.
Then, we compared the percentage of input neurons of each
valid region as the total input neurons with one-way ANOVA
followed by Tukey’s Honest Significant Difference test using SPSS
(version 13.0) (Beier et al., 2015). To quantify the similarity in
input patterns, we calculated Pearson’s correlation coefficients.

RESULTS

Monosynaptic Inputs to Glutamatergic
and GABAergic Neurons in Subdomains
of MC
For mapping the whole brain monosynaptic input to the MC, we
used viral neuronal tracing with an AAV helper and the modified
rabies (RV), which could perform the direct monosynaptic inputs
tracing. The RV pseudo typed with the avian sarcoma leucosis

virus glycoprotein EnvA, can only infect cells expressing a
cognate receptor (TVA protein) and requires the rabies virus to
envelope the glycoprotein (RG) to spread retrogradely into the
presynaptic cells. To compare the inputs to different categories of
MC, we used the Thy1-cre mice and Vgat-cre mice respectively,
that expressed a cre recombinant enzyme in glutamatergic
or GABAergic neurons in all layers of cortex (Figure 1A).
Combining cre-line mice with the cre-dependent AAV helper of
the RV system, we could perform the inputs tracing, targeting the
presynaptic neurons projecting to the specific type of neuron.

To investigate the input differences between the MOp and
MOs, we selected two representative sites of these regions. One
for forelimb motor controlling and the other for vibrissa motor
controlling (Jeong et al., 2016). The dual-color monosynaptic
rabies tracing technique was performed to label the input
neurons of these sites respectively. In simple terms, an AAV
helper that could express the TVA and G protein in specific
neurons were injected in ipsilateral MOp and MOs of cre-
line mice. Three weeks later, the RV expressing GFP (RV-MG-
EnVA-GFP) or Dsred (RV-MG-EnVA-Dsred) were injected into
the MOp and MOs respectively (Figure 1A). Thus, we could
label monosynaptic inputs to specific type neurons of these
regions in individual brains simultaneously. To confirm that
the starter cells restricted to the injection site area, we injected
one type of rabies virus in individual mice (Supplementary
Figure S1) while the control was injected with TVA-BFP and RV,
without RG in cre-line mice (Supplementary Figure S2). And the
continuous coronals around the injection sites of dual-color RV
also indicated that there was almost no crosstalk between the two
RVs injected in the MOp and MOs (Supplementary Figure S3).
With immunohistochemical staining, we further confirmed the
cell specificity of starter cells in Thy1-cre mice (Supplementary
Figure S4). We also performed control experiments in C57BL/6J
mice to ensure that the leaked labeling had no effect on the
analysis of our experiments (Supplementary Figure S5).

To analyze the whole brain inputs from the perspective of a 3D
space, the brains were embedded with GMA resin, then sectioned
and imaged automatically and continuously using the fMOST
system. Through the 3D reconstruction, we could observe the
whole brain input distribution characteristics of the MOp and
MOs in a three-dimensional space (Figures 1B,C). Obviously,
we found that the upstream neurons of both glutamatergic and
GABAergic neurons, were mainly concentrated in the cortical
area near the injection site and the thalamic area.

In order to show the signal distribution characteristics of
these input brain regions more clearly, we performed the 50 µm
maximum intensity projection on continuous 2 µm images
(Figure 2). The GFP labeling neurons indicate populations
projecting to the MOp, and the Dsred labeling neurons indicate
populations projecting to the MOs. Overall, we found that the
whole brain input distribution of glutamatergic neurons and
GABAergic neurons are similar in the same subregions of the
MC. But the whole brain input distribution to glutamatergic
neurons or GABAergic neurons are basically separated in
different subregions of the MC. In general, we observed that
the glutamatergic neurons and GABAergic neurons in the MOp
receive projections from the cortical plate (ORB, SSp-ul/m,
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FIGURE 1 | Monosynaptic rabies tracing the inputs to specific neurons in MC. (A) Schematic showing the dual-color monosynaptic rabies tracing technique with cre
dependent mice (Thy1-cre mice and Vgat-cre mice) and viral vectors. (B,C) 3D reconstruction of the whole brain dataset acquired using the fMOST system. Green
dots denote neurons projecting to the MOp while red dots denote neurons projecting to the MOs.

