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Long-range connectome of pyramidal neurons in
the sensorimotor cortex
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SUMMARY

The neocortex mediates information processing through highly organized
circuitry that contains various neuron types. Distinct populations of projection
neurons in different cortical regions and layers make specific connections and
participate in distinct physiological functions. Herein, with the fluorescence mi-
cro-optical sectioning tomography (fMOST) and transgenetic mice that targeted
intratelencephalic (IT) and pyramidal tract (PT) neurons at specific layers, we
dissected the long-range connectome of pyramidal neurons in six subregions of
the sensorimtor cortex. The distribution of the input neurons indicated that IT
and PT neurons in the same region received information from similar regions,
while the neurons in different subregions received from the preferred neuron
populations. Both the input and projection areas of these six subregions showed
the transverse and longitudinal correspondence in the cortico-cortical, cortico-
thalamic, and cortico-striatal circuits, which indicated that the connections were
topologically organized. This study provides a comprehensive resource on the
anatomical connections of cortical circuits.

INTRODUCTION

The mammalian brain processes complex information through various neuronal circuits across cortical and
subcortical regions.” The neocortex comprises dozens of cortical areas, each consisting of hundreds of
neuron types and their local and long-range connections. As the center for sensory information processing
and the control of motor action, the sensorimotor cortex is the basis of voluntary movement.” Based on the
cytoarchitecture, physiology, and histochemistry, the sensorimotor cortex can be divided into different
functional regions,” such as the primary and secondary motor and sensory cortices. With various demarca-
tion methods, these cortical sectors can be further grouped into different subregions such as the forelimb
area expanding into a large space covering the anterior-medial motor area of secondary motor area
(MOs*MM) %5 to the upper limb area of primary somatosensory cortex (SSp-ul).’

At the macroscopic scale, neuroimaging and physiological investigations have shown that the
sensorimotor cortex is topographically organized and that nearby locations represent similar functions.
The functional organization depends on the complex circuit structure, while several recent studies have
revealed regional and cell-type preference in different circuits.>""" Even in the same subregion, different
types of neurons such as IT and PT neurons share similar inputs,” they participate in different roles in motor
control and learning via distinct downstream circuits. The projection targets of PT neurons in the sensori-
motor cortex are scattered, including the striatum, thalamus, hypothalamus, midbrain, and other deep
nuclei.® IT neurons project extensively to multiple regions within the bilateral telencephalon, especially
the adjacent cortical regions and striatum, and participate in the preparation and planning of forelimb
movements.”'” The same type of neuron in different layers also can involve in different functional regula-
tions through preferred connection patterns. For example, PT neurons of superficial layers in MOp”-M
project to the thalamus and participate in planning activities, while deep layer neurons project to the pre-
motor center of the spinal cord and play a key role in the motor execution stage of the lever pressing task. '
These validated the uniqueness of the medulla projection in MOp”™, as opposed to the extensive
projection properties of MOp, indicating the importance of cross-regional anatomy of specific cell types.'®
Similarly, although previous studies indicated IT neurons convey planning information to striatum, IT
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Figure 1. Whole-brain input to cortical pyramidal neurons

(A) The labeling strategy of the whole-brain inputs to type-specific neurons.

(B) Different injection sites of the sensorimotor cortex. The left hemispheres showed the three-dimensional distribution of
different regions of the sensorimotor cortex, while the right hemispheres showed the actual injection sites.

(C) Three-dimensional display of whole-brain input neuron of pyramidal neurons in different subregions. Each point
represented one neuron. Different colors represented different subregions. The three-dimensional direction of the

mouse brain outline was displayed. The somata of RV-labeled neurons was extracted by NeuroGPS and registered to the
CCF.
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Figure 1. Continued

(D) Quantitative analysis and comparison of the cortical and thalamic input of pyramidal neurons. The vertical axis of the
histogram represented the percentage of input neurons in the cortex and thalamus of the whole brain. The two-tailed
Student'’s t test was used to compare the input strength between different subregions. *p < 0.05, **p < 0.01. Data were
represented as mean + SEM.

(E) Quantitative analysis and comparison of input from whole-brain except for the cortex and thalamus. One-way ANOVA
followed by Tukey's post hoc tests. Data were represented as mean + SEM. The abbreviations of brain regions were
provided in Table S1. The significant difference in input intensity in different subregions was compared, and the p values
were shown in Tables S2-54.

with corresponding anatomical connections.'*'® IT neurons of MOs"MM show strong target location selec-
tivity.'* IT neurons in layer 2/3 of MOp'™M are responsible for monitoring the results of the success of
grasping food,'” while IT neurons in layer 2/3 of MOp”™ and MOs™™ are involved in licking control.'®
In addition, both IT and PT neurons of MOp™M play an important role in motor control."”""® To sum up,
these differences may depend on regions and cell types, further illustrating the need to explore detailed
anatomical connection differences. To clarify the organizational rules underlying their distinct roles in
movements, it is necessary to analyze their input and projection circuits in the whole brain. Previous studies
have shown that the sensorimotor cortex integrates inputs from multiple regions including the cortex and
subcortical areas, and transmits information by the long-range projections to multiple downstream re-
gions.'%"7?% These studies reveal the difficulty in understanding the organizational logic of the cortex
and offering a unique perspective on complex functions.'%?’

