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Abstract

The single-cell RNA sequencing (scRNA-seq)
is a powerful tool for exploring the complex-
ity, clusters, and specific functions of the brain
cells. Using scRNA-seq, the heterogeneity and
changes in transcriptomic profiles of a single
neuron were defined during dynamic develop-
ment and differentiation of cells in cerebral
cortex regions, and in the pathogenesis of neu-
rological diseases. One of the great challenges
is that the brain sample is susceptible to inter-
ference and confounding. More advanced
methodologies of computational systems biol-
ogy need to be developed to overcome the
inherent interference and technical differences
in the detection of single-cell signals. It is
expected that scRNA-seq will be extended to
metabolic profiles of the single neuron cell on
basis of transcriptional profiles and regulatory
networks. It is also expected if the transcrip-
tional profiles can be integrated with molecular
and functional phenomes in a single neuron
and with disease-specific phenomes to under-
stand molecular mechanisms of brain develop-

ment and disease occurrence. scRNA-seq will
provide the new emerging neurological disci-
ple of the artificial intelligent single neuron for
deep understanding of brain diseases.
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19.1 Introduction

The genome, epigenome, and microenvironment
of each single cell in the organism are unique. The
gene expression of the single-cell is based on
fluctuations in the mechanisms of transcription
and translation. The heterogeneity of cells is the
basic nature of the homeostasis and development
of the living body system to perform specific
tasks and functions. It is necessary to define
similarities and differences of different cells
from morphology, protein level, and even gene
level to understand the differences between cells.
Single-cell RNA sequencing will become a new
approach to monitor gene expression in clinical
practice to explore gene expression profiles at the
single-cell level using single-cell RNA sequenc-
ing (scRNA-seq). The scRNA-seq is a powerful
tool to classify and identify cell subtypes [1],
characterize rare or small cell populations, and
track dynamics of cell-to-cell variations [2].
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The brain is one of the most complex tissues
and is intensively investigated on brain cells, and
current studies focus on location, morphology,
electrophysiological property, target specificity,
molecular biomarker, and gene expression pattern
[3–6]. Thus, scRNA-seq becomes more important
for the understanding of the brain contributions to
learning, memory, and other cognitive functions
[7]. scRNA-seq can make it possible to under-
stand the heterogeneity and regulatory networks
in brain cells at the single-cell level [8]. The pres-
ent chapter will review recent studies on the use
of scRNA-seq in brain cells and summarize the
values of analysis method and the significance of
results from scRNA-seq in brain cells. We
emphasize the importance of clinical application
of scRNA-seq in brain cells and potential
challenges to be faced in future. We will compre-
hensively discuss the application of scRNA-seq
in the development of the cerebral cortex to better
understand the development and function of cere-
bral nervous system.

19.2 Single-Cell RNA Sequencing
Technologies

The hotspot technology of scRNA-seq methods
are summarized in Fig. 19.1 to assure the high-
resolution analysis of individual cells unbiased
and profound. The scRNA-seq contributes to
reveal the heterogeneity, dynamics of transcrip-
tion, and regulatory relationships between genes
in a cell [9]. Developed scRNA-seq is applied to
investigate the rare cell clusters, which may be
omitted by traditional analysis. Specific features
of these cells as well as the events of the
interactions among cells are unveiled by
scRNA-seq, rather than by previous high-
throughput analysis [10]. scRNA-seq revealed
the dynamic function of individual cell in devel-
opmental biology [11–16], neurobiology [17–
20], immunology [21–24], and cancer research
[25–29]. The landscape of single-cell tumor
immune map accelerates the immune treatment
on basis of high heterogeneity of immune cells

in cancer and identifies molecular characteriza-
tion of tumors in symptomatic and asymptomatic
patients [30].

Using scRNA-seq, the differentiation fate of
progenitor cells and the progress of individual cell
are defined in the development, during which new
cell clusters are distinguished by scRNA-seq [31–
33]. The complexity of brain structure enables the
delicate regulation in the developmental progress
of brain. The nervous system is the most complex
organ in mammal, where the cerebral cortex
development is the main model system for neural
developmental investigations and shares many
consistent mechanisms with the developing
brain and spinal cord. The Dll1/Notch, Nrg1/
ErB, and Fgf10/Fgfr2 pathways were involved
in this transformation of neuroepithelial stem
cells into radial glial (RG) stem cells. Other
transcriptions factors (Ap2γ, Ngn2, Insm1, or
Tbr2) are discovered to activate the generation
of basal progenitors from RGs, which was
inhibited through the Notch and FGF pathways
and the epigenetic regulator Ezh2, to differentiate
RGs into astrocytes and lead to the termination of
neurogenesis. Multiple signaling pathways (Jack/
Stat, Notch, BMP, FGF) promote the neurogenic-
to-glycogenic switch, although other signalings
are still unclear. scRNA-seq is applied to investi-
gate the novel mechanisms implicated in the cere-
bral cortex development (Fig. 19.2) and to
characterize the cellular composition of the
mouse cortex at development-embryonic day
14.5, representing a progenitor-driven stage and
birth, when neurons corresponding to all six cor-
tical layers were born and gliogenesis has begun.
Distinct cortical layer-specific cell types and the
spatial and temporal expression patterns of hall-
mark genes were assigned to 22 cell clusters and
described (Fig. 19.3).

The distinct sensory neuronal types were dis-
sected by scRNA-seq and Notch signaling is
indispensable for brain development
[17, 34]. Combining the scRNA-seq with electro-
physiology, the development of embryonic hip-
pocampal neurons and the neonatal cortical
neuron cells were mapped and classified. The
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new marker genes of the cerebral cortex during
human development and the specific develop-
mental characteristics, as well as the developmen-
tal timeline of excitatory neurons were found
using scRNA-seq [19]. By the scRNA-Seq in
situ, the neurons location and the difference
between the neighbor neurons spatially were
defined [35].

The single-cell transcriptomic profiles devel-
oped along with the qPCR development and
single-molecule fluorescence in situ hybridization
are the primary method of the transcripts analysis
[36–39]. The whole-transcriptome analysis and
the subsequent RNA sequencing are adapted for
analyzing single cells [40–43]. The scRNA-Seq
was applied to investigate the early embryonic
development and global patterns of gene expres-
sion variations [44, 45], although the amount of
biological materials were a limiting factor
[2]. The unbiased analyzing of scRNA-Seq is
adapted for the hundreds of thousands of cells
endowed of heterogeneity [46].

The methods for capturing single cells from
enormous cells include mouth pipetting, serial
dilution, robotic micromanipulation, and flow-
assisted cell sorting; while the methods for
isolating rare single cells still lag behind, includ-
ing Nanofilters [47], MagSweeper [17], Laser-
capture microdissection, CellSearch [48],
CellCelector [49], and DEP-Array [50]. It is nec-
essary to amplify the RNA sequence for scRNA-
seq due to that the total RNA in a mammalian cell
is only 10 pg and the mRNA is only 0.1 pg.
SMART-Seq is a whole-transcriptome amplifica-
tion (WTA) method performed using Moloney
Murine Leukemia Virus (MMLV) reverse tran-
scriptase to protect the full-length amplification
from the strong plague of the 30 mRNA bias.
MMLV has both template-switching and terminal
transferase activity, which leads to the addition of
contemplated cytosine residues to the 50 end of
the cDNA [1]. The templates can be switched by
MMLV and transcribe the other strand to amplify
the full-length cDNA transcripts by adding a poly

Fig. 19.2 Development of mouse cerebral cortex. Cerebral cortex develops via a complex sequence of cell proliferation,
differentiation, and migration events [93]
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(G) template with an adaptor sequence. To over-
come the distortion of the mRNA strand during
the amplification progress, cDNA is labeled with
barcodes thus specific cDNA sequence is
assigned to the specific cells [51–54]. With the
revolutionary development of technologies,
MARS-Seq, Cyto-Seq, Drop-Seq, inDrop, and
the scRNA-Seq are promoted extensively.