SSp-bfd, SSs, ECT), cortical subplate (CLA, BLA), thalamus
(VAL, VM, PO, PF), pallidum (NDB, SI, PALd), and the midbrain
(VTA, DR, CS, PPN). The glutamatergic neurons and GABAergic
neurons in the MOs receive projections from the cortical plate
(ORB, ACA, RSP, SSp-ll /tr, SSp-bfd, SSs, ECT, hippocampus),
cortical subplate (CLA, BLA), thalamus (AM, MD, LP, VAL,
VM, PO, PF), pallidum (MS, NDB, SI, PALd), and the midbrain
(VTA, DR, CS, PPN). The distribution of upstream neurons
labeled with single RV is similar to the results of dual-color RVs
(Supplementary Figure S6). The abbreviations of brain regions
are summarized in Supplementary Table S1.

Quantitative Comparison of Inputs to
Specific Cell Types Between
Subdomains of MC
To quantitatively compare the input distribution of different
subregions, we counted input neurons in each upstream region
and normalized to the total number of the whole brain.

To accurately distinguish the brain regions, we registered
consecutive three-dimensional data to the Allen Reference Atlas.
As shown in Figure 3, most areas projecting to the MOp also
project to the MOs. However, there are a small number of
brain regions such as the cortex (DP/TT, RSP, VISam, VISl),
thalamus (LP, MD, CL) and the HIP that almost only project
to the MOs, and not the MOp. In addition, the MOp receives
convergent inputs. For example, there are only four of 48 areas
with an input percentage greater than 5% for inputs to the
glutamatergic neurons in the MOp, only nine of 48 areas with
an input percentage greater than 2%, and the total percentage
of these four main input areas is 69.2 ± 6.9%. Relatively, the
MOs receives divergent inputs, with five of 48 areas with an
input percentage greater than 5% for inputs to the glutamatergic
neurons in the MOs, with 16 of 48 areas with an input percentage
greater than 2%, and the total percentage of these five main input
areas is 41.9± 7.4%. In detail, the MOp receives a large projection
from both the SSp-bfd and SSs, from which the MOs receives a
relatively small projection; the MOs receives a certain number
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FIGURE 2 | Representative images of selected regions with monosynaptic inputs to the glutamatergic and GABAergic neurons in the motor cortex. Continuous
coronal view of maximum intensity projection of the Z stack (50 µm) across the entire brain. RV-labeled neurons identified by the green signal show the neurons
projecting to the Mop, while the red signal indicates the neurons projecting to the MOs. Scale bar = 1 mm.
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FIGURE 3 | The proportions of the whole-brain input to the glutamatergic and GABAergic neurons in the MOp and MOs. The percentage of inputs from 48
upstream brain regions across the whole brain. (Left) Monosynaptic inputs to the glutamatergic neurons (GLU) in the MOp (green) and MOs (red). (Right)
Monosynaptic inputs to GABAergic neurons (GABA) in the MOp (green) and MOs (red). Details of proportions of subregions in the pallidum (superior) and the
midbrain, hindbrain, and the cerebellar nuclei (inferior) are shown in the lower right. The abbreviations of brain regions are provided in Supplementary Table S1.
Mean ± SEM. Vgat-cre mice, n = 4; Thy1-cre mice, n = 4.
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of projections from the ACA and RSP, but the MOp receives
almost no projection from these sites; Both the MOp and the MOs
receives a small number of innervations from modulatory nuclei
in the pallidus and midbrain.

Distinct Input to the MOp and MOs but
Similar to the Glutamatergic and
GABAergic Neurons
To quantify the correlation between these four groups of inputs
to the MC, we conducted a correlation analysis (Figure 4). We

compared the inputs of glutamatergic neurons and GABAergic
neurons in the same brain region and compared the inputs of the
same types of neurons in the MOp and MOs. Each circle in the
scatter plot represents one brain region (significant differences in
red, P < 0.05), and the diagonal line represents the same input
proportion for each pair (Ogawa et al., 2014).

