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Abstract

The tree shrew is a small mammal characterized by a short gestation period, a relatively
short lifespan, and low maintenance costs. It exhibits a close genetic relationship with
primates and humans. The tree shrew possesses an eight-layered neocortex, limited cortical
gyrification, an expanded subventricular zone, and sensory, visual, and motor cortices that
resemble those of primates, along with comparable neurotransmitter systems, cognitive
potential, and neural flexibility. These features render it a promising animal model for
neurological disease research. A comprehensive understanding of its brain morphology,
neural projections, neural circuits, and neuronal diversity is crucial both in terms of eluci-
dating normal brain function and in order to establish this species as a reliable model in
investigations of the mechanisms underlying neural injury and neurodegenerative diseases.
Currently, studies on tree shrew brain development remain limited. This review presents a
comprehensive summary of two-dimensional (2D) and three-dimensional (3D) comparative
anatomical studies based on brain region localization, histological section staining, and
MRI-derived brain imaging data in the tree shrew. It also analyzes the developmental char-
acteristics of neural progenitor cells in this species. Furthermore, the review compares brain
atlases of mice, non-human primates (NHPs), humans, and tree shrews generated using
single-cell sequencing and spatial transcriptomic technologies. Finally, it outlines future re-
search directions that emphasize the importance of integrating morphology and functional
neuroimaging data with multi-omics data to construct a multimodal, four-dimensional
(4D) brain development atlas of the tree shrew.

Keywords: tree shrew brain atlas; neural progenitor cells; mouse brain atlas; non-human
primate brain atlas; human brain atlas; single-cell; spatial transcriptomic brain atlas

1. Introduction
Tree Shrew: Biological Features and Molecular Evolutionary Classification

The tree shrew is a small mammal approximately the size of a rat, distinguished
by a high brain-to-body mass ratio, large eyes, and remarkable mobility [1,2]. It reaches
sexual maturity at around 5 months of age, has a short gestation period of 40–45 days, a
relatively short lifespan, and lower maintenance costs compared to other mammals [1].
Tree shrews (Tupaia belangeri) belong to the order Scandentia, and 17 species are currently
recognized according to the NCBI taxonomy database (https://www.ncbi.nlm.nih.gov/
datasets/taxonomy/9394/, accessed on 3 May 2026). Considerable genetic disparities exist
among different tree shrew species [3]. The high-quality genome sequence and annotation
of the Chinese tree shrew (Tupaia belangeri chinensis) highlight its phylogenetic proximity
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to primates (see Supplemental Figure 1 in Savier et al., 2021) [4]. The findings suggest
that tree shrews share a close genetic relationship with non-human primates (NHPs) and
humans [5]. The annotated genome sequence of the Chinese tree shrew and its associated
genome database (www.treeshrewdb.org) are publicly accessible [6]. Genome analyses
reveal that tree shrews are genetically proximal to primates, with over 85% of their protein-
coding genes conserved in humans. This genomic similarity extends from basic metabolism
pathways to genes involved in brain development and immune response. Analyses of mi-
tochondrial DNA, nuclear gene data, and whole-genome data consistently support a closer
evolutionary relationship between tree shrews and primates [7]. Collectively, this research
offers genetic evidence for the taxonomic classification and biological characteristics of tree
shrews, further elucidating their evolutionary proximity to primates.

2. Advantages of Tree Shrews as Animal Models for Neurological Diseases
2.1. Neurological Disease Models in Tree Shrews

Tree shrews exhibit both conserved features and unique characteristics in their nervous
systems, which show greater similarity to those observed in NHPs than in rodents [3].
Consequently, tree shrews have emerged as a promising model for research on aging,
neurodegenerative diseases (such as Alzheimer’s disease, AD; Parkinson’s disease, PD),
stroke and neurological tumors [8–17] (Figure 1, Table 1).

Figure 1. Tree shrews have emerged as promising animal models for studying aging, PD, AD, stroke,
and neurological tumors.

Table 1. Tree shrew neurological disorder models.

Neurological Diseases Phenotype or Cell Type Potential Mechanism References

Aging 1. M2 microglia activation.
2. Fewer ferritin+ oligodendrocytes

1. Oxidative stress causes tau
hyperphosphorylation in neurons.
2. Iron overload generates ROS that damage RNA
and contribute to microglial degeneration.

[8,9]
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Table 1. Cont.

Neurological Diseases Phenotype or Cell Type Potential Mechanism References

Neurodegenerative disease

A. AD
1. Cholinergic neuron injury
2. Astrocyte hyperactivation
3. Enhanced microglial inflammatory
response
4. Tau protein hyperphosphorylation
5. Hippocampal atrophy,
neuron apoptosis

B. PD
1. Significant loss of
dopaminergic neurons

A. AD
1. Aβ1-40 deposition induces oxidative stress and
caspase pathway activation, leading to
neuronal death.
2. Cholinergic dysfunction and BDNF/TrkB
inhibition reduce neuronal survival and
synaptic plasticity.
3. Rg1 modulates gut microbiota to activate
gut–brain axis and alleviates neuroinflammation.
4. Rg1 inhibits tau phosphorylation and
upregulates BDNF/TrkB signaling, promoting
neuronal survival and synaptic function.

B. PD
1. MPP+ inhibits mitochondrial complex I,
selectively inducing dopaminergic neuron
apoptosis and disrupting the nigrostriatal pathway.
2. Dopamine depletion causes motor control
imbalance and PD-like symptoms.

[10–13]

Stroke

A. Ischemic stroke
1. NeuN+ neurons decrease
2. GFAP+ astrocytes decrease
3. Cell body atrophy
4. Nuclear pyknosis

B. Diabetic stroke
1. Degeneration of retinal ganglion cells
and inner nuclear layer cells

A. Stroke
1. Neuronal apoptosis.

B. Diabetic stroke.
1. Oxidative stress.
2. Dysfunctional astrocytes impair blood–brain
barrier maintenance.
3. Oxidative stress and inflammatory responses
exacerbate neuronal injury.
4. VEGF-mediated angiogenesis.

[14–16]

Neurological tumors

1. Tumor cells express the markers Ki67,
GFAP, and βIII-tubulin
2. The structure of neurons and glial
cells is disrupted
3. High cell density, necrosis, and
microvascular proliferation

1. H-Ras activation and p53 inactivation
synergistically drive malignant transformation of
neural cells.
2. Tree shrew p53 shares 93% homology with
human p53.
3. Conserved post-translational modification sites.

[17]

2.2. Systematic Analysis of Brain Evolution and Function in Tree Shrews

During vertebrate brain evolution, subcortical structures remained relatively stable,
whereas the cerebral cortex exhibited the greatest degree of variation [18]. The formation of
the subventricular zone (SVZ) coincides with the emergence of the six-layered neocortex,
and the expansion of basal progenitors—particularly basal radial glia (bRG)—is a key driver
of neocortical expansion [19,20]. (1) In developing tree shrews, the neocortex differentiates
into eight distinct areas with limited gyrification [21]. It features an expanded SVZ, abun-
dant Pax6+ neural stem/progenitor cells within the SVZ, and a high proportion of bRG
during peak upper-layer neurogenesis [22]. (2) Tree shrews possess a highly developed
visual system [23]. Their visual cortex shows neuroanatomical and physiological homology
with those of macaques and humans [24,25]. Layer 2/3 neurons display distinct ON/OFF
pathways constrained by topographic organization, thereby supporting orderly columnar
representations of stimulus orientation and visual space [26]. Cross-species single-cell RNA
sequencing analyses reveal that tree shrew cone cells and subclasses are phylogenetically
closest to human and macaque cell types [27]. (3) Tree shrews share subcortical similari-
ties with NHPs. Their striatal chemical organization, including calcium-binding protein
expression, aligns with that of both rodents and primates. Moreover, the distribution of
dopaminergic projections and calcium-binding protein-labeled neurons in the striatum,
along with basal ganglia circuit organization, preserves primate-conserved characteristics
at histochemical and microcircuit levels, rather than exhibiting the rodent pattern, thereby
indirectly corroborating structural similarity [28]. (4) Furthermore, they exhibit advanced
neural functions, including cognitive learning and social behaviors, making them more
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comparable to primates than to traditional rodent models. Two studies demonstrate that
tree shrews show greater cognitive potential than rats, based on assessments of spatial
cognition, cognitive flexibility, and cooperative behavior using the pole board task and
novel object recognition test [29,30], suggesting their suitability as a model for studying
cognitive flexibility [31]. The tree shrew is a promising model for aging and AD research;
unlike rodents, which differ by three residues, its Aβ42 peptide sequence matches that
of humans [32]. Bilateral hippocampal lesions impair task performance, mirroring the
cognitive decline observed in aging and AD models [33]. Furthermore, tree shrews acquire
associative tasks more rapidly than spatial tasks, and their performance is notably affected
by age and chronic stress [33].