19.3 scRNA-seq and Developing
Cerebral Cortex

The diversity, function and the range of transcrip-
tional regulation are studied on brain cells from
the cerebral cortex with RNA-seq. As an
emerging tool, scRNA-seq is gradually applied
to study the complexity of brain cells, new cell
populations, specific genetic characteristics, and
potential regulatory networks [55, 56]. Brain cells
include highly complex nerve cell types/subtypes
with special morphology, excitability, connectiv-
ity, and cell location [57]. Different neuronal cell
types and subtypes, and new cell-specific markers
were found using scRNA-seq. For example, Amit
et al. extracted 3005 single cells from the cerebral
cortex and hippocampus from mice, performed
scRNA-seq analysis, and found nine major cell
populations, including S1 and CA1 vertebral
neurons, transfer neurons, oligodendrocytes,
astrocytes, microglia, vascular endothelial cells,
parietal cells, and ependymal cells. Novel and
specific molecular markers of different cell types
were also discovered, e.g., Gmll549 for S1 verte-
bral neurons, Pnoc for transferred neurons.

The individual adult neurons are freshly
isolated from a limited regional sample of neuro-
surgical tissue [58]. Freshly separated neurosur-
gical tissue is better for analyzing individual
neurons, while more samples of postmortem
tissues are available in clinical practice. Lake
et al. developed a new method of the neuron
nucleus and RNA sequencing for the brain,
separated the 3227 individual neurons from six
different regions of the cerebral cortex for RNA
sequencing, and found 16 subtypes of neurons in
the cortex cells with molecular biomarkers. The

cerebral cortical neurons are evaluated and devel-
oped originally from the subependymal neural
progenitors, and neural progenitor cells complete
the development process of the cerebral cortex
through the proliferation, differentiation, and
migration. The temporal and spatial
characteristics of cerebral cortex development
from rodents to primates include differentiation
characteristics from progenitors to various types
of neurons, with a clear relationship between
mental disorders and target gene expression.

The developmental mechanisms of the cortex
with different functional divisions are involved in
intrinsic and extrinsic biological mechanisms. For
example, Gbx2 contributes to the development of
normal cortical regions, rather than thalamic cor-
tical projections. Providing the first clear evi-
dence that thalamic innervation is not necessary
for the basic generation of cortical area maps, and
the formation of cortical regions depends primar-
ily on the mechanisms within the telencephalon
[59]. The intrinsic mapping center of the telen-
cephalon controls the size and location of the
cortical region. The morphine and fibroblast
growth factor 8 (FGF8) released from the com-
missural plate at the distal prefrontal tip of the
brain periphery can be adjusted along the frontal
tail. Other factors play complementary roles, such
as Fgf17 [60], BMP [61], and Wnt [62]. The
thalamic input is required to establish genetic
and functional divisions between the primary
and adjacent high-grade sensory cortexes
[63]. In addition, in-cortical self-generating
activities also contribute to the formation of cor-
tical columns [64] (Fig. 19.4).

The precise gene spatiotemporal expression
profile of the cerebral cortex is important for the
evolution, development, and function of the ner-
vous system [65–67]. The temporal and spatial
characteristics of gene expression during cortical
development are different from genetic
characteristics of different brain regions in the
same period, or developmental stages of the
same brain region. Using immunofluorescence
technology, the diversity of Drosophila neurons
was found to be dependent upon the integration of
time and space patterns [68]. The temporal and
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spatial characteristics of mouse brain develop-
ment were defined with a new algorithm by
detecting repetitive patterns in spatiotemporal
gene expression data of developing mouse brains.
Expression patterns can reveal regional
differences in brain development [69]. Previous
studies analyzed exon-level transcriptome data
from multiple brain regions and neocortex
regions of developmental brain and adult brain
by transcriptome sequencing. About 90% of
expressed genes were in the whole-transcriptome
or exogenous sublevels are different before birth,
and then the similarity of transcriptomes in the
same region increases, forming different
co-expression networks [70].

Systematic analysis of temporal and spatial
gene expression trajectories during cerebral corti-
cal development because of the coexistence of
multiple cell types in emerging tissues at different
stages of maturation and differentiation. The
scRNA-seq of primary and medial ganglionic
eminence (MGE) micro-dissected from germinal
zone and cortical plate samples was performed at
various stages of peak neuronal firing from pro-
genitor cells to neuronal differentiation during
post-mitotic neuronal differentiation [71]. Those
cortex areas mainly include DFC, HIP, AMY,
STR, MD, and CBC from the 60 days
post-conception to the 11-year-old macaque.
Human-specific transcriptomics and

FGF8
FGF17
BMP
Wnt
…

Size and Location 
of the Cortical Area

In-Cortical Self-Generating Activities

Global Spatio-Temporal Dynamics of Gene Expression

Thalamus

Transcriptomic Divergence 

Fig. 19.4 Factors involved in cerebral cortex develop-
ment. The formation of cortical regions depends mainly on
the mechanisms within the cortex, self-generating

activities, temporal-spatial differences in gene expression,
and the involvement of the thalamus in cortical develop-
ment [18, 60–64, 96, 97] (Credit: Studholme Lab/UWMC)
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spatiotemporal transcription specificity were
associated with neurological diseases such as
autism and schizophrenia, synapse formation,
and neuronal development [72].

The classification of neurons is based on mor-
phological, chemical, and electrophysiological
differences [73, 74, 75], as well as the different
molecular features that researchers use to study.
The large-scale characterization of approximately
1000 neurologically important gene expressions
was defined with in situ hybridization in the
visual and adult temporal cortex of the adult
brain prior to the application of scRNA-seq.
Changes in gene expression profiles distinguish
cortical functions between species [74]. Com-
pared with scRNA-seq, those methods have sig-
nificantly lower flux and higher workload. For
example, the isolation 49 cells from mouse cere-
bral cortex and hippocampus, including
23 GABAergic neurons, 19 glutamatergic
neurons, and 7 non-neuronal cells, took much
longer time in the previous study [76], as com-
pared with clarification of mouse somatosensory
cortex and hippocampal CA1 region cells using
scRNA-seq. About 47 different subclasses of
molecules were identified and corresponded to
cell types, morphologies, and locations. The
authors found a layer I neuron expressing Pax6
and a unique mitotic oligodendrocyte subclass
labeled by Itpr2. The diversity of cortical cell
types on basis of transcription factors forms a
complex hierarchical surveillance to demonstrate
mechanisms for maintaining adult cell type iden-
tity [73]. Three thousand two hundred and
twenty-seven data sets of single nerves from six
different regions of the cerebral cortex were
generated using a scalable approach to sequenc-
ing and quantifying RNA molecules in neuronal
nuclei isolated from postmortem brains. Using
iterative clustering and classification methods,
16 neuronal subtypes were identified by
annotating biomarkers and cortical cell structures
[77]. The cortex of different brain regions of
human embryos was analyzed using scRNA-seq
at 22 and 23 weeks. The distribution
characteristics of local gene expression and neu-
ronal maturation were evaluated using the
modified STRT-seq method in human cerebral

cortex [18]. With the advancement of scRNA-
seq, more than 20,000 cells in the primary visual
cortex and motor cortex of adult mice were
sequenced and 133 cell types were identified.
Excitatory neurons are regionally specific, and
one subtype is only distributed in a certain cortex,
where different subtypes also show different
long-range projection modes by retrograde
labeling [78].