The correlation coefficient of input to the glutamatergic and
GABAergic neurons in the MOp is 0.98 (P < 0.001), and only
one of 48 upstream regions (SC, P = 0.017) showed a significant
difference (Figure 4A). As for the input to the glutamatergic and
GABAergic neurons in the MOs, the correlation coefficient is 0.95

FIGURE 4 | Comparisons of monosynaptic inputs to motor cortex. (A) Comparison between inputs to the glutamatergic neurons (GLU) and GABAergic neurons
(GABA) in the MOp. (B) Comparison between inputs to the GLU and GABA in the MOs. (C) Comparison between inputs to the GLU in the MOp and MOs.
(D) Comparison between inputs to the GABA in the MOp and MOs. Values are the means of the percentage of the total inputs from each region. Red circles indicate
significant differences (P < 0.05, corrections for multiple comparisons with Tukey’s Honest Significant Difference test). r: Pearson’s correlation coefficient.

Frontiers in Neuroanatomy | www.frontiersin.org 7 April 2019 | Volume 13 | Article 44

https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles


fnana-13-00044 April 15, 2019 Time: 17:41 # 8

Luo et al. Input Atlas of Motor Cortex

(P < 0.001), and two upstream regions (MD, P = 0.038; VISm,
P = 0.014) showed a significant difference (Figure 4B). These
results show that the input patterns to the glutamatergic and
GABAergic neurons in the MC are similar. When we compared
the input to the glutamatergic neurons in the MOp and MOs,
the correlation coefficient is 0.47 (P < 0.05), and 16 upstream
regions show a significant difference (Figure 4C). The correlation
coefficient of input to the GABAergic neurons in the MOp and
MOs is 0.44 (P < 0.05), and 17 areas show a significant difference
(Figure 4D). All these data indicate that the input patterns of the
same type of neurons in different subregions of the MC are of
great distinction. We then focused on the comparison of input
patterns between different subregions.

Region-Specific Projection to the MOp
and MOs
To certify the difference between the input pattern of the MOp
and MOs, we compared the distribution of input neurons in
the individual brain, that was labeled with a dual-color RV.
Using the whole brain dataset, we reconstructed the cortical areas
in 3D. As shown in Figure 5, the cortex region is regionally
specific for the MOp and MOs projection. The coronal slices
exhibit a significant regional disjunction between the cortical

inputs of subregions of the MC (Figure 5A). Based on the results
of the 3D reconstruction (Figure 5B), we present a schematic
diagram of the cortical projection to subregions of the MC
(Figure 5C). In detail, the MOp mainly receives projections from
the lateral portion of the ORB, the anterolateral portion of the
MOs/MOp and the anterior portion of the SSp-bfd/SSs. The
MOs mainly receives projections from the medial portion of the
ORB/MOs, the posterior portion of the MOp/SSp-bfd/SSs/ACA
and the anterior RSP/visual areas. The MOp and MOs both
receive projections from the middle area of the SSp-bfd and
SSp-ul/tr. The cortical circuits were divided into somatosensory
motor subnetworks, medial subnetworks and lateral subnetworks
in a previous study (Zingg et al., 2014). We found that the
MOp mainly receives input from the lateral portion of the
somatosensory motor subnetworks, while the MOs mainly
receives input from the medial portion of the somatosensory
motor subnetworks. The medial sub-networks have almost no
projection to the MOp but has a large projection to the MOs,
especially the ACA and the RSP in the second medial sub-
network. The lateral subnetworks have a few projections to both
the MOp and MOs.

The thalamus has a region-specific projection to the MOp
and MOs as well. The results of the two-dimensional coronal
plane exhibited that the AM, VAL, and the CM in the anterior

