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e aM2 and pM2 amalgamate properties of human pre-SMA and
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SUMMARY

While humans are known to have several premotor cortical areas, secondary motor cortex (M2) is often
considered to be the only higher-order motor area of the mouse brain and is thought to combine properties
of various human premotor cortices. Here, we show that axonal tracer, functional connectivity, myelin map-
ping, gene expression, and optogenetics data contradict this notion. Our analyses reveal three premotor
areas in the mouse, anterior-lateral motor cortex (ALM), anterior-lateral M2 (aM2), and posterior-medial M2
(PM2), with distinct structural, functional, and behavioral properties. By using the same techniques across
mice and humans, we show that ALM has strikingly similar functional and microstructural properties to hu-
man anterior ventral premotor areas and that aM2 and pM2 amalgamate properties of human pre-SMA and
cingulate cortex. These results provide evidence for the existence of multiple premotor areas in the mouse

and chart a comparative map between the motor systems of humans and mice.

INTRODUCTION

Premotor circuits are fundamental for motor behaviors in health
and disease. In humans, premotor areas are known to be actively
involved in both movement execution and motor learning.” It has
also long been established that plasticity of premotor circuits is
crucial in supporting motor rehabilitation in patients with stroke.”™”
Indeed, premotor circuits are also common targets for interven-
tion.®° As such, it would be beneficial for the discovery and valida-
tion of novel treatments to be able to study these circuits in mouse
models, which allow much more direct neuronal, pharmacological,
and genetic manipulation of the system. However, similarity in or-
ganization of the motor systems between the human and the ro-
dent brain is far from established,'° with several cortical areas in
humans being considered premotor (such as ventral premotor cor-
tex [PMv] and supplementary motor area [SMA]), but their similarity
to rodent cortical areas is still a matter of debate.'"'?

Premotor circuits in rodents have long been the subject of
intense debate, with controversy surrounding (1) their location

and subdivisions and (2) their similarity to human premotor
areas. In particular, the exact location of the border between
the primary motor area (MOp) and secondary motor area (MOs
or M2) is controversial,’"'*~'° as is the existence of subdivisions
within MOp'®?? and MOs.?*"*> Moreover, homology between
mouse MOp and human primary motor cortex (M1),"® and
between mouse MOs and various human premotor
areas,'"'#292326:27 ramains mostly speculative.

Many of these controversies could not be readily settled until
recently, as studies would rely on comparisons of the two spe-
cies’ brains using data obtained through different means. For
instance, invasive tracer studies are used to finely depict con-
nections in the mouse brain,?® but these techniques are not avail-
able in humans. Recently, however, this problem has started to
be addressed using neuroimaging.”® Magnetic resonance imag-
ing (MRI) techniques sensitive to multiple aspects of brain orga-
nization, including the presence of large white matter bundles,*°
functional connectivity measured using resting-state functional
MRI (rs-fMRI),%"*? and tissue properties such as cortical myelin

oot Cell Reports 43, 114191, May 28, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1

uuuuu

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:alberto.lazari@ndcn.ox.ac.uk
https://doi.org/10.1016/j.celrep.2024.114191
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114191&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellP’ress Cell Reports

OPEN ACCESS

A Axonal tracer connectivity in mice

validation through
/ optogenetics data
e
vertical
translation

Functional MRI connectivity in mice Functional MRI connectivity in humans

”»
horizontal
translation
B Cross-species matching of connectivity fingerprints
s < g & fingerprints of evaluating permutation-based
w %o S T $’ Qg,'b‘?\ all voxels similarity to template statistical maps
% W
o0(0-7/711/ Nga'g’
2
oddipisod SoLeft _ E )
o o % Suef, E I I
A
® 47,( i1 1 N
¥z 5 % Voxels
IS
Prwer < 0.05
connectivity fingerprint template voxelwise search of matching fingerprints
(6 Myelin mapping qMRI data D In situ hybridization (ISH) data

higher cortical lower cortical
myelination myelination
lower within higher within
cortical hierarchy cortical hierarchy
(i.e. more primary motor) (i.e. more premotor)

Figure 1. Multimodal data to study the motor system across species

(A) Whole-brain, fine-grained axonal connectivity data, available in mice but not in humans, can be used to study the neuroanatomy of motor and premotor areas
in the mouse. rs-fMRI connectivity data are available in both mice and humans, thus allowing for a comparison of axonal and fMRI results in the mouse (vertical
translation) and then comparing the connectivity of mice and humans (horizontal translation).

(legend continued on next page)
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measured using quantitative MRI (qMRI),* can be employed in
an identical manner in multiple species, allowing a comparison
of like with like across species. These techniques have been
particularly successful in comparing human and non-human pri-
mate brains, leading to a number of insightful human-macaque
comparisons,®®** and contributing to a growing literature on
mapping brain regions across species. >’

More recently, advances in rodent functional imaging
have opened up the possibility of similar direct comparisons be-
tween the rodent and the human brain.*" Here, we aimed to
generate a quantitative, data-driven understanding of mouse
motor and premotor areas, i.e., the mouse motor system, and
of its relationship with the human motor system. To this end,
we used “ground-truth” axonal tracer data to perform a parcel-
lation of the extended territory of the motor system in the mouse.
Having established the anatomical subdivisions of the mouse
motor system, we then used neuroimaging to establish the sim-
ilarities and differences of motor system organization between
mice and humans (Figure 1).

38-40

RESULTS

In this study, we used axonal tracer data from the Allen Mouse
Brain Connectivity Atlas®® to perform a parcellation of the mouse
motor system (Figure 1A). To further validate the parcellation,
and to compare properties of motor areas across species, we
relied on several complementary datasets: a spatial library of op-
togenetics experiments in the mouse (Figure 1A, as per Le Merre
et al.>*); rs-fMRI connectivity data (Figures 1A and 1B) in the hu-
man (from the Human Connectome Project)*® and the mouse (as
per Zerbi et al.*®); myelin mapping gMRI data (Figure 1C) in the
human (as per Lazari et al.®) and the mouse (newly collected
for this study); and gene expression data in the mouse (Figure 1D)
from the Allen Mouse Brain Atlas.*’

Clustering of axonal tracer data reveals multiple
anatomically and functionally distinct subdivisions
within the mouse motor system

As the exact location and subdivision of MOp and MOs/M2 in the
mouse are still controversial, we first used axonal-tracer-based
connectivity data to derive connectivity-based parcels of the
motor system using k-means clustering (Figure 2A) and find an
optimal parcellation made of 4 areas: anterior-lateral motor cor-
tex (ALM; corresponding mostly to the anterior part of traditional
MOp, with 74.72% of the voxels falling within MOp and 25.28%
of voxels falling within MOs), M1 (corresponding to the posterior
part of traditional MOp), anterior M2 (aM2; corresponding to the
anterior-lateral part of traditional MOs), and posterior M2 (pM2;
corresponding to the posterior-medial part of traditional MOs).
Similarities to and differences from selected previous litera-
ture'®17:25:48:49 gre further summarized in Figure 2L. The respec-
tive coordinates of the center of the four areas in Allen Mouse
Brain Common Coordinates*®° are roughly as follows: M1,
—0.2 AP, 1.5 ML, 1.5 DV; ALM, 1.7 AP, 2 ML, 1.5 DV; aM2, 1.5
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AP, 0.6 ML, 1.5 DV; and pM2, —0.2 AP, 0.4 ML, 1.5 DV. To facil-
itate identification of the areas within commonly used anatomical
spaces, we have also indicated their putative locations (Fig-
ure S1) within the Paxinos stereotaxic space'® and made this up-
dated atlas openly available.

In particular, we found that solutions describing three or more
clusters within the motor network provide the most stable and
reliable spatial geometry (Figures 2B-2F; Video S1). Of the stable
parcellations, three parcellations have the highest silhouette
score (Figure 2B), with 3 (two MOp parcels, one MOs parcel), 4
(two MOp parcels, two MOs parcels), and 5 clusters (three
MOp parcels, two MOs parcels). Among these 3 parcellations,
the k = 4 solution lies at the elbow of the inertia plot (Figure S2)
and has the lowest variance in the size of its parcels (Figure 2C).
We found that these results are remarkably consistent across
different data preprocessing steps (Figure S2) and that they
match previous literature outlining the presence of two subclus-
ters for both MOp and MOs.'"+?%23:2° Therefore, we adopted the
k = 4 parcellation for all further analyses.

We found a border running in the anterior-posterior direction
between MOp and MOs, with MOp being fully lateral to MOs
(Figure 2G). This border is coherent with recent literature'* and
has a high degree of overlap with the one in existing atlases
such as the DSURQE atlas,”’ the Paxinos atlas,'® and the Allen
Atlas,”® which provides further confirmation of current divisions
between MOp and MOs.

Within MOp, we found a separation between anterior and
posterior subdivisions, in line with previous literature'’~'®
reporting a difference between the ALM area and the M1
proper (this subdivision has also been reported as the rostral
forelimb area [RFA] and the caudal forelimb area [CFAJ*°2?)
within the MOp. As such, we will refer to these areas as
ALM and M1.

Within MOs, we found a border separating the anterior-lateral
component of MOs from the posterior-medial component; as
such, we will refer to these areas as aM2 and pM2. It is note-
worthy that the location of the border within MOs provides an
explanation for mismatch in previous literature. While previous
papers investigating individual 2D slices found evidence for
either an anterior-posterior®® or a medio-lateral®® border within
MOs, this subdivision suggests that both views are true, depend-
ing on how the tissue is sliced.

We next sought to corroborate these results through indepen-
dent datasets that explored non-connectivity features of mouse
cortical areas, namely, gene expression profiles and cortical
myelin content. To this end, we examine openly available gene
expression profiles from 3,859 genes using permutation testing
and find significant differences in levels of gene expression be-
tween these putative subdivisions (Figure 2H, ALM vs. M1:
p < 0.001; ALM vs. aM2: p < 0.001; ALM vs. pM2: p < 0.001;
M1 vs. aM2: p < 0.001; M1 vs. pM2: p < 0.001; aM2 vs. pM2:
p < 0.001). We then adapted a multi-parameter mapping proto-
col®” for 7T MRl scanning of mouse brains (Figure S3) in order to
collect myelin markers.’*” We find that myelin markers in pM2

(B) The fingerprint matching technique enables reliable comparison of rs-fMRI connectivity across species.

(C) Myelin mapping gMRI data allow us to compare cortical hierarchy of the motor system across species.

42-44

(D) Genetics data allow us to compare gene expression profiles of the motor systems across species.
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are significantly different from M1, ALM, and aM2 (Figure 2H, all
p < 0.001), whereas other areas do not differ significantly from
each other (ALM vs. M1: p = 0.7059; ALM vs. aM2: p = 0.5577;
M1 vs. aM2: p = 0.3499). Taken together, these results indicate
that the anatomical subdivisions we uncovered differ not just in
their connectivity to other areas but also in their gene expression
levels and, to a lesser degree, in their intrinsic cortical myelin
content.

Anatomical subdivisions are also likely to have distinct
functional profiles, which can be tested by investigating the
results of local inactivations on behavior. Indeed, inactivations
of M1 and ALM are already well established to produce
distinct behavioral deficits,’® with ALM producing deficits
in higher-order motor planning.'®®?® This was further
confirmed by a recent optogenetic screen across MOp, which
focused on licking behavior.°® However, differential outcomes
from inactivations of aM2 vs. pM2 have not been previously
tested.