Cortical development is experienced from
progenitors to complex neural networks. The
mechanisms by which neuronal diversity and the
connections form complex neural networks can
improve the discovery of pathogenic targets of
neurodevelopmental disorders [79]. As the
major components of a complex neural network,
excitatory neurons migrate to the cortical plate,
form six cortical layers with a stereotyped con-
nection pattern, and contribute to the
configurations of the functional circuit
[71]. Those neurons account for approximately
80% of neurons in the cortex and interact with a
small number of inhibitory cortical neurons in
important ways [79]. In the cerebral cortex,
GABAergic interneurons are evolved into high
heterogeneity of cell types with unique temporal
and spatial capabilities to affect neuronal circuits.
Up to 50 different types of GABAergic neurons
are distributed in the cerebral cortex and derived
from the subcutaneous progenitors in the ventral
surface of the lower cerebral ventricle. Internal
neuronal diversity occurs through the implemen-
tation of intracellular genetic processes in progen-
itor cells over a longer period of time until the
internal neurons acquire mature features [80]. A
few precursor cells of inhibitory neurons are pres-
ent in the early prefrontal cortex using scRNA-
seq, of which the most are in the cell cycle, except
for during the rest period [19]. Glial cells, includ-
ing astrocytes, oligodendrocyte Schwann cells,
and microglia, do not transmit transmitters like
neurons, but form the environment where neurons
survive and form neural networks [81]. Their dys-
function is associated with neurological diseases
[82]. Human glial cells wrap more than single
astrocytes in mice which can wrap more than
100,000 synaptic structures [82], support the
role of neurons, and participate in the
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development of the nervous system, plasticity,
and disease. Glial cells are also involved in syn-
apse formation, regulating synaptic function, and
blood flow [83].

Many long-chain noncoding RNAs (lncRNA)
express in brain tissue and regulate neuronal func-
tion, responsible for the development of diseases.
lncRNA exhibits stronger in the tissue and cell
specificity, as compared to mRNA [84]. The
subtype-dependent enrichment of lncRNA was
noticed in cortical progenitors isolated and
sequenced from in human fetal brain cerebral
cortex within 4 h after autopsy [85]. Liu et al.
deeply dissected lncRNA from polyadenylated
and total RNA obtained at different
developmental stages in human neocortex using
strand-specific RNA-seq and analyzed the
transcriptome of individual cells. Single-cell
transcriptomics of hundreds of neocortical cells
revealed that many lncRNAs abundantly
expressed in a single cell and are cell type spe-
cific. Among those, LOC646329 is a lncRNA
rich in single radial glial cell and regulates cell
proliferation [86]. A variety of lncRNAs are
involved in the cellular processes of brain devel-
opment and the spatiotemporal expression of
lncRNA in a cohort of 13 lncRNA null mutant
mouse models showed different between devel-
oping and adult brains, between transcriptomes
and phenomes, between temporal and spatial
brain development, and between selected and
non-selected brain regions. Among those, a vari-
ety of cellular pathways and processes changed
after deletion of the lncRNA locus, and four of the
lncRNAs affected the expression of adjacent
protein-coding genes in a cis-like manner
[87]. In addition to lncRNA, microRNAs play
an important role in posttranscriptional regulation
and complexity during brain development and are
considered as important triggers of brain develop-
ment and neurological or psychiatric diseases
[88]. The limited understanding of in vivo
miRNA targets and their intensity in single cells
makes it difficult to define miRNA-mRNA
networks. Single-cell analysis using binary and
co-expression networks is carried out by combin-
ing high-throughput sequencing of RNA and

immunoprecipitation-cross-linked immunopre-
cipitation with AGO2 antibody (AGO2-HITS-
CLIP) The miRNA-mRNA interaction as a func-
tional module undergoes dynamic transformation
during brain development and shows cell-specific
and highly dynamic during development and
throughout the evolution process. For example,
the interaction between ORC4 and miR-2115
abundant in radial glial cells, can control the
proliferation rate of radial glial cells during
human brain development [89] (Fig. 19.5).
Those studies on brain cells based on scRNA-
seq enable us to better understand the similarities
and differences between brain cells.

19.4 Application of scRNA-seq
in Neurologic Diseases

The scRNA-seq as a powerful tool can provide
new insights for understanding molecular
mechanisms of the functional and dysfunctional
regulations in a single neuron. It is the time to
deeply understand the occurrence and develop-
ment of neuro-related diseases, e.g., degenerative
diseases and brain tumors, at the level of single-
cell transcriptome, find disease-specific cell
populations, and discover target genes for
therapy.

Alzheimer’s disease (AD) is a harmful neuro-
degenerative disease without effective treatments,
due to the heterogeneity among neurocytes and
among immune cells associated with the develop-
ment and progression of AD. A microglial cell
type with molecular markers, spatial locations,
and signaling pathways was identified to contrib-
ute to neurodegenerative disease, accompanied
with AD-associated brain immune cell
populations. Such specific microglia specifically
present in neurodegenerative diseases, with great
potential for the future treatment of AD and other
neurological diseases.

Glial cells and stem cells undergo genetic
mutations during development and may develop
human gliomas, due to the composition of differ-
ent apparent states and cell types. In recent years,
more and more single-cell RNA sequencing has
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been applied in the study of glioma. Patel et al.
[90] found that 430 cells from 5 primary glioma
samples were associated with oncogene signal-
ing, proliferation, immune response, and hypoxic
signaling using scRNA-seq. The clear heteroge-
neity among intra-glioma cell subtypes was
identified, as an important breakthrough in under-
standing the heterogeneity, biology, prognosis,
and treatment of glioma.

Tumor stem cells can drive the growth of
tumor cells, but there is no particularly good
evidence for the existence of tumor stem cells in
human solid tumors. Tirosh et al. analyzed 4347
individual oligodendrocytes using scRNA-seq,
and found that the majority of tumor cells
differentiated into two specific glia oligoden-
drocytes and astrocytes as well as a small number
of cells in the undifferentiated state ranged from
genome expression level to the development pro-
cess and associated with cancer stem cell signal-
ing pathways. Proliferating characteristics of gene
defined were consistent with the tumor stem cells
promoting tumor growth in human oligoden-
droglioma. This scRNA-seq provides insight
into the developmental structure of oligoden-
droglioma at the single-cell level and strong sup-
port for disease treatment.

19.5 Limitation

Transcriptome features of glutamatergic neurons
vary widely among cortical regions. It is
questioned whether each of those transcriptome
features represents a unique cell type or reflects a
heterogeneous transcriptional state in a single
projection neuron that may be affected by a series
of nerve activity and other factors [91, 92]. By
combining the transcriptome profile to other
phenotypes, e.g., morphology, electrophysiologi-
cal properties, and function, more molecular
subtypes and phenomes of neurons are
characterized using scRNA-seq. The gene expres-
sion in the cortical cellular and molecular
networks at a single cell will generate important
information to determine the molecular

interactions between the connected genome and
transcriptome within a cell. There are urgent
needs to furthermore explore intercellular and
intermolecular heterogeneity, the degree of selec-
tivity and differentiation of cortical projections,
and disease-specific biomarkers and mechanisms
of circuit development and maturity.