2.3. Comparative Anatomy Study of Tree Shrew Brain Development

Few comparative anatomical studies have examined the development of the tree shrew
brain. Expanding research in this area can improve our understanding of its neurodevelop-
ment, provide valuable data for the use of tree shrews as models for brain disorders, and
can potentially reduce reliance on NHPs. A comprehensive understanding of the morpho-
logical features, neural connectivity, functional circuits, and neuronal diversity of the tree
shrew brain is crucial for elucidating normal brain function and for establishing tree shrews
as valid and reliable animal models for the investigation of the behavioral, neurological,
and molecular mechanisms underlying neural injury and neurodegenerative disorders.
The morphology and physiology of the tree shrew’s nervous system have been studied,
especially the anatomy and stereotactic localization of the brainstem, spinal cord, cerebral
cortex, and thalamus [34–40]. Detailed descriptions of the localization and comparative
anatomy of brain regions—including the amygdala, hypothalamus, thalamus, cerebel-
lar nucleus, and piriform cortex—have also been provided [41,42]. The first systematic
nomenclature and detailed mapping of the tree shrew brain were established using stained
sections and 9.4 T MRI in the coronal, sagittal, and horizontal planes [43]. Nissl staining
and acetylcholinesterase histochemistry were employed to identify the anatomical features
of the cerebellum. Whole-brain afferent projections to the fifth cerebellar lobule and ante-
rior paramedian lobule have been mapped [44]. These studies have identified more than
328 subregions and have defined the boundaries of key anatomical structures, including
the olfactory bulb, basal ganglia, septal and preoptic regions, striatum, hypothalamus,
thalamus, hippocampus, mesencephalon, metencephalon, and myelencephalon [45].

2.4. Neural Progenitor Cells (NPCs) in Tree Shrews Resemble Those in NHPs

Once neurogenesis begins, neuroepithelial cells and NPCs sequentially appear and
contribute to the development of the cerebral cortex and its sulcal structure [46,47]. Dur-
ing this evolution, NPCs in the SVZ acquire key roles, such as generating the six cortical
layers during brain expansion [19,20,48]. Most neocortical neurons originate from NPC
populations in both the ventricular zone and SVZ. In animals with less developed sulci and
gyri, such as rodents, intermediate progenitor cells (IPCs) dominate the SVZ and contribute
to cortical thickening and surface expansion [22]. In contrast, NPCs in gyrencephalic ani-
mals, such as primates, can self-renew for up to five divisions [49,50]. Rodent IPCs mostly
undergo neurogenic division, with only a small subset undergoing limited proliferative
capacity before differentiating into neurons [51,52]. Notably, continuously dividing IPCs
are rarely observed in NHPs [53]. Studies also show an expanded SVZ and primate-specific
outer radial glial (oRG) cells in tree shrews. These oRG cells generate radial glial and
intermediate progenitor cells, which subsequently differentiate into neurons. They express
markers such as Sox2 and Pax6, supporting cortical development and the formation of sulci
and gyri [22,54]. Studies comparing the primary visual cortex (V1) and prefrontal cortex
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(PFC) of primates have found unique specializations in pyramidal neurons (PNs) that are
absent in mice. These morphological and physiological features likely contribute to the
evolutionary expansion of the tree shrew cortex. This conclusion is supported by evidence
including cytoarchitectonic boundaries, thalamic connectivity patterns, and layer II/III PN
characteristics in V1 and PFC [40]. Research has also revealed key developmental features
in the tree shrew (Tupaia belangeri) neocortex, including an expanded SVZ, a high abun-
dance of Pax6+ NPCs in the SVZ, and increased basal radial glial (bRG) cells during peak
upper-layer neurogenesis [55]. Additionally, tree shrew neural stem cells differ significantly
from those of rats [56], suggesting a closer relationship to NHPs than to rodents.

In summary, tree shrews are closely related to primates, and their neurobiological
features—including cortical organization, neurotransmitter systems, cognitive functions,
motor control, visual processing, and stress responses—show homology with this order.
Moreover, their neural progenitor cells and stress hormone secretion profiles resemble
those of primates more closely than those of rodents, making tree shrews a valuable model
for studying brain development and neuropathology.

3. Mouse, NHP, and Human Brain Atlases
The progression of brain atlas development in rodents, NHPs, and humans has ad-

vanced from traditional two-dimensional (2D) and three-dimensional (3D) anatomical
and imaging atlases to contemporary high-resolution, pathway-level, single-cell spatial
transcriptomic atlases at cellular and molecular scales. Traditionally, mouse brain atlases
have relied upon 2D histological sections [57,58]. The Allen Institute’s Common Coordinate
Framework version 3 (CCFv3) provides a 3D reference atlas that addresses the limitations
of two-dimensional approaches and facilitates the integration of findings across diverse
studies [59]. Recent advances in single-cell and spatial transcriptomics sequencing tech-
nologies have enabled characterization of brain cell types and subpopulations, elucidation
of their spatial migration patterns, identification of region-specific genes, and revelation of
cellular heterogeneity across brain regions throughout developmental stages from fetal to
adult [60–71] (Table 2). Three-dimensional multimodal mouse brain atlases are invaluable
for understanding neuronal diversity via comprehensive anatomical profiling.

NHPs possess developmental and neurological characteristics that exhibit a high
degree of similarity to those of humans. Proteins associated with diseases serve as indicators
of early fetal risks for neurodevelopmental disorders. Species-specific features and risk
genes exhibiting mRNA-protein discrepancies have been identified through cross-species
comparisons (involving humans, NHPs, and mice) and integrative analyses of single cells or
proteomic–transcriptomic data in conjunction with anatomical mapping or neuroimaging
(e.g., fMRI data). These include (Table 3): (i) a high-resolution transcriptional atlas of
rhesus macaque brain development [72]; (ii) a stereotactic 3D whole-brain functional
connectivity map of marmosets [73]; (iii) a cell type-resolved molecular atlas of the macaque
cortex [74]; and (iv) a spatially resolved proteomic–transcriptomic atlas of cynomolgus
macaques [75,76]. Recent studies have integrated single-cell and spatial transcriptomics
to establish the spatiotemporal atlas of human embryonic and fetal brain development,
revealing their molecular architectures and cellular diversities, and further elucidating
the cellular and molecular heterogeneity associated with neurodevelopmental disorders,
neural progenitor zones, and evolutionarily conserved transcription factors [77–81] (Table 4,
Figure 2). However, research on brain development atlases in tree shrews remains scarce
and has received limited attention.

https://doi.org/10.3390/biom16071027

https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 6 of 22

Table 2. Developmental atlas of the mouse brain.

Method Cell Type Spatial Distribution Gene Highlight Reference

1. Stereo-seq
2. DNA nanoball

1. Identified 8 types of excitatory
glutamatergic neurons across
cortical layers.
2. Four types of GABAergic
interneurons with markers like
Sst, Pvalb, Vip, Reln, and
non-neuronal cells.
3. Clustered 281,377 cells into
25 major cell types.

Developing dorsal
midbrain regions at E12.5,
E14.5, and E16.5.

The top 1959 genes were
identified.

1. Revealed the spatial cell-type heterogeneity of
mouse embryonic tissues.
2. Mapped the spatiotemporal transcriptomic
dynamics during mouse organogenesis.
3. Defined the spatiotemporal window of
developmental disease vulnerability.

[60]

1. scRNA-seq
2. sci-Space
3. Immunohistochemical
staining

1. Over 300 major cell types
were identified.
2. Radial glial cells.
3. Chondrocytes.
4. Multiple neuronal subtypes.

1. Spinal cord of E14d
mouse embryo.
2. Cortex of E14d
mouse embryo.

Thousands of genes
expressed in anatomical
structures were identified.

1. Produced spatial atlas of gene expression at
single-cell resolution.
2. Annotated diverse cell types and
visualized cell type-specific spatial gene
expression patterns.
3. Quantified the spatial position’s contribution
to gene expression variation.
4. Analyzed cell developmental trajectories;
reflected dynamic processes.

[61]

1. scRNA-seq
2. STARmap PLUS

1. Clustered and annotated
230 molecular cell types.
2. Identified 26 main cell types:
13 neuronal, 7 glial, 2 immune,
and 4 vascular clusters.

Cerebral cortex, olfactory
bulb, striatum, cerebellum,
and brainstem.

Detected 1022 endogenous
genes
in 20 CNS tissue slices
in situ.

1. Achieved single-cell resolution spatial
mapping of molecular cell types.
2. Constructed molecular tissue region maps for
precise anatomical delineation.
3. Created comprehensive molecular spatial cell
type nomenclature and discovered new tissue
structures and cell types.
4. Created a transcriptome-scale spatial atlas for
the CNS and predicted gene expression patterns.

[62]

1. scRNA-seq
2. MERFISH
3. DAPI staining

Over 5000 transcriptionally
distinct cell clusters were
identified across 338 major cell
types. Neurons have
315 subclasses and >5000 clusters;
non-neuronal cells, 23 subclasses
and 117 clusters.

Distributed in 11 adult
mouse brain regions:
olfactory areas, cortex,
hippocampus, striatum,
thalamus, hypothalamus,
midbrain, hindbrain,
cerebellum, fiber tracts, and
ventricular systems.

