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Abstract
The central nervous system (CNS) is a complicated neural network. The origin and evolution of functional neurons and glia 
cells remain unclear, as do the cellular alterations that occur during the course of cerebral disease rehabilitation. Lineage 
tracing is a valuable method for tracing specific cells and achieving a better understanding of the CNS. Recently, various 
technological breakthroughs have been made in lineage tracing, such as the application of various combinations of fluores-
cent reporters and advances in barcode technology. The development of lineage tracing has given us a deeper understanding 
of the normal physiology of the CNS, especially the pathological processes. In this review, we summarize these advances 
of lineage tracing and their applications in CNS. We focus on the use of lineage tracing techniques to elucidate the process 
CNS development and especially the mechanism of injury repair. Deep understanding of the central nervous system will 
help us to use existing technologies to diagnose and treat diseases.
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Abbreviations
BMP  Bone morphogenetic protein
CNS  Central nervous system
Cre  Cyclization recombination enzyme
CRISPR/Cas  Clustered regularly interspaced short palin-

dromic repeat/associated nuclease
DG  Dentate gyrus
Dre  D6 site-specific DNA recombinase
FGF  Fibroblast growth factor
FLP-FRT  Flippase–flippase recognition target
GFAP  Glial fibrillary acidic protein

MGE/POA  Medial ganglionic eminences/preoptic area
NSCs  Neural stem cells
Otx1  Orthodenticle homeobox 1
RA  Retinoic acid
ScRNA-seq  Single-cell RNA-sequencing
SHH  Signaling molecule sonic hedgehog
SVZ  Subventricular zone
Ttyh1  Tweety-homolog 1

Introduction

In mammals, the brain is the most complex organ, and the 
complexity of neural networks is a major hurdle towards 
understanding the brain, especially post-injury changes. 
Numerous classical notions of brain functioning have been 
superseded [1, 2]. The relative lack of understanding of the 
brain has severely hindered the development of brain sci-
ence, as well as the diagnosis and treatment of neurologi-
cal diseases. Elucidating the processes underlying neural 
network formation, and the pathological changes that occur 
after injury, have been major goals of neuroscientists for 
many years [3]. Tracing the fates of specific cells using 
appropriate methods can provide a better understanding of 
brain development, as well as physiological and pathological 
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brain processes. For decades, lineage tracing has been used 
as an effective strategy to explore neural networks at the 
cellular level, as well as brain repair processes after injury 
at the single-cell level, using specific cell markers [4]. For 
in vivo cell fate studies, genetic lineage tracing represents 
a powerful approach for tracking and understanding cell 
lineages without the requirement for artificial manipulation 
in vitro.

In this review, we summarize recent developments in 
the application of lineage tracing technology to the study 
of the mammalian brain, with the aim of providing an inte-
grated perspective on physiological and pathological brain 
processes. In particular, we focus on the cellular origins of 
these processes under healthy and injured conditions, as well 
as the transformations that occur in the latter. We antici-
pate that this review will lay a foundation for further brain 
research and inform clinical treatment.

Development of the Lineage Tracing 
Technique

Lineage tracing, a technique pioneered by Charles Whit-
man for tracking the evolution of cells and their progeny, 
has undergone rapid development over the last few decades. 
In lineage tracing, specific cells are marked, and the trans-
mission of these markers to their progeny provides infor-
mation on the migration and differentiation of cells [5]. 
Different lineage tracing techniques have unique character-
istics (Table 1). The first lineage tracing method was direct 
observation using time-lapse microscopy, but it is difficult to 
explore the long-term fates of specific cells in vivo using this 
technique [6]. To improve the resolution of lineage tracing, 
lipid-soluble carbocyanine dyes, such as octadecyl indocar-
bocyanines and oxacarbocyanine, and substrate-activated 
horseradish peroxidase and DNA/histones can be used to 
directly label cells and determine the fate of their progeny 
[7–10]. Although transplantation has also been extensively 

applied in many systems (especially the skin, blood and 
muscle), it is not ideal for mimicking endogenous processes 
[11].