19.6 Summary and Prospect

scRNA-seq is a powerful tool for exploring the
complexity, clusters, and specific functions of the
brain cells. Using scRNA-seq, the heterogeneity
and changes in transcriptomic profiles of a single
neuron were defined during dynamic develop-
ment and differentiation of cells in cerebral cortex
regions, and in the pathogenesis of neurological
diseases. One of the great challenges is that the
brain sample is susceptible to interference and
confounding. More advanced methodologies of
computational systems biology need to be devel-
oped to overcome the inherent interference and
technical differences in the detection of single-
cell signals. It is expected that scRNA-seq will be
extended to metabolic profiles of the single neu-
ron cell on basis of transcriptional profiles and
regulatory networks. It is also expected if the
transcriptional profiles can be integrated with
molecular and functional phenomes in a single
neuron and with disease-specific phenomes to
understand molecular mechanisms of brain devel-
opment and disease occurrence. scRNA-seq will
provide the new emerging neurological disciple f
of the artificial intelligent single neuron for deep
understanding of brain diseases.

References

1. Ramskold D, Luo S, Wang YC, Li R, Deng Q,
Faridani OR et al (2012) Full-length mRNA-Seq
from single-cell levels of RNA and individual
circulating tumor cells. Nat Biotechnol 30
(8):777–782. https://doi.org/10.1038/nbt.2282

2. Tang F, Barbacioru C, Bao S, Lee C, Nordman E,
Wang X et al (2010) Tracing the derivation of embry-
onic stem cells from the inner cell mass by single-cell

19 Values of Single-Cell RNA Sequencing in Development of Cerebral Cortex 241

https://doi.org/10.1038/nbt.2282


RNA-Seq analysis. Cell Stem Cell 6(5):468–478.
https://doi.org/10.1016/j.stem.2010.03.015

3. DeFelipe J, Lopez-Cruz PL, Benavides-Piccione R,
Bielza C, Larranaga P, Anderson S et al (2013) New
insights into the classification and nomenclature of
cortical GABAergic interneurons. Nat Rev Neurosci
14(3):202–216. https://doi.org/10.1038/nrn3444

4. Molyneaux BJ, Arlotta P, Menezes JR, Macklis JD
(2007) Neuronal subtype specification in the cerebral
cortex. Nat Rev Neurosci 8(6):427–437. https://doi.
org/10.1038/nrn2151

5. Gelman DM, Marin O (2010) Generation of interneu-
ron diversity in the mouse cerebral cortex. Eur J
Neurosci 31(12):2136–2141. https://doi.org/10.1111/
j.1460-9568.2010.07267.x

6. Diez-Roux G, Banfi S, Sultan M, Geffers L, Anand S,
Rozado D et al (2011) A high-resolution anatomical
atlas of the transcriptome in the mouse embryo. PLoS
Biol 9(1):e1000582. https://doi.org/10.1371/journal.
pbio.1000582

7. Cheah CS, Lundstrom BN, Catterall WA, Oakley JC
(2019) Impairment of sharp-wave ripples in a murine
model of Dravet syndrome. J Neurosci 39
(46):9251–9260. https://doi.org/10.1523/
JNEUROSCI.0890-19.2019

8. Handley A, Schauer T, Ladurner AG, Margulies CE
(2015) Designing cell-type-specific genome-wide
experiments. Mol Cell 58(4):621–631. https://doi.org/
10.1016/j.molcel.2015.04.024

9. Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC,
Teichmann SA (2015) The technology and biology of
single-cell RNA sequencing. Mol Cell 58(4):610–620.
https://doi.org/10.1016/j.molcel.2015.04.005

10. Chattopadhyay PK, Gierahn TM, Roederer M, Love
JC (2014) Single-cell technologies for monitoring
immune systems. Nat Immunol 15(2):128–135.
https://doi.org/10.1038/ni.2796

11. Pijuan-Sala B, Griffiths JA, Guibentif C, Hiscock TW,
Jawaid W, Calero-Nieto FJ et al (2019) A single-cell
molecular map of mouse gastrulation and early organ-
ogenesis. Nature 566(7745):490–495. https://doi.org/
10.1038/s41586-019-0933-9

12. Zeng Y, He J, Bai Z, Li Z, Gong Y, Liu C et al (2019)
Tracing the first hematopoietic stem cell generation in
human embryo by single-cell RNA sequencing. Cell
Res 29(11):881–894. https://doi.org/10.1038/s41422-
019-0228-6

13. Xue Z, Huang K, Cai C, Cai L, Jiang CY, Feng Y et al
(2013) Genetic programs in human and mouse early
embryos revealed by single-cell RNA sequencing.
Nature 500(7464):593–597. https://doi.org/10.1038/
nature12364

14. Yan L, Yang M, Guo H, Yang L, Wu J, Li R et al
(2013) Single-cell RNA-Seq profiling of human pre-
implantation embryos and embryonic stem cells. Nat
Struct Mol Biol 20(9):1131–1139. https://doi.org/10.
1038/nsmb.2660

15. Cheng S, Pei Y, He L, Peng G, Reinius B, Tam PPL
et al (2019) Single-cell RNA-Seq reveals cellular

heterogeneity of pluripotency transition and X chro-
mosome dynamics during early mouse development.
Cell Rep 26(10):2593–2607.e3. https://doi.org/10.
1016/j.celrep.2019.02.031

16. Clark BS, Stein-O’Brien GL, Shiau F, Cannon GH,
Davis-Marcisak E, Sherman T et al (2019) Single-cell
RNA-Seq analysis of retinal development identifies
NFI factors as regulating mitotic exit and late-born
cell specification. Neuron 102(6):1111–1126.e5.
https://doi.org/10.1016/j.neuron.2019.04.010

17. Pollen AA, Nowakowski TJ, Shuga J, Wang X, Leyrat
AA, Lui JH et al (2014) Low-coverage single-cell
mRNA sequencing reveals cellular heterogeneity and
activated signaling pathways in developing cerebral
cortex. Nat Biotechnol 32(10):1053–1058. https://doi.
org/10.1038/nbt.2967

18. Fan X, Dong J, Zhong S, Wei Y, Wu Q, Yan L et al
(2018) Spatial transcriptomic survey of human embry-
onic cerebral cortex by single-cell RNA-Seq analysis.
Cell Res 28(7):730–745. https://doi.org/10.1038/
s41422-018-0053-3

19. Zhong S, Zhang S, Fan X, Wu Q, Yan L, Dong J et al
(2018) A single-cell RNA-Seq survey of the develop-
mental landscape of the human prefrontal cortex.
Nature 555(7697):524–528. https://doi.org/10.1038/
nature25980

20. Tiklova K, Bjorklund AK, Lahti L, Fiorenzano A,
Nolbrant S, Gillberg L et al (2019) Single-cell RNA
sequencing reveals midbrain dopamine neuron diver-
sity emerging during mouse brain development. Nat
Commun 10(1):581. https://doi.org/10.1038/s41467-
019-08453-1

21. Jordao MJC, Sankowski R, Brendecke SM, Sagar,
Locatelli G, Tai YH et al (2019) Single-cell profiling
identifies myeloid cell subsets with distinct fates dur-
ing neuroinflammation. Science 363(6425):eaat7554.
https://doi.org/10.1126/science.aat7554