Identified multiple
neurotransmitter-related
genes.

1. Imaged gene expression at single-cell
resolution to show cell type distribution across
the brain.
2. Integrated data for cell classification, type
annotation, and transcriptome imputation.
3. Used CCFv3 registration to quantify cell type
composition and organization in brain regions.
4. Analyzed cell–cell interactions to predict
molecular bases and functional impacts.

[63]
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Table 2. Cont.

Method Cell Type Spatial Distribution Gene Highlight Reference

1. scRNA-seq
2. MERFISH
3. Immunocytochemistry

Identified multiple cell
types/subtypes, incl. 23 neurons:
8 BLA (2 excit, 6 inhib), P+T−
neurons, and 3 astrocytes.

1. Basolateral.
2. Amygdala.

1. In total, 32 genes are
regulated by long-term fear
memory: Gpr88, Vip;
107 remote
memory-associated DEGs:
Plk2, NPAS4, and Trim.

1. Spatial transcriptomics mapped single-cell
gene expression and located engram cells with
neighbors. scRNA-seq identified
memory-related genes and cell subtypes.
2. Viral vector and behavioral experiments
verified specific cell and gene functions in
memory formation. Integrative multi-omics
revealed memory formation commonalities and
differences across brain regions.

[64]

1. Single-neuron projection
reconstruction
2. Spatial transcriptomics

Identified 43 single-neuron
projection subtypes with distinct
projection patterns.

Hippocampus (HIP). N/A
1. Mapped single-neuron projections.
2. Analyzed the projection and organizational
patterns of hippocampal neurons.

[65]

1. ANTsX software v2.0 toolkit
2. fMOST
3. MERFISH
4. AllenCCFv3

Divided cells into brain regions
based on gene expression, such as
cerebellum and cerebral cortex.

Cerebellum; cerebral cortex. N/A
1. Provided precise spatial mapping and
quantitative analysis tools for mouse
brain research.

[66]

1. Integrate data from the
BICCN community
2. Develop the CAR platform

1. Identified neuron types,
including projection neuron
classification.
2. Discovered key cellular
features, such as three L5 neuron
subtypes in primary
somatosensory cortex.

Cortex, thalamus,
and striatum. N/A

1. Quantified neuronal morphology diversity
and stereotypy for cell classification and
regional segmentation.
2. Visualized brain region and connection
structures to display brain organization.

[67]

1. scRNA-seq
2. snRNA-seq
3. ATAC-seq

1. Comprehensive description of
brain cell types.
2. L4/5 IT neurons in the cortex.

1. Cerebral cortex.
2. Hippocampus.
3. Thalamus.

1. Provided a unified spatial framework for data
positioning and integration by dividing the
mouse brain into 23 subcortical structures,
41 fiber bundles, and 43 cortical regions.

[68]

1. MRI
2. Spatiotemporal RNA
analysis technology

Identified 5 cell populations in
lesion microenvironments.

Brain lesions: Perivascular
and periventricular regions.

Discovery of significant
enrichment in SASP-related
genes, such as SERPINE1.

1. Used MRI pre-demyelination to detect early
hypercellularity and locates future hotspots.
2. Monitored dominant cell type changes at
different lesion development stages.

[69]
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Table 2. Cont.

Method Cell Type Spatial Distribution Gene Highlight Reference

1. snRNA-seq
2. Stereo-seq
3. Spatial-ID algorithm

In total, 308 cell clusters were
found—262 neuronal and
46 non-neuronal—featuring
layer-/region-specific
glutamatergic and GABAergic
neurons in cerebral cortex, motor
and neuromodulatory neurons in
the brainstem, etc.

Divided brain into regions
according to traditional
anatomy and gene
expression characteristics,
such as dividing cortex into
different layers and
functional areas.

1. Detected 29,655 genes,
including both coding and
noncoding genes.
2. Dbh, Ddc, Tph2.

1. Developed the first whole-genome,
single-cell-resolution spatial transcriptomic atlas
of the entire mouse brain.
2. Mapped fine structural organization of brain
regions, spatial distribution patterns of cell
types, spatiotemporal dynamics of transcription
factor regulation, and temporal–spatial
expression profiles of lncRNAs.

[70]

1. 3D imaging experiments
2. TRISCO technique
3. Quantitative analysis by
confocal microscopy

1. Neurons.
2. Astrocytes.
3. Microglia.
4. Oligodendrocytes and their
precursors.

1. Brain; spinal cord.

Detected expression of
multiple cell type marker
genes, e.g., Pvalb, Mfge8,
Sox10, and c-Fos.

1. Conducted whole-brain single-cell RNA
imaging and spatial transcriptional analysis.
2. Presented expression patterns of multiple
genes in the whole brain and detected
neurotransmitter-related genes.
3. Evaluated neuronal functional activity by
detecting c-Fos.

[71]

Table 3. Brain atlas of the non-human primate.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

1. LMD
2. DNA microarray
technology
3. FISH

Identified 7 major categories:
glial cells, neurons, neural
progenitor cells, and
intermediate progenitor cells.

Neocortex (medial prefrontal and
visual cortical areas),
hippocampus, striatum,
and amygdala.

Identified the top 1000 genes
with the largest increase and
decrease in relative
expression across all age pairs
per structure.

Analyzed spatiotemporal gene
expression changes in the developing
primate brain to reveal molecular
mechanisms and genes linked to
neurodevelopmental disorders.

[72]

1. RS-fMRI
2. MRI N/A Cortical and subcortical gray

matter regions of the brain. N/A

Constructed the Marmoset FC
Resource to provide data and tools for
studying the marmoset brain’s
functional organization.

[73]

1. RNA-seq
2. snRNA-seq
3. MRI

Identified six cell types linked
to cortical imaging phenotypes
in cynomolgus macaque:
oligodendrocytes, microglia,
astrocytes, OPCs,
and excitatory and
inhibitory neurons.

Cortical and subcortical regions
of the brain.

Identified 971 protein-coding
and 34 noncoding genes
consistently associated with
cortical thickness.

1. Analyzed gene expression and MRI
cortical morphology links at whole-brain
and cellular levels across species.
2. Identified co-expression modules and
gene associations.

[75]

https://doi.org/10.3390/biom16071027

https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 9 of 22

Table 3. Cont.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

1. snRNA-seq
2. Stereo-seq
3. Immunohistochemistry

1. Identified
264 transcriptome-defined
cortical cell types, incl.
glutamatergic, GABAergic,
non-neuronal, etc.
2. L4 glutamatergic neurons.

Divided the cerebral cortex into
143 regions, such as the frontal
lobe and parietal lobe.

1. Researched multiple genes:
cell markers, neurotransmitters,
and receptors.
2. Highly expressed in
primate-specific L4 cell types
(e.g., FOXP2, EPHA3, DCC).

1. Analyzed cortical cell types and
spatial distribution in macaques,
exploring their relationship with
cortical hierarchy.
2. Discovered primate-specific cell types
and provided a data-based foundation
for studying brain evolution,
development, aging, and pathogenesis.

[74]

1. 4D-proteomics technology
2. Immunohistochemistry
technique

1. Purkinje’s cell.
2. Granulosa cell.
3. Neural stem cell.

Divided the brain into 18 regions,
e.g., neocortex, cerebellum,
striatum, and hippocampus.

Researched genes related to
brain development (e.g.,
MCM2-7, APP) and
neurological disorders
(e.g., STXBP1).

1. Revealed spatiotemporal changes in
cynomolgus monkey brain protein
expression from fetal to neonatal stages.
2. Analyzed relationships between
protein expression changes, brain
development and diseases, and
conducted cross-species comparisons.

[76]

Table 4. Human brain atlas.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

1. scRNA–seq
2. snRNA–seq
3. Spatial transcriptomics
technology

1. Radial glial cells (RGCs).
2. Intermediate progenitor
cells (IPCs).

The hypothalamus.

Multiple genes involved in
neural pattern formation,
neuronal differentiation, and
neural regulation.

1. Analyzed the developmental and
evolutionary characteristics of
hypothalamic cells.
2. Mapped the spatial pattern of
hypothalamic progenitor cells and
reconstructed the neurogenic lineage.

[77]

1. scRNA-seq
2. Spatial transcriptomics
technology

1. Divided cells into 5 clusters:
RGC, IPC, Neurons (Ns), INs,
and MG.
2. Annotated 7 clusters in cortex
at GW18: RGCs, IPCs, neurons,
INs, OPCs, MG, and ECs.
3. Subplate neurons (SPNs)
4. Intermediate progenitor cells.

Human fetal cerebral cortices
from GW10 to GW25.

1. Screened and compared
690 DEGs.
2. Detected high expression of
124 SPN marker genes at different
gestational weeks.
3. Observed expression patterns
of PAX6, EOMES, NEURAD2, and
NR4A2 in cerebral cortex.