To test whether inactivation of aM2 vs. pM2 produces
different behavioral outcomes, we surveyed an existing openly
available database of 100 previously published inactivation
experiments targeting mouse frontal areas and establishing
impairments in a wide range of task-based behaviors.?* We
found 24 studies in total that targeted coordinates within
MOs (full description in Table S1). Based on their reported
stereotactical coordinates, we were then able to determine
that 15 targeted aM2 (with a pooled sample size of 120
mice) and 9 targeted pM2 (with a pooled sample size of 84
mice). Using prespecified task descriptors from the original
database,”” we then explored which task features were asso-
ciated with impairments by aM2 and pM2 inactivation. We
found that both aM2 and pM2 inactivations are reported to
interfere with sensorimotor transformations (Figure 2I). pM2
has been reported as more frequently interfering with complex
tasks and tasks involving complex movement, whereas
aM2 affects more frequently tasks that are context dependent
and involve multiple movements (Figure 2I). While the
findings are based on individual perturbation studies of aM2
and pM2 and should be further validated with side-by-side
comparison experiments, this analysis of data from 208
mice provides an initial suggestion of a behavioral specializa-
tion for aM2 and pM2 and generates new hypotheses on their
respective roles in complex behaviors. Taken together, our re-
sults indicate a marked difference between subregions of
MOs across axonal connectivity, microstructural, and behav-
ioral assays.

¢ CellP’ress
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Functional connectivity differences between mouse
premotor areas match predictions from axonal tracer
data

While axonal tracer connectivity can provide detailed ground-
truth measurements for connectivity in the mouse, such mea-
surements are not available in humans. Therefore, we sought
to further validate the findings from axonal tracer data with rs-
fMRI, which is available in both mice and humans and would
thus afford us with the ability to compare premotor connectivity
across species.

We first examined the rs-fMRI whole-brain connectivity pro-
files of M1, ALM, aM2, and pM2. We observed different pat-
terns of connectivity across the whole brain (Figure 3A), indi-
cating that differences between subdivisions of the motor
network persist in rs-fMRI connectivity data. In order to test
for similarities between axonal tracer and rs-fMRI connectivity
in the mouse, we then tested how the connectivity between
each subdivision and the voxels in the rest of the brain correlate
across these two modalities. More specifically, for each voxel
within the mouse motor network, we calculated the Pearson
correlation coefficient and related p value between its tracer-
based connectivity and its fMRI-based connectivity values.
We find that over 99% of voxels in the premotor-motor network
show significant correlations (all below p < 0.001, rejecting the
null hypothesis that there is no correlation between fMRI con-
nectivity and tracer connectivity in that voxel), with a mean ef-
fect size of R = 0.4587 (Figure 3B). To build a conservative
null distribution, we also calculated correlation coefficients be-
tween MOp and MOs fMRI connectivity profiles and tracer con-
nectivity profiles from voxels picked at random outside of MOp
and MOs. This null distribution has a mean R of —0.0126 and a
median R of —0.0166, as opposed to the real distribution, which
has a mean R of 0.4587 and a median R of 0.4598 (two-sample
Kolmogorov-Smirnov test, p < 0.001). When looking at the
spatial pattern of R values and p values (Figure 3B), we find
them to be mostly uniform, with some variation in R values,
which are highest in the anterior-lateral area and in the medial
areas of the motor network. Taken together, these analyses
show remarkable similarities between connectivity metrics
within the motor and premotor circuits of interest.

As a further intermediate step toward comparison between
mouse and human rs-fMRI data, we tested whether the rs-
fMRI connectivity profile of each area within the mouse motor
system could be expressed in terms of a “connectivity finger-
print” by calculating the connectivity of the area with a prespeci-
fied set of target areas across the brain whose homologies

Figure 2. Data-driven parcellation of the mouse motor system based on axonal tracer data
(A) Axonal tracer data are used to derive motor and premotor subdivisions in a data-driven way through k-means clustering.

B) Silhouette score for different numbers of clusters/subdivisions.
C) Subdivisions are most spatially homogeneous for a 4-cluster subdivision.
D) Principal-component analysis (PCA) plot of the 4-cluster subdivision.

F) Hierarchical clustering plot of the 4-cluster subdivision.
G) 3D location of the k-means-derived subdivisions.

(
(
(
(
(
(
(
(

E) t-Distributed stochastic neighbor embedding (t-SNE) plot of the 4-cluster subdivision.

H) Cortical myelin and gene expression differences between the 4 k-means-derived subdivisions.
1) Based on 24 previous optogenetics studies (15 targeted aM2 and 9 targeted pM2), we summarize the involvement of aM2 and pM2 in different types of

behavior. The axes represent the normalized percentage of studies showing an effect of optogenetic stimulation.
(J) Schematic diagram comparing our data-driven subdivision of the motor system to that of previous literature.
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Figure 3. Bridging axonal and rs-fMRI connectivity in the motor system of the mouse

(A) Four subdivisions of the premotor-motor network in the mouse have different patterns of rs-fMRI functional connectivity.

(B) Broad agreement between whole-brain tracer and rs-fMRI connectivity within the mouse premotor-motor network.

(C) After functional connectivity patterns are reduced to connectivity fingerprints, differences between subdivisions of the premotor-motor network are still present.

between mouse and human brain are known (Table S2; see
STAR Methods for details).

These connectivity fingerprints (Figure 3C) showed substan-
tial differences in connectivity across the mouse motor sys-
tem. In particular, M1 and ALM are strongly connected to
sensorimotor areas (such as S1, S2, and contralateral M1)
but show lower connectivity to hippocampus, amygdala, and
higher-order areas (such as retrosplenial, infralimbic, and orbi-
tofrontal cortex). aM2 and pM2, by contrast, show an oppo-
site pattern, with strong connections across hippocampus,
amygdala, and higher-order areas but little connection to so-
matosensory cortices. M1 and ALM are further separated by
their relative level of sensory and motor connectivity, with
M1 being more strongly connected to contralateral M1. aM2
and pM2 are further separated by their relative levels of
restrosplenial connectivity. Similarly to whole-brain results,
we find significant differences between the connectivity pro-
files of the four subdivisions of interest (ALM vs. M1:

6 Cell Reports 43, 114191, May 28, 2024

p < 0.001; ALM vs. aM2: p < 0.001; ALM vs. pM2: p =
0.0016; M1 vs. aM2: p = 0.0014; M1 vs. pM2: p < 0.001;
aM2 vs. pM2: p < 0.001).

Comparison of the motor system across mouse and
human brains

Having validated rs-fMRI connectivity measures in our areas of
interest through comparison of axonal tracer data and rs-fMRI
functional connectivity data (“vertical translation,” see Mars
et al.?>), we next sought to use rs-fMRI data across species to
identify similarities and differences between human and mouse
premotor circuits (“horizontal translation”). Our approach relies
on the fact that each motor system area is described in terms
of its connectivity with areas whose homologs are known across
the mouse and human brains. In other words, the homologous
areas form a common connectivity space in which both the
mouse and human (pre)motor areas can be described and quan-
titatively compared.®®>°
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Figure 4. Connectivity-based comparison of human and mouse motor systems

(A) Connectivity fingerprints of mouse and human areas.

(B) Winner-takes-all map of mouse-to-human similarity. Each voxel’s color represents the mouse cortical area to which the voxel’s connectivity is most similar.
(C) Spectral clustering. A graphical representation of the distance between cortical areas of mice and humans in connectivity space is shown.

(D) Mapping of cortical myelin across species. Mouse M1 has higher values on all three makers than ALM (MT: t = 5.453, p = 0.0002; R1: t = 7.989, p < 0.0001;
R2*: t = 3.931, p = 0.0024; n = 12, mean + SD, paired sample t test). Similarly, human voxels similar to mouse M1 have higher values than voxels

similar to ALM (MT: t = 66.07, p < 0.0001; R1: t = 55.14, p < 0.0001, R2*: t = 21.46, p < 0.0001; n = 50, mean

“p < 0.01.

Similar to the mouse motor system, human motor system
areas also have substantial differences in connectivity, as evi-
denced by their connectivity fingerprints (Figure 4A). Posterior
areas such as M1 and PMv have high connectivity to sensory
areas (such as S1, S2, and V1) but low connectivity to hippocam-
pus, amygdala, and higher-level areas (such as retrosplenial and
prefrontal cortex). Posterior areas are further separated by their
relative level of sensory and motor connectivity, with M1 being
more strongly connected to contralateral M1 than to sensory
areas. Anterior areas, such as pre-SMA and motor cingulate cor-
tex, have strong connections to temporo-parietal areas and to
retrosplenial cortex and weaker connections to contralateral mo-
tor cortex and to sensory areas.

As a first step, we compared the connectivity profiles of the
four mouse motor system areas to the connectivity profile of
each voxel in a large region of interest consisting of human areas

+ SD, paired sample t test). ***p < 0.001 and

M1, FEF, PMd, PMv, SMA, pre-SMA, and cingulate motor areas
(RCZa and RCZp). This region of interest is based on previous
literature®":®° and spans the precentral gyrus as well as clus-
tering-based parcellations of pre-SMA, SMA, and mid-cingulate
cortex. We then combined information across these four individ-
ual analyses (Figure S4) through a winner-takes-all algorithm to
assign each human premotor and motor voxel to its most similar
mouse counterpart.

The resulting map (Figure 4B) shows that mouse M1 has the
closest human correspondence with the hand-knob M1 area of
the precentral gyrus. Importantly, compared to voxels belonging
to ALM, voxels belonging to mouse M1 clustered together
spatially in human M1 proper, at the posterior end of the gyrus,
while voxels most similar to ALM located in the anterior and infe-
rior aspects of the gyrus, including large parts of ventral area 6
overlapping with the territory of PMv. Although both M1 and
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ALM are subdivisions of the mouse M1 as defined by most cur-
rent neuroanatomical atlases,'°" the stronger similarity of ALM
lies within human PMv.

Apart from connectivity, human motor and premotor regions
can be distinguished based on their tissue properties, some of
which can be detected using myelin markers from gMRI.**545°
More broadly, myelin markers have been previously used to
study neuroanatomical subdivisions across species**®'*? and
within species, including in human*® and in mouse.** We there-
fore used three myelin-sensitive markers—MT, R1, and R2*—
and compared them across mouse M1 and ALM and across hu-
man voxels with a connectivity profile most similar to mouse M1
and ALM (Figure 4D). This showed that mouse M1 had higher
values on all three makers than ALM (MT: t = 5.453, p =
0.0002; R1: t = 7.989, p < 0.0001; R2*: t = 3.931, p = 0.0024).
Importantly, this result was mimicked in the human, with
mouse-M1-like voxels showing higher values than ALM-like vox-
els (MT: t = 66.07, p < 0.0001; R1: t=55.14, p < 0.0001, R2*: t =
21.46, p < 0.0001). These results confirm that, for this part of the
motor system, similarity in cortical organization between mice
and humans is present not only in connectivity but also in tissue
properties.

Returning to the connectivity comparison (Figure 4B), aM2
shows similarity to the superior subdivision of pre-SMA, whereas
pM2 shows similarity to the anterior subdivision of pre-SMA and
to MCC. M2 has previously been proposed to be a homolog of
PMv,"" SMA,?%2” or M1 or an amalgam of human premotor
areas.'? Our result best match the amalgam theory, with aM2
and pM2 not being straightforward analogs of pre-SMA but
rather integrating properties of MCC as well. It is worth noting
that while mouse M1 and ALM have large areas of significantly
similar voxels to human, aM2 and pM2 do not (Figure S5), which
further points to a stronger similarity between human and premo-
tor circuits within human M1 and PMv than in human dorsome-
dial premotor areas such as pre-SMA.

To further visualize the similarities between human and mouse
motor systems, we use a spectral embedding algorithm® to
display all human and mouse areas together in a 2D connectivity
space (Figure 4C). We find that human M1, PMv, and SMA clus-
ter together, with the more dorsolateral premotor regions PMd
and FEF forming a separate cluster. MCC is separate, and the
most prefrontal region of the human motor network, pre-SMA,
forms another completely separated extreme. Interestingly,
mouse M1 and ALM show the greatest proximity to traditional
human motor and premotor regions, while mouse pM2 and
aM2 are more closely associated with the extremes of MCC
and pre-SMA, respectively. As a further sensitivity analysis,
given that visuomotor connections have been postulated to be
different in primates due to primate-specific visually guided
grasping behavior that is absent in other species,®®°® we
repeated the spectral clustering analysis on connectivity finger-
prints, leaving out information from both V1 and A1, and found
similar results (Figure S5).