With advances in molecular genetics, markers can now 
be expressed more rapidly and stably in cell lines via trans-
fection or viral transduction [12, 13] (Fig. 1a). Adult hip-
pocampal quiescent neural stem cells (NSCs) can serve as a 
target for lineage tracing and functional analyses involving 
recombinant adeno-associated virus serotype 4, and moreo-
ver, their activity can be manipulated [14]. Since the end 
of the twentieth century, genetic recombination has been 
widely used to label specific cell types in vivo. Fluorescently 
labeled gene sequences, such as cyclization recombination 
enzyme-locus of X-overP1 (Cre-lox P), flippase-flippase rec-
ognition target (FLP-FRT), D6 site-specific DNA recom-
binase-rox (Dre-rox) and Nigri-nox, have been inserted 
near target genes and detected in cell lines by fluorescence 
imaging [15]. At present, the most widely used site-specific 
gene recombination systems are Cre-lox P and FLP-FRT, 
which are derived from bacteriophages and Saccharomy-
ces cerevisiae. The spatiotemporal activity of these systems 
can be regulated by a promoter from the human estrogen 
receptor gene [16–18] (Fig. 1b–d). To further improve our 
understanding of the division and origins of neurons and 
other cells via lineage tracing, a diverse range of recombi-
nant enzymes have been applied. Neural progenitor cells and 
double markers have improved our understanding of neu-
ronal origins, and lineage tracing has shed light on patterns 
of division [19, 20]. Cre/lox recombination has been used 
to create stochastic choice models of the expression of three 
or more fluorescent proteins. The connections and commu-
nication among brain cells can be understood by analyses of 
random expression [21].

Because of the high accuracy and sensitivity of sequenc-
ing technology, it has been widely applied for lineage trac-
ing. Single-cell RNA-sequencing (scRNA-seq) has been 
favored because of its high resolution and ability to reveal 
heterogeneity among cell subpopulations [22]. Similar to 

Table 1  The advantages and disadvantages of different lineage tracing methods [4, 11, 27, 87]

Method Advantage Disadvantage

Direct observation Fast; easy; noninvasive Limited application
Labeling cells with dyes Better visibility Limited scalability and duration
Transfection or viral transduction Heritable Low efficiency; indiscriminate infection; for retroviruses: 

only dividing cells; spontaneously silence
Transplantation of Cells and tissues Permanent; distinguishing Low integration and scalability; Invasive
Genetic molecular dye Dynamically lineage tracing; 

inducible; stable; accurate; high 
efficiency

Long operating cycle; toxic lack temporal lineage; cell group

Sc-RNA-seq High resolution; accurate; lineage 
tree; spatiotemporal tracing; 
diversification

Expensive; conditional; complexity; immature
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traditional lineage tracing methods, sequencing methods 
can be classified as invasive or non-invasive. Although 
somatic mutations serving as non-invasive lineage markers 
can be detected in humans by the sequencing and recon-
struction of lineage trees, it is difficult to achieve precise 
control with this method. Classical analytical and statistical 
methods have also been extended to single-cell technolo-
gies [23]. For example, combining scRNA-seq and brain 
registration, Pandey created a comprehensive map of the 
zebrafish habenula [24]. Similar to fluorescence lineage trac-
ing, scientists have begun applying viruses and plasmids for 
barcoding. Although recent studies have combined scRNA-
seq and clustered regularly interspaced short palindromic 
repeat-associated nuclease 9 (CRISPR-Cas9) editing sys-
tems to construct lineage trees and conduct neuroanatomy 
studies, myriad challenges remain [25, 26]. The applica-
tion of barcoding to mammalian research has been limited 
[27]. Because Cre recombinases tend to excise rather than 
flip, barcode-based Cre-recombinase techniques gradually 
fail. The Poly-lox method and homing guide RNA (a novel 

CRISPR/Cas9 system) overcome the lack of diversity in 
barcodes and can be applied to the mammalian brain [28]. 
Bowling introduced CRISPR array repair lineage tracing to 
investigate liver hematopoietic stem cell clones in adult tis-
sues, and obtained valuable insight into the application of 
barcodes to the study of adult mammals [29].