1. Revealed molecular characteristics,
origin, and developmental trajectories of
subplate neurons in human fetal cerebral
cortex, and clarified their mechanism in
brain development.
2. Explored using spatial transcriptomics
and single-cell RNA sequencing from
multiple perspectives.

[78]
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Table 4. Cont.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

1. ATAC-seq
2. RNA-seq
3. MERFISH
4. Single-cell profiling

1. Identified a tripotential
intermediate progenitor subtype.
2. Identified 5 classes,
11 subclasses, and
33 high-fidelity cell types.
3. Identified 10 macroglia
lineage cell types, including
three RGs, IPC-Glia, and others
associated with astrocyte or
oligodendrocyte lineages.

Distributed in the human
neocortex, including PFC and
primary visual cortex (V1).

1. Designed a 300-gene panel for
the main cell types in the
developing cortex.
2. Identified 582 eRegulons:
385 activators and 197 repressors.
3. Identified 1908 differentially
expressed genes between
V1-specific and common
EN-L4-ITs.

1. Built a multi-omic atlas of human
neocortex development.
2. Revealed molecular and cellular
dynamics and created a disease risk map
to understand brain development and
disease mechanisms.

[79]

1. scStereo-seq
2. scRNA-seq

1. Identified 19 main cell types
and multiple cell subtypes.
2. Radial glial (RG) cells.

Multiple regions of the brain,
including Cor, Sp,
diencephalon, Mid, and Cere.

Researched multiple genes,
including cell marker,
transcription factor, and
extracellular matrix-related genes.

1. Developed a spatiotemporal atlas of
multiple human brain regions to reveal
regional specification mechanisms
during brain development.
2. Identified commonalities of
GABAergic neuron subtypes across
brain regions and demonstrated the
impact of OPC-GABAergic neuron
interactions on neuronal development
and regional norms.

[80]

1. scRNA-seq
2. Fluorescence-activated cell
sorting(FACS)

1. Identified ten NSPC types,
e.g., radial glia, neuron
precursors, oligodendrocyte
precursors, and astrocyte
lineage cells.
2. Bipotent glial progenitor
cell (GPC).

1. Divided human fetal brain
into 13 distinct regions, e.g.,
frontal lobe, motor cortex,
and somatosensory cortex.
2. GW16–20 human brains.

Cell differentiation and fate
determination (e.g., SOX2, PAX3).

1. Purified and functionally identified
different NSPC types.
2. Supported study of self-renewal,
differentiation potential, and lineage
relationships of cells in human
neural development.

[81]
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Figure 2. Single-cell RNA sequencing, single-nuclei RNA sequencing, and spatial transcriptomics
studies reveal cellular and molecular heterogeneity in human brain development [77–79,82–106].
The revised schematic is adapted from Piwecka et al. (2023) [107] and updated and extended with
post-2021 data.

4. Tree Shrew Brain Development Atlas
The development of the tree shrew brain’s developmental atlas has progressed from

anatomical and neuroimaging maps to the recently constructed single-cell atlases [12,40,43–
45,55,93,108,109] (Table 5, Figure 3).

Figure 3. Chronological timeline of research advances in tree shrew brain atlases [18,21,28,35–38,41–
45,93,109–113].
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Table 5. Some representative tree shrew brain atlases.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

Genome seq. N/A N/A

The genes of multiple viruses
were studied to determine
their classification and
evolutionary relationships.

Detected and analyzed viruses in
tree shrew samples for genomic
characteristics and
evolutionary relationships.

[108]

1. Immunocytochemistry
2. Image acquisition
and analysis

1. Identified multiple types
of neural stem and NPCs,
such as Aps and BPs.
2. Basal radial glial
cell (bRG).

Developing neocortex.
Multiple genes, including
markers such as Pax6
and Tbr2.

Revealed neural progenitor cell
characteristics, distribution, and
quantitative changes in tree shrew
neocortex development, and
compared them with those of
other species.

[55]

1. Whole-cell patch-clamp
recording
2. Immunohistochemistry

Pyramidal neurons (PNs).

1. Primary visual (V1).
2. Dorsal prefrontal
cortex (DFC).
3. Medial prefrontal (MF).

N/A

Revealed morpho-physiological
differences in pyramidal neurons
across tree shrew brain regions using
multiple techniques.

[40]

1. Immunohistochemistry
2. EdU and BrdU
dual-pulse labeling

1. Top progenitor cells (APs).
2. Basal progenitor
cells (BPs).
3. Intermediate progenitor
cells (IPCs).

Neocortex. Cell marker genes (such as
Sox2 and Pax6)

Studied neural progenitor cells in tree
shrew neocortex to reveal roles in
brain development and evolution.

[12]

1. Immunohistochemistry
2. Retrograde tracer
Fluoro-Gold (FG)

Neurons expressing PV, NOS,
CR, and TH.

Striatum (including
caudate nucleus (Cd),
putamen (Pu), internal
capsule (ic), accumbens
nucleus (Acb)).

PV, NOS, CR, and TH genes.

1. Clarified cellular and chemical
structure of tree shrew striatum.
2. Mapped whole-brain inputs to
striatal sub-regions; quantified cell
density and fiber intensity.
3. Analyzed striatal protein
distribution differences between tree
shrews and rats.

[45]

1. PET/CT and MRI
2. Reconstruction of the
digital atlas

N/A

Digitization and regional
division of 628 brain
structures, including
olfactory bulb and striatum.

N/A

Constructed a digital atlas of and
templates for the tree shrew brain to
enable image normalization and
statistical analysis, supporting
neuroimaging research.

[43]
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Table 5. Cont.

Technique/Method Cell Type Spatial Distribution Gene Highlight Reference

1. RNA-seq
2. ISO-seq N/A

Small intestine, liver, heart,
kidney, spleen, ovary,
brain, and testis.

1. Obtained 27.1 k coding
genes (incl. 3.5 k newly
annotated) and 50.6 k
lncRNA genes.
2. Identified 144 tree
shrew-specific gene families
(incl. IL6 and STT3B).
3. Detected 272.8 k genes
across 11 mammals.

1. Identified 144 tree shrew-specific
gene families.
2. Identified high-quality tree
shrew transcripts.
3. Conducted tissue expression
comparison across human, rhesus
monkey, tree shrew, and mouse
models; indicated orthologous
relationships of tree shrew genes with
those of primates.

[109]

1. Nissl staining
2. AChE histochemistry
3. Immunohistochemistry

Identified cerebellar cell
types, e.g., Purkinje and
granule cells.
Cerebellar Purkinje cells.

1. Divided cerebellum into
32 subregions and
10 fissures; fissures divide
vermis into 10 lobules.
2. Purkinje cell layer (Pk)
of cerebellar cortex.

Cerebellum and whole-brain
projections to the
cerebellar cortex.

1. Described tree shrew cerebellum
anatomy, neurochemistry, and
afferent projections.
2. Created a cerebellum atlas.

[44]

1. snRNA-seq
2. Immunohistochemistry

1. Identified 7 major
categories and 42 cell
populations, including
neurogenic lineage,
oligodendrocytes, microglia,
and endothelial cells.
2. Identified a unique class of
tree shrew-specific neural
stem cell.

Hippocampal tissue.

1. Genes linked to nervous
system disorders and aging
in cell types from humans,
macaques, mice, and TS.
2. Divided genes into
four clusters.

1. Analyzed hippocampal cell
composition, molecular features, and
interactions in tree shrews.
2. Constructed a single-cell
transcriptomic atlas; compared it with
those of humans, macaques, and mice;
and studied aging characteristics.

[93]
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4.1. Comparative Anatomy Atlas of the Tree Shrew Brain

One previous study established a stereotaxic coordinate system for the brain of Chinese
tree shrews (Tupaia belangeri chinensis) and systematically mapped 328 brain subregions,
clearly defining boundaries between key structures, including the olfactory bulb, basal gan-
glia, preoptic area, striatum, hypothalamus, thalamus, hippocampus, midbrain, hindbrain,
and medulla [99].

4.2. Stereotaxic 18F-FDG PET and MRI Templates with a 3D Digital Atlas of the Tree Shrew Brain

A structural atlas of the tree shrew brain in the coronal, sagittal, and horizontal planes
has been established through histological staining and stereotactic 9.4 T MRI. This atlas
reveals the spatial localization of brain regions, the diversity of neural cell types, and the
complex connectivity between the visual system and multiple cerebral areas [22,43].

4.3. Whole-Brain Afferent Atlas of the Tree Shrew Striatum

The distribution of whole-brain neuronal inputs projecting to the striatum in the tree
shrew brain has been mapped using immunohistochemical staining and retrograde viral
tracing. Structural and functional connections have been identified between the stria-
tum and several brain regions, including the suprachiasmatic nucleus, caudate nucleus,
putamen, nucleus accumbens [45], medial tegmental area [106], visual cortex [84], tectum,
temporal cortex, striatum, hypothalamus, and optic tract. Neurotransmitter distribution
in the tree shrew brain differs from that in rats, with each striatal subregion receiving con-
vergent inputs from multiple upstream areas, such as the thalamus, cortex, and substantia
nigra [45]. Despite advances in fluorescence staining, viral tracing, and MRI [43,106], map-
ping neural circuits in tree shrews remains challenging due to the scarcity of comprehensive,
accurate, and single-cell-resolution connectivity data across brain regions.