As a control analysis, we selected the inferior temporal gyrus
as a region of interest, given its lack of direct spatial and func-
tional relation to the motor network, and tested for similarity to
various mouse fingerprints (Figure S6). We found that no voxels
in the human inferior temporal gyrus had a connectivity similar to
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that of mouse M1, aM2, and pM2; only a handful of voxels
showed some similarity to ALM (4.9% of all voxels tested), albeit
with lower effect sizes compared to previous analyses (peak;.
stat = 4.85), thus reinforcing the specificity of the main effects re-
ported. Finally, we also confirmed that our results are similar
when using a larger sample size of 100 subjects (Figure S7).

In summary, while M1 and ALM are most similar to classic hu-
man motor and premotor regions, mouse M2 subdivisions
occupy a position closer to human medial frontal regions, with
aM2 in particular occupying a position close to a human prefron-
tal region.

DISCUSSION

In the past two decades, many promising pharmacological treat-
ments for patients with stroke, first identified in rodent studies,
have failed to deliver benefits in human clinical trials.®-"° While
the reasons for this are varied and may go beyond neuroanatom-
ical differences across species,®®’”"""? a crucial obstacle for the
translation of preclinical findings is the lack of established simi-
larities—and differences —between the human and rodent motor
systems. Premotor cortex, for instance, is known to be important
in human stroke recovery,®” but the location and existence of a
rodent homolog for premotor cortex has been long debated.
Here, we attempt to further the field by (1) providing a more
detailed characterization of the mouse premotor system and
(2) assessing how the organizational principles of the human
and mouse premotor systems compare. Our findings show
that both MOs and MOp can be further subdivided into regions
that have distinct connectivity, gene expression, and cortical
myelin content and whose inactivation leads to differential
behavioral results. Some organizational principles of human
and mouse premotor systems are comparable, but there were
also noticeable differences. We will discuss our results and their
implications and limitations in detail below.

Our findings highlight that the mouse motor system is more
heterogeneous than previously appreciated. While MOp is
sometimes described as a unitary cortical area,'>°%"® our re-
sults are aligned with substantial evidence for a subdivision be-
tween anterior and posterior areas of MOp, often described as
RFA and CFA.?°? In particular, there has been an influential
body of work investigating the circuitry of RFA and its role in
movement preparation but renaming it ALM area due to a small
overlap with M2.7~'° Our findings provide further evidence for
the existence of a premotor area within MOp, which we have
referred to as ALM to be consistent with the most recent
literature.

Our study also finds evidence for a much-debated subdivision
within MOs. One early report of a boundary between lateral and
medial M2%° had been contradicted by several strands of evi-
dence.?*?%"* However, recent widefield calcium imaging and
optogenetics studies have highlighted a potential difference
between anterior and posterior MOs across a range of
tasks.'®?%7575 Our results reconcile these findings by showing
the presence of an antero-medial border within MOs. The fact
that this border runs at an angle to the midline may help explain
the inconsistency of previous results: depending on which slice
is being considered in coronal histological slices, or which
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cortical patch is being considered in electro-physiology studies,
MOs may have wrongly appeared homogeneous or to have a
solely posterior or solely lateral border.

It is also noteworthy that the exact locations of MOs and MOp
have also proven controversial,’® with different sources
describing MOs as lateral to MOp, " frontal to MOp,”® or poste-
rior-lateral to MOp.'® Our results argue for the first hypothesis
and find an anterior-posterior border between MOp and MOs,
with MOs being fully lateral to MOp. This border has a high de-
gree of overlap with recent literature’* and with most existing at-
lases, such the Paxinos atlas,® the Allen Atlas,*° or the Ullman
cortical parcellation, which is incorporated in the DSURQE
atlas.”"

Are the mouse and human premotor systems similar to each
other? We show that for what concerns mouse M1 and ALM,
there are numerous cross-species similarities to human M1
and human lateral premotor areas, including PMv. This result is
somewhat surprising, as close mouse homology to human
PMv has been previously ascribed to M2,"" and some studies
have suggested that PMv may a primate invention with no mouse
homolog.®5-%%"" Moreover, while it is well established that ALM
has a premotor function,'”:°%"4-%° premovement preparatory dy-
namics in the human brain are distributed across multiple
areas,®"®? making it difficult to disentangle which human premo-
tor areas have similar properties to ALM based purely on task-
driven preparatory dynamics. Our results provide a data-driven
argument for a similarity between human PMv and mouse ALM
with respect to their connectivity profiles to homologous areas
as well as their cortical myelin profiles. However, these results
should not be taken as a claim of homology between the mouse
and human areas but rather as a similarity in particular principles
of their cortical organization.

Similar caution should be observed in the case of aM2 and
pM2. MOs has been proposed to be a homolog of PMv/PMd""
or SMA?%27 or an amalgam of human premotor areas.' More-
over, while human cingulate cortex also has a motor subdivision
capable of directly eliciting movements via corticospinal con-
nections,®*** similarity between mouse M2 and human motor
cingulate cortex had not been previously tested. Our results
best match an updated version of the amalgam theory, with
aM2 and pM2 not being straightforward homologs of medial
frontal cortices, such as pre-SMA, but rather mixing connectivity
properties of human premotor and motor cingulate cortex.

Akey finding from our study is that no area of the mouse motor
network has similar connectivity to human pre-SMA. Together
with the fact that mouse aM2 and pM2 do not have a clear sim-
ilarity to any single area in the human motor network, this raises
new questions about the extent to which rodent models can be
used in stroke research. In particular, it is known that frontal
areas of the motor network, including pre-SMA, are involved in
human stroke recovery.””#°> Moreover, M2 is currently the focus
of many rodents studies focusing on motor learning®®®’ and
stroke.?®%° Therefore, it is possible that differences between hu-
man and mouse motor networks may have contributed to the low
clinical translatability of promising treatments identified in rodent
stroke models®®’° and may be an additional limiting factor in
future preclinical studies focused on stroke recovery. While our
study does not directly investigate stroke recovery, it suggests
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that the translatability of stroke studies could be improved by
focusing on premotor areas of high similarity between humans
and rodents, such as mouse ALM and M1 and human PMv
and M1.

Overall, these results suggest that multimodal and quantitative
data-driven analyses have great potential in resolving long-
running neuroanatomical controversies about rodent neuro-
anatomy. In the human brain, fully data-driven parcellations
have already helped resolve many debates on human neuro-
anatomy“”°" and have even allowed more precise targeting of
brain stimulation in health®® and disease.®® Our study hints that
a similar data-driven approach may prove fruitful in mice as
well and that studying mouse neuroanatomy in greater detail
could help resolve controversies surrounding other mouse areas
such as cingulate cortex® or prefrontal cortex.”®

In conclusion, while M2 is traditionally considered to be the
only higher-order motor area of the mouse brain and is thought
to combine properties of various human premotor cortices, we
have shown several lines of evidence contradicting this notion.
In particular, we found that ALM, outside of M2, is most reminis-
cent of human PMv and that M2 has two further subdivisions.
These results provide evidence for the existence of multiple pre-
motor cortical areas in the mouse and reveal a greater degree of
homology between the motor networks in humans and mice than
previously described. Our study charts a path for forward trans-
lation (mouse to human) and reverse translation (human to
mouse) of findings in the motor network. Neuroanatomically
informed stroke studies in rodents may help improve forward
translatability of findings to human stroke patient cohorts. More-
over, as the motor network is particularly well studied in hu-
mans,’® reverse translation to rodents holds the potential to
open up many new avenues for mechanistic basic research
bridging the two species.

Limitations of the study

Our study combined two types of translational efforts. First, we
assessed within the mouse whether our parcels, as determined
by parcellation of tracer data, also showed differential profiles
in other modalities. This is an example of what has been termed
vertical translation.?® Then, we used the same modalities,
based on neuroimaging data, to directly compare the rodent
and human brain. This is an example of horizontal translation,
which allows quantitative comparisons between species
without the confounds of comparing different data types, which
has proven troublesome in the past. Although horizontal trans-
lation has proven successful in comparisons between humans
and non-human primates®*®* and between humans and
mice,”" it does mean we are susceptible to some of the limita-
tions associated with rs-fMRI data. First, we know that rs-fMRI
is confounded by factors such as physiological noise. While we
cannot fully exclude that spurious physiological correlations
between areas may have driven some of our results, we have
excluded this possibility to the best of our capacities by prepro-
cessing the data with ICA-based denoising and validating
our connectivity results in the mouse with anatomical tracer
data. Second, rest is a behaviorally noisy, uncontrolled state,
and rs-fMRI in rodents is further complicated by the use of
anesthesia to improve functional connectivity estimates.®”%
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Therefore, it is possible that analyzing connectivity during a
motor task such as grasping may yield different results, in
particular regarding areas that we currently could not find a ro-
dent homolog for, such as human pre-SMA. However, task
fMRI is not yet fully feasible in rodents due to technical limita-
tions.®® Therefore, while additional task-based fMRI data may
be available for mouse-human comparative studies in the
future, rs-fMRI remains at present the best option for compar-
ative studies of the rodent brain. As suggested by one reviewer,
sample sizes can always be increased, and it would be inter-
esting for future studies to look at samples sizes of over
10,000 subjects, which would allow additional analyses, such
as comparisons across development,'® an issue that is of in-
terest in the motor system.'®"

It should be noted that our division of the rodent motor system
is based on a connectivity-based parcellation of invasive tracer
data, the so-called “gold standard” of connectivity research.
Connectivity-based parcellations of large parts of cortical terri-
tory have been a successful method for delineating separate
areas.®'°""'%2 This approach is based on the logic that cortical
areas can be distinguished by a unique set of connections, '
which often overlaps with cytoarchitecture'®* and functional pro-
file."® Thus, although we cannot claim that our subregions
correspond to distinct cytoarchitectonic areas at this time, the
evidence provided indicates the presence of meaningfully
distinct parcels. Moreover, our further analyses demonstrate
that the subdivisions also differ in terms of resting-state func-
tional connectivity, both whole brain and with a select fingerprint
of human-mouse homologs; transcriptomic gene expression;
cortical myelin content; and functional deficits following
inactivation.

While we find evidence for extensive differences between sub-
divisions of the rodent motor system within the tissue and con-
nectivity properties analyzed in this study, other properties
may also vary across subdivisions. For example, optogenetic
fMRI (opto-fMRI) may in the future allow probing the role of these
subdivisions in whole-brain network physiology and brain activ-
ity dynamics,'% %" as well as the roles of distinct cell types
within each subdivision in driving connectivity and functional dif-
ferences.'%®'%® Moreover, our analyses on gene expression dif-
ferences between motor network subdivisions were restricted to
3,958 genes available in the coronal dataset of the Allen Mouse
Brain Atlas. While this dataset has been extensively used in
neuroscience research'°®~''* and our selection and preprocess-
ing of genes followed widely accepted guidelines,'"® this collec-
tion of genes does not exhaustively cover all genes expressed in
the mouse brain, which may have biased our results. Nonethe-
less, the genes selected are highly homologous to humans, '
which further supports their applicability for our translational
analysis.