22725 and fluorescence

In this study, combining anterograde tracing,”'® rabies virus retrograde labeling,
micro-optical sectioning tomography (fMOST),”” we derived a comprehensive anatomical resource at
the circuit level for the mouse sensorimotor cortex and investigated the connectome of IT and PT neurons
in six cortical subregions. These results revealed the connectivity patterns of pyramidal neurons in the fore-
limb sensorimotor cortex, which provides a road map for understanding the functional organization and

circuit structure of forelimb movement.

RESULTS
Whole brain input distribution of different pyramidal neurons in the sensorimotor cortex

Previous reports have indicated that a variety of genetic molecules can be used to target IT and PT neurons
in the cortex, such as PIxnD1 and Fezf2. To obtain the whole-brain input of IT and PT neurons, we
performed the retrograde trans-synaptic tracing” in PlxnD1-CreER and Fezf2-CreER mice respectively
(Figure 1A). We chose six injection sites in the motor and sensor cortices, including the anterior-lateral
motor area of the primary motor area (MOpALM), the posterior-medial motor area (MOs"™My " MOsAMM,
the intermediate-medial motor area (MOp'™™)
sory cortex (SSp-Il). PIxnD1+ and Fezf2+ neurons were distributed in specific layers in the cortex, located on
layers 2/3 and 5a, and layers 5 and 6 respectively (Figures STA and S1B). These neurons demonstrated the
projection pattern of IT and PT neurons respectively.>”?” The starter cells (neurons co-expressing
TVA-mCherry and EnvA-GFP) in different subregions were restricted in the injection sites and specific layers
(Figures 1B and S1B-S1D), which validates the specificity of the viral tracing system.

, SSp-ul, and the lower limb area of the primary somatosen-

To compare the whole-brain input circuits of different subregions, we imaged the brains using the fMOST
system with spatial resolution at 0.32 x 0.32 x 2 um? (Figure S2). Then we obtained the spatial information
of all input neurons via neuroGPS*° software and subsequently registered the datasets to the Allen Mouse
Brain Common Coordinate Framework (CCF) (Figure 1C). Quantitative results showed that the majority of
the input neurons were detected in the ipsilateral adjacent cortex and contralateral homologous cortex,
followed by the lateral and medial thalamus (Figures 1C and S2). Compared to IT neurons, PT neurons
in the MOs"™M received more input from cortical areas (p < 0.01), while the situation is the opposite in
the SSp-Il (p < 0.05). The PT neurons in the MOp™M (o < 0.05) and SSp-Il (p < 0.01) received more thalamic
input than IT neurons (Figure 1D). In addition to the input from the isocortex and thalamus, these pyramidal
neurons widely received input from other areas (Figure 1E), mainly in the cortical subplate and pallidum.
The hippocampus sent a significantly higher proportion of input to the MOs*M" and MOs"™M than to other
subregions. Furthermore, the striatum preferentially innervated the MOs*™™ and the MOp”™ rather than
other subregions (Figure 1E). Most of the input connections were selective to the specific cell types in the
same subregions. The pallidum preferentially sent projections to the PT neurons in the MOs*MM (o < 0.05),
MOs™™M (p <0.01), and SSp-ul (p < 0.01), while to the IT neurons in the MOp'MM (p < 0.05) (Figure 1E). In
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addition, the olfactory area including the main olfactory bulb, accessory olfactory bulb, and anterior olfac-
tory nucleus sent more input to IT neurons in the MOs*™ (o < 0.05). The striatum sent larger inputs to IT
neurons in the MOs™M (p < 0.01), MOp”*™M (p < 0.001), and SSp-ul (p < 0.05). The hypothalamus sent larger
inputs to IT neurons in the MOs™M (p < 0.05) and MOp™M (p < 0.05) (Figure 1E). These results uncovered
that IT and PT neurons of the different cortical regions received biased inputs from multiple brain regions,
indicating that the functional differences of pyramidal neurons are contributed by biased inputs.

Cortical inputs for different types of pyramidal neurons

As a main input region to the sensorimotor cortex, the isocortex held about 80% of input neurons which
showed region-preferred patterns (Figures 1D, 1E, and 2A). Interestingly, our results indicated that topo-
logical connections that the medial (MOs™™MM ' MOsPMM MOp'MM, and SSp-ll) and lateral (l\/IOpALNI and
SSp-ul) subregions received input mainly from the medial and lateral cortex respectively. While the anterior
(MOs"MM and MOp”™) and posterior (MOp™M) subregions were innervated by the anterior and posterior
cortex respectively (Figure 2B).

These six subregions all received strong input from the motor cortex and primary somatosensory cortex,
while some subregions preferred to form a unique connection network with other cortical areas. For
example, in the prefrontal cortex, the anterior cingulate area (ACA) preferentially innervated the
MOs"MM MOsP™MM and MOp'MM; while the prelimbic area (PL) mainly projected to MOs"MM and orbital
area (ORB) mainly targeted the MOs"MM and MOp™M. The SSp-Il, MOp”™, and SSp-ul received more
input from the supplemental somatosensory area (SSs), while the MOs™M received strong input mainly
from visual areas (VIS), posterior parietal association areas (PTLp), and retrosplenial area (RSP) (Figure 2C).