4.4. Atlas of Tree Shrew Brain Development Through Integrative Analysis of Single-Cell
Transcriptomics and Large-Scale Comparative Genomics and Epigenomics

Two-dimensional brain atlases are limited by their low spatial resolution and their in-
ability to integrate multimodal data. Moreover, there is a lack of spatially resolved, dynamic
3D brain atlases with a single-cell resolution, which are essential for accurately defining
brain structures, annotating cells, and tracking neural cell differentiation and migration
during development. Recent advances have partially addressed these limitations by gener-
ating a cross-species (human, macaque, tree shrew, and mouse) single-cell transcriptomic
atlas of the tree shrew hippocampus across postnatal developmental stages—infant, adult,
and elderly—providing a comprehensive view of dynamic changes in neurogenic lineages,
oligodendrocytes, microglia, and endothelial cell heterogeneity [93]. Cross-species compar-
isons reveal that the tree shrew transcriptome closely resembles that of macaques, highlight-
ing its potential as a translational model for studying neurological disorders [105]. Previous
analysis of human embryonic brain tissue identified 20 cell clusters across 14 major cell
types, revealing primate-specific regulatory elements and spatiotemporal patterns of neural
diversity during early brain development [114]. A recent study updated the annotation of
the tree shrew genome using RNA-seq and ISO-seq data, identifying 3514 protein-coding
genes and 50,576 lncRNAs. It revealed tissue-specific expression, alternative splicing, and
orthologous genes across 11 species, as well as 144 unique gene families linked to infec-
tion response, such as IL6 and STT3B genes. Transcriptomic comparisons show that tree
shrews are more similar to primates than to mice [93]. Research integrating methylome
and transcriptome data from tree shrew prefrontal cortices has revealed a conserved role
of DNA methylation in regulating XIST expression and indicates that CpG content affects
sex-differential methylation at X-linked promoters, thereby advancing our understanding
of mammalian sex chromosome evolution [82]. Another study presents a comprehensive
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single-cell transcriptomic atlas of the retina of tree shrews and other vertebrates, offering
insights into neuronal diversity and evolution [88,90].

5. Prospects
5.1. Limitations and Technical Challenges of Using Tree Shrews as Animal Models for
Neurological Diseases

This review also highlights the advantages and limitations of tree shrews as models for
neurological diseases. (1) Since the completion of tree shrew genome sequencing [109,115],
its genomic assembly has provided a crucial resource for the study of tree shrew genes
and gene families. Specific gene sequences are accessible through public databases such as
treeshrewDB [6,109] (www.treeshrewdb.org) and TupaiaBase [116] (http://tupaiabase.org).
However, genetic backgrounds from different geographic regions may affect pathogen or
disease susceptibility; therefore, the origin of the animals should be carefully considered
when selecting experimental subjects. (2) The availability of immortalized tree shrew cell
lines remains limited. To date, only immortalized cell lines derived from the intestinal
epithelium, liver, and kidney of the Chinese tree shrew (Tupaia belangeri chinensis) have
been reported [117–119]. No study has yet successfully established induced pluripotent
stem cells or organoids in this species. (3) Tree shrew inbreeding is challenging. Currently,
only the Kunming Institute of Zoology (Chinese Academy of Sciences) has established an
inbred line; however, progress has been limited, with only a few lineages reaching the ninth
generation (F9) [120]. (4) Tree shrew research faces challenges stemming from the lack of
species-specific reagents and standardized toolkits—a limitation common to all non-model
organisms [120].

5.2. Building a 4D Brain Development Atlas for Tree Shrews by Integrating Morphology,
Functional Neuroimaging, and Multi-Omics Data

Current tree shrew brain atlases lack spatially resolved, single-cell data on neuroge-
nesis across development. Existing methods—including staining, viral tracing [45], and
MRI [43]—fail to generate a comprehensive, whole-brain, single-cell-resolution atlas of
dynamic connectivity from embryogenesis to adulthood. Reconstructing a 4D brain de-
velopment atlas for the tree shrew (Table 6)—capturing neural circuits, axonal projections,
dynamic biological features, and single-cell-level connectivity and signaling—is essential
to studying normal brain function and neurodegenerative disorders.

Table 6. Future study plans and the methodology for the tree shrew development brain atlas.

Embryonic
Developmental

Stages

Morphology
Atlas+ Computer
Reconstruction

Functional
Imaging Atlas

Spatiotemporal
Atlas Single-Cell Atlas Cross Species

Analysis

Early (Prior to
the E30)

H&E staining.
Nissl staining.

Immunofluorescence
staining networks
of neuronal and

glial cells.

PEC-CT.
fMRI.

Spatial
transcriptomics

sequencing.
Spatial proteome

sequencing.

Single-cell
transcriptome

sequencing.
Single-cell
proteome

sequencing.

Download the
single-spatial

transcriptomics
data of mice,

NHPs, humans.

6. Conclusions
Our review summarizes recent advances in brain atlas research and available online

databases (Supplemental Table S1) for mice, NHPs, humans, and tree shrews, and high-
lights the tree shrew’s utility as a model for human neurological disorders. Specifically,
it highlights the development of the tree shrew brain atlas, including (1) a 2D whole-
brain developmental atlas based on anatomical maps; (2) a stereotactic localization map;
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(3) stained-section maps in the coronal, sagittal, and horizontal planes using both the
interaural and bregma reference systems; (4) MRI-based structural neuroimaging atlases;
(5) whole-brain mapping of afferent and efferent connections; and (6) recently constructed
dynamic 3D hippocampal atlases and two fetal whole-brain atlases generated using single-
cell transcriptomic technology. It also discusses the advantages and limitations of tree
shrews as models for neurological diseases, and the future prospects of the species as a
model, such as the construction of a 4D tree shrew brain development atlas by integrating
morphology, functional neuroimaging, and multi-omics data.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/biom16071027/s1: Table S1: Brain atlases databases for
mouse, non-human primate, human and tree shrew.
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Abbreviations

2D two-dimensional
3D three-dimensional
4D four-dimensional
NHPs non-human primates
AD Alzheimer’s disease
PD Parkinson’s disease
MRI magnetic resonance imaging
NPCs Neural progenitor cells
SVZ subventricular zone
IPCs intermediate progenitor cells
oRG outer radial glial
bRG basal radial glia
V1 primary visual cortex
PFC prefrontal cortex
PNs pyramidal neurons
CCFv3 Common Coordinate Framework version 3

References
1. Yao, Y.-G. Creating animal models, why not use the Chinese tree shrew (Tupaia belangeri chinensis)? Zool. Res. 2017, 38, 118–126.

[CrossRef] [PubMed]
2. Zheng, Y.T.; Yao, Y.G.; Xu, L. Basic Biology and Disease Models of Tree Shrews; Yunnan Science and Technology Press: Kunming,

China, 2014; pp. 1–475.
3. Yao, Y.-G.; Lu, L.; Ni, R.-J.; Bi, R.; Chen, C.; Chen, J.-Q.; Fuchs, E.; Gorbatyuk, M.; Lei, H.; Li, H.; et al. Study of tree shrew biology

and models: A booming and prosperous field for biomedical research. Zool. Res. 2024, 45, 877–909. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16071027

https://www.mdpi.com/article/10.3390/biom16071027/s1
https://doi.org/10.24272/j.issn.2095-8137.2017.032
https://www.ncbi.nlm.nih.gov/pubmed/28585435
https://doi.org/10.24272/j.issn.2095-8137.2024.199
https://www.ncbi.nlm.nih.gov/pubmed/39004865
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 17 of 22

4. Savier, E.; Sedigh-Sarvestani, M.; Wimmer, R.; Fitzpatrick, D. A bright future for the tree shrew in neuroscience research: Summary
from the inaugural Tree Shrew Users Meeting. Zool. Res. 2021, 42, 478–481. [CrossRef] [PubMed]

5. Zheng, Y.; Wang, Q.; Yun, C.; Wang, Y.; Smith, W.W.; Leng, J. Identification of Glyceraldehyde 3-Phosphate Dehydrogenase
Sequence and Expression Profiles in Tree Shrew (Tupaia belangeri). PLoS ONE 2014, 9, e98552. [CrossRef] [PubMed]

6. Fan, Y.; Yu, D.; Yao, Y.G. Tree shrew database (TreeshrewDB): A genomic knowledge base for the Chinese tree shrew. Sci. Rep.
2014, 4, 7145. [CrossRef] [PubMed]

7. Fan, Y.; Ye, M.S.; Zhang, J.Y.; Xu, L.; Yu, D.D.; Gu, T.L.; Yao, Y.L.; Chen, J.Q.; Lv, L.B.; Zheng, P.; et al. Chromosomal level assembly
and population sequencing of the Chinese tree shrew genome. Zool. Res. 2019, 40, 506–521. [CrossRef] [PubMed]