22. Chapuy L, Bsat M, Sarkizova S, Rubio M, Therrien A,
Wassef E et al (2019) Two distinct colonic CD14(+)
subsets characterized by single-cell RNA profiling in
Crohn’s disease. Mucosal Immunol 12(3):703–719.
https://doi.org/10.1038/s41385-018-0126-0

23. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A et al
(2019) Reference-based analysis of lung single-cell
sequencing reveals a transitional profibrotic macro-
phage. Nat Immunol 20(2):163–172. https://doi.org/
10.1038/s41590-018-0276-y

24. Ciucci T, Vacchio MS, Gao Y, Tomassoni Ardori F,
Candia J, Mehta M et al (2019) The emergence and
functional fitness of memory CD4(+) T cells require
the transcription factor thpok. Immunity 50
(1):91–105.e4. https://doi.org/10.1016/j.immuni.
2018.12.019

25. Cheng YH, Chen YC, Lin E, Brien R, Jung S, Chen
YT et al (2019) Hydro-Seq enables contamination-free
high-throughput single-cell RNA-sequencing for
circulating tumor cells. Nat Commun 10(1):2163.
https://doi.org/10.1038/s41467-019-10122-2

242 E. Chang et al.

https://doi.org/10.1016/j.stem.2010.03.015
https://doi.org/10.1038/nrn3444
https://doi.org/10.1038/nrn2151
https://doi.org/10.1038/nrn2151
https://doi.org/10.1111/j.1460-9568.2010.07267.x
https://doi.org/10.1111/j.1460-9568.2010.07267.x
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1523/JNEUROSCI.0890-19.2019
https://doi.org/10.1523/JNEUROSCI.0890-19.2019
https://doi.org/10.1016/j.molcel.2015.04.024
https://doi.org/10.1016/j.molcel.2015.04.024
https://doi.org/10.1016/j.molcel.2015.04.005
https://doi.org/10.1038/ni.2796
https://doi.org/10.1038/s41586-019-0933-9
https://doi.org/10.1038/s41586-019-0933-9
https://doi.org/10.1038/s41422-019-0228-6
https://doi.org/10.1038/s41422-019-0228-6
https://doi.org/10.1038/nature12364
https://doi.org/10.1038/nature12364
https://doi.org/10.1038/nsmb.2660
https://doi.org/10.1038/nsmb.2660
https://doi.org/10.1016/j.celrep.2019.02.031
https://doi.org/10.1016/j.celrep.2019.02.031
https://doi.org/10.1016/j.neuron.2019.04.010
https://doi.org/10.1038/nbt.2967
https://doi.org/10.1038/nbt.2967
https://doi.org/10.1038/s41422-018-0053-3
https://doi.org/10.1038/s41422-018-0053-3
https://doi.org/10.1038/nature25980
https://doi.org/10.1038/nature25980
https://doi.org/10.1038/s41467-019-08453-1
https://doi.org/10.1038/s41467-019-08453-1
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1038/s41385-018-0126-0
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1016/j.immuni.2018.12.019
https://doi.org/10.1016/j.immuni.2018.12.019
https://doi.org/10.1038/s41467-019-10122-2


26. Caruso S, Calatayud AL, Pilet J, La Bella T, Rekik S,
Imbeaud S et al (2019) Analysis of liver cancer cell
lines identifies agents with likely efficacy against hepa-
tocellular carcinoma and markers of response. Gastro-
enterology 157(3):760–776. https://doi.org/10.1053/j.
gastro.2019.05.001

27. Li H, van der Leun AM, Yofe I, Lubling Y, Gelbard-
Solodkin D, van Akkooi ACJ et al (2019) Dysfunc-
tional CD8 T cells form a proliferative, dynamically
regulated compartment within human melanoma. Cell
176(4):775–789.e18. https://doi.org/10.1016/j.cell.
2018.11.043

28. Guo X, Zhang Y, Zheng L, Zheng C, Song J, Zhang Q
et al (2018) Global characterization of T cells in non-
small-cell lung cancer by single-cell sequencing. Nat
Med 24(7):978–985. https://doi.org/10.1038/s41591-
018-0045-3

29. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C,
Prabhakaran S et al (2018) Single-cell map of diverse
immune phenotypes in the breast tumor microenviron-
ment. Cell 174(5):1293–1308.e36. https://doi.org/10.
1016/j.cell.2018.05.060

30. Ledergor G, Weiner A, Zada M, Wang SY, Cohen YC,
Gatt ME et al (2018) Single cell dissection of plasma
cell heterogeneity in symptomatic and asymptomatic
myeloma. Nat Med 24(12):1867–1876. https://doi.org/
10.1038/s41591-018-0269-2

31. Tang Q, Iyer S, Lobbardi R, Moore JC, Chen H,
Lareau C et al (2017) Dissecting hematopoietic and
renal cell heterogeneity in adult zebrafish at single-cell
resolution using RNA sequencing. J Exp Med 214
(10):2875–2887. https://doi.org/10.1084/jem.
20170976

32. Baron M, Veres A, Wolock SL, Faust AL, Gaujoux R,
Vetere A et al (2016) A single-cell transcriptomic map
of the human and mouse pancreas reveals inter- and
intra-cell population structure. Cell Syst 3(4):346–360.
e4. https://doi.org/10.1016/j.cels.2016.08.011

33. Villani AC, Satija R, Reynolds G, Sarkizova S,
Shekhar K, Fletcher J et al (2017) Single-cell
RNA-Seq reveals new types of human blood den-
dritic cells, monocytes, and progenitors. Science 356
(6335):eaah4573. https://doi.org/10.1126/science.
aah4573

34. Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P,
Lou D et al (2015) Unbiased classification of sensory
neuron types by large-scale single-cell RNA sequenc-
ing. Nat Neurosci 18(1):145–153. https://doi.org/10.
1038/nn.3881

35. Lovatt D, Ruble BK, Lee J, Dueck H, Kim TK, Fisher
S et al (2014) Transcriptome in vivo analysis (TIVA)
of spatially defined single cells in live tissue. Nat
Methods 11(2):190–196. https://doi.org/10.1038/
nmeth.2804

36. Femino AM, Fay FS, Fogarty K, Singer RH (1998)
Visualization of single RNA transcripts in situ. Sci-
ence 280(5363):585–590. https://doi.org/10.1126/sci
ence.280.5363.585

37. Raj A, Peskin CS, Tranchina D, Vargas DY, Tyagi S
(2006) Stochastic mRNA synthesis in mammalian
cells. PLoS Biol 4(10):e309. https://doi.org/10.1371/
journal.pbio.0040309

38. Raj A, van den Bogaard P, Rifkin SA, van
Oudenaarden A, Tyagi S (2008) Imaging individual
mRNA molecules using multiple singly labeled
probes. Nat Methods 5(10):877–879. https://doi.org/
10.1038/nmeth.1253

39. Tyagi S, Kramer FR (1996) Molecular beacons: probes
that fluoresce upon hybridization. Nat Biotechnol 14
(3):303–308. https://doi.org/10.1038/nbt0396-303

40. Cloonan N, Forrest AR, Kolle G, Gardiner BB,
Faulkner GJ, Brown MK et al (2008) Stem cell
transcriptome profiling via massive-scale mRNA
sequencing. Nat Methods 5(7):613–619. https://doi.
org/10.1038/nmeth.1223

41. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad
Y (2008) RNA-Seq: an assessment of technical repro-
ducibility and comparison with gene expression
arrays. Genome Res 18(9):1509–1517. https://doi.
org/10.1101/gr.079558.108

42. Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D,
Gerstein M et al (2008) The transcriptional landscape
of the yeast genome defined by RNA sequencing.
Science 320(5881):1344–1349. https://doi.org/10.
1126/science.1158441

43. Wilhelm BT, Marguerat S, Watt S, Schubert F,
Wood V, Goodhead I et al (2008) Dynamic repertoire
of a eukaryotic transcriptome surveyed at single-
nucleotide resolution. Nature 453(7199):1239–1243.
https://doi.org/10.1038/nature07002

44. Deng Q, Ramskold D, Reinius B, Sandberg R (2014)
Single-cell RNA-Seq reveals dynamic, random
monoallelic gene expression in mammalian cells. Sci-
ence 343(6167):193–196. https://doi.org/10.1126/sci
ence.1245316

45. Hashimshony T, Wagner F, Sher N, Yanai I (2012)
CEL-Seq: single-cell RNA-Seq by multiplexed linear
amplification. Cell Rep 2(3):666–673. https://doi.org/
10.1016/j.celrep.2012.08.003

46. Fan HC, Fu GK, Fodor SP (2015) Expression
profiling. Combinatorial labeling of single cells for
gene expression cytometry. Science 347
(6222):1258367. https://doi.org/10.1126/science.
1258367

47. Adams DL, Martin SS, Alpaugh RK, Charpentier M,
Tsai S, Bergan RC et al (2014) Circulating giant
macrophages as a potential biomarker of solid tumors.
Proc Natl Acad Sci U S A 111(9):3514–3519. https://
doi.org/10.1073/pnas.1320198111

48. Yu M, Stott S, Toner M, Maheswaran S, Haber DA
(2011) Circulating tumor cells: approaches to isolation
and characterization. J Cell Biol 192(3):373–382.
https://doi.org/10.1083/jcb.201010021

49. Choi JH, Ogunniyi AO, Du M, Du M,
Kretschmann M, Eberhardt J et al (2010) Development
and optimization of a process for automated recovery
of single cells identified by microengraving.

19 Values of Single-Cell RNA Sequencing in Development of Cerebral Cortex 243

https://doi.org/10.1053/j.gastro.2019.05.001
https://doi.org/10.1053/j.gastro.2019.05.001
https://doi.org/10.1016/j.cell.2018.11.043
https://doi.org/10.1016/j.cell.2018.11.043
https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1038/s41591-018-0269-2
https://doi.org/10.1038/s41591-018-0269-2
https://doi.org/10.1084/jem.20170976
https://doi.org/10.1084/jem.20170976
https://doi.org/10.1016/j.cels.2016.08.011
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1038/nn.3881
https://doi.org/10.1038/nn.3881
https://doi.org/10.1038/nmeth.2804
https://doi.org/10.1038/nmeth.2804
https://doi.org/10.1126/science.280.5363.585
https://doi.org/10.1126/science.280.5363.585
https://doi.org/10.1371/journal.pbio.0040309
https://doi.org/10.1371/journal.pbio.0040309
https://doi.org/10.1038/nmeth.1253
https://doi.org/10.1038/nmeth.1253
https://doi.org/10.1038/nbt0396-303
https://doi.org/10.1038/nmeth.1223
https://doi.org/10.1038/nmeth.1223
https://doi.org/10.1101/gr.079558.108
https://doi.org/10.1101/gr.079558.108
https://doi.org/10.1126/science.1158441
https://doi.org/10.1126/science.1158441
https://doi.org/10.1038/nature07002
https://doi.org/10.1126/science.1245316
https://doi.org/10.1126/science.1245316
https://doi.org/10.1016/j.celrep.2012.08.003
https://doi.org/10.1016/j.celrep.2012.08.003
https://doi.org/10.1126/science.1258367
https://doi.org/10.1126/science.1258367
https://doi.org/10.1073/pnas.1320198111
https://doi.org/10.1073/pnas.1320198111
https://doi.org/10.1083/jcb.201010021


Biotechnol Prog 26(3):888–895. https://doi.org/10.
1002/btpr.374

50. Altomare L, Borgatti M, Medoro G, Manaresi N,
Tartagni M, Guerrieri R et al (2003) Levitation and
movement of human tumor cells using a printed circuit
board device based on software-controlled dielectro-
phoresis. Biotechnol Bioeng 82(4):474–479. https://
doi.org/10.1002/bit.10590

51. Macaulay IC, Voet T (2014) Single cell genomics:
advances and future perspectives. PLoS Genet 10(1):
e1004126. https://doi.org/10.1371/journal.pgen.
1004126

52. Saliba AE, Westermann AJ, Gorski SA, Vogel J
(2014) Single-cell RNA-seq: advances and future
challenges. Nucleic Acids Res 42(14):8845–8860.
https://doi.org/10.1093/nar/gku555

53. Sandberg R (2014) Entering the era of single-cell
transcriptomics in biology and medicine. Nat Methods
11(1):22–24. https://doi.org/10.1038/nmeth.2764

54. Potter SS (2018) Single-cell RNA sequencing for the
study of development, physiology and disease. Nat
Rev Nephrol 14(8):479–492. https://doi.org/10.1038/
s41581-018-0021-7

55. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze
AR, O’Keeffe S et al (2014) An RNA-sequencing
transcriptome and splicing database of glia, neurons,
and vascular cells of the cerebral cortex. J Neurosci 34
(36):11929–11947. https://doi.org/10.1523/
JNEUROSCI.1860-14.2014

56. Yan Q, Weyn-Vanhentenryck SM, Wu J, Sloan SA,
Zhang Y, Chen K et al (2015) Systematic discovery of
regulated and conserved alternative exons in the mam-
malian brain reveals NMD modulating chromatin
regulators. Proc Natl Acad Sci U S A 112
(11):3445–3450. https://doi.org/10.1073/pnas.
1502849112

57. Rappaport B, Mellon RD, Simone A, Woodcock J
(2011) Defining safe use of anesthesia in children. N
Engl J Med 364(15):1387–1390. https://doi.org/10.
1056/NEJMp1102155

58. Darmanis S, Sloan SA, Zhang Y, Enge M, Caneda C,
Shuer LM et al (2015) A survey of human brain
transcriptome diversity at the single cell level. Proc
Natl Acad Sci U S A 112(23):7285–7290. https://doi.
org/10.1073/pnas.1507125112

59. Rubenstein JL, Anderson S, Shi L, Miyashita-Lin E,
Bulfone A, Hevner R (1999) Genetic control of corti-
cal regionalization and connectivity. Cereb Cortex 9
(6):524–532. PMID: 10498270

60. Cholfin JA, Rubenstein JLR (2007) Patterning of fron-
tal cortex subdivisions by Fgf17. Proc Natl Acad Sci U
S A 104(18):7652–7657. https://doi.org/10.1073/pnas.
0702225104

61. Hébert JM, Mishina Y, Mcconnell SK (2002) BMP
signaling is required locally to pattern the dorsal telen-
cephalic midline. Neuron 35(6):1029–1041. https://
doi.org/10.1016/s0896-6273(02)00900-5

62. Grove EA, Tole S, Limon J, Yip L, Ragsdale CW
(1998) The hem of the embryonic cerebral cortex is

defined by the expression of multiple Wnt genes and is
compromised in Gli3-deficient mice. Development
125(12):2315–2325. PMID: 9584130