We next compared the differences in cortical input patterns between IT and PT neurons in the same sub-
regions. As shown in Figure 2C, MOp and MOs preferentially project to the PT neurons of the sensorimotor
cortex except for the SSp-Il and SSp-ul. The PT neurons of MOs"MM received massive inputs from the
medial prefrontal cortex, including PL (p < 0.001) and ILA (p < 0.001). While ACA provided more projections
to the IT neurons than PT neurons in the MOs*MM (p < 0.05). Moreover, the agranular insular cortex (Al) sent
more projection to the IT neurons in l\/IOp'MM (p <0.05), SSp-Il (p < 0.05), and SSp-ul (p < 0.001). Together,
the cortical connection network of the sensorimotor cortex was organized by region, cell type, and layer
specificity, forming complex and diverse sub-circuits.

To further understand layer-specific circuit organization, we compared the layer specificity of cortical input
to IT and PT neurons. Our results showed that the cortical input neurons were mainly concentrated in layers
2/3 and 5, and a few of them were found in layer 6, especially for l\/IOpWIM (Figure 2D). In short, the cortical
afferent circuits of the somatic sensorimotor subnetworks were organized in a specific spatial arrangement
and contained multiple parallel pathways targeting specific cell types.

Region-preference of thalamic inputs

The subcortical input neurons were mainly located in the thalamus. The mutual projection between the
thalamus and cortex is crucial for the function of cortical neurons.®’ The distribution of input neurons in
the thalamic regions for IT and PT neurons in the same subregions were similar (Figures 3A and S3), while
the thalamic inputs for different subregions were distinct (Figures 3A and 3B). The MOs"™™M received input
mainly from the lateral dorsal nucleus of the thalamus (LD). The other subregions mainly received inputs
from the ventrolateral thalamus with regional specificity. The ventral anterior lateral nucleus (VAL) prefer-
entially projected to the MOp'™™ and MOp”™, while the ventral posterolateral nucleus (VPL) preferentially
innervated the SSp-ul and SSp-Il. Moreover, the parafascicular nucleus (PF) projected to most regions
except the MOs"™M (Figures 3B and 3C), which indicates that the PF may not involve in associative-senso-
rimotor functions to modulate motor responses to external stimuli.*” In addition, compared with other
subregions, the MOs*™MM received more inputs from the medial thalamic nucleus (Figures 3B and S3).

Although the input neurons of the IT and PT neurons were distributed in the same thalamic regions, the
proportion of inputs in different nuclei showed some differences. The IT neurons of the MOs"™M
more inputs from LD, compared with the PT neurons (Figure 3C). The VPL preferentially projected to PT
neurons of SSp-Il, while the posterior complex of the thalamus (PO) sent richer inputs to IT neurons. In addi-
tion, PT neurons in MOp”™ received stronger input from the intralaminar nuclei of the dorsal thalamus

received
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Figure 2. The monosynaptic input from the isocortex

(A) Schematic coronal sections depicted the RV-GFP labeled neurons. Each colorful point shows one neuron projecting to
the corresponding subregion. The neurons shown in each coronal section (50 um) were derived from a single sample.
(B) Three-dimensional location of the input neuron on the cortex. Each point presented one neuron. The diagram
represented the outline of the brain.

(C) Quantitative analysis of input neurons in different subregions of the ipsilateral isocortex. Data were represented as
mean + SEM. The significant difference in input intensity in different subregions was compared, and the p values were
shown in Tables S2-54.

(D) Laminar distribution of bilateral cortical input neurons. The ratio of input neurons in each layer of the other cortex to
the total input neurons in the layer except the injection site. The numerical value represented the proportion of input
neurons in the different layers.

(ILM), while the anterior group of the dorsal thalamus (ATN) provided more input to the IT neurons in SSp-ul
(Figures 3C and S3).

In summary, these results suggested that different subregions of the sensorimotor cortex received thalamic
input with regional specificity: the ventral group of the dorsal thalamus (VENT) and PO target lateral

iScience 26, 106316, April 21, 2023 5
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Figure 3. Region-specific distribution of input neurons in the thalamus

(A) The front 3D view of input neurons in the thalamus. Each point represented a single input neuron.

(B) The coronal sections of the thalamic inputs to pyramidal neurons in different subregions. The coronal sections of the
thalamic inputs to the IT and PT neurons. Along the A-P axis, each group was presented with four coronal sections of
thalamic inputs, corresponding to the bregma —0.88 mm, —1.255 mm, —1.955 mm, and —2.06 mm of CCF.

(C) Horizontal axis: the proportion of input within discrete thalamic regions in the different thalamic nuclear groups.
Vertical axis: the proportions of input within the thalamic nuclear groups. Different colors represented different thalamic
nuclear groups. Different colors represented different layers. The abbreviations of brain regions were provided in
Table S1.

subregions; medial thalamus targets medial subregions; dorsolateral thalamic nucleus targets posterior
subregions. While the upstream thalamic areas to different layer-specific pyramidal neurons were similar
but quantitatively different in some key brain thalamic regions.
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Figure 4. Topological projections from IT neurons to the striatum

(A) The labeling strategy of the whole-brain projection from type-specific neurons.