We have provided initial evidence of differences in behavioral
deficits following inactivation of subdivisions of the mouse motor
network. Nonetheless, optogenetics has a relatively limited
spatial resolution of, at most, 1" or 2 mm,"”"®""" and we
cannot exclude that off-target effects from the stimulation of
neighboring areas such as anterior cingulate cortex, ALM, or
M1 took place during the studies we analyzed for aM2 and
PM2. Therefore, our findings should be validated systematically
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with higher-resolution sub-millimeter techniques, such as multi-
photon holographic optogenetics.”'® Finally, the functional
neuroanatomy of the motor network may also differ between
male and female mice, which has not been explored in this study.
Additionally, our study used data from mice and humans, but it is
unclear whether the results would generalize to the motor
network of other rodent species (such as rats) and other primates
species (such as monkeys). Altogether, our data-driven subdivi-
sion of the murine motor network represents a foundation for
further dissection of premotor and motor circuits across multiple
species.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Animal models
e METHOD DETAILS
o Resting-state functional MRI (rs-fMRI) data acquisition
o Multi-parameter mapping (MPM) data acquisition and preprocess-
ing
o QUANTIFICATION AND STATISTICAL ANALYSIS
o Fingerprint-based comparative analyses
o Winner-take-all and spectral clustering analyses
o Additional statistical analyses

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
celrep.2024.114191.

ACKNOWLEDGMENTS

We are grateful to Zeena-Britt Sanders, Caroline Nettekoven, and Yohan Yee
for their feedback on initial versions of the manuscript. This work was sup-
ported by a WIN Seed Grant awarded from the Wellcome Centre for Integrative
Neuroimaging to A.L. and by EPA Cephalosporin Fund and Biotechnology and
Biological Sciences Research Council (BB/N019814/1 and BB/X013227/1)
grants to R.B.M. J.M.V. was funded by the European Union’s Horizon 2020
Framework Program (Marie Sktodowska Curie grant agreement 740264 [GEN-
OMMED]), and his secondment at the University of Oxford was co-funded by
the Otto A. Malm Foundation. V.Z. is supported by grants from the Swiss Na-
tional Science Foundation (SNSF) Ambizione (PZ00P3_173984/1) and ECCEL-
LENZA (PCEFP3_203005). The Wellcome Center for Integrative Neuroimaging
is supported by core funding from the Wellcome Trust (203139/Z/16/Z). This
research was funded in part by the Wellcome Trust (grant numbers 110027/
Z/15/Z and 203139/Z/16/Z). For the purpose of open access, the author has
applied a CC BY public copyright license to any author-accepted manuscript
version arising from this submission.

AUTHOR CONTRIBUTIONS

Conceptualization and funding acquisition, A.L., H.J.-B., J.P.L., and R.B.M;
project administration, A.L., J.P.L., and R.B.M.; formal analysis, A.L.; investi-
gation, A.L., M.T., and J.E.; software and methodology, A.L., J.M.V., D.P.,
A.B., and P.M.; resources, J.G. and V.Z.; supervision, A.L.,, J.P.L.,, and
R.B.M.; writing - original draft, A.L., J.P.L., and R.B.M.; writing - reviewing &
editing, all authors.


https://doi.org/10.1016/j.celrep.2024.114191
https://doi.org/10.1016/j.celrep.2024.114191

Cell Reports
Report

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 12, 2023
Revised: December 10, 2023
Accepted: April 17, 2024
Published: May 7, 2024

REFERENCES

. Berlot, E., Popp, N.J., and Diedrichsen, J. (2020). A critical re-evaluation

of fmri signatures of motor sequence learning. Elife 9, €55241.

. Carlson, H.L., Craig, B.T., Hilderley, A.J., Hodge, J., Rajashekar, D.,

Mouches, P., Forkert, N.D., and Kirton, A. (2020). Structural and func-
tional connectivity of motor circuits after perinatal stroke: A machine
learning study. Neuroimage. Clin. 28, 102508.

. Johansen-Berg, H., Rushworth, M.F.S., Bogdanovic, M.D., Kischka, U.,

Wimalaratna, S., and Matthews, P.M. (2002). The role of ipsilateral pre-
motor cortex in hand movement after stroke. Proc. Natl. Acad. Sci.
USA 99, 14518-14523.

. Kantak, S.S., Stinear, J.W., Buch, E.R., and Cohen, L.G. (2012). Rewiring

the brain: potential role of the premotor cortex in motor control, learning,
and recovery of function following brain injury. Neurorehabil. Neural
Repair 26, 282-292.

. Rehme, A.K., Eickhoff, S.B., Rottschy, C., Fink, G.R., and Grefkes, C.

(2012). Activation likelihood estimation meta-analysis of motor-related
neural activity after stroke. Neuroimage 59, 2771-2782.

. Schulz, R., Braass, H., Liuzzi, G., Hoerniss, V., Lechner, P., Gerloff, C.,

and Hummel, F.C. (2015). White matter integrity of premotor-motor con-
nections is associated with motor output in chronic stroke patients. Neu-
roimage. Clin. 7, 82-86.

. Ward, N.S., Brown, M.M., Thompson, A.J., and Frackowiak, R.S.J.

(2003). Neural correlates of motor recovery after stroke: a longitudinal
fmri study. Brain 126, 2476-2496.

. Johnen, V.M., Neubert, F.-X., Buch, E.R., Verhagen, L., O'Reilly, J.X.,

Mars, R.B., and Rushworth, M.F.S. (2015). Causal manipulation of func-
tional connectivity in a specific neural pathway during behaviour and at
rest. Elife 4, e04585.

. Lazari, A., Salvan, P., Cottaar, M., Papp, D., Rushworth, M.F.S., and Jo-

hansen-Berg, H. (2022a). Hebbian activity-dependent plasticity in white
matter. Cell Rep. 39, 110951.

. Bakken, T.E., Jorstad, N.L., Hu, Q., Lake, B.B., Tian, W., Kalmbach, B.E.,

Crow, M., Hodge, R.D., Krienen, F.M., Sorensen, S.A., et al. (2021).
Comparative cellular analysis of motor cortex in human, marmoset and
mouse. Nature 598, 111-119.

. Barthas, F., and Kwan, A.C. (2017). Secondary motor cortex: where ‘sen-

sory’meets ‘motor’in the rodent frontal cortex. Trends Neurosci. 40,
181-193.

. Preuss, T.M., and Wise, S.P. (2021). Evolution of prefrontal cortex. Neu-

ropsychopharmacology 47, 3-19.

. Ebbesen, C.L., Insanally, M.N., Kopec, C.D., Murakami, M., Saiki, A., and

Erlich, J.C. (2018). More than just a “motor”: recent surprises from the
frontal cortex. J. Neurosci. 38, 9402-9413.

. Mufioz-Castafieda, R., Zingg, B., Matho, K.S., Chen, X., Wang, Q., Fos-

ter, N.N., Li, A., Narasimhan, A., Hirokawa, K.E., Huo, B., et al. (2021).
Cellular anatomy of the mouse primary motor cortex. Nature 598,
159-166.

. Paxinos, G., and Franklin, K.B. (2019). Paxinos and Franklin’s the Mouse

Brain in Stereotaxic Coordinates (Academic press).

. Esmaeili, V., Tamura, K., Muscinelli, S.P., Modirshanechi, A., Boscaglia,

M., Lee, A.B., Oryshchuk, A., Foustoukos, G., Liu, Y., Crochet, S., et al.
(2021). Rapid suppression and sustained activation of distinct cortical re-

17.

18.

19.

20.

21.

22.

28.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

¢? CellPress

OPEN ACCESS

gions for a delayed sensory-triggered motor response. Neuron 709,
2183-2201.e9.

Guo, Z.V., Li, N., Huber, D., Ophir, E., Gutnisky, D., Ting, J.T., Feng, G.,
and Svoboda, K. (2014). Flow of cortical activity underlying a tactile de-
cision in mice. Neuron 87, 179-194.

Li, N., Chen, T.-W., Guo, Z.V., Gerfen, C.R., and Svoboda, K. (2015). A
motor cortex circuit for motor planning and movement. Nature
519, 51-56.

Li, N., Daie, K., Svoboda, K., and Druckmann, S. (2016). Robust neuronal
dynamics in premotor cortex during motor planning. Nature 532,
459-464.

Morandell, K., and Huber, D. (2017). The role of forelimb motor cortex
areas in goal directed action in mice. Sci. Rep. 7, 15759.

Neafsey, E.J., and Sievert, C. (1982). A second forelimb motor area exists
in rat frontal cortex. Brain Res. 232, 151-156.

Vanni, M.P., Chan, A.W., Balbi, M., Silasi, G., and Murphy, T.H. (2017).
Mesoscale mapping of mouse cortex reveals frequency-dependent
cycling between distinct macroscale functional modules. J. Neurosci.
37, 7513-7533.

Chen, T.-W., Li, N., Daie, K., and Svoboda, K. (2017). A map of anticipa-
tory activity in mouse motor cortex. Neuron 94, 866-879.e4.

Le Merre, P., Ahrlund-Richter, S., and Carlén, M. (2021). The mouse pre-
frontal cortex: Unity in diversity. Neuron 709, 1925-1944.

Van De Werd, H.J.J.M., Rajkowska, G., Evers, P., and Uylings, H.B.M.
(2010). Cytoarchitectonic and chemoarchitectonic characterization of
the prefrontal cortical areas in the mouse. Brain Struct. Funct. 274,
339-353.

Murakami, M., Vicente, M.I., Costa, G.M., and Mainen, Z.F. (2014). Neu-
ral antecedents of self-initiated actions in secondary motor cortex. Nat.
Neurosci. 17, 1574-1582.

Sul, J.H., Jo, S., Lee, D., and Jung, M.W. (2011). Role of rodent second-
ary motor cortex in value-based action selection. Nat. Neurosci. 74,
1202-1208.

Oh, S.W., Harris, J.A., Ng, L., Winslow, B., Cain, N., Mihalas, S., Wang,
Q., Lau, C., Kuan, L., Henry, A.M., et al. (2014). A mesoscale connectome
of the mouse brain. Nature 508, 207-214.

Mars, R.B., Jbabdi, S., and Rushworth, M.F.S. (2021). A common space
approach to comparative neuroscience. Annu. Rev. Neurosci. 44, 69-86.
Mars, R.B., Sotiropoulos, S.N., Passingham, R.E., Sallet, J., Verhagen,
L., Khrapitchev, A.A., Sibson, N., and Jbabdi, S. (2018b). Whole brain
comparative anatomy using connectivity blueprints. Elife 7, e35237.
Neubert, F.-X., Mars, R.B., Sallet, J., and Rushworth, M.F.S. (2015). Con-
nectivity reveals relationship of brain areas for reward-guided learning
and decision making in human and monkey frontal cortex. Proc. Natl.
Acad. Sci. USA 112, E2695-E2704.

Schaeffer, D.J., Hori, Y., Gilbert, K.M., Gati, J.S., Menon, R.S., and Ever-
ling, S. (2020). Divergence of rodent and primate medial frontal cortex
functional connectivity. Proc. Natl. Acad. Sci. USA 717, 21681-21689.
Weiskopf, N., Edwards, L.J., Helms, G., Mohammadi, S., and Kirilina, E.
(2021). Quantitative magnetic resonance imaging of brain anatomy and
in vivo histology. Nat. Rev. Phys. 3, 570-588.

Xu, T., Nenning, K.-H., Schwartz, E., Hong, S.-J., Vogelstein, J.T., Gou-
las, A., Fair, D.A., Schroeder, C.E., Margulies, D.S., Smallwood, J.,
et al. (2020). Cross-species functional alignment reveals evolutionary hi-
erarchy within the connectome. Neuroimage 223, 117346.

Passingham, R.E., and Wise, S.P. (2012). The Neurobiology of the Pre-
frontal Cortex: Anatomy, Evolution, and the Origin of Insight (OUP).
Rudebeck, P.H., and Izquierdo, A. (2022). Foraging with the frontal cor-
tex: a cross-species evaluation of reward-guided behavior. Neuropsy-
chopharmacology 47, 134-146.

Striedter, G.F., Belgard, T.G., Chen, C.-C., Davis, F.P., Finlay, B.L.,
Guntarkin, O., Hale, M.E., Harris, J.A., Hecht, E.E., Hof, P.R., et al.