63. Gabrielle P, Frédéric G, Camilla B, Ludovic T,
Ilaria V, Christian L et al (2014) Modality-specific
thalamocortical inputs instruct the identity of postsyn-
aptic L4 neurons. Nature 511(7510):471–474. https://
doi.org/10.1038/nature13390

64. Luhmann HJ, Khazipov R (2017) Neuronal activity
patterns in the developing barrel cortex. Neuroscience
368:256–267. https://doi.org/10.1016/j.neuroscience.
2017.05.025

65. Hill RS, Walsh CA (2005) Molecular insights into
human brain evolution. Nature 437(7055):64–67.
https://doi.org/10.1038/nature04103

66. Fish JL, Dehay C, Kennedy H, Huttner WB (2008)
Making bigger brains-the evolution of neural-
progenitor-cell division. J Cell Sci 121
(Pt 17):2783–2793. https://doi.org/10.1242/jcs.
023465

67. Lui JH, Hansen DV, Kriegstein AR (2011) Develop-
ment and evolution of the human neocortex. Cell 146
(1):18–36. https://doi.org/10.1016/j.cell.2011.06.030

68. Erclik T, Li X, Courgeon M, Bertet C, Chen Z,
Baumert R et al (2017) Integration of temporal and
spatial patterning generates neural diversity. Nature
541(7637):365. https://doi.org/10.1038/nature20794

69. Chou SJ, Wang C, Sintupisut N, Niou ZX, Lin CH, Li
KC et al (2016) Analysis of spatial-temporal gene
expression patterns reveals dynamics and regionaliza-
tion in developing mouse brain. Sci Rep 6(1):19274.
https://doi.org/10.1038/srep19274

70. Hyo Jung K, Yuka Imamura K, Feng C, Ying Z,
Xuming X, Mingfeng L et al (2011) Spatio-temporal
transcriptome of the human brain. Nature 478
(7370):483. https://doi.org/10.1038/nature10523

71. Nowakowski TJ, Bhaduri A, Pollen AA, Alvarado B,
Mostajo-Radji MA, Di LE et al (2017) Spatiotemporal
gene expression trajectories reveal developmental
hierarchies of the human cortex. Science 358
(6368):1318. https://doi.org/10.1126/science.aap8809

72. Sanders SJ, He X, Willsey AJ, Ercan-Sencicek AG,
Samocha KE, Cicek AE et al (2015) Insights into
autism spectrum disorder genomic architecture and
biology from 71 risk loci. Neuron 87(6):1215–1233.
https://doi.org/10.1016/j.neuron.2015.09.016

73. Amit Z, Muñoz-Manchado AB, Simone C, Peter LN,
Gioele LM, Anna J et al (2015) Brain structure. Cell
types in the mouse cortex and hippocampus revealed
by single-cell RNA-seq. Science 347
(6226):1138–1142. https://doi.org/10.1126/science.
aaa1934

74. Zeng H, Shen EH, Hohmann JG, Oh SW, Bernard A,
Royall JJ et al (2012) Large-scale cellular-resolution
gene profiling in human neocortex reveals species-
specific molecular signatures. Cell 149(2):483–496.
https://doi.org/10.1016/j.cell.2012.02.052

75. Poulin JF, Tasic B, Hjerling-Leffler J, Trimarchi JM,
Awatramani R (2016) Disentangling neural cell

244 E. Chang et al.

https://doi.org/10.1002/btpr.374
https://doi.org/10.1002/btpr.374
https://doi.org/10.1002/bit.10590
https://doi.org/10.1002/bit.10590
https://doi.org/10.1371/journal.pgen.1004126
https://doi.org/10.1371/journal.pgen.1004126
https://doi.org/10.1093/nar/gku555
https://doi.org/10.1038/nmeth.2764
https://doi.org/10.1038/s41581-018-0021-7
https://doi.org/10.1038/s41581-018-0021-7
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1073/pnas.1502849112
https://doi.org/10.1073/pnas.1502849112
https://doi.org/10.1056/NEJMp1102155
https://doi.org/10.1056/NEJMp1102155
https://doi.org/10.1073/pnas.1507125112
https://doi.org/10.1073/pnas.1507125112
https://doi.org/10.1073/pnas.0702225104
https://doi.org/10.1073/pnas.0702225104
https://doi.org/10.1016/s0896-6273(02)00900-5
https://doi.org/10.1016/s0896-6273(02)00900-5
https://doi.org/10.1038/nature13390
https://doi.org/10.1038/nature13390
https://doi.org/10.1016/j.neuroscience.2017.05.025
https://doi.org/10.1016/j.neuroscience.2017.05.025
https://doi.org/10.1038/nature04103
https://doi.org/10.1242/jcs.023465
https://doi.org/10.1242/jcs.023465
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1038/nature20794
https://doi.org/10.1038/srep19274
https://doi.org/10.1038/nature10523
https://doi.org/10.1126/science.aap8809
https://doi.org/10.1016/j.neuron.2015.09.016
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1016/j.cell.2012.02.052


diversity using single-cell transcriptomics. Nat
Neurosci 19(9):1131–1141. https://doi.org/10.1038/
nn.4366

76. Tasic B, Menon V, Nguyen TN, Kim TK, Jarsky T,
Yao Z et al (2016) Adult mouse cortical cell taxonomy
revealed by single cell transcriptomics. Nat Neurosci
19(2):335–346. https://doi.org/10.1038/nn.4216

77. Lake BB, Ai R, Kaeser GE, Salathia NS, Yung YC,
Liu R et al (2016) Neuronal subtypes and diversity
revealed by single-nucleus RNA sequencing of the
human brain. Science 352(6293):1586. https://doi.
org/10.1126/science.aaf1204

78. Tasic B, Yao Z, Graybuck LT, Smith KA, Nguyen TN,
Bertagnolli D et al (2018) Shared and distinct
transcriptomic cell types across neocortical areas.
Nature 563(7729):72–78. https://doi.org/10.1038/
s41586-018-0654-5

79. Kast RJ, Levitt P (2019) Precision in the development
of neocortical architecture: from progenitors to cortical
networks. Prog Neurobiol 175:77–95. https://doi.org/
10.1016/j.pneurobio.2019.01.003

80. Lim L, Mi D, Llorca A, Marín O (2018) Development
and functional diversification of cortical interneurons.
Neuron 100(2):294–313. https://doi.org/10.1016/j.neu
ron.2018.10.009

81. Simons M, Trajkovic K (2006) Neuron-glia communi-
cation in the control of oligodendrocyte function and
myelin biogenesis. J Cell Sci 119(Pt 21):4381–4389.
https://doi.org/10.1242/jcs.03242

82. Zuchero JB, Barres BA (2015) Glia in mammalian
development and disease. Development 142
(22):3805–3809. https://doi.org/10.1242/dev.129304

83. Barres BA (2008) The mystery and magic of glia: a
perspective on their roles in health and disease. Neuron
60(3):430–440. https://doi.org/10.1016/j.neuron.2008.
10.013

84. Ma Q, Chang HY (2016) Single-cell profiling of
lncRNAs in the developing human brain. Genome
Biol 17(1):1–2. https://doi.org/10.1186/s13059-016-
0933-0

85. Johnson MB, Wang PP, Atabay KD, Murphy EA,
Doan RN, Hecht JL et al (2015) Single-cell analysis
reveals transcriptional heterogeneity of neural
progenitors in human cortex. Nat Neurosci 18(5):637.
https://doi.org/10.1038/nn.3980

