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A census of cell types
inthe brain’s motor cortex

An atlas of the cell types found in the motor cortex of the brain
has been built using various types of data. Two neuroscientists
explain the technological feats involved in the project, as well as
the utility of the resource for future research. See p.86

Johan Winnubst
Tools to chart
the neuronal landscape

The brain consists of a complex network of
interconnected cells that have diverse prop-
erties. Classifying this diversity by grouping
neurons with similar propertiesintoneuronal
‘types’ has beenafundamental goal of neuro-
science. However, collecting and integrating
information across relevant cellular proper-
ties has remained challenging. The BRAIN
Initiative Cell Census Network! (BICCN;
page 86) has taken up this challenge and cre-
ated a cell atlas, focused mainly on a brain
region called the primary motor cortex. The
atlas incorporates molecular and functional
data, as well as data related to physical form,
for neuronsin the brains of mice, non-human
primates and humans (Fig.1).

Rapid advancesinsingle-cell RNA sequenc-
ing (scRNA-seq), atechnique used to meas-
ure gene expression in individual cells, have
already enabled major progress in charac-
terizing neuronal diversity by generating
gene-expression profiles for thousands of
cellsatatime. Akey strategy of the BICCN was
to use high-resolution scRNA-seq data to link
information across various techniques. For
example, M. Zhang et al.? (page 137) selected
258 genes whose expression was previously
found to define different cell types. They
used a technique called MERFISH to label
cellsexpressing these marker genesin mouse
brain tissue, allowing the spatial distribution
ofthesecelltypestobe determined acrossthe
primary motor cortex.

Similarly, Berg et al.® (page 151) and Scala
et al.* (page 144) used Patch-seq, a technique

that combines recordings of the electrical
properties ofacellwith subsequent scRNA-seq
and the morphological reconstruction of its
3D shape. Moreover, Liu et al.’ (page 120) and
Z.Zhang et al.® (page 167) profiled epigenetic
modifications (genomic changes that affect
gene expression without altering the DNA
sequence) in cells whose projections were
labelled by tracers injected into various brain

regions. This enabled the authors to identify
the long-range projection targets of different
cell populations.

What are the origins of the vast neuronal
diversity found in the mammalian brain during
development and evolution? Several papers
fromthe BICCN tackled this question by look-
ing at the epigenetic modifications in cell
types, as defined by patterns of gene expres-
sion, across species. For example, Bakken
etal’ (pagelll) and Yaoetal.® (page103) inte-
grated gene-expression data with measure-
ments of the abundance of methyl groups on
the DNA of individual cells and the accessibil-
ity of DNA inthe DNA-protein complex called
chromatin. These measuresindicate negative
and positive regulation of gene transcription,
respectively.

The studies by Bakken et al. and Yao et al.
identified potential regulatory regions of the
genome for different cell types. These regions
are marked by genome stretches with highly
accessible chromatin and low levels of DNA
methylation, and include genes for regulatory
transcription factors, and sites at which these
factorsbind toinfluence gene expression. This
cell-type-specific enrichment of transcription
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Figure 1| Building a census of the cell types in the motor cortex of the brain. The BRAIN Initiative

Cell Census Network (BICCN) investigated the diversity of cell types in the brain’s motor cortex in mice,
non-human primates and humans'. The researchers categorized cells into different types on the basis of
the cells’ morphology (shape), the pattern of their connections with other cells, their location and their
connections with other brain regions (projection mapping). The consortium also sorted cells into types
according to their gene expression and the patterns of epigenetic modification, such as the ‘opening’ of
parts of the DNA-protein complex called chromatin to enable transcription, and the addition of methyl
groups (Me) to DNA. The authors also characterized the cell types on the basis of their electrical properties
(their electrophysiology). These data sets are available through various repositories and archives of the

Brain Cell Data Center.
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factorsand binding sites was remarkably con-
served betweenspecies’ and could be used to
generate genetic tools for studying the cell
types further (see alsoMatho et al.’; page 182).

Although thetechnical progress made by the
BICCN is impressive, further work to resolve
the cellular diversity of the motor cortexis still
needed. For example, Peng et al.'® (page 174)
presentalibrary ofindividually reconstructed
mouse neurons in which broader transcrip-
tional subclasses are labelled. These recon-
structions show how the axonal projections
of neurons form complex connections across
the brain. However, a full understanding of
the relationship between a cell’s connectivity
pattern and its genetic identity will require
gene-expression profiles of individual cells to
belinked totheir axonal projections — perhaps
using methods such as MERFISH.

Furthermore, the consortium’s findings
emphasize the need for new conceptual and
mathematical frameworks tounderstand the
cellular diversity of the brain. For example,
whereas cellsin different classes usually have
distinct characteristics, the finer-grained dif-
ferences between cellular subtypes are often
best described as a continuous gradient that
correlates with a cell’s positionin the brain®*,
It remains unclear how we should create a
classificationin which cells are simultaneously
organized hierarchically (so that they can be
separated into distinct, broad classes), contin-
uously (inwhich subtypes can follow gradients
on the basis of their genetic profile and other
characteristics) and topographically (whereby
diversity can correlate with cell location).