Application of Lineage Tracing 
for Understanding Brain Development

Understanding the complex and plastic brain neural cir-
cuitry is a significant challenge. In particular, understand-
ing cell migration and transformation in the context of 
brain development has been the goal of many researchers. 
Because lineage tracing can target specific progenitors and 
their progeny, it has been used to investigate the processes 
regulating brain development. Neural progenitor cells give 
rise to neurons, astrocytes and oligodendrocytes in the neo-
cortex [30] (Fig. 2). During telencephalon development, 

Fig. 1  Schematic representation of transfection-mediated genetic recombination. a Transfection; b Site-specific recombination; c Cre-loxP sys-
tem; d FLP-FRT system
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neural progenitor cells predominantly differentiate into cor-
tical and subcortical neurons. In the later stages of develop-
ment, the progenitors give rise to stem cells, glial cells and 
ependymal cells. The various glial cells produced by neural 
precursor cells have different destinations in the develop-
ing brain (Fig. 2). Tracing studies show that the multipo-
tency of neural progenitors and NSCs is regulated by Sonic 
hedgehog signaling [31, 32] (Fig. 3). Using genetic and 

pharmacological tools to measure and manipulate Wnt/β-
catenin signaling in active and quiescent adult NSCs, both 
in vivo and in vitro, Oberst identified Wnt signaling as a core 
molecular pathway in the differentiation of apical progeni-
tors originating from the subventricular zone (SVZ) [33]. 
Their study demonstrated plasticity in certain stages of neu-
rogenesis. By crossing Grem1creERT; Rosa26LSLTdtomato 
mice and Emx1-cre-mediated Grem1 conditional knockout 
mice, Ichinose revealed that the bone morphogenetic protein 
(BMP) antagonist Grem1 promotes structural and functional 
maturation of the developing cortex [34]. Furthermore, orth-
odenticle homeobox 1 (Otx1) was identified as a key ele-
ment in cortical neurogenesis. To examine the mechanism by 
which Otx1 affects cortical neurogenesis, Huang performed 
lineage tracing on Otx1 knockout mice and found that loss of 
function of Otx1 results in the overproduction of astrocytes 
in vivo [35].

Diverse neurons in the brain can also be traced to their 
source by lineage tracing. Neurogliaform cells, which have 
highly distinctive shapes and properties, act as inhibitory 
interneurons in the cerebral cortex. Inhibitory interneurons 
play an important role in maintaining the function of corti-
cal microcircuits. Through in vivo genetic lineage tracing in 
mice, we demonstrated that neurogliaform cells are a distinct 
class of interneurons with a unique developmental trajectory 

Fig. 2  Cortical development and glial progeny arrangement in mouse. 
Several types of cortical progenitors and their modes of division 
towards different cells: neuroepithelial cells, radial glial cells, neu-

rons, with their specific location in UL (upper cortical layers), CC 
(callous corpus), and LL (lower cortical layers) regions

Fig. 3  Effects of different pathways on the proliferation genes of pro-
genitors. During the development of progenitor cells, the switch from 
differentiation to proliferation is regulated by specific factors (such as 
SHH, RA, WNT, FGFs)
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[36]. While lineage tracing has been successfully used to 
identify the origin of interneurons in the cerebral cortex, the 
origin of hippocampal interneurons remains controversial 
[37]. Asgarian and colleagues used genetic lineage tracing 
and single-cell transcriptomic analysis to elucidate the origin 
of hippocampal CA1 somatostatin-expressing interneurons 
in mice [38]. These investigators found that functional het-
erogeneity within somatostatin CA1-expressing interneu-
rons was not attributable to differences in origin, because 
all hippocampal CA1 somatostatin interneurons arise from 
the embryonic medial ganglionic eminence/preoptic area 
(MGE/POA). Compared with the hippocampus, there are 
relatively few studies on dentate gyrus (DG) development. 
Because of the advantages of lineage tracing, it has also 
been used investigate DG development. Lineage tracing has 
shown that intermediate progenitors  (Tbr2+) interact, sup-
port and guide migrating NSCs  (SOX9+), which generate 
all prenatal and postnatal granule neurons in a specific spa-
tiotemporal order [39].