FIGURE 5 | Region-specific cortical projection to MOp and MOs. (A) Coronal sections show inputs to the motor cortex from different cortical regions. The green
signals indicate the neurons projecting to the Mop, while the red signals indicate the neurons projecting to the MOs. Scale bar = 1 mm. (B) Three-dimensional
reconstruction of cortical areas. A dot denotes one neuron projecting to the MOp (green) or MOs (red). (C) Schematic diagram for input areas projecting to
subregions of the MC. The green and red circles represent injection site positions. Green areas indicate regions mainly projecting to the Mop, while red areas indicate
regions mainly projecting to the MOs; yellow areas indicate regions projecting to both the MOp and MOs. Scale bar = 1 mm.
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FIGURE 6 | Region-specific thalamic projection to MOp and MOs. (A) Distribution of inputs to the MOp and MOs in the thalamus at different positions. The green
signal indicates the neurons projecting to the MOp, while the red signal indicates the neurons projecting to the MOs. Scale bar = 500 µm. (B) Three-dimensional
reconstruction of the thalamic areas. Green dots denote the thalamic neurons projecting to the MOp, while red dots denote the thalamic neurons projecting to the
MOs. (C) Three-dimensional reconstruction of the PO, VAL, VM, and PF. (D) Schematic summary of the thalamic-cortical projection pattern. In the topographic shift
model, the beginning tips of wirings indicate the relative spatial positions, and the thickness of wirings in both panels indicates the degree of projection.
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FIGURE 7 | Region-specific projection from CLA and BLA. (A) Distribution of input neurons to the MOp and MOs in the CLA. The green signal indicates the neurons
projecting to the Mop, while the red signal indicates the neurons projecting to the MOs. Scale bar = 500 µm. (B) Three-dimensional reconstruction of the CLA where
green dots denote the neurons projecting to the MOp, while red dots denote the neurons projecting to the MOs. (C) Distribution of the input neurons to the MOp and
MOs in the BLA. Scale bar = 500 µm. (D) Three-dimensional reconstruction of the BLA.

part of the thalamus, have a certain number of projections
to the MOs but not to the MOp. In the posterior portion of
the thalamus, neurons projecting to the MOp gradually appear
from the central part of the thalamus including the VAL, VM,
PO, and the PF. While those neurons projecting to the MOs,
gradually transfer to the dorsal and ventral sides including the
VM, PO and the PF (Figure 6A and Supplementary Figure S7).
With 3D reconstruction, the populations projecting to the MOp
and MOs in the thalamus show an inner shell and an outer
shell, respectively, while the outer shell encloses the inner shell
(Figure 6B). In detail, the inner shell is mainly composed of the
posterior portion of the VAL, the dorsal portion of the VM and
the ventral portion of the PO/PF (Figure 6C). While the outer
shell is mainly composed of the AM, the MD, the anterior portion
of the VAL, the ventral portion of the VM and the dorsal portion
of the PO/PF (Figures 6A,B). Based on the projection model of
the thalamus to the MOp and MOs previously shown (Oh et al.,
2014), we concluded a three-dimensional projection model with
more information based on our data (Figure 6D).

In other regions, the MOp and MOs also receive region-
specific projections from the CLA and BLA. The neurons
projecting to the MOp appear in the dorsal part of the CLA,
while those projecting to the MOs focus in the ventral part of
the CLA (Figures 7A,B). The neurons projecting to the MOp,
and MOs focus in the ventral and dorsal part of the anterior BLA,
respectively (Figures 7C,D). Although the projections from the
basal forebrain regions to the MOp and MOs were not large,

they showed regularity. In the MOp, almost no projections came
from the anterior nucleus of the basal forebrain: the MS and the
anterior part of the NDB. When we compared the distribution
pattern into the basal forebrain (Figure 3), the ratio of projection
to the MOp increased from the anterior parts to the posterior
parts, as from the MS, NDB, SI to the PALd. These results were
consistent with the results obtained in previous studies using
retrograde fluorescent dyes (Zaborszky et al., 2015). Surprisingly,
we found that the MOp receives a small number of projections
from the contralateral cerebellar nuclei DN and the IP, with
almost no projections to the MOs, and neither the MOp nor
the MOs received projections from the ipsilateral DN and the
IP. It has been thought that the cerebellum generally projects
indirectly to the cortex, which mainly transmits information
to the thalamus region as a relay station (Dum and Strick,
2003; Ramnani, 2006). Now, we are the first to reveal that the
contralateral cerebellum nuclei can innervate the MOp directly.