86. Liu SJ, Nowakowski TJ, Pollen AA, Lui JH, Horlbeck
MA, Attenello FJ et al (2016) Single-cell analysis of
long non-coding RNAs in the developing human neo-
cortex. Genome Biol 17(1):67. https://doi.org/10.
1186/s13059-016-0932-1

87. Goff LA, Groff AF, Sauvageau M, Trayes-Gibson Z,
Sanchez-Gomez DB, Morse M et al (2015) Spatiotem-
poral expression and transcriptional perturbations by

long noncoding RNAs in the mouse brain. Proc Natl
Acad Sci U S A 112(22):6855–6862. https://doi.org/
10.1073/pnas.1411263112

88. Chen W, Qin C (2015) General hallmarks of
microRNAs in brain evolution and development.
RNA Biol 12(7):701–708. https://doi.org/10.1080/
15476286.2015.1048954

89. Nowakowski TJ, Rani N, Golkaram M, Zhou HR,
Alvarado B, Huch K et al (2018) Regulation of cell-
type-specific transcriptomes by microRNA networks
during human brain development. Nat Neurosci 21
(12):1784–1792. https://doi.org/10.1038/s41593-018-
0265-3

90. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie
SM, Wakimoto H et al (2014) Single-cell RNA-seq
highlights intratumoral heterogeneity in primary glio-
blastoma. Science 344(6190):1396–1401. https://doi.
org/10.1126/science.1254257

91. Chen HH, Arlotta P (2016) Seq-ing the cortex one
neuron at a time. Nat Neurosci 19(2):179. https://doi.
org/10.1038/nn.4230

92. Chevée M, Robertson JDJ, Cannon GH, Brown SP,
Goff LA (2018) Variation in activity state, axonal
projection, and position define the transcriptional iden-
tity of individual neocortical projection neurons. Cell
Rep 22(2):441–455. https://doi.org/10.1016/j.celrep.
2017.12.046

93. Pilaz LJ, Silver DL (2015) Post-transcriptional regula-
tion in corticogenesis: how RNA-binding proteins help
build the brain. Wiley Interdiscip Rev RNA 6
(5):501–515. https://doi.org/10.1002/wrna.1289

94. Lehtinen MK, Walsh CA (2011) Neurogenesis at the
brain-cerebrospinal fluid interface. Annu Rev Cell Dev
Biol 27:653–679. https://doi.org/10.1146/annurev-
cellbio-092910-154026

95. Loo L, Simon JM, Xing L, McCoy ES, Niehaus JK,
Guo J et al (2019) Single-cell transcriptomic analysis
of mouse neocortical development. Nat Commun 10
(1):134. https://doi.org/10.1038/s41467-018-08079-9

96. Hao H, Rong X, Jiangyang Z, Tianbo R, Richards LJ,
Paul Y et al (2009) Anatomical characterization of
human fetal brain development with diffusion tensor
magnetic resonance imaging. J Neurosci 29
(13):4263–4273. https://doi.org/10.1523/
JNEUROSCI.2769-08.2009

97. Fukuchi-Shimogori T, Grove EA (2001) Neocortex
patterning by the secreted signaling molecule FGF8.
Science 294(5544):1071–1074. https://doi.org/10.
1126/science.1064252

19 Values of Single-Cell RNA Sequencing in Development of Cerebral Cortex 245

https://doi.org/10.1038/nn.4366
https://doi.org/10.1038/nn.4366
https://doi.org/10.1038/nn.4216
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1016/j.pneurobio.2019.01.003
https://doi.org/10.1016/j.pneurobio.2019.01.003
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1242/jcs.03242
https://doi.org/10.1242/dev.129304
https://doi.org/10.1016/j.neuron.2008.10.013
https://doi.org/10.1016/j.neuron.2008.10.013
https://doi.org/10.1186/s13059-016-0933-0
https://doi.org/10.1186/s13059-016-0933-0
https://doi.org/10.1038/nn.3980
https://doi.org/10.1186/s13059-016-0932-1
https://doi.org/10.1186/s13059-016-0932-1
https://doi.org/10.1073/pnas.1411263112
https://doi.org/10.1073/pnas.1411263112
https://doi.org/10.1080/15476286.2015.1048954
https://doi.org/10.1080/15476286.2015.1048954
https://doi.org/10.1038/s41593-018-0265-3
https://doi.org/10.1038/s41593-018-0265-3
https://doi.org/10.1126/science.1254257
https://doi.org/10.1126/science.1254257
https://doi.org/10.1038/nn.4230
https://doi.org/10.1038/nn.4230
https://doi.org/10.1016/j.celrep.2017.12.046
https://doi.org/10.1016/j.celrep.2017.12.046
https://doi.org/10.1002/wrna.1289
https://doi.org/10.1146/annurev-cellbio-092910-154026
https://doi.org/10.1146/annurev-cellbio-092910-154026
https://doi.org/10.1038/s41467-018-08079-9
https://doi.org/10.1523/JNEUROSCI.2769-08.2009
https://doi.org/10.1523/JNEUROSCI.2769-08.2009
https://doi.org/10.1126/science.1064252
https://doi.org/10.1126/science.1064252


Enqiang Chang is a doctor in the Department of Anaes-
thesia and Perioperative Medicine at Henan Provincial
People’s Hospital. He graduated from Imperial College
London. His main research is focused on mitochondria
and neurobiology. He has published ten scientific
publications.

Xiaoguo Ruan is a doctor in the Department of Anaes-
thesia and Perioperative Medicine at Henan Provincial
People’s Hospital. In addition to learning and memory,
he has also been interested in pain and itch research. He
mastered a number of basic behavioral and molecular
biology experimental methods. His main research is
focused on clinical bioinformatics, perioperative organ
function protection, perioperative cognitive impairment,
and chronic kidney disease. He has published more than
ten scientific papers.

Ruilou Zhu is a researcher in the Department of Anes-
thesiology and Perioperative Medicine at Henan Provin-
cial People’s Hospital; Zhengzhou University People’s
Hospital; and Henan University People’s Hospital. She
graduated from Nanjing University. Her main research is
focused on investigating the mechanism of postoperative
cognitive dysfunction. She has published five scientific
reports.

Yangyang Wang is a doctor in the Department of Anes-
thesia and Perioperative Medicine at Henan Provincial
People’s Hospital. His main research is focused on neuro-
biology. He has published two scientific publications.

246 E. Chang et al.



Jiaqiang Zhang, Professor and Director of Department
of Anaesthesiology and Perioperative Medicine, Henan
Provincial People’s Hospital, Member of Chinese medical
association Anaesthesia Branch, National Committee of
the Anaesthesia Branch of the Chinese Medical Associa-
tion. Vice Chairman of the Anaesthesia Branch of the
Henan Medical Association.

His main research is focused on investigating of the
mechanism of postoperative cognitive dysfunction, clin-
ical bioinformatics, Anesthesia and neurodevelopment,
Physiology of pain. He is the author of more than 150
scientific publications.

19 Values of Single-Cell RNA Sequencing in Development of Cerebral Cortex 247


	19: Values of Single-Cell RNA Sequencing in Development of Cerebral Cortex
	19.1 Introduction
	19.2 Single-Cell RNA Sequencing Technologies
	19.3 scRNA-seq and Developing Cerebral Cortex
	19.4 Application of scRNA-seq in Neurologic Diseases
	19.5 Limitation
	19.6 Summary and Prospect
	References