Astrocytes, which are the most abundant glial cells in 
the brain, exhibit local heterogeneity in morphology, gene 
expression and function. Olig2-lineage mature astrocytes 
are found in the forebrain of adult transgenic mice, and Tat-
sumi et al. demonstrated that these astrocytes differ from 
glial fibrillary acidic protein (GFAP)-positive astrocytes in 
distribution pattern, and that they may be involved in inhibi-
tory neuronal transmission [40]. Clavreul et al. explored the 
mechanisms underlying astrocyte heterogeneity using the 
Brainbow lineage tracing technique, involving “large-vol-
ume color imaging”, and found that the final characteristics 
of astrocytes are determined by their interactions with neigh-
boring cells and the microenvironment [41].

Although our understanding of the mechanisms under-
lying the formation of neocortical neurons and astrocytes 
has improved, less is known about oligodendrocytes. Line-
age tracing also significantly increases the visibility of oli-
godendrocytes. Winkler et al. used genetic lineage tracing 
to clarify the origin and differentiation of dorsal forebrain 
oligodendrocyte progenitors, and demonstrated that most 
oligodendrocytes are derived from  Emx1+ dorsal forebrain 
progenitors in the embryonic neocortex [42]. Moreover, 
they showed that Sonic hedgehog is necessary for oligo-
dendrocyte generation, and that oligodendrocytes in specific 
germinal zones play a role in cell heterogeneity. Dorsally 
derived oligodendrocyte precursor cells continuously expand 
throughout the life of mammals, whereas ventrally derived 
oligodendrocyte precursor cells gradually diminish in num-
ber [43]. In the adult brain, neural and oligodendrocyte pre-
cursor cells in the SVZ contribute to oligodendrogenesis 
throughout life. By infusing fractalkine into the lateral ven-
tricle of neural precursor cells in adult mice, Watson and 
colleagues demonstrated that fractalkine signaling plays an 
important regulatory role in oligodendrogenesis [44].

Lineage Tracing for Analyzing Neurogenesis 
in the Adult Central Nervous System (CNS)

Neurogenesis has been identified in certain regions of the 
adult brain, in which NSCs can generate new neurons and 
glial cells throughout the life of mammals (including in the 
neurogenic niches of the hippocampal DG and ventricular 
SVZ) [45, 46]. Adult neurogenesis is a form of plastic-
ity that persist through the life and was often implicated 
in recovery from injury. Because of the intricacies of the 
brain and the heterogeneity of NSCs, technical advances 
are needed for a more detailed understanding of neurogen-
esis in the brain. Lineage tracing has been widely applied 
to investigate neurogenesis in the brain, and has revealed 
the complex heterogeneity of NSCs within the SVZ, which 
is the main anatomical area in which NSCs are found [47]. 
Using retroviral lineage tracing in triple transgenic mice, 
Sachewsky et al. demonstrated that Oct4-expressing NSCs 
are precursors of GFAP-expressing NSCs in vivo [48]. 
ScRNA-seq has been used to examine the heterogeneity of 
NSCs, and has improved the resolution of lineage tracing. 
Using high-resolution scRNA-seq, Xie identified various 
subpopulations of NSCs in distinct regions of the SVZ 
[49]. Additionally, single-cell optical phenotyping and a 
new sequencing method combining live-cell imaging and 
scRNA-seq have enabled study of the cellular dynamics 
of neurogenesis in the SVZ of the adult brain, revealing 
substantial heterogeneity. It has been shown that Notum 
negatively regulates ventricular-subventricular zone 
(V-SVZ) proliferation [50]. However, the maintenance 
and generation of the NSC pool remain poorly under-
stood. For example, the adult ventricular zone contains 
quiescent  GFAP+ cells that have neurogenic potential 
in vivo, but contribute little to the activated NSC pool 
under both basal and regenerating states. This suggests 
that cells in the adult V-SVZ niche follow distinct neuro-
genic pathways [51]. By combining short- and long-term 
lineage tracing methods, Obernier et al. revealed that the 
NSC pool in the adult mouse V-SVZ is primarily main-
tained via symmetric divisions [52]. A recent study of 
transgenic mice expressing a fluorescent marker driven 
by the vascular endothelial-cadherin promoter suggested 
that progenitor pools originate not only from symmetric 
divisions, but also from endothelial cells [53]. NSCs in 
the SVZ have also been traced using the UbC-StarTrack 
clonal methodology by Figueres-Onate et al., who dem-
onstrated that neural progenitor cells in the SVZ give rise 
to glial cells in the ventricular zone and adjacent areas, 
and to interneurons distributed throughout the olfactory 
bulb [47]. The vast majority of postnatal- and adult-born 
interneurons in the olfactory bulb are inhibitory. How-
ever, in a study using NeuroD6CreERT2 knockin mice and 
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Rosa26tdTomato reporter mice, excitatory glutamatergic 
neurons were observed during certain periods in adulthood 
[54]. By combining long-term lineage tracing assays using 
two knockin alleles and quantitative clonal analysis, stud-
ies have suggested that the fate and number of NSCs are 
determined by a niche-based mechanism [55, 56].