(B) Verify the specificity of labeled neurons. Red: neurons expressing AAV-mcherry, Green: PIxnD1+ neurons, DAPI:
signals for the cytoarchitecture. Scale bars: up, 500 pm; down, 20 pm.

(C) Ipsilateral striatum projection of IT neurons in different subregions. The top row of maps represented the coronal
sections of the striatal projection from different subregions, and the box indicated the specific locations of injection sites
in CCF. Each column represented a single sample, from top to bottom, showing the topological projection of IT neurons
from different subregions to the rostral-caudal striatum. The projection thickness of each image was 100 um. The number
below the coronal plane in the first column represented the same position corresponding to CCF. Scale bar = 500 um.
(D) Quantitative analysis of the ipsilateral striatum projection of IT neurons in different subregions. We divided these sites
into medial and lateral based on the spatial location of the subregions and compared the projection intensity of the
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Figure 4. Continued

ipsilateral striatum (CP) between them. The horizontal axis of the statistical graph represented the CP region of each
coronal plane (from rostral to caudal), and the vertical axis represented the intensity of pixels from each coronal plane.
The percentage of signal intensity of striatal projection fibers to the total striatal projection fiber signal intensity was
used to represent the projection strength to CP at different positions. The gray dashed lines presented the striatum
projection center of gravity in each subregion. The bright line represented the average value and the shaded area
represented the fluctuation range of the projected signal strength from the caudate putamen of different samples.
(E) The correlation coefficient matrix of the mean intensity of pixels originated from the rostral and caudal striatum. The
striatal projections were quantified as projection signal volume in each slice normalized by signal volume across the whole
CP. n = 3 per group. F, Topography organization between the sensorimotor cortex and the striatum.

Correlation comparison of input patterns

To evaluate the input patterns for different types of pyramidal neurons, we conducted Pearson’s correla-
tion analysis on the proportion of inputs for IT and PT neurons. The proportion of inputs from most brain
regions projecting for these two types of neurons demonstrated high correlation coefficients (above 0.8,
Figure S4). These results indicate that the whole-brain input patterns for different types of neurons in
the same subregion of the sensorimotor cortex are highly correlated.

Additionally, we constructed a cluster analysis based on the correlation coefficients of the input proportion
from the whole brain input regions to reveal related input nuclei.**** This analysis relied on the fact that
each injection may cover a subset of neurons, rather than uniformly targeting all neurons of the injected
brain region. The input nuclei of IT neurons formed clear multiple clusters (Figures S5A and S5B). Previous
studies have reported that bidirectional connections between the motor cortex and motor thalamus are
necessary for motor preparations,” and the ablation of basal forebrain cholinergic input prevented
map reorganization in the primary motor cortex and impaired learning for skilled stretching tasks.” These
findings indicate that both basal forebrain and motor thalamus input regulates motor cortex function. The
diagonal band nucleus (NDB) of the basal forebrain and anteromedial nucleus (AM) inputs for IT neurons in
the MOp™M and MOs™M formed one cluster, and the NDB and AM inputs for the PT neurons in the
MOp”"Mwere also clustered together (Figures S5A and S5B). Moreover, the NDB and anterodorsal nucleus
(AD) inputs for PT neurons in the MOs™™M and MOsPMM were also clustered together, which confirms
previous reports® > (Figure S5B). Additionally, some input nuclei frequently formed one cluster, such as
PO-substantia innominate (Sl), olfactory areas (OLF)-SI, the nucleus of reuniens-rhomboid nucleus, the
ventral medial nucleus of the thalamus (VM)-the central medial nucleus of the thalamus for IT neurons;
ectorhinal area (ECT)-pons, VIS-auditory areas (AUD), cortical subplate-VM for PT neurons (Figures S5A
and S5B). Together, these results suggest that cortical pyramidal neurons are heterogeneous and both
IT and PT neurons receive input from different combinations of nuclei.

Brain-wide projection of pyramidal neurons

We have presented that the pyramidal neurons in the sensorimotor cortex received extensive topographic
cortical and subcortical afferents, next we wondered which downstream areas these neurons target. To
map the whole-brain projection of IT and PT neurons in different subregions, we injected anterograde
Cre-dependent adeno-associated virus (AAV)'%*” into Fezf2-CreER and PIxnD1-CreER transgenic mice
respectively (Figure 4A). The laminar patterns of the labeled neurons verified that these two types of neu-
rons are layer-specific, which is consistent with the brain-wide distributions (Figures 4B and S6). The whole-
brain datasets were acquired with the fMOST system and reconstructed to compare the projection pattern
of pyramidal neurons in different subregions (Figures S7A and S7B).