Cell Reports 43, 114191, May 28, 2024 11



http://refhub.elsevier.com/S2211-1247(24)00519-9/sref1
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref1
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref2
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref2
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref2
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref2
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref3
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref3
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref3
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref3
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref4
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref4
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref4
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref4
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref5
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref5
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref5
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref6
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref6
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref6
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref6
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref7
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref7
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref7
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref8
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref8
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref8
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref8
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref9
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref9
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref9
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref10
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref10
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref10
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref10
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref11
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref11
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref11
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref12
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref12
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref13
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref13
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref13
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref13
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref13
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref14
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref14
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref14
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref14
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref15
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref15
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref16
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref16
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref16
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref16
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref16
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref17
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref17
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref17
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref18
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref18
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref18
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref19
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref19
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref19
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref20
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref20
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref21
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref21
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref22
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref22
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref22
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref22
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref23
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref23
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref24
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref24
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref25
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref25
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref25
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref25
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref26
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref26
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref26
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref27
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref27
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref27
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref28
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref28
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref28
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref29
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref29
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref30
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref30
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref30
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref31
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref31
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref31
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref31
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref32
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref32
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref32
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref33
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref33
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref33
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref34
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref34
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref34
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref34
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref35
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref35
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref36
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref36
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref36
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37

¢? CellPress

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

12

OPEN ACCESS

(2014). Nsf workshop report: discovering general principles of nervous
system organization by comparing brain maps across species. Brain Be-
hav. Evol. 83, 1-8.

Grandjean, J., Canella, C., Anckaerts, C., Ayranci, G., Bougacha, S., Bi-
enert, T., Buehlmann, D., Coletta, L., Gallino, D., Gass, N., et al. (2020).
Common functional networks in the mouse brain revealed by multi-
centre resting-state fmri analysis. Neuroimage 205, 116278.

Grandjean, J., Desrosiers-Gregoire, G., Anckaerts, C., Angeles-Valdez,
D., Ayad, F., Barriére, D.A., Blockx, |., Bortel, A.B., Broadwater, M., Car-
doso, B.M., et al. (2022). Standardrat: A multi-center consensus protocol
to enhance functional connectivity specificity in the rat brain. bioRxiv.
https://doi.org/10.1101/2022.04.27.489658.

Zerbi, V., Grandjean, J., Rudin, M., and Wenderoth, N. (2015). Mapping
the mouse brain with rs-fmri: An optimized pipeline for functional network
identification. Neuroimage 723, 11-21.

Balsters, J.H., Zerbi, V., Sallet, J., Wenderoth, N., and Mars, R.B. (2020).
Primate homologs of mouse cortico-striatal circuits. Elife 9, €53680.

Burt, J.B., Demirtas, M., Eckner, W.J., Navejar, N.M., Ji, J.L., Martin,
W.J., Bernacchia, A., Anticevic, A., and Murray, J.D. (2018). Hierarchy
of transcriptomic specialization across human cortex captured by struc-
tural neuroimaging topography. Nat. Neurosci. 21, 1251-1259.

Eichert, N., Papp, D., Mars, R.B., and Watkins, K.E. (2020). Mapping hu-
man laryngeal motor cortex during vocalization. Cereb. Cortex 30,
6254-6269.

Fulcher, B.D., Murray, J.D., Zerbi, V., and Wang, X.-J. (2019). Multimodal
gradients across mouse cortex. Proc. Natl. Acad. Sci. USA 116,
4689-4695.

Van Essen, D.C., Smith, S.M., Barch, D.M., Behrens, T.E.J., Yacoub, E.,
and Ugurbil, K.; WU-Minn HCP Consortium (2013). The wu-minn human
connectome project: an overview. Neuroimage 80, 62-79.

Zerbi, V., Pagani, M., Markicevic, M., Matteoli, M., Pozzi, D., Fagiolini, M.,
Bozzi, Y., Galbusera, A., Scattoni, M.L., Provenzano, G., et al. (2021).
Brain mapping across 16 autism mouse models reveals a spectrum of
functional connectivity subtypes. Mol. Psychiatry 26, 7610-7620.

Lein, E.S., Hawrylycz, M.J., Ao, N., Ayres, M., Bensinger, A., Bernard, A.,
Boe, A.F., Boguski, M.S., Brockway, K.S., Byrnes, E.J., et al. (2007).
Genome-wide atlas of gene expression in the adult mouse brain. Nature
445, 168-176.

Paxinos, G., and Franklin, K.B. (2004). The Mouse Brain in Stereotaxic
Coordinates: Compact.

Dong, H.W. (2008). The Allen Reference Atlas: A Digital Color Brain Atlas
of the C57BI/6J Male Mouse (John Wiley & Sons Inc).

Wang, Q., Ding, S.-L., Li, Y., Royall, J., Feng, D., Lesnar, P., Graddis, N.,
Naeemi, M., Facer, B., Ho, A., et al. (2020). The allen mouse brain com-
mon coordinate framework: a 3d reference atlas. Cell 187, 936-953.e20.

Qiu, L.R., Fernandes, D.J., Szulc-Lerch, K.U., Dazai, J., Nieman, B.J.,
Turnbull, D.H., Foster, J.A., Palmert, M.R., and Lerch, J.P. (2018). Mouse
mri shows brain areas relatively larger in males emerge before those
larger in females. Nat. Commun. 9, 2615.

Weiskopf, N., Suckling, J., Williams, G., Correia, M.M., Inkster, B., Tait,
R., Ooi, C., Bullmore, E.T., and Lutti, A. (2013). Quantitative multi-param-
eter mapping of r1, pd*, mt, and r2* at 3t: a multi-center validation. Front.
Neurosci. 7, 95.

Khodanovich, M., Pishchelko, A., Glazacheva, V., Pan, E., Akulov, A.,
Svetlik, M., Tyumentseva, Y., Anan’ina, T., and Yarnykh, V. (2019). Quan-
titative imaging of white and gray matter remyelination in the cuprizone
demyelination model using the macromolecular proton fraction. Cells
8, 1204.

Lazari, A., and Lipp, I. (2021). Can mri measure myelin? systematic re-
view, qualitative assessment, and meta-analysis of studies validating
microstructural imaging with myelin histology. Neuroimage 230, 117744.

Cell Reports 43, 114191, May 28, 2024

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Cell Reports
Report

Mancini, M., Karakuzu, A., Cohen-Adad, J., Cercignani, M., Nichols, T.E.,
and Stikov, N. (2020). An interactive meta-analysis of mri biomarkers of
myelin. Elife 9, e61523.

Natu, V.S., Gomez, J., Barnett, M., Jeska, B., Kirilina, E., Jaeger, C.,
Zhen, Z., Cox, S., Weiner, K.S., Weiskopf, N., and Grill-Spector, K.
(2019). Apparent thinning of human visual cortex during childhood is
associated with myelination. Proc. Natl. Acad. Sci. USA 116, 20750-
20759.

Soustelle, L., Antal, M.C., Lamy, J., Rousseau, F., Armspach, J.-P., and
Loureiro de Sousa, P. (2019). Correlations of quantitative mri metrics with
myelin basic protein (mbp) staining in a murine model of demyelination.
NMR Biomed. 32, e4116.

Xu, D., Dong, M., Chen, Y., Delgado, A.M., Hughes, N.C., Zhang, L., and
O’Connor, D.H. (2022). Cortical processing of flexible and context-
dependent sensorimotor sequences. Nature 603, 464-469.

Mars, R.B., Verhagen, L., Gladwin, T.E., Neubert, F.-X., Sallet, J., and
Rushworth, M.F.S. (2016). Comparing brains by matching connectivity
profiles. Neurosci. Biobehav. Rev. 60, 90-97.

Sallet, J., Mars, R.B., Noonan, M.P., Neubert, F.-X., Jbabdi, S., O’Reilly,
J.X., Filippini, N., Thomas, A.G., and Rushworth, M.F. (2013). The organi-
zation of dorsal frontal cortex in humans and macaques. J. Neurosci. 33,
12255-12274.

Haenelt, D., Trampel, R., Nasr, S., Polimeni, J.R., Tootell, R.B.H., Sereno,
M.l., Pine, K.J., Edwards, L.J., Helbling, S., and Weiskopf, N. (2023).
High-resolution quantitative and functional mri indicate lower myelination
of thin and thick stripes in human secondary visual cortex. Elife 72,
e78756.

Paquola, C., and Hong, S.-J. (2023). The potential of myelin-sensitive im-
aging: Redefining spatiotemporal patterns of myeloarchitecture. Biol.
Psychiatry 93, 442-454.

Brecht, M., Krauss, A., Muhammad, S., Sinai-Esfahani, L., Bellanca, S.,
and Margrie, T.W. (2004). Organization of rat vibrissa motor cortex and
adjacent areas according to cytoarchitectonics, microstimulation, and
intracellular stimulation of identified cells. J. Comp. Neurol. 479,
360-373.

Hall, R.D., and Lindholm, E.P. (1974). Organization of motor and somato-
sensory neocortex in the albino rat. Brain Res. 66, 23-38.

Higham, D.J., Kalna, G., and Kibble, M. (2007). Spectral clustering and its
use in bioinformatics. Journal of computational and applied mathematics
204, 25-37.

Buch, E.R., Mars, R.B., Boorman, E.D., and Rushworth, M.F.S. (2010). A
network centered on ventral premotor cortex exerts both facilitatory and
inhibitory control over primary motor cortex during action reprogram-
ming. J. Neurosci. 30, 1395-1401.

Davare, M., Andres, M., Cosnard, G., Thonnard, J.-L., and Olivier, E.
(2006). Dissociating the role of ventral and dorsal premotor cortex in pre-
cision grasping. J. Neurosci. 26, 2260-2268.

Dum, R.P., and Strick, P.L. (2005). Frontal lobe inputs to the digit repre-
sentations of the motor areas on the lateral surface of the hemisphere.
J. Neurosci. 25, 1375-1386.

Hermann, D.M., and Chopp, M. (2012). Promoting brain remodelling and
plasticity for stroke recovery: therapeutic promise and potential pitfalls of
clinical translation. Lancet Neurol. 77, 369-380.

O’Coallins, V.E., Macleod, M.R., Donnan, G.A., Horky, L.L., Van Der Worp,
B.H., and Howells, D.W. (2006). 1,026 experimental treatments in acute
stroke. Ann. Neurol. 59, 467-477.

Lalu, M.M., Fergusson, D.A., Cheng, W., Avey, M.T., Corbett, D., Dowlat-
shahi, D., Macleod, M.R., Sena, E.S., Moher, D., Shorr, R., et al. (2019).
Identifying stroke therapeutics from preclinical models: A protocol for a
novel application of network meta-analysis. F1000Research 8.

Sena, E.S., Van Der Worp, H.B., Bath, P.M.W., Howells, D.W., and Ma-
cleod, M.R. (2010). Publication bias in reports of animal stroke studies
leads to major overstatement of efficacy. PLoS Biol. 8, €1000344.


http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref37
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref38
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref38
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref38
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref38
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref38
https://doi.org/10.1101/2022.04.27.489658
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref40
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref40
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref40
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref41
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref41
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref42
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref42
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref42
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref42
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref42
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref43
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref43
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref43
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref44
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref44
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref44
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref45
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref45
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref45
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref46
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref46
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref46
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref46
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref47
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref47
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref47
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref47
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref48
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref48
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref49
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref49
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref50
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref50
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref50
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref51
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref51
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref51
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref51
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref52
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref53
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref53
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref53
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref53
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref53
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref54
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref54
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref54
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref55
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref55
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref55
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref56
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref56
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref56
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref56
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref56
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref57
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref57
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref57
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref57
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref58
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref58
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref58
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref59
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref59
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref59
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref60
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref60
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref60
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref60
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref61
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref61
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref61
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref61
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref61
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref62
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref62
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref62
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref63
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref63
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref63
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref63
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref63
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref64
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref64
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref65
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref65
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref65
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref66
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref66
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref66
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref66
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref67
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref67
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref67
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref68
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref68
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref68
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref69
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref69
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref69
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref70
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref70
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref70
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref71
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref71
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref71
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref71
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref72
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref72
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref72

Cell Reports
Report

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Watson, C., Kirkcaldie, M., and Paxinos, G. (2010). The Brain: An Intro-
duction to Functional Neuroanatomy (Academic Press).