Adult mouse hippocampal NSCs generate new neurons 
that are integrated into existing hippocampal networks to 
modulate mood and memory, and the proportion of quies-
cent NSCs increases with age [45, 57, 58]. The majority of 
NSCs within the brain remain in a reversible quiescent state 
outside of the cell cycle [59]. In the brain, Tweety-homolog 
1 (Ttyh1) is highly expressed in NSCs and precursor cells. 
Using a Ttyh1 promoter-driven reporter and Ttyh1 knockout 
mice, Cao et al. showed that Ttyh1 inhibits the transition of 
NSCs from a quiescent to an activated state [60]. Moreover, 
RNA-seq, bioinformatics and molecular biological analyses 
have demonstrated that Ttyh1 regulates NSCs via calcium 
signaling. However, current models of the life cycle of hip-
pocampal stem cells remain controversial because of their 
heterogeneity [61]. Increasing evidence from lineage tracing 
studies has demonstrated that NSCs in the hippocampus are 
heterogeneous populations with distinct markers, such as 
SOX2, NES and GFAP. The heterogeneity of NSCs in the 
hippocampus has been identified by scRNA-seq analysis of 
the GLI family zinc finger 1 and Achaete-scute homolog 1 
lineages [62]. Recently, it was revealed that vascular cell 
adhesion molecule 1, a cell surface marker, is expressed in 
a subpopulation of NSCs in the adult mouse hippocampus. 
Dan-Ying and colleagues performed lineage tracing of vas-
cular cell adhesion molecule 1-positive cells, and showed 
that they are quiescent and capable of generating neurons 
and astrocytes [63]. Therefore, these cells show promise 
as markers for differentiating between quiescent and active 
NSCs. Lineage tracing has also revealed SOX1-expressing 
NSC/progenitor cell populations in the hippocampus, which 
give rise to granular neurons and astrocytes and decrease in 
size with aging.

A niche-based regulatory mechanism of the fate of NSCs 
has also been demonstrated in the adult hippocampus using 
lineage tracing. Microglia modulate the balance between 
proliferation and survival in the neurogenic niche via their 
secretome, thereby supporting long-term adult hippocam-
pal neurogenesis [64–66]. By combining optogenetics and 
lineage tracing technology, recent studies have shown that, 
in adults, DG parvalbumin-positive interneurons control 
whether NSCs remain quiescent or are activated [46, 67]. 
The Wnt/β-catenin signaling pathway plays an important 
regulatory role in the hippocampal neurogenic lineage. 
Through scRNA-seq of quiescent and active hippocam-
pal NSCs in vivo, Austin et al. showed that both cell types 
respond to Wnt/β-catenin signaling in a dose-dependent 
manner [68]. Cannabinoid type-1 receptors expressed in 

NSCs and their progeny were identified as crucial regulators 
of the communication between the extracellular and cellular 
compartments [69].