IT neurons in the sensorimotor cortex projected mainly to the cortex and striatum on both sides (Figure S8).
Therefore, the detailed analysis of the cortical and striatal projection circuit by calculating the fiber signals
from each brain slice. To facilitate the comparison of cortical projection patterns of IT neurons in different
subregions, the ipsilateral and contralateral projection fibers were calculated and displayed in different
colors. The distribution and intensity of the fibers in the ipsilateral and contralateral cortex were highly
consistent. Different subregions preferred to dominate the adjacent cortical areas on both sides and
showed mirror symmetry across the middle line (Figure S9A). When these subregions were arranged ante-
riorly and posteriorly according to the location of the injection site, the ipsilateral and contralateral cortical
projection centers of the corresponding subregions moved backward continuously (Figures S9B and S9C).
In addition, different subregions of the contralateral cortical projection showed layer specificity, evenly
distributed in layers 1, 2/3, 5, and 6 (Figure S9D).
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The Striatum was organized into distinct regions® and associated with different behavioral functions,*”*°

contains at least three functional domains including the sensorimotor, associative, and limbic domains.
Among them, the sensorimotor domain approximately corresponds to the dorsolateral striatum or caudo-
putamen (CP).%*9*° The striatal projection circuits in the cortex are mainly derived from IT and PT neurons,
and such cell type-specific connections have different functional regulations. Previous studies revealed
relatively comprehensive circuit connections between cortical regions and different domains of the stria-
tum but failed to discriminate based on molecularly defined cell types.***® To compare the corticostriatal
projections from different subregions of the sensorimotor cortex, we grouped the neurons according to
their somata location along the M-L axis. The striatal projection was found to be closely related to the
spatial location of neurons (Figure 4C). The ventral domain (CP.v) of the CP received massive inputs
from the lateral sites (MOpALM and SSp-ul), while the dorsal part of the CP (CP.d) received massive fibers
from the medial sites (MOs"MM MOs™MM, MOp'MM, and SSp-ll). Specifically, the dorsomedial level of the
CP (CP.dm) received dense fibers from the MOs*MM and MOs"™M, and the dorsolateral (CP.dl) from the
MOp™M and SSp-Il which reveals that the different subregions of CP.d integrated distinct parallel path-
ways from different cortical subregions (Figure 4C). These results reveal that the information flow of the
striatum is regulated regularly by projecting from the medial or lateral subregions to the CP.d or CP.v.

We next quantitatively analyzed the striatal projection of IT neurons in different subregions by calculating
fiber signal strength from each slice. We found that the projection from different subregions of the senso-
rimotor subnetwork to the rostral-caudal extent of the CP demonstrated dense and highly overlapping pro-
jection fields in the intermediate domain CP (CPi) (Figure 4D). As the site moved outward, the projection
center of gravity shifted toward the caudal CP. We employed correlation analysis for the striatal projections
from different subregions and found two lateral subregions (MOp”™M and SSp-ul) clustered with high
correlation while the other four medial subregions (MOs*MM MOsPMM, MOp'MM, and SSp-ll) clustered in
a different group (Figure 4E). Collectively, these above results illustrate that the sensorimotor subnetwork
contains multiple separate striatal projection pathways, and which are closely related to the spatial distri-
bution of the cortical neurons across different subregions (Figure 4F).

For the PT neurons, we found that their axons extended to multiple subcortical brain regions, including the
thalamus, midbrain, pons, and medulla oblongata, exhibiting the characteristics of PT neurons. The projec-
tion of PT neurons from different subregions showed a regional preference in the targeted thalamus (Fig-
ure $10) and superior colliculus (SC) (Figure S$11). For the thalamus, the lateral subregions (SSp-Il, MOp”t™,
SSp-ul) mainly projected to the VENT, while the posterior subregions (MOs™M, SSp-I|) preferentially inner-
vated the dorsolateral thalamic nucleus. The thalamic projection field of MOs"MM was the widest, similar to
the distribution of its thalamic input. In addition, the VPL received convergent pyramidal projections from
the sensory cortices (SSp-ul, SSp-Il), rather than other subregions (Figure S10). For the superior colliculus,
we found that the MOs™™M, MOs"™M, and SSp-Il targeted sublayer a and b of SC, while other subregions
preferred the ventrolateral portion (Figure S11). In particular, some PT neurons also exhibited the projec-
tion characteristics of IT that project bilaterally in the cortex and to the CP (Figures S7B and S8).

The whole-brain connection pattern of intratelencephalic and pyramidal tract neurons in
different subregions

To further compare the input circuit and projection pattern, we next semi-quantitatively analyzed the long-
range connection of PT and IT neurons in the whole brain. As shown in Figure 5, the connection strength of
the input circuit and projection was presented in high, medium, and low groups respectively. Different
types of pyramidal neurons in the same subregion received similar whole-brain inputs, but different sub-
regions differ significantly. The whole brain projections of the same type of pyramidal neurons in different
subregions were different but not as significant as the differences between type-specific neurons.