DISCUSSION

Using a monosynaptic rabies tracing strategy, combined with
continuously imaging using the fMOST system, we mapped
the whole brain inputs to specific cell types in the subregions
of the MC. We validated the afferent connections of the
subregions of the MC revealed by previous studies, but with cell-
type specificity and systematical comparison. The distribution
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patterns of inputs to the glutamatergic and GABAergic neurons
in the MC are similar, which means that different cell types
of individual brain regions receive inputs from the same areas.
These results are in agreement with previous studies of the
DR (Ogawa et al., 2014), the VTA (Beier et al., 2015), the
SSp-bfd (Wall et al., 2016), the basal forebrain (Do et al.,
2016), the dorsal striatum (Guo Q. et al., 2015). However, it
is still unclear if these glutamatergic and GABAergic neurons
are innervated by the same type of neurons and the same
upstream circuits.

Importantly, using a 3D reconstruction, we found that the
distribution of the input neurons that project to the primary
and secondary MC are significantly different. In the cortex,
the MOp is mainly innervated by the lateral portion of the
somatosensory motor subnetworks, while the MOs is mainly
innervated by medial portion of it. The medial subnetworks
primarily project to the MOs instead of the MOp. Such a cortical
connection pattern may indicate that, compared with the MOp,
which mainly integrates somatosensory information to generate
motion, the MOs integrates more sensory information (visual
and auditory) and plays an important role in motor cognitive
function (Sul et al., 2011; Murakami et al., 2014; Barthas and
Kwan, 2017). In the thalamus, the projection from the VAL,
VM, PO and the PF to subregions of the MC show regional
specificity. The populations in the thalamus projecting to the
MOp and MOs are like an inner shell and an outer shell
respectively. Such a topographic relationship is similar to the
distribution patterns of fibers in the thalamic areas, projecting
from layer6 neurons in the MOp and MOs, respectively (Jeong
et al., 2016). It verifies the reciprocal correspondence projection
relationship between the subregions in the thalamus and cortex
(Allendoerfer and Shatz, 1994; Hunnicutt et al., 2014; Oh
et al., 2014). The motor thalamus nucleus, VAL and the VM,
project to both the MOp and MOs, while the limbic thalamus,
AM, and the MD, have a certain number of projections to
the MOs but not to the MOp. These connections match the
functional roles of the subregions of the MC, showing that
the MOp may be involved in more motion generation and
control, while the MOs is more inclined to be cognitively
related to motion control. In addition, the connection patterns
can provide a reference for the boundary demarcation of the
thalamic nucleus (Hunnicutt et al., 2014) which is not clear in
the cytoarchitecture.

Current results show that the neurons that project to the
MOp, and MOs are regionally specific in the CLA and BLA. In
previous studies on the projection from the CLA to the MOs
and the ACA (Zingg et al., 2014), these results suggest that
the CLA can be divided into different subregions that connect
with different cortical areas with parallel and distinct circuits.
The BLA has more projections to the MOs than to the MOp,
which suggests that the BLA affects the excitability of the two
subregions of the MC to varying degrees (Gokdemir et al., 2018).
We found that the MOs receives large projections from the
CA1 in the hippocampus. while the MOp does not. This may
provide an anatomical reference that the MOs is involved in
the regulation of spatial memory (Yamawaki et al., 2016). Here,
we have not discussed the regions or populations innervating

to the MOp and MOs simultaneously in the limitation of the
dual-color RV labeling. In the technique, the rabies virus that
was expressed in input neurons of the MOp in MOs, can
get a supplement of the G protein in the MOs, then perform
transsynaptic labeling of the MOs. In the single RV labeling
experiments, the results showed that populations projected to the
MOp, while the MOs segregated, which is consistent with the
dual-color RV labeling.

In summary, we obtained a complete dataset of the
inputs to specific cell types in the subregions of the MC.
As far as we know, this study is the first to analyze and
compare inputs to specific cell types in the subregions of the
MC. Our results revealed a segregated but regional-specific
projection pattern to the MOp and MOs. The distinct input
patterns may be the root cause of functional differences
between the MOp and MOs. Our results will be helpful in
further understanding sophisticated brain connectivity and the
function distinctions between the two subregions of the MC
as well as lay a solid foundation to explore the behavioral
impacts of them.
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