8. Rodriguez-Callejas, J.D.; Fuchs, E.; Perez-Cruz, C. Increased oxidative stress, hyperphosphorylation of tau, and dystrophic
microglia in the hippocampus of aged Tupaia belangeri. Glia 2020, 68, 1775–1793. [CrossRef] [PubMed]

9. Xiong, L.L.; He, R.; Du, R.L.; Niu, R.Z.; Xue, L.L.; Chen, L.; Huangfu, L.R.; Xiao, Q.X.; Li, J.; Li, Y.P.; et al. A Single-Nucleus
Transcriptomic Atlas Reveals Cellular and Genetic Characteristics of Alzheimer's-Like Pathology in Aging Tree Shrews. MedComm
2025, 6, e70114. [CrossRef] [PubMed]

10. Lin, N.; Xiong, L.L.; Zhang, R.P.; Zheng, H.; Wang, L.; Qian, Z.Y.; Zhang, P.; Chen, Z.W.; Gao, F.B.; Wang, T.H. Injection of
Abeta1-40 into hippocampus induced cognitive lesion associated with neuronal apoptosis and multiple gene expressions in the
tree shrew. Apoptosis 2016, 21, 621–640. [CrossRef] [PubMed]

11. Zheng, H.; Niu, S.; Zhao, H.; Li, S.; Jiao, J. Donepezil improves the cognitive impairment in a tree shrew model of Alzheimer’s
disease induced by amyloid-beta(1-40) via activating the BDNF/TrkB signal pathway. Metab. Brain Dis. 2018, 33, 1961–1974.
[CrossRef] [PubMed]

12. Wang, L.; Lu, J.; Zeng, Y.; Guo, Y.; Wu, C.; Zhao, H.; Zheng, H.; Jiao, J. Improving Alzheimer’s disease by altering gut microbiota
in tree shrews with ginsenoside Rg1. FEMS Microbiol. Lett. 2020, 367, fnaa011. [CrossRef] [PubMed]

13. Yang, Y.; Wang, L.; Zhang, C.; Guo, Y.; Li, J.; Wu, C.; Jiao, J.; Zheng, H. Ginsenoside Rg1 improves Alzheimer’s disease by
regulating oxidative stress, apoptosis, and neuroinflammation through Wnt/GSK-3β/β-catenin signaling pathway. Chem. Biol.
Drug Des. 2022, 99, 884–896. [CrossRef] [PubMed]

14. Zhao, L.; Liao, Q.; Zhang, Y.; Tan, S.; Li, S.; Ke, T. Ischemic Postconditioning Mitigates Retinopathy in Tree Shrews with Diabetic
Cerebral Ischemia. J. Diabetes Res. 2020, 2020, 6286571. [CrossRef] [PubMed]

15. Zhao, L.; Tan, S.; Liao, Q.; Li, X.; Ke, T.; Li, S. The neuroprotective effect and RNA-sequence analysis of postconditioning on the
ischemic stroke with diabetes mellitus tree shrew model. Brain Behav. 2021, 11, e2354. [CrossRef] [PubMed]

16. Wang, Y.Y.; Niu, R.Z.; Wang, J.D.; Jin, Y.; Wang, T.H.; Liu, F. Establishment of brain ischemia model in tree shrew. Brain Res. 2019,
1718, 194–200. [CrossRef] [PubMed]

17. Tong, Y.; Hao, J.; Tu, Q.; Yu, H.; Yan, L.; Li, Y.; Lv, L.; Wang, F.; Iavarone, A.; Zhao, X. A tree shrew glioblastoma model recapitulates
features of human glioblastoma. Oncotarget 2017, 8, 17897–17907. [CrossRef] [PubMed]

18. Sillitoe, R.V.; Malz, C.R.; Rockland, K.; Hawkes, R. Antigenic compartmentation of the primate and tree shrew cerebellum a
common topography of zebrin II in Macaca mulatta and Tupaia belangeri. J. Anat. 2004, 204, 257–269. [CrossRef] [PubMed]

19. Florio, M.; Borrell, V.; Huttner, W.B. Human-specific genomic signatures of neocortical expansion. Curr. Opin. Neurobiol. 2017, 42,
33–44. [CrossRef] [PubMed]

20. Goffinet, A.M. The evolution of cortical development: The synapsid-diapsid divergence. Development 2017, 144, 4061–4077.
[CrossRef] [PubMed]

21. Wong, P.; Kaas, J.H. Architectonic Subdivisions of Neocortex in the Tree Shrew (Tupaia belangeri). Anat. Rec. 2009, 292, 994–1027.
[CrossRef] [PubMed]

22. Yin, C.; Zhou, X.; Yao, Y.G.; Wang, W.; Wu, Q.; Wang, X. Abundant Self-Amplifying Intermediate Progenitors in the Subventricular
Zone of the Chinese Tree Shrew Neocortex. Cereb. Cortex 2020, 30, 3370–3380. [CrossRef] [PubMed]

23. Veit, J.; Bhattacharyya, A.; Kretz, R.; Rainer, G. Neural response dynamics of spiking and local field potential activity depend on
CRT monitor refresh rate in the tree shrew primary visual cortex. J. Neurophysiol. 2011, 106, 2303–2313. [CrossRef] [PubMed]

24. Van Hooser, S.D.; Roy, A.; Rhodes, H.J.; Culp, J.H.; Fitzpatrick, D. Transformation of receptive field properties from lateral
geniculate nucleus to superficial V1 in the tree shrew. J. Neurosci. 2013, 33, 11494–11505. [CrossRef] [PubMed]

25. Veit, J.; Bhattacharyya, A.; Kretz, R.; Rainer, G. On the relation between receptive field structure and stimulus selectivity in the
tree shrew primary visual cortex. Cereb. Cortex 2014, 24, 2761–2771. [CrossRef] [PubMed]

26. Lee, K.S.; Huang, X.; Fitzpatrick, D. Topology of ON and OFF inputs in visual cortex enables an invariant columnar architecture.
Nature 2016, 533, 90–94. [CrossRef] [PubMed]

27. Xiong, L.-L.; Sun, Y.-F.; Niu, R.-Z.; Xue, L.-L.; Chen, L.; Huangfu, L.-R.; Li, J.; Wang, Y.-Y.; Liu, X.; Wang, W.-Y.; et al. Cellular
Characterization and Interspecies Evolution of the Tree Shrew Retina across Postnatal Lifespan. Research 2024, 7, 0536. [CrossRef]
[PubMed]

https://doi.org/10.3390/biom16071027

https://doi.org/10.24272/j.issn.2095-8137.2021.178
https://www.ncbi.nlm.nih.gov/pubmed/34213094
https://doi.org/10.1371/journal.pone.0098552
https://www.ncbi.nlm.nih.gov/pubmed/24887411
https://doi.org/10.1038/srep07145
https://www.ncbi.nlm.nih.gov/pubmed/25413576
https://doi.org/10.24272/j.issn.2095-8137.2019.063
https://www.ncbi.nlm.nih.gov/pubmed/31418539
https://doi.org/10.1002/glia.23804
https://www.ncbi.nlm.nih.gov/pubmed/32096580
https://doi.org/10.1002/mco2.70114
https://www.ncbi.nlm.nih.gov/pubmed/40093585
https://doi.org/10.1007/s10495-016-1227-4
https://www.ncbi.nlm.nih.gov/pubmed/26897171
https://doi.org/10.1007/s11011-018-0303-6
https://www.ncbi.nlm.nih.gov/pubmed/30105614
https://doi.org/10.1093/femsle/fnaa011
https://www.ncbi.nlm.nih.gov/pubmed/31950993
https://doi.org/10.1111/cbdd.14041
https://www.ncbi.nlm.nih.gov/pubmed/35313087
https://doi.org/10.1155/2020/6286571
https://www.ncbi.nlm.nih.gov/pubmed/32104713
https://doi.org/10.1002/brb3.2354
https://www.ncbi.nlm.nih.gov/pubmed/34559467
https://doi.org/10.1016/j.brainres.2019.05.011
https://www.ncbi.nlm.nih.gov/pubmed/31077648
https://doi.org/10.18632/oncotarget.15225
https://www.ncbi.nlm.nih.gov/pubmed/28199986
https://doi.org/10.1111/j.0021-8782.2004.00282.x
https://www.ncbi.nlm.nih.gov/pubmed/15061752
https://doi.org/10.1016/j.conb.2016.11.004
https://www.ncbi.nlm.nih.gov/pubmed/27912138
https://doi.org/10.1242/dev.153908
https://www.ncbi.nlm.nih.gov/pubmed/29138289
https://doi.org/10.1002/ar.20916
https://www.ncbi.nlm.nih.gov/pubmed/19462403
https://doi.org/10.1093/cercor/bhz315
https://www.ncbi.nlm.nih.gov/pubmed/32080709
https://doi.org/10.1152/jn.00388.2011
https://www.ncbi.nlm.nih.gov/pubmed/21849615
https://doi.org/10.1523/jneurosci.1464-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/23843520
https://doi.org/10.1093/cercor/bht133
https://www.ncbi.nlm.nih.gov/pubmed/23696278
https://doi.org/10.1038/nature17941
https://www.ncbi.nlm.nih.gov/pubmed/27120162
https://doi.org/10.34133/research.0536
https://www.ncbi.nlm.nih.gov/pubmed/39574940
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 18 of 22