The whole-brain inputs and projections of PT and IT neurons in the sensorimotor cortex were organizedin a
spatially dependent topological pattern. For cortical-cortical connections, MOs*™ preferred to form
strong connections with anterior cortical regions, MOs"™™ preferred to form connections with posterior
regions, and the other four subregions preferred to form connections with intermediate regions. There
are strong bidirectional connections between IT neurons in different subregions and specific cortical
regions. The PT and IT neurons in different subregions were mainly connected to the striatum by unidirec-
tional connections and showed similar projection patterns. The four medial subregions including MOs"™MM,
MOs"™M MOP™M, and SSp-Il tended to project to the dorsal CP, while the lateral subregions tended to
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Figure 5. A wiring diagram of connections between different pyramidal neurons and major cortical regions or
subcortical nuclei

Regardless of input connection strength or output connection strength, this study is expressed as the percentage of the
connection density of a single region in the total connection density. The circles indicated the input neurons, and their
sizes indicated different connection strengths. Arrows indicated the connection strength of fiber projection, and their
thicknesses indicated different connection strengths. The abbreviations of brain regions were provided in Table S1.

project to the ventral CP. PT neurons in different subregions of the sensorimotor cortex form a strong bidi-
rectional network of connections with specific thalamic regions. In addition, connections between PT neu-
rons in the sensorimotor cortex and other subcortical structures including the hypothalamus, midbrain,
pons, and medulla were also region-specific (Figure 5). In general, the brain-wide network of PT and IT neu-
rons in different subregions of the sensorimotor cortex is complex and organized according to specific
rules.

DISCUSSION

Combining mouse genetics and viral tracing with the fMOST system, we comprehensively mapped the
whole-brain connectivity of pyramidal neurons in six subregions of the sensorimotor cortex. The sensori-
motor cortex can be divided into multiple subregions.®’*” Here, we selected six subregions in the primary
and secondary motor cortex and sensory cortex with distinct functions.
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The MOpALM, MOs"™M and MOs*MM make a great contribution to the control of movement.>* The
MOp™M SSp-ul, and SSp-Il, present different body parts in control of movement.®” While the MOp”tM
and MOs"™M contribute to the preparation and learning of movement respectively.”® These regions
work together to coordinate movement with various neuron types and upstream and downstream connec-
tions. The whole-brain distribution of the projection targets and the input neurons reveals the distinct
spatial distribution patterns of the subregions and layers (Figure 5). The connectivity data provide a frame-
work for understanding how different cortical neuronal types participate in global brain circuits that shape
the computations and behavioral functions of the sensorimotor cortex.

Although the retrograde trans-synaptic RV tracing system also has some limitations, mainly including two
aspects,”” one is the low labeling efficiency, and the other is that the labeled input neurons may have
preferences. However, many parameters were optimized in the existing research method, and the retro-
grade trans-synaptic RV tracing system is currently the main tool for analyzing input circuits,? which can
reflect the connection between type-specific neurons in objective areas and upstream input neurons.
Although the anterograde labeling of axons can reflect the projection pattern of the sensorimotor cortex
to a certain extent, the intensity of these projection fibers across the brain regions is overestimated due to
the interference of passing fibers.'” On the other hand, the signal strength of axonal fibers was not neces-
sarily related to the number of synaptic connections. Labeling methods of synaptic connections are more
indicative of the strength of connections between different brain regions.*® Therefore, this tracing method
cannot reflect the real connection strength, but reveal the connection circuits between different regions or
neurons to a certain extent.

Topological organization in the upstream circuits of different subregions

According to the anatomical and physiological connections, cortical circuits can be divided into the
medial, lateral, and somatic sensorimotor subnetworks, all of which show unique network topologies.”’
The cortico-cortical connections of the subregions followed the proximity rule (Figure 2), that the ante-
rior, posterior, medial, and lateral subregions preferred to receive inputs from the nearby cortices,
consistent with the previous research.'””" The subcortical input nuclei were mainly in the thalamus

with high heterogeneity, which is consistent with previous reports,'%'

indicating that the thalamus inner-
vates the sensorimotor cortex with different combinations of sub-circuits.” However, this study also re-
vealed the thalamic connection network of specific cell types in the sensorimotor cortex. We found that
both IT and PT neurons in the same subregion of the sensorimotor cortex received thalamic input from
similar regions, but with quantitative differences. Given that PT neurons have much more extensive den-
drites in layer 1 and higher-order thalamic areas project to layer 1, it has long been speculated there
might be biases in thalamic input.”®> However, no significant difference was found in the thalamic input
of IT and PT neurons in this study, especially in the distributed regions of the input neurons. Interestingly,
compared with IT neurons, PT neurons in MOp™™ and SSp-Il received more thalamic inputs. However,
no significant thalamic input connections were found in other subregions, which may be due to the
heterogeneity of neurons in different regions, further demonstrating the importance of detailed cell-
type anatomy across regions.

Different layers of the same cortical area have distinct roles in information integration. The secondary
motor cortex preferentially projected to the deep layer of the primary motor cortex, and likewise sensory
thalamus and frontal cortex.”* These findings coincided with our results, that MOs"MM PO, PF, AM, and
PCN target the PT neurons (Figures 1, 2, 3, and S5). The existence of other differentiated input nuclei
suggests that there may be other sub-circuits in the motor cortex, which provide references for the study
of other structural and functional circuits. Combining the input distribution of different subregions and
neuronal types with other known connectivity studies of the sensorimotor cortex,””** we verified that
the input patterns of cortical neurons in different subregions are different while the input distributions of
different pyramidal neurons in the same subregion are similar.