Zingg, B., Hintiryan, H., Gou, L., Song, M.Y., Bay, M., Bienkowski, M.S.,
Foster, N.N., Yamashita, S., Bowman, I., Toga, A.W., and Dong, H.W.
(2014). Neural networks of the mouse neocortex. Cell 156, 1096-1111.

Pinto, L., Rajan, K., DePasquale, B., Thiberge, S.Y., Tank, D.W., and
Brody, C.D. (2019). Task-dependent changes in the large-scale dy-
namics and necessity of cortical regions. Neuron 704, 810-824.e9.

Pinto, L., Tank, D.W., and Brody, C.D. (2022). Multiple timescales of sen-
sory-evidence accumulation across the dorsal cortex. Elife 77, e70263.

Preuss, T.M. (2007). Evolutionary specializations of primate brain
systems. In Primate Origins: Adaptations and Evolution (Springer),
pp. 625-675.

Giordano, N., Alia, C., Fruzzetti, L., Pasquini, M., Palla, G., Mazzoni, A.,
Micera, S., Fogassi, L., Bonini, L., and Caleo, M. (2023). Fast-spiking in-
terneurons of the premotor cortex contribute to initiation and execution of
spontaneous actions. J. Neurosci. 43, 4234-4250.

Musall, S., Kaufman, M.T., Juavinett, A.L., Gluf, S., and Churchland, A.K.
(2019). Single-trial neural dynamics are dominated by richly varied move-
ments. Nat. Neurosci. 22, 1677-1686.

Musall, S., Sun, X.R., Mohan, H., An, X., Gluf, S., Li, S.-J., Drewes, R.,
Cravo, E., Lenzi, ., Yin, C., et al. (2023). Pyramidal cell types drive func-
tionally distinct cortical activity patterns during decision-making. Nat.
Neurosci. 26, 495-505.

Mars, R.B., Coles, M.G.H., Hulstijn, W., and Toni, I. (2008). Delay-related
cerebral activity and motor preparation. Cortex 44, 507-520.

Picard, N., and Strick, P.L. (1996). Motor areas of the medial wall: a re-
view of their location and functional activation. Cereb. Cortex 6, 342-353.

Caruana, F., Gerbella, M., Avanzini, P., Gozzo, F., Pelliccia, V., Mai, R.,
Abdollahi, R.O., Cardinale, F., Sartori, |., Lo Russo, G., and Rizzolatti,
G. (2018). Motor and emotional behaviours elicited by electrical stimula-
tion of the human cingulate cortex. Brain 747, 3035-3051.

Dum, R.P., and Strick, P.L. (2002). Motor areas in the frontal lobe of the
primate. Physiol. Behav. 77, 677-682.

Liu, H., Cai, W., Xu, L., Li, W., and Qin, W. (2019). Differential reorganiza-
tion of sma subregions after stroke: a subregional level resting-state
functional connectivity study. Front. Hum. Neurosci. 13, 468.

Kaller, M.S., Lazari, A., Feng, Y., van der Toorn, A., Ruehling, S., Shimizu,
T., Bannerman, D.M., Vyazovskiy, V., Richardson, W.D., Sampaio-Bap-
tista, C., et al. (2023). Ablation of oligodendrogenesis in adult mice alters
brain microstructure and activity independently of behavioural deficits.
bioRxiv. https://doi.org/10.1101/2023.07.06.547854.

Melzer, S., Gil, M., Koser, D.E., Michael, M., Huang, K.W., and Monyer, H.
(2017). Distinct corticostriatal gabaergic neurons modulate striatal output
neurons and motor activity. Cell Rep. 79, 1045-1055.

DeBoer, S.R., Hubbard, R., Mersha, M., Pinilla Monsalve, G., Winter, S.,
and Zeiler, S.R. (2021). Enhanced spontaneous motor recovery after
stroke in mice treated with cerebrolysin. Neurorehabil. Neural Repair
35, 525-533.

Zeiler, S.R., Gibson, E.M., Hoesch, R.E., Li, M.Y., Worley, P.F., O’Brien,
R.J., and Krakauer, J.W. (2013). Medial premotor cortex shows a reduc-
tion in inhibitory markers and mediates recovery in a mouse model of
focal stroke. Stroke 44, 483-489.

Behrens, T.E.J., Johansen-Berg, H., Woolrich, M.W., Smith, S.M.,
Wheeler-Kingshott, C.A.M., Boulby, P.A., Barker, G.J., Sillery, E.L.,
Sheehan, K., Ciccarelli, O., et al. (2003). Non-invasive mapping of con-
nections between human thalamus and cortex using diffusion imaging.
Nat. Neurosci. 6, 750-757.

Johansen-Berg, H., Behrens, T.E.J., Robson, M.D., Drobnjak, I., Rush-
worth, M.F.S., Brady, J.M., Smith, S.M., Higham, D.J., and Matthews,
P.M. (2004). Changes in connectivity profiles define functionally distinct
regions in human medial frontal cortex. Proc. Natl. Acad. Sci. USA 101,
13335-13340.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

¢? CellPress

OPEN ACCESS

Neubert, F.-X., Mars, R.B., Buch, E.R., Olivier, E., and Rushworth, M.F.S.
(2010). Cortical and subcortical interactions during action reprogram-
ming and their related white matter pathways. Proc. Natl. Acad. Sci.
USA 107, 13240-13245.

Johansen-Berg, H., Gutman, D.A., Behrens, T.E.J., Matthews, P.M.,
Rushworth, M.F.S., Katz, E., Lozano, A.M., and Mayberg, H.S. (2008).
Anatomical connectivity of the subgenual cingulate region targeted
with deep brain stimulation for treatment-resistant depression. Cereb.
Cortex 18, 1374-1383.

van Heukelum, S., Mars, R.B., Guthrie, M., Buitelaar, J.K., Beckmann,
C.F., Tiesinga, P.H.E., Vogt, B.A., Glennon, J.C., and Havenith, M.N.
(2020). Where is cingulate cortex? a cross-species view. Trends Neuro-
sci. 43, 285-299.

Laubach, M., Amarante, L.M., Swanson, K., and White, S.R. (2018).
What, if anything, is rodent prefrontal cortex? eneuro 5.

Lazari, A., Salvan, P., Verhagen, L., Cottaar, M., Papp, D., van der Werf,
0.J., Gavine, B., Kolasinski, J., Webster, M., Stagg, C.J., et al. (2022b). A
macroscopic link between interhemispheric tract myelination and cor-
tico-cortical interactions during action reprogramming. Nat. Commun.
13, 4253.

Grandjean, J., Desrosiers-Gregoire, G., Anckaerts, C., Angeles-Valdez,
D., Ayad, F., Barriere, D.A., Blockx, I., Bortel, A., Broadwater, M., Car-
doso, B.M., et al. (2023). A consensus protocol for functional connectivity
analysis in the rat brain. Nat. Neurosci. 26, 673-681.

Reimann, H.M., and Niendorf, T. (2020). The (un) conscious mouse as a
model for human brain functions: key principles of anesthesia and their
impact on translational neuroimaging. Front. Syst. Neurosci. 74, 8.

Fonseca, M.S., Bergomi, M.G., Mainen, Z.F., and Shemesh, N. (2020).
Functional mri of large scale activity in behaving mice. bioRxiv. https://
doi.org/10.1101/2020.04.16.044941.

Warrington, S., Thompson, E., Bastiani, M., Dubois, J., Baxter, L., Slater,
R., Jbabdi, S., Mars, R.B., and Sotiropoulos, S.N. (2022). Concurrent
mapping of brain ontogeny and phylogeny within a common space: Stan-
dardized tractography and applications. Sci. Adv. 8, eabq2022.

Salvan, P., Wassenaar, T., Wheatley, C., Beale, N., Cottaar, M., Papp, D.,
Bastiani, M., Fitzgibbon, S., Duff, E., Andersson, J., et al. (2021b). Multi-
modal imaging brain markers in early adolescence are linked with a phys-
ically active lifestyle. J. Neurosci. 47, 1092-1104.

Genon, S., Reid, A., Li, H., Fan, L., Mller, V.I., Cieslik, E.C., Hoffstaedter,
F., Langner, R., Grefkes, C., Laird, A.R., et al. (2018). The heterogeneity of
the left dorsal premotor cortex evidenced by multimodal connectivity-
based parcellation and functional characterization. Neuroimage 1770,
400-411.

Passingham, R.E., Stephan, K.E., and Kétter, R. (2002). The anatomical
basis of functional localization in the cortex. Nat. Rev. Neurosci. 3,
606-616.

Henssen, A., Zilles, K., Palomero-Gallagher, N., Schleicher, A., Mohl-
berg, H., Gerboga, F., Eickhoff, S.B., Bludau, S., and Amunts, K.
(2016). Cytoarchitecture and probability maps of the human medial orbi-
tofrontal cortex. Cortex 75, 87-112.

Mars, R.B., Passingham, R.E., and Jbabdi, S. (2018a). Connectivity fin-
gerprints: from areal descriptions to abstract spaces. Trends Cogn.
Sci. 22, 1026-1037.

Lee, J.H., Liu, Q., and Dadgar-Kiani, E. (2022). Solving brain circuit func-
tion and dysfunction with computational modeling and optogenetic fmri.
Science 378, 493-499.

Salvan, P., Lazari, A., Vidaurre, D., Mandino, F., Johansen-Berg, H., and
Grandjean, J. (2021a). Frequency modulation of entorhinal cortex
neuronal activity drives distinct frequency-dependent states of brain-
wide dynamics. Cell Rep. 37, 109954.

Grimm, C., Frassle, S., Steger, C., von Ziegler, L., Sturman, O., Shemesh,
N., Peleg-Raibstein, D., Burdakov, D., Bohacek, J., Stephan, K.E., et al.
(2021). Optogenetic activation of striatal d1r and d2r cells differentially

Cell Reports 43, 114191, May 28, 2024 13



http://refhub.elsevier.com/S2211-1247(24)00519-9/sref73
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref73
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref74
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref74
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref74
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref75
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref75
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref75
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref76
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref76
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref77
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref77
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref77
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref78
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref78
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref78
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref78
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref79
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref79
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref79
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref80
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref80
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref80
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref80
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref81
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref81
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref82
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref82
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref83
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref83
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref83
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref83
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref84
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref84
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref85
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref85
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref85
https://doi.org/10.1101/2023.07.06.547854
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref87
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref87
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref87
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref88
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref88
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref88
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref88
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref89
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref89
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref89
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref89
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref90
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref90
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref90
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref90
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref90
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref91
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref91
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref91
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref91
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref91
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref92
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref92
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref92
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref92
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref93
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref93
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref93
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref93
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref93
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref94
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref94
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref94
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref94
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref95
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref95
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref96
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref96
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref96
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref96
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref96
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref97
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref97
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref97
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref97
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref98
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref98
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref98
https://doi.org/10.1101/2020.04.16.044941
https://doi.org/10.1101/2020.04.16.044941
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref100
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref100
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref100
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref100
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref101
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref101
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref101
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref101
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref102
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref103
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref103
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref103
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref104
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref104
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref104
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref104
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref105
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref105
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref105
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref106
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref106
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref106
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref107
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref107
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref107
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref107
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref108
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref108
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref108

¢? CellPress

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

14

OPEN ACCESS

engages downstream connected areas beyond the basal ganglia. Cell
Rep. 37, 110161.