28. Zhuang, X.-L.; Zhang, J.-J.; Shao, Y.; Ye, Y.; Chen, C.-Y.; Zhou, L.; Wang, Z.-B.; Luo, X.; Su, B.; Yao, Y.-G.; et al. Integrative Omics
Reveals Rapidly Evolving Regulatory Sequences Driving Primate Brain Evolution. Mol. Biol. Evol. 2023, 40, msad173. [CrossRef]
[PubMed]

29. Li, C.; McHaney, K.M.; Sederberg, P.B.; Cang, J. Tree Shrews as an Animal Model for Studying Perceptual Decision-Making
Reveal a Critical Role of Stimulus-Independent Processes in Guiding Behavior. eNeuro 2022, 9, ENEURO.0419-22.2022. [CrossRef]
[PubMed]

30. Li, H.; Mei, L.; Nie, X.; Wu, L.; Lv, L.; Ren, X.; Yang, J.; Cao, H.; Wu, J.; Zhang, Y.; et al. The Tree Shrew Model of Parkinson
Disease: A Cost-Effective Alternative to Nonhuman Primate Models. Lab. Investig. 2024, 104, 102145. [CrossRef] [PubMed]

31. Pan, T.-T.; Liu, C.; Li, D.-M.; Nie, B.-B.; Zhang, T.-H.; Zhang, W.; Zhao, S.-L.; Zhou, Q.-X.; Liu, H.; Zhu, G.-H.; et al. Nucleus
accumbens-linked executive control networks mediating reversal learning in tree shrew brain. Zool. Res. 2022, 43, 528–531.
[CrossRef] [PubMed]

32. Drummond, E.; Wisniewski, T. Alzheimer’s disease: Experimental models and reality. Acta Neuropathol. 2017, 133, 155–175.
[CrossRef] [PubMed]

33. Li, H.; Xiang, B.-L.; Li, X.; Li, C.; Li, Y.; Miao, Y.; Ma, G.-L.; Ma, Y.-H.; Chen, J.-Q.; Zhang, Q.-Y.; et al. Cognitive Deficits and
Alzheimer’s Disease-Like Pathologies in the Aged Chinese Tree Shrew. Mol. Neurobiol. 2024, 61, 1892–1906. [CrossRef] [PubMed]

34. Tigges, J.; Tigges, M. The accessory optic system and other optic fibers of the squirrel monkey. Folia Primatol. 1969, 10, 245–262.
[CrossRef] [PubMed]

35. Diamond, I.T.; Snyder, M.; Killackey, H.; Jane, J.; Hall, W.C. Thalamo-cortical projections in the tree shrew (Tupaia glis). J. Comp.
Neurol. 1970, 139, 273–306. [CrossRef] [PubMed]

36. Marrocco, R.T.; De Valois, R.L.; Boles, J.I. A stereotaxic atlas of the brain of the tree shrew (Tupaia glis). J. Hirnforsch. 1970, 12,
307–312. [PubMed]

37. Rice, M.W.; Roberts, R.C.; Melendez-Ferro, M.; Perez-Costas, E. Neurochemical characterization of the tree shrew dorsal striatum.
Front. Neuroanat. 2011, 5, 53. [CrossRef] [PubMed]

38. McCollum, L.A.; Roberts, R.C. Ultrastructural localization of tyrosine hydroxylase in tree shrew nucleus accumbens core and
shell. Neuroscience 2014, 271, 23–34. [CrossRef] [PubMed]

39. Ni, R.J.; Shu, Y.M.; Luo, P.H.; Fang, H.; Wang, Y.; Yao, L.; Zhou, J.N. Immunohistochemical mapping of neuropeptide Y in the tree
shrew brain. J. Comp. Neurol. 2015, 523, 495–529. [CrossRef] [PubMed]

40. Parra, A.; Baker, C.A.; Bolton, M.M. Regional Specialization of Pyramidal Neuron Morphology and Physiology in the Tree Shrew
Neocortex. Cereb. Cortex 2019, 29, 4488–4505. [CrossRef] [PubMed]

41. Airaksinen, M.S.; Flügge, G.; Fuchs, E.; Panula, P. Histaminergic system in the tree shrew brain. J. Comp. Neurol. 1989, 286,
289–310. [CrossRef] [PubMed]

42. Flügge, G.; Ahrens, O.; Fuchs, E. Monoamine receptors in the amygdaloid complex of the tree shrew (Tupaia belangeri). J. Comp.
Neurol. 1994, 343, 597–608. [CrossRef] [PubMed]

43. Huang, Q.; Nie, B.; Ma, C.; Wang, J.; Zhang, T.; Duan, S.; Wu, S.; Liang, S.; Li, P.; Liu, H.; et al. Stereotaxic (18)F-FDG PET and MRI
templates with three-dimensional digital atlas for statistical parametric mapping analysis of tree shrew brain. J. Neurosci. Methods
2018, 293, 105–116. [CrossRef] [PubMed]

44. Ni, R.J.; Huang, Z.H.; Luo, P.H.; Ma, X.H.; Li, T.; Zhou, J.N. The tree shrew cerebellum atlas: Systematic nomenclature,
neurochemical characterization, and afferent projections. J. Comp. Neurol. 2018, 526, 2744–2775. [CrossRef] [PubMed]

45. Ni, R.-J.; Shu, Y.-M.; Li, T.; Zhou, J.-N. Whole-Brain Afferent Inputs to the Caudate Nucleus, Putamen, and Accumbens Nucleus
in the Tree Shrew Striatum. Front. Neuroanat. 2021, 15, 763298. [CrossRef] [PubMed]

46. Xing, L.; Wilsch-Bräuninger, M.; Huttner, W.B. How neural stem cells contribute to neocortex development. Biochem. Soc. Trans.
2021, 49, 1997–2006. [CrossRef] [PubMed]

47. Del-Valle-Anton, L.; Borrell, V. Folding brains: From development to disease modeling. Physiol. Rev. 2022, 102, 511–550. [CrossRef]
[PubMed]

48. Llinares-Benadero, C.; Borrell, V. Deconstructing cortical folding: Genetic, cellular and mechanical determinants. Nat. Rev.
Neurosci. 2019, 20, 161–176. [CrossRef] [PubMed]

49. Dehay, C.; Kennedy, H.; Kosik, K.S. The Outer Subventricular Zone and Primate-Specific Cortical Complexification. Neuron 2015,
85, 683–694. [CrossRef] [PubMed]

50. Lein, E.S.; Belgard, T.G.; Hawrylycz, M.; Molnár, Z. Transcriptomic Perspectives on Neocortical Structure, Development,
Evolution, and Disease. Annu. Rev. Neurosci. 2017, 40, 629–652. [CrossRef] [PubMed]

51. Vasistha, N.A.; García-Moreno, F.; Arora, S.; Cheung, A.F.P.; Arnold, S.J.; Robertson, E.J.; Molnár, Z. Cortical and Clonal
Contribution of Tbr2 Expressing Progenitors in the Developing Mouse Brain. Cereb. Cortex 2015, 25, 3290–3302. [CrossRef]
[PubMed]

52. Mihalas, A.B.; Hevner, R.F. Clonal analysis reveals laminar fate multipotency and daughter cell apoptosis of mouse cortical
intermediate progenitors. Development 2018, 145, dev164335. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16071027