Topologically organized cortico-striatal circuits

The sensorimotor domain is approximately projected to the dorsolateral striatum, consistent with
previous findings.'%**° In addition, the results showed no overlapping in the striatal projection of
PT and IT neurons in the sensorimotor cortex, especially MOp™M (Figure S8). Prior studies with
chemical tracers and no cell type information have implicitly interpreted this differently,”® whereas it is
known from single axon reconstructions that cell type differences probably exist. Although
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undersampled with sparse reconstructions, this study still suggests that there are real differences be-
tween IT neurons and PT neurons.”® This further illustrates the importance of type-specific circuit
connections.

The striatal projections from different subregions within the sensorimotor subnetwork displayed a topo-
graphic organization, consistent with the results of previous studies employing chemical tracers.*®*
However, different from those reports, this study revealed the striatum projection circuit of specific
cell types by employing transgenic mice and found that the projection paths of IT and PT neurons
were separated, further verifying the previous speculation that the connections of different neurons
were unique.” Specifically, the projection output of IT neurons from different regions in MOp was not
overlapping, to different parts of CP. This indicates that at least two or more groups of IT neurons in
MOp regulate the CP and thus perform different functions.”®*® In addition, the MOs*MM MOs"™M,
MOpP™M and SSp-Il preferentially projected to the anterior part of the striatum, while the MOp
and SSp-ul preferentially projected to the posterior part of the striatum. These results are different
from the known research, in which IT neurons in layer 5 of the sensory area preferred to project to the
anterior part of the striatum, while the motor area preferred to project to the posterior part of the stria-
tum.”” Together, these differences in the striatal projection might originate from different injection sites
or cell types. Although the axon fibers of some PT neurons terminate in the striatum, there are some
axons that pass through the striatum and reach other nuclei under the cortex. Therefore, a large number
of passing fibers will seriously interfere with the calculation of signal strength from axon fiber, resulting in
low accuracy of the results. In the future, the striatal projection pattern of PT neurons can be explored by

ALM

the axonal reconstruction of single neurons or synaptic labeling.

Limitations of the study

Although the method used in this study is a commonly used tool for tracing neural circuits in the field
of neurobiology, it has some limitations, including low labeling efficiency, possible labeling preferences
for specific brain regions or cell types, and it cannot truly reflect the connection strength of the neural
network.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Pentobarbital sodium Sigma-Aldrich 11715
Tamoxifen Sigma-Aldrich T5648

Corn oil Aladdin C116025
Phosphate buffered saline (PBS) Sigma-Aldrich P4417
Paraformaldehyde (PFA) Sigma-Aldrich 158127
Glycol methacrylate (GMA) resin Ted Pella N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the corresponding author, Xiangning Li (lixiangning@mail.hust.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. All custom-made codes or any
additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

We used 2-6 months old male PlxnD1-2A-CreER and Fezf2-2A-CreER?’ (a gift from Josh Huang's labora-
tory, Cold Spring Harbor Lab) to combine viral tracing to specifically label IT and PT neurons in the
sensorimotor cortex. In addition, we crossed PIxnD1-2A-CreER or Fezf2-2A-CreER mouse with Ai3 mouse
(purchased from The Jackson Laboratory) to verify the specificity of labeled neurons. All mice were keptin a
suitable environment with sufficient water and food, and animal experiments were conducted in accor-
dance with the requirements of the Animal Ethics Committee of Huazhong University of Science and
Technology.

METHOD DETAILS

Stereotactic injection of virus

We used a syringe to draw anesthetics (1% pentobarbital sodium in 0.9% saline) into the mouse intraper-
itoneally (0.1mL anesthetic per 10g bodyweight, 0.1 mL/10 g) and waited for their deep anesthesia. The
state of anesthesia by gently pricking the hind foot of mice with a syringe needle and observing whether
the mice produced a limb retraction response. We fixed the mouse on the adapter, cut the skin, and
exposed the skull. Then, we adjusted the balance and determined the target site. After that, we gently
drilled a small hole with an electric drill, and the virus was propelled to the target depth using a pressure
injection pump (Nanoject Il: Drummond Scientific, Co., Broomall, PA, United States). In our research, we
mainly used specific transgenic mice combined with viruses to target connection circuits of specific types
of neurons. For studying input connectivity, we injected AAV-Helper (helper adeno-associated virus
mixture (mixed with rAAV2/9-Ef1a-DIO-mCherry-2a-TVA-WPRE-pA and rAAV2/9-Ef1a-DIO-RG-WPRE-pA
as the ratio of 1: 2, Titer: 2.00E + 12 vg/ml)) and RV virus (RV-AG-EnvA-EGFP (2.00E + 8 IFU/ml)) in
CreER mouse.”’° These above viruses were purchased from BrainVTA. We injected rAAV9-CAG-DIO-
EGFP virus (UNC Viral Core) in CreER mice to trace the projection. The sensorimotor cortex contains the
stereotactic coordinates used for injection, such as MOp”™ (AP: +1.5, ML: -2), MOs*™M (AP: +1.5, ML:
-0.6), MOp™M (AP: +0.37, ML: -1.1), SSp-ul (AP: -0.01, ML: 2.46), SSp-Il (AP: -0.79, ML: -1.75) and
MOs"™M (AP: -1.5, ML: -0.75). All mice were intraperitoneally injected with Tamoxifen (Sigma-Aldrich,
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T5648) at a concentration of 20 mg/mL on the third day after the initial virus injection. The Tamoxifen so-
lution was formulated with 20 mg of Tamoxifen dissolved in 1 ml of corn oil (Aladdin, C116025).