Lineage Tracing in CNS Diseases

The wide variety of cells and the complexity of neural net-
works renders the diagnosis and treatment of CNS diseases 
difficult. Lineage tracing is an effective method for monitor-
ing cells of interest (and their progeny) over the long term, 
and has been used to explore CNS diseases. To examine 
how early damage can lead to disease in later life, Moham-
mad et al. generated transgenic reporter mouse lines as a 
novel tool for long-term, systemic tracking of cells (and their 
progeny) that sustained damage in the prenatal environmen-
tal [70]. They demonstrated that the long-term effects of 
prenatal exposure to environmental insult are mediated by 
altered regulation of key molecules, which can cause epige-
netic modifications that may be inherited by progeny. The 
fate of cells after CNS diseases, such as multiple sclerosis 
and intracerebral hemorrhage, has also been elucidated by 
lineage tracing and single-cell sequencing in various dis-
eases models [71, 72]. Recent studies suggest that Irx3 
and Irx5, in association with intronic variants of fat mass 
and obesity-associated gene, are determinants of obesity. 
Moreover, scRNA-seq using the Ins2-Cre system revealed 
a previously unreported radial glial cell-like NSC popula-
tion with high Irx3 and Irx5 expression, and demonstrated 
that Irx3 and Irx5 are critical regulators of feeding and 
leptin responses [73]. Functional recovery following brain 
injury has long been a research focus. Lineage tracing has 
been applied to investigate the response of SVZ NSCs to 
stroke. In a photothrombotic stroke model, lineage tracing 
revealed that nestin-positive endogenous NSCs originating 
from the SVZ show increased proliferation in response to 
stroke, migrate toward the infarct region, and differentiate 
into astrocytes and neurons. Moreover, these processes are 
exacerbated by excessive use of the limbs [74, 75]. How-
ever, lineage tracing studies of the response of stem cells in 
the SVZ to traumatic brain injury have yielded inconsistent 
results. The migration and differentiation of NSCs from the 
SVZ are hindered by gliosis, but can be improved by reduc-
ing glial scar formation [76]. Fibrous scars caused by brain 
injury have also been tracked by lineage tracing, which has 
revealed therapeutic targets [77].

Lineage Reprogramming in the Brain

NSCs and progenitor cells have long been considered a 
promising resource for the repair of brain injury in adults; 
however, their potential for repairing extensive and chronic 
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lesions is limited. To overcome this limitation, a line-
age reprogramming approach has been developed to pro-
mote cellular regeneration. Several research groups have 
attempted to convert resident cells within damaged tissue 
into desired cell types via in vivo lineage reprogramming 
and tracing. Xiang conducted a lineage tracing study that 
targeted astrocytes, and provided strong evidence that astro-
cytes targeted by Aldh1-1 can be directly converted into neu-
rons following adeno-associated virus-mediated expression 
of NeuroD1 [78]. However, the catalyst for the transforma-
tion in vivo remains unclear, despite the use of sophisticated 
lineage tracing techniques [79, 80].