https://doi.org/10.1093/molbev/msad173
https://www.ncbi.nlm.nih.gov/pubmed/37494289
https://doi.org/10.1523/eneuro.0419-22.2022
https://www.ncbi.nlm.nih.gov/pubmed/36414413
https://doi.org/10.1016/j.labinv.2024.102145
https://www.ncbi.nlm.nih.gov/pubmed/39343009
https://doi.org/10.24272/j.issn.2095-8137.2022.063
https://www.ncbi.nlm.nih.gov/pubmed/35585801
https://doi.org/10.1007/s00401-016-1662-x
https://www.ncbi.nlm.nih.gov/pubmed/28025715
https://doi.org/10.1007/s12035-023-03663-7
https://www.ncbi.nlm.nih.gov/pubmed/37814108
https://doi.org/10.1159/000155205
https://www.ncbi.nlm.nih.gov/pubmed/4978313
https://doi.org/10.1002/cne.901390303
https://www.ncbi.nlm.nih.gov/pubmed/5433195
https://www.ncbi.nlm.nih.gov/pubmed/4947363
https://doi.org/10.3389/fnana.2011.00053
https://www.ncbi.nlm.nih.gov/pubmed/21887131
https://doi.org/10.1016/j.neuroscience.2014.04.024
https://www.ncbi.nlm.nih.gov/pubmed/24769226
https://doi.org/10.1002/cne.23696
https://www.ncbi.nlm.nih.gov/pubmed/25327585
https://doi.org/10.1093/cercor/bhy326
https://www.ncbi.nlm.nih.gov/pubmed/30715235
https://doi.org/10.1002/cne.902860302
https://www.ncbi.nlm.nih.gov/pubmed/2768560
https://doi.org/10.1002/cne.903430409
https://www.ncbi.nlm.nih.gov/pubmed/8034790
https://doi.org/10.1016/j.jneumeth.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/28917660
https://doi.org/10.1002/cne.24526
https://www.ncbi.nlm.nih.gov/pubmed/30155886
https://doi.org/10.3389/fnana.2021.763298
https://www.ncbi.nlm.nih.gov/pubmed/34795566
https://doi.org/10.1042/bst20200923
https://www.ncbi.nlm.nih.gov/pubmed/34397081
https://doi.org/10.1152/physrev.00016.2021
https://www.ncbi.nlm.nih.gov/pubmed/34632805
https://doi.org/10.1038/s41583-018-0112-2
https://www.ncbi.nlm.nih.gov/pubmed/30610227
https://doi.org/10.1016/j.neuron.2014.12.060
https://www.ncbi.nlm.nih.gov/pubmed/25695268
https://doi.org/10.1146/annurev-neuro-070815-013858
https://www.ncbi.nlm.nih.gov/pubmed/28661727
https://doi.org/10.1093/cercor/bhu125
https://www.ncbi.nlm.nih.gov/pubmed/24927931
https://doi.org/10.1242/dev.164335
https://www.ncbi.nlm.nih.gov/pubmed/30217810
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 19 of 22

53. Patoori, S.; Barnada, S.M.; Large, C.; Murray, J.I.; Trizzino, M. Young transposable elements rewired gene regulatory networks in
human and chimpanzee hippocampal intermediate progenitors. Development 2022, 149, dev200413. [CrossRef] [PubMed]

54. Lui, J.H.; Hansen, D.V.; Kriegstein, A.R. Development and Evolution of the Human Neocortex. Cell 2011, 146, 18–36. [CrossRef]
[PubMed]

55. Römer, S.; Bender, H.; Knabe, W.; Zimmermann, E.; Rübsamen, R.; Seeger, J.; Fietz, S.A. Neural Progenitors in the Develop-
ing Neocortex of the Northern Tree Shrew (Tupaia belangeri) Show a Closer Relationship to Gyrencephalic Primates Than to
Lissencephalic Rodents. Front. Neuroanat. 2018, 12, 29. [CrossRef] [PubMed]

56. Hu, Y.D.; Zhao, Q.; Zhang, X.R.; Xiong, L.L.; Zhang, Z.B.; Zhang, P.; Zhang, R.P.; Wang, T.H. Comparison of the properties
of neural stem cells of the hippocampus in the tree shrew and rat inï¿½vitro. Mol. Med. Rep. 2018, 17, 5676–5683. [CrossRef]
[PubMed]

57. Franklin, K.B.J.; Paxinos, G. Paxinos and Franklin’s the Mouse Brain in Stereotaxic Coordinates; Elsevier Science: Amsterdam,
The Netherlands, 2019.

58. Hahn, J.D.; Swanson, L.W.; Bowman, I.; Foster, N.N.; Zingg, B.; Bienkowski, M.S.; Hintiryan, H.; Dong, H.W. An open access
mouse brain flatmap and upgraded rat and human brain flatmaps based on current reference atlases. J. Comp. Neurol. 2021, 529,
576–594. [CrossRef] [PubMed]

59. Wang, Q.; Ding, S.L.; Li, Y.; Royall, J.; Feng, D.; Lesnar, P.; Graddis, N.; Naeemi, M.; Facer, B.; Ho, A.; et al. The Allen Mouse Brain
Common Coordinate Framework: A 3D Reference Atlas. Cell 2020, 181, 936–953.e20. [CrossRef] [PubMed]

60. Chen, A.; Liao, S.; Cheng, M.; Ma, K.; Wu, L.; Lai, Y.; Qiu, X.; Yang, J.; Xu, J.; Hao, S.; et al. Spatiotemporal transcriptomic atlas of
mouse organogenesis using DNA nanoball-patterned arrays. Cell 2022, 185, 1777–1792.e21. [CrossRef] [PubMed]

61. Tiklová, K.; Björklund, Å.K.; Lahti, L.; Fiorenzano, A.; Nolbrant, S.; Gillberg, L.; Volakakis, N.; Yokota, C.; Hilscher, M.M.; Hauling,
T.; et al. Single-cell RNA sequencing reveals midbrain dopamine neuron diversity emerging during mouse brain development.
Nat. Commun. 2019, 10, 581. [CrossRef] [PubMed]

62. Masuda, T.; Sankowski, R.; Staszewski, O.; Böttcher, C.; Amann, L.; Sagar; Scheiwe, C.; Nessler, S.; Kunz, P.; van Loo, G.; et al.
Spatial and temporal heterogeneity of mouse and human microglia at single-cell resolution. Nature 2019, 566, 388–392. [CrossRef]
[PubMed]

63. Srivatsan, S.R.; Regier, M.C.; Barkan, E.; Franks, J.M.; Packer, J.S.; Grosjean, P.; Duran, M.; Saxton, S.; Ladd, J.J.; Spielmann, M.;
et al. Embryo-scale, single-cell spatial transcriptomics. Science 2021, 373, 111–117. [CrossRef] [PubMed]

64. Sun, W.; Liu, Z.; Jiang, X.; Chen, M.B.; Dong, H.; Liu, J.; Südhof, T.C.; Quake, S.R. Spatial transcriptomics reveal neuron–astrocyte
synergy in long-term memory. Nature 2024, 627, 374–381. [CrossRef] [PubMed]

65. Qiu, S.; Hu, Y.; Huang, Y.; Gao, T.; Wang, X.; Wang, D.; Ren, B.; Shi, X.; Chen, Y.; Wang, X.; et al. Whole-brain spatial organization
of hippocampal single-neuron projectomes. Science 2024, 383, eadj9198. [CrossRef] [PubMed]

66. Tustison, N.J.; Chen, M.; Kronman, F.N.; Duda, J.T.; Gamlin, C.; Tustison, M.G.; Kunst, M.; Dalley, R.; Sorenson, S.; Wang, Q.; et al.
The ANTsX ecosystem for mapping the mouse brain. Nat. Commun. 2025, 16, 11548. [CrossRef] [PubMed]

67. Liu, Y.; Jiang, S.; Li, Y.; Zhao, S.; Yun, Z.; Zhao, Z.H.; Zhang, L.; Wang, G.; Chen, X.; Manubens-Gil, L.; et al. Neuronal diversity
and stereotypy at multiple scales through whole brain morphometry. Nat. Commun. 2024, 15, 10269. [CrossRef] [PubMed]

68. Hawrylycz, M.; Martone, M.E.; Ascoli, G.A.; Bjaalie, J.G.; Dong, H.W.; Ghosh, S.S.; Gillis, J.; Hertzano, R.; Haynor, D.R.; Hof, P.R.;
et al. A guide to the BRAIN Initiative Cell Census Network data ecosystem. PLoS Biol. 2023, 21, e3002133. [CrossRef] [PubMed]

69. Lin, J.P.; Brake, A.; Donadieu, M.; Lee, A.; Smith, G.; Hu, K.; Nair, G.; Kawaguchi, R.; Sati, P.; Geschwind, D.H.; et al. 4D
marmoset brain map reveals MRI and molecular signatures for onset of multiple sclerosis-like lesions. Science 2025, 387, eadp6325.
[CrossRef] [PubMed]

70. Han, L.; Liu, Z.; Jing, Z.; Liu, Y.; Peng, Y.; Chang, H.; Lei, J.; Wang, K.; Xu, Y.; Liu, W.; et al. Single-cell spatial transcriptomic atlas
of the whole mouse brain. Neuron 2025, 113, 2141–2160.e9. [CrossRef] [PubMed]

71. Kanatani, S.; Kreutzmann, J.C.; Li, Y.; West, Z.; Larsen, L.L.; Nikou, D.V.; Eidhof, I.; Walton, A.; Zhang, S.; Rodríguez-Kirby, L.R.;
et al. Whole-brain spatial transcriptional analysis at cellular resolution. Science 2024, 386, 907–915. [CrossRef] [PubMed]

72. Bakken, T.E.; Miller, J.A.; Ding, S.-L.; Sunkin, S.M.; Smith, K.A.; Ng, L.; Szafer, A.; Dalley, R.A.; Royall, J.J.; Lemon, T.; et al. A
comprehensive transcriptional map of primate brain development. Nature 2016, 535, 367–375. [CrossRef] [PubMed]

73. Schaeffer, D.J.; Klassen, L.M.; Hori, Y.; Tian, X.; Szczupak, D.; Yen, C