Perfusion and resin embedding

Mice were anesthetized with an anesthetic, and the heart was perfused with 0.01M PBS (Sigma-Aldrich Inc.,
St Louis, MO, USA) and 4% paraformaldehyde (PFA, Sigma-Aldrich Inc., St Louis, MO, USA). The brain was
extracted and placed overnight in 4% PFA, and then rinsed with 0.01M PBS overnight. Then, all samples
were rinsed overnight in 0.01M PBS. Among the few samples, we used the vibration section (Leica
VT1200) to obtain 50 um brain slices for the observation of initial cells and detection of preliminary results,
including the range of infection at the injection site and the efficiency of viral labeling. Most of the other
samples were embedded with GMA resin'"*" and imaged by the fMOST system for obtaining whole-brain
connectivity atlas. Simply, the samples were dehydrated in gradient alcohol (50, 70, and 95% ethanol in4 °C
environments), replaced every hour. Then soaked the sample in a gradient of glycol methacrylate (GMA,
Ted Pella, Inc., Redding, CA, The United States), 70, 85, and 100% concentration of GMA, soaked for 2
hours each, followed by immersion in 100% GMA, overnight at 4 °C, and then immersed in GMA prepol-
ymer solution for 3 days to fully penetrate. Finally, the samples were placed in a vacuum oven at 48 °C
for 24 hours for polymerization.

Imaging

The continuous sections were obtained by vibrating microtome. Then, the brain slices were placed in the
orifice and incubated with diluted DAPI or Pl solution for 5 min and rinsed 3-5 times with 0.01M PBS. After
that, these brain slices were immobilized by confocal microscopy (Zeiss LSM710) to observe the labeled
signals and cytoarchitectural information. Finally, based on cytoarchitecture and referring to the CCF to
determine the area where the neuron or fiber signal is located.

For whole-brain imaging, the sample was embedded by GMA resin, and automatically sliced and contin-
uously imaged using the fMOST system.?”” By moving the stage, the lens imaged the entire plane of the
sample in a mosaic manner. Subsequently, the diamond knife removed the imaged section of the sample,
and then imaged on the surface again. After many cycles, until all the mouse brain was imaged, a complete
and continuous mouse brain dataset could be obtained, with a voxel resolution of 0.32 pm x
0.32 pm X 2 um.

Visualization and reconstruction

For the collected high-resolution data set, we first preprocessed the image to correct the uneven illumina-
tion and eliminate background noise,”’ and then registered the image to the CCF based on a high-level
grayscale registration algorithm registration,®? and extracted the neuron and fiber signals to obtain
SWC files and continuous TIFF format pictures. After that, we import the calculated datasets or image
into Amira software (v5.2.2, Mercury Computer Systems, San Diego, CA, United States), and render the
three-dimensional image with different colors.

QUANTIFICATION AND STATISTICAL ANALYSIS

For input neurons, we firstly used NeuroGPS to automatically identify and locate the somata of these neu-
rons. Then, we manually examined all neurons in the upstream input areas to avoid unrecognized errors
and registered the coordinates of these neurons to CCF. The neurons at the injection site were eliminated,
and the input neurons from other different regions were combined together, which was called the total
input neurons. In order to reflect the connection strength of different input regions to the injection site,
the percentage of input neurons in a single region to the total input neurons was presented in this study.
Subsequent analyses were based on the connection strength values of different brain regions. The cluster
analysis of the whole brain input nuclei to pyramidal neurons in different subregions was based on
GraphPad Prism v.8.02 software and SPSS software (v22, IBM, New York, United States). First, employing
GraphPad Prism v.8.02 software to calculate the correlation coefficients between the input proportion of
different regions. Then, the obtained correlation coefficients were imported into SPSS software for system-
atic clustering. Finally, the correlation coefficients of different input regions were sorted in GraphPad Prism
v.8.02 software according to the classification, and matrix diagrams were drawn. The two-tailed Student’s
t-test and one-way ANOVA followed by Tukey's post hoc tests were performed by Graphpad Prism v.8.02.
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As for the projection data, we employed the same method to calculate the whole brain projection of py-
ramidal neurons.” Briefly, a continuous whole-brain dataset was downsampled to a voxel resolution of
10 um® and then registered with CCF. Then the datasets were segmented and binarized to extract the
labeled signals. Next, we compared the extracted signals with the original data to remove the noise infor-
mation. Finally, we obtain the signal points of data blocks at the volume of 1 um X 1 pm X 1 um and applied
them to the whole brain datasets for obtaining the projection signals of different brain regions.
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