During mouse corticogenesis, progenitor cells in the 
cerebral cortex behave in accordance with their intrinsic 
characteristics and environmental niches, and recent stud-
ies show that Otx1 plays an important role in the regulation 
of homeobox-containing transcription factors in the CNS. 
In a study of cortical progenitor cells and their progeny in 
Otxl-knockdown mice, the loss of Otx1, a key regulator of 
cortical neurogenesis, appeared to contribute to the over-
production of astrocytes in vivo [35]. During hippocam-
pal neurogenesis, NSCs in the hippocampus can develop 
into neurons and astrocytes, but not into oligodendrocytes. 
Harris demonstrated that Nfix is necessary for neuroblast 
maturation and survival, and that NSCs can develop into 
oligodendrocytes following induced ablation of Nfix, as 
demonstrated by lineage tracing, transcriptomic sequenc-
ing and behavioral studies [81]. In addition, injecting SOX2, 
a transcription factor, into the adult mouse brain causes the 
conversion of astrocytes into neurons. To reverse the demy-
elination and associated secondary axonal damage seen 
in multiple sclerosis, Farhangi and colleagues transduced 
astrocytes with lentiviral vectors expressing SOX2-green 
fluorescent protein, and demonstrated that SOX2 can con-
vert astrocytes into oligodendrocyte progenitor cells in mice 
exhibiting demyelination [82]. Moreover, SOX2 is required 
for the neurogenic reprogramming of oligodendrocyte pre-
cursor cells during recovery from spinal cord injury [83]. 
There is also evidence that astrocytes can be generated from 
oligodendrocyte precursor cells. Hou generated two lines of 
oligodendrocyte lineage-specific mice, and demonstrated, 
using lineage tracing, that conditional inactivation of Pen-2 
leads to an increase in the number of astrocytes without any 
change in the number of neurons in the CNS [84].

Conclusion

The CNS is the most complex organ in the body. Its numer-
ous cell types and intricate connections pose challenges to 
our understanding of the CNS, including the complex pro-
cesses of brain development in the embryonic period, as 
well as neurogenesis in the mature CNS and the changes 

that brain cells undergo during pathological conditions. 
The application of lineage tracing has greatly improved our 
understanding of complex brain mechanisms, including 
changes during disease processes. To elucidate the compli-
cated transition of neural progenitors during the embryonic 
period, lineage tracing has been widely used to investigate 
the destination of neural progenitor cells through the com-
bined use of different genetic markers. Lineage tracing has 
demonstrated that neural progenitors can differentiate into 
neurons, glia and neural stem cells in a specific spatiotem-
poral order. The production of neurons in the lower cortex is 
significantly higher than in the upper cortex. The progeny of 
neural progenitors are highly heterogeneous, as revealed by 
lineage tracing. By combining target knockout with inhibi-
tor treatment, lineage tracing can also be used to investigate 
the regulation of neural progenitor development by differ-
ent signaling pathways during embryonic development and 
neurogenesis in the adult. The elaboration of regulatory 
pathways has deepened our understanding of neural network 
development and promoted the application of pluripotent 
cells in diseases. Many patients with stroke or trauma show 
functional recovery of damaged brain areas after injury; 
however, the source of the neurons involved in the repair 
process remains unclear. Lineage tracing can be used to 
provide insight into the cell and molecular mechanisms of 
compensatory neural processes in different diseases, as well 
as clarify disease pathogenesis. Lineage tracing can also be 
used in the modulation of cell differentiation. By reprogram-
ming stem cells, they can differentiate into desired cell types. 
Not only can they be reprogrammed into neurons, but also 
glial cells, providing the basis for post-injury brain network 
reconstruction. Despite the advantages of lineage tracing, 
its application to the brain also has some limitations. For 
example, lineage tracing models usually rely on tamoxifen 
induction. However, recent scRNA-seq and adeno-associated 
virus studies showed that, in a tamoxifen-induced mouse 
model, tamoxifen and bromodeoxyuridine exert potent 
inhibitory effects on neurogenesis [85, 86]. Although the 
high resolution of scRNA-seq allows for accurate classifi-
cation of cell types, individual cells cannot be tracked over 
space and time with such accuracy. Furthermore, complete 
lineage tracing in mammals remains challenging because of 
a lack of diversity of DNA barcodes. Most of the methods 
currently used primarily provide lineage relationship at a 
specific point in time. Therefore, for a more comprehensive 
appraisal of the developmental trajectories of glia and neu-
rons, it is highly desirable to explore methods that reveal 
the relationship between different cells and their progeny. 
The combined application of multiple lineage tracing tech-
niques should allow for in-depth analysis of the relationship 
between different cells. Moreover, the application of line-
age tracing for the study of neurological diseases remains 
limited. Additional lineage tracing methods are required to 
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address these issues and elucidate the complex pathologi-
cal and physiological processes in the body, especially in 
the context of brain injuries. The advances made with these 
techniques should encourage clinical translation.
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