Beauchamp, A., Yee, Y., Darwin, B.C., Raznahan, A., Mars, R.B., and
Lerch, J.P. (2022). Whole-brain comparison of rodent and human brains
using spatial transcriptomics. Elife 17, e79418.

Fulcher, B.D., and Fornito, A. (2016). A transcriptional signature of hub
connectivity in the mouse connectome. Proc. Natl. Acad. Sci. USA
113, 1435-1440.

Guma, E., Beauchamp, A, Liu, S., Levitis, E., Ellegood, J., Pham, L.,
Mars, R.B., Raznahan, A., and Lerch, J.P. (2023). Comparative neuroi-
maging of sex differences in human and mouse brain anatomy. bioRxiv.
https://doi.org/10.1101/2023.08.23.554334.

Mandino, F., Vrooman, R.M., Foo, H.E., Yeow, L.Y., Bolton, T A.W., Sal-
van, P., Teoh, C.L., Lee, C.Y., Beauchamp, A., Luo, S., et al. (2022). A tri-
ple-network organization for the mouse brain. Mol. Psychiatry 27,
865-872.

Ng, L., Bernard, A., Lau, C., Overly, C.C., Dong, H.-W., Kuan, C., Pathak,
S., Sunkin, S.M., Dang, C., Bohland, J.W., et al. (2009). An anatomic gene
expression atlas of the adult mouse brain. Nat. Neurosci. 72, 356-362.
Yee, Y., Fernandes, D.J., French, L., Ellegood, J., Cahill, L.S., Vousden,
D.A., Spencer Noakes, L., Scholz, J., van Eede, M.C., Nieman, B.J.,
et al. (2018). Structural covariance of brain region volumes is associated
with both structural connectivity and transcriptomic similarity. Neuro-
image 179, 357-372.

Markello, R.D., Arnatkeviciute, A., Poline, J.-B., Fulcher, B.D., Fornito, A.,
and Misic, B. (2021). Standardizing workflows in imaging transcriptomics
with the abagen toolbox. Elife 710, e72129.

Li, N., Chen, S., Guo, Z.V., Chen, H., Huo, Y., Inagaki, H.K., Chen, G., Da-
vis, C., Hansel, D., Guo, C., and Svoboda, K. (2019). Spatiotemporal con-
straints on optogenetic inactivation in cortical circuits. Elife 8, €48622.
Li, N., Guo, Z.V., Chen, T.-W., and Svoboda, K. (2016). Flow of informa-
tion underlying a tactile decision in mice. In Micro-, Meso-And Macro-Dy-
namics of the Brain [Internet] (Springer).

Adesnik, H., and Abdeladim, L. (2021). Probing neural codes with two-
photon holographic optogenetics. Nat. Neurosci. 24, 1356-1366.

Zerbi, V., lelacqua, G.D., Markicevic, M., Haberl, M.G., Ellisman, M.H., A-
Bhaskaran, A., Frick, A., Rudin, M., and Wenderoth, N. (2018). Dysfunc-

Cell Reports 43, 114191, May 28, 2024

120.

121.

122.

123.

124.

125.

126.

127.

128.

Cell Reports
Report

tional autism risk genes cause circuit-specific connectivity deficits with
distinct developmental trajectories. Cereb. Cortex 28, 2495-2506.

Ellegood, J., Anagnostou, E., Babineau, B.A., Crawley, J.N., Lin, L., Gen-
estine, M., DiCicco-Bloom, E., Lai, J.K.Y., Foster, J.A., Pefiagarikano, O.,
et al. (2015). Clustering autism: using neuroanatomical differences in 26
mouse models to gain insight into the heterogeneity. Mol. Psychiatry 20,
118-125.

Lerch, J.P., Sled, J.G., and Henkelman, R.M. (2011). Mri phenotyping of
genetically altered mice. In Magnetic Resonance Neuroimaging
(Springer), pp. 349-361.

Lutti, A., Hutton, C., Finsterbusch, J., Helms, G., and Weiskopf, N. (2010).
Optimization and validation of methods for mapping of the radiofre-
quency transmit field at 3t. Magn. Reson. Med. 64, 229-238.

Smith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Behrens,
T.E.J., Johansen-Berg, H., Bannister, P.R., De Luca, M., Drobnjak, I., Flit-
ney, D.E., et al. (2004). Advances in functional and structural mr image
analysis and implementation as fsl. Neuroimage 23, S208-S219.

Tabelow, K., Balteau, E., Ashburner, J., Callaghan, M.F., Draganski, B.,
Helms, G., Kherif, F., Leutritz, T., Lutti, A., Phillips, C., et al. (2019).
hmri-a toolbox for quantitative mri in neuroscience and clinical research.
Neuroimage 794, 191-210.

Papp, D., Callaghan, M.F., Meyer, H., Buckley, C., and Weiskopf, N.
(2016). Correction of inter-scan motion artifacts in quantitative r1 map-
ping by accounting for receive coil sensitivity effects. Magn. Reson.
Med. 76, 1478-1485.

Grandjean, J., Zerbi, V., Balsters, J.H., Wenderoth, N., and Rudin, M.
(2017). Structural basis of large-scale functional connectivity in the
mouse. J. Neurosci. 37, 8092-8101.

Griffanti, L., Salimi-Khorshidi, G., Beckmann, C.F., Auerbach, E.J.,
Douaud, G., Sexton, C.E., Zsoldos, E., Ebmeier, K.P., Filippini, N.,
Mackay, C.E., et al. (2014). Ica-based artefact removal and accelerated
fmri acquisition for improved resting state network imaging. Neuroimage
95, 232-247.

Glasser, M.F., Coalson, T.S., Robinson, E.C., Hacker, C.D., Harwell, J.,
Yacoub, E., Ugurbil, K., Andersson, J., Beckmann, C.F., Jenkinson, M.,
et al. (2016). A multi-modal parcellation of human cerebral cortex. Nature
536, 171-178.


http://refhub.elsevier.com/S2211-1247(24)00519-9/sref108
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref108
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref109
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref109
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref109
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref110
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref110
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref110
https://doi.org/10.1101/2023.08.23.554334
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref112
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref112
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref112
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref112
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref113
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref113
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref113
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref114
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref114
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref114
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref114
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref114
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref115
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref115
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref115
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref116
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref116
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref116
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref117
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref117
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref117
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref118
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref118
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref119
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref119
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref119
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref119
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref120
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref120
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref120
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref120
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref120
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref121
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref121
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref121
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref122
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref122
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref122
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref123
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref123
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref123
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref123
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref124
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref124
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref124
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref124
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref125
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref125
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref125
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref125
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref126
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref126
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref126
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref127
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref127
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref127
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref127
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref127
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref128
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref128
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref128
http://refhub.elsevier.com/S2211-1247(24)00519-9/sref128

Cell Reports

STARXxMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Human resting-state fMRI
Mouse resting-state fMRI
Human MPM

Tracer Data

Gene Expression Data
Perturbation Data

Human Connectome Project (HCP)
(Zerbietal.)'"®

(Lazari et al.)®

Allen Mouse Brain Connectivity Atlas
Allen Mouse Brain Atlas

(Le Merre et al.)**

https://db.humanconnectome.org/
N/A

N/A

N/A

N/A

https://carlenlab.org/data/

Experimental models: Organisms/strains
Mouse: C57BL/6J

Animal Care Committee at “The Center for N/A
Phenogenomics (TCP)”; Animal Use
Protocol 26-0260H

Software and algorithms
MATLAB 2021a
FMRIB Software Library (FSL) v6.0

MathWorks N/A

Wellcome Center for Integrative N/A
Neuroimaging, FMRIB, University of Oxford

https://doi.org/10.5281/zenodo.10912448
https://github.com/neuroecology/MrCat

Deposited Software
MrCat Toolbox

This paper

Cognitive Neuroecology Lab at the
Radboud University Nijmegen and the
University of Oxford

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Alberto Lazari (alberto.
lazari@ndcn.ox.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o Raw data reported in this paper will be shared by the lead contact upon request.
o All original code has been deposited here: (https://git.fmrib.ox.ac.uk/preclinical-imaging/premotor-mouse-human/, https://
doi.org/10.5281/zenodo.10912448), and is publicly available as of the date of publication.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models

20 wildtype C57BL/6J mice male adult mice (age ranging from P80 to P90) were used to collect Multi-Parameter Mapping (MPM)
data. All experiments conformed to the relevant regulatory standards (Animal Care Committee at “The Center for Phenogenomics
(TCP)”; Animal Use Protocol 26-0260H).

METHOD DETAILS

Resting-state functional MRI (rs-fMRI) data acquisition

Mouse

We used existing data from 20 wildtype C57BL/6J mice (all male, average age: P112) that underwent a single rs-fMRI scanning ses-
sion, as described in the original studies.*®""® Animals were caged in standard housing (maximum 5 animals/cage), with food and
water ad libitum, and a 12 h day/night cycle. All MRI scans were conducted in the light phase. All experimental protocols were carried
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out under licensing from the Zurich Cantonal veterinary office, and in accordance with the Swiss federal guidelines for the use of an-
imals in research.

Mouse rs-fMRI was collected using a BioSpec 70/16 (7T field strength, 16 cm bore diameter) small animal MR system (Bruker
BioSpin MRI, Ettlingen, Germany) with a cryogenic quadrature surface coil (Bruker BioSpin AG, Fallanden, Switzerland). A
gradient-echo EPI sequence (GE-EPI, repetition time TR = 1000 ms, echo time TE = 15 ms, in-plane resolution = 0.22 x
0.2 mm2, number of slice = 20, slice thickness = 0.4 mm, slice gap = 0.1 mm) was applied to acquire 900 volumes. rs-fMRI scanning
was conducted under anesthesia, with levels of anesthesia and mouse physiological parameters being monitored following an es-
tablished protocol to obtain a reliable measurement of functional connectivity.**'"°
Human
20 volumetric resting state fMRI datasets (10 male; 5 in the 22-25 age range; 10 in the 26-30 age range; 5 in the 31-35 age range)
were downloaded from the Human Connectome Project (HCP).45 In brief, the HCP rs-fMRI acquisition consisted of whole-brain
BOLD EPI images collected (1200 volumes) using a standardised protocol (2 mm isotropic resolution, 72 slices, TR = 720 ms,
TE = 33.1 ms, multiband factor = 8). For each subject, only the first session with phase encoding left-to-right (LR) was used.

Multi-parameter mapping (MPM) data acquisition and preprocessing

Mouse

20 wildtype C57BL/6J mice male adult mice (age ranging from P80 to P90) were sacrificed and perfused with 4% PFA, without addi-
tional contrast agents, and following a perfusion protocol optimised for ex vivo MR imaging.'?%'?! Prior to perfusion, mice were
housed in standard group housing, minimally handled, and received food and water ad libitum, in order to reduce environmental in-
fluences on myelination. Before scanning, brains were checked for the presence of air bubbles that may distort the images; 5 mouse
brains contained bubbles and were thus not scanned. An additional 3 mouse brains were damaged through accidental freezing and
were thus excluded from the study.