Although many of the BICCN’s techniques
have been used before, this is the first time
they have beenappliedinsuchacollaborative,
high-throughput effort, providing an unprec-
edented view of the landscape of neuronal
diversity. Inaddition, the considerable effort
made by the consortium to make its data and
software available to the research community
(https://biccn.org) will ensure that this laud-
able achievement will continue to transform
our understanding of the nature and origin of
neuronal diversity.
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Silvia Arber
Cellcensuswillbea
boon for future studies

The high diversity of cell types in the brain
poses an enormous challenge to the neurosci-
ence community. By building its cell-type cen-
sus and atlas, the BICCN! will accelerate efforts
tounravel how neuronal cell types are defined,
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and how the cells are connected in networks
and contribute to function.

The consortium focused on the motor cor-
tex, astructure particularly well suited tosuch
anin-depthinvestigation, for various reasons.
First, the region extends neuronal projections
directly to many other parts of the motor sys-
temand thusactsasabroadcasting device™?—
buthowitinteracts with these other regionsis
poorly understood. Second, the motor cortex
controls movement, and so understanding
its cell types raises the possibility of linking
them to function and behaviour. Third, from
anevolutionary perspective, the region’s size,
cell-type diversity and functions differ con-
siderably across species", an aspect that the
BICCN specifically addressed through studies
in mice, non-human primates and humans'”’.

The consortium’s flagship paper highlights
the main resources and findings generated
by this enormous collaborative network®.
Neuroscientists will have access to databases
containing information about many aspects
ofthe various cell types in the motor cortices
of different species, including the cells’ gene
expression, the molecular modifications that
alter gene expression, the cells’ morphology
and their electrophysiological properties
(Fig.1). The consortium has also generated
many mouse strains in which key neuronal
populations can be specifically targeted by
particular manipulations — for example, to
label them or control their activity®.

The papers accompanying the flagship
paper prove the great benefits of mining data.
Althoughthe numbers of celltypesidentified
using different methods vary’, future mining
of combinations of the data sets provided
could substantially strengthen conclusions on
cell-type definitions, and aid efforts to under-
stand their function and behaviour.

Cortical neurons have long been known to
fallinto two main categories: those communi-
cating exclusively with other cortical neurons
and those that alsocommunicate with neurons
outside the cortex. Some of the studies by the
BICCN —including those by Matho et al.’, Peng
etal® and Munoz-Castafedaet al.” (page 159)
— serve as starting points for future work to
address how cell types in these categories
are embedded and function in local cortical
circuits, in loops with other structures in the
brain, such as the basal ganglia and thalamus,
andinlong-range pathways to other regions of
the cortex, brainstem and spinal cord. Under-
standing these celltypes and theirinteractions
willhelp to establish how they contribute to the
learning, control and execution of movement,
and how actions unfold at the systems level.

The BICCN papers present snapshots of the
identities of adult neurons that —because they
are, for the most part, not replaced throughout
life —each have their ownhistory. Thisincludes
the neurons’ developmental trajectory to
maturation and individual experience up to
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their analysis, including modifications that
occurred duringlearningand as aresult of their
plasticity (their dynamic ability to change their
activity and connection properties). As previ-
ously shown in the spinal cord™, the genetic
programs that operate during development
are central to defining the basic properties of
neuronal cell types, including functional attrib-
utes such as the neurotransmitter molecules
theyrelease, or their firing properties.

The genes that constitute these develop-
mental programs can serve as markers of dif-
ferent neuronal types, and work by the BICCN
(for example, by Matho et al.’) will advance
researchers’ ability to target marker-defined
celltypesinmice. Later inlife, however, experi-
enceinfluences gene expression, and caneven
leadto aswitchinthetype of neurotransmitter
thata cell releases®™. Future work should there-
fore determine the extent to which cell-type
diversity reflects changes in gene expression
due to experience, including learning and
plasticity.

Furthermore, the BICCN papers also begin
to compare cell types across species (see, for
example, refs 3,7). This approach will provide
insights into which neuronal cell types have
evolved from others and which are evolution-
arily new ‘add-ons’, and how they might con-
tribute to evolutionarily new functions. Such
work will be crucial to the design of cell-type-
specifictherapies for brain disorders because,
although many principles of circuit function
are conserved across species, any such inter-
ventions must be tailored to the human brain.

The BICCN papers represent a real treas-
ure trove for future discovery. Of particular
note are explorations that lead to a granular
understanding of how the motor cortex helps
to controland modulate many forms of move-
ment. Neuroscience has indeed progressed a
long way from the observations made around
150 years ago that electrical stimulation of a
region in the cortex can elicit movement™.
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