Mouse Multi-Parametric Mapping (MPM) data was collected on a 7T BioSpec 70/20 USR small animal MR system with a Paravision
360 console (Bruker BioSpin MRI, Ettlingen, Germany) using an 86mm transmit volume coil (Bruker BioSpin MRI, Germany) in com-
bination with a receive-only cryoprobe 2 x 2 actively detuned elements array (Bruker BioSpin AG, Switzerland). Bore temperature
was set at 22°C.

The mouse ex vivo MPM protocol was adapted from a human in vivo protocol.® It included 18 repetitions of a set of three multi-
echo 3D FLASH (Fast Low-Angle Shot) scans as well as two DAM (Double Angle Mapping) scans for B1 mapping, for a total acqui-
sition time of roughly 8 h. Each set of 3D FLASH scans consisted of T1-, PD- (Proton Density), and MT- (Magnetisation Transfer)
weighted imaging. The FA (Flip Angle) was set to 30 deg for T1 and to 6 for PD and MT scans. For each scan, 100 um isotropic images
were acquired using a Field of View (FOV) of 24 x 6.9 x 12 mm?, a bandwidth of 100 kHz, and TR/TE1 = 51/3 ms. Eight echos or six
echos with an inter-echo delay of 4 ms were acquired for T1/PD and MT, respectively. The MT preparation consisted of an off-reso-
nance Gauss RF pulse with a magnitude of 10microT and a frequency offset of 2 kHz. To correct for field drift during the scanning, a
navigator signal acquired for each TR with a non-selective Gauss RF pulse of 1 deg was used to prospectively update the resonance
frequency. The acquisition parameters were as follows: FOV = 19 x 10 mm?, spatial resolution = 250 x 250 um, ' 46 slices with a
thickness of 250 pm, bandwidth = 100 kHz, and TR/TE = 7500/3 ms.

To correct for B1 inhomogeneities, DAM (Double Angle Mapping) technique with FAs of 40 and 80 deg was used to map B1+
field.'?® The equation to derive the B1+ map was as follows:

1 A2
80 X arccosi2 x 100 (Equation 1)

Bl+ = Alangie Alx

where B1+ is the B1+ value expressed as a percentage, A1 is the lower flip angle scan, A2 is the higher flip angle scan, and A1 4ngie is
the flip angle of A1 (in this case, 40°).

To correct for hardware drift during the acquisition, a multi-step co-registration procedure was performed. First, echoes were aver-
aged within each repetition and for each contrast. Second, these average images were coregistered to the average of the corre-
sponding contrast of the first repetition with a 6 degrees of freedom Normalised Mutual Informatiion cost function in FSL’s FLIRT."?®
Third, the resulting transformation matrices were applied to all individual echoes of all repetitions. Fourth, once all echoes were thus
transformed into a common space, they were averaged across repetitions, to create a high-SNR image for each echo of the acqui-
sition protocol.

Separately, the B1+ map was calculated using the DAM method with fsimaths tools '“~ and co-registered to the average of the first
repetition using the same registration approach described above. The high-SNR average echoes and B1+ map were then used to
estimate Magnetisation Transfer saturation (MT), R1 and R2* quantitative maps through the hMRI toolbox."?*

Human

We used existing MPM scans from 50 participants collected using a 3T Prisma Magnetom Siemens scanner, software version VE11C
(Siemens Medical Systems, Erlangen, Germany), as described in the original study.® The MPM protocol was based on®? and included
three multi-echo 3D FLASH (fast low-angle shot) scans with varying acquisition parameters, one RF transmit field map (B1+map) and
one static magnetic (B0) field map scan, for a total acquisition time of roughly 22 min. To correct for inter-scan motion, position-spe-
cific receive coil sensitivity field maps, matched in FOV to the MPM scans, were calculated and corrected for.2°
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The three 3D FLASH scans were designed to be predominantly T1-, PD-, or MT-weighted by changing the flip angle and the pres-
ence of a pre-pulse: 8 echoes were predominantly Proton Density-weighted (TR = 25 ms; flip angle = 6°; TE = 2.3-18.4 ms), 8 echoes
were predominantly T1-weighted (TR = 25 ms; flip angle = 21°; TE = 2.3-18.4 ms) and 6 echoes were predominantly Magnetisation
Transfer-weighted (MTw, TR = 25ms; flip angle = 21°; TE = 2.3-13.8 ms). For MTw scans, excitation was preceded by off-resonance
Gaussian MT pulse of 4 ms duration, nominal flip angle, 2 kHz frequency offset from water resonance. All FLASH scans had 1 mm
isotropic resolution, field of view (FOV) of 256 x 224 x 176 mm?®, and GRAPPA factor of 2 x 2. The B1 map was acquired through an
EPI-based sequence featuring spin and stimulated echoes (SE and STE) with 11 nominal flip angles, FOV of 192 x 192 x 256 mm?>
and TR of 500 ms. The TE was 37.06 ms, and the mixing time was 33.8 ms. The BO map was acquired to correct the B1+ map for
distortions due to off-resonance effects. The BO map sequence had a TR of 1020.0 ms, first TE of 10 ms, second TE of 12.46 ms, field
of view (FOV) of 192 x 192 x 256 mm?® and readout bandwidth of 260 Hz/pixel. Magnetisation Transfer saturation (MT), R1 and R2*
quantitative maps were estimated through the hMRI toolbox'?* and then registered to Montreal Neurological Institute (MNI) space.
Tracer data
Normalised Fluorescence maps from Allen Mouse Brain Connectivity Atlas®® were downloaded and preprocessed.'?® The Allen
Mouse Brain Connectivity Atlas uses Adeno-Associated Viral vectors (AAVs) to systematically track long-range connections in the
mouse brain,?® and is thus suitable to answer questions about whole-brain connectivity patterns in the mouse motor network. In brief,
3D maps from tracer injection experiments in wild-type mice were downloaded, resampled to 0.2 isotropic resolution and normalised
to a 0-1 intensity distribution. After registration to the Queensland Brain Institute (QBI) atlas, the tracing maps were concatenated and
used as input for the k-means clustering algorithm.

Gene expression data

Mouse gene expression data was extracted from the adult mouse whole-brain in situ hybridization datasets of the Allen Mouse Brain
Atlas.*” The coronal in situ hybridization images from 3958 mouse genes were preprocessed and normalized, '°° without excluding
any further gene a priori. We then computed the average expression of each gene across the voxels in each of the premotor and
motor areas.

Perturbation data and behavior

An openly available database of 100 previously-published inactivation experiments* was used to study inactivation of aM2 and pM2
(https://carlenlab.org/data/). The database contains information from experiments targeting mouse frontal areas and establishing im-
pairments in a wide range of task-based behaviors. To analyze the tasks in an unbiased way, we used pre-specified descriptors from
the database itself, and assessed task features with the following categories: sensorimotor transformation (task type set as “senso-
rimotor transformation” in the original database), context-based task (task type set as “context/rule-based task” in the original data-
base), memory (task type set as “memory/delay” in the original database), task complexity (complexity index above 5 in the original
database; a full description of the rationale and scoring for the complexity index are provided in the original publication and related
database®’), movement quantity (number of actions above 1 in the original database), and complexity of actions (movement
complexity equal to 1 in the original database).

Pre-processing of rs-fMRI data

rs-fMRI data was preprocessed with a common ICA-denoising approach across mouse and human data.*%*"'2” After registration to
standard space, scans were smoothed by twice the voxel size in the XY dimension (resulting in a sigma of 0.4 mm for mouse data and
of 4 mm for human data).

Defining motor and premotor seeds in mouse and human

In humans, motor and premotor seeds were identified using the Glasser atlas'?® for M1, FEF, PMd, PMv. These were complemented
with more fine-grained comparative parcellations for pre-SMA and SMA,®® and for RCZa and RCZp which form Medial Cingulate
Cortex.®" In mice, motor and premotor areas were defined through an axonal tracer-driven parcellation of voxels from traditional
M1 and M2, as defined in the DSURQE atlas,”' as described in the Results. Relevant code is available here: https://git.fmrib.ox.
ac.uk/preclinical-imaging/premotor-mouse-human.

Defining connectivity targets in mouse and human

A set of connectivity targets was chosen a priori by inspecting 165 mouse brain regions from the Allen Brain Atlas ontology and se-
lecting those that are considered to have high homology to human areas. The resulting list largely overlapped with previous litera-
ture,*" as follows: 1) Primary Somatosensory Cortex (S1), 2) Supplemental Somatosensory Cortex (S2), 3) Primary Visual Cortex
(V1), 4) Primary Auditory Cortex (A1), 5) Dorsal (in the human, Anterior) Hippocampus, 6) Ventral (in the human, Posterior) Hippocam-
pus, 7) Infralimbic (IL; in the human, Area 25), 8) Prelimbic (PL; in the human, Area 32), 9) Retrosplenial Cortex (RSC; in the human,
Area 30), 10) Lateral Orbitofrontal Cortex (Area 13), 11) Basolateral Amgydala, 12) Temporal association area (TPJp). Based on
recently discovered striatal homologies between mice and humans,*' 13) medial Caudoputamen (CPm) 14) lateral Caudoputamen
(CPI) and 15) Nucleus Accumbens (NAcc) were added to the list of targets. Finally, the majority of target regions of interest were
created in the right hemisphere. However, as premotor areas are known to have asymmetric connectivity across hemispheres in pri-
mates, we decided to also include a selected number of left hemisphere ROIs, namely 16) left primary somatosensory cortex (S1), 17)
left secondary somatosensory cortex (S2) and 18) left primary motor cortex (M1, as defined in previous studies and corresponding to
M1), with the goal of better distinguishing between premotor areas in both species. Targets were created as 3 x 3 x 3 voxels in all
species; further information on the precise coordinates that were used is in the supplemental information. ROl files are available here:
https://git.fmrib.ox.ac.uk/preclinical-imaging/premotor-mouse-human.
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QUANTIFICATION AND STATISTICAL ANALYSIS
All of the statistical details of experiments can be found in the Results, Figures, Figure Legends and supplemental information.

Fingerprint-based comparative analyses

For each mouse seed, connectivity fingerprints were extracted from individual scans and the median of all fingerprints was derived to
create a ‘template connectivity fingerprint’ for each seed. Then, for each voxel of each human scan, we extracted a connectivity
fingerprint, correlated the human connectivity fingerprint to the mouse template connectivity fingerprint, and finally assigned the cor-
relation effect size to the voxel in question. This process resulted in multiple voxel-wise maps (one per mouse seed) for each human
scan. All maps were Fisher’s r-to-Z transformed. Maps related to a single mouse seed were then run together through permutation
testing in FSL’s randomise (1,000 permutations, TFCE family-wise error corrected p < 0.05) to establish which voxels showed a signif-
icantly similar connectivity fingerprint.*’

Winner-take-all and spectral clustering analyses

Winner-take-all analyses were run by comparing the four fingerprint matches of each human voxel (M1, ALM, aM2, pM2), and assign-
ing that voxel to the mouse area with the strongest fingerprint match, as measured by the t-statistic of a fingerprint-based permu-
tation test (as described above). Winner-take-all analyses were across a custom motor network mask designed to include as
many putative motor network voxels as possible, including the full precentral gyrus, as well as clustering-based parcellations of
pre-SMA and SMA,° and of Mid Cingulate Cortex (RCZa and RCZp).*"

Spectral clustering analyses were run for mouse-human comparisons.®° In short, connectivity fingerprints of each mouse and hu-
man motor and premotor areas were used to calculate a Kullback-Leibler (KL)-based divergence matrix. Spectral clustering® was
then used to map the divergence matrix in a 2D-space, thus clustering together regions with the similar connectivity fingerprints,
independently of the species from which the connectivity fingerprint originated.

Additional statistical analyses

In order to confirm the difference between connectivity, cortical myelin and gene expression profiles of different premotor subdivi-
sions in the mouse, the MrCat toolbox (https://github.com/neuroecology/MrCat) was used to establish the Manhattan distance and
perform permutation testing (10,000 permutations) to test for significance.”® In addition, paired sample t-tests were used to compare
myelin markers between two regions of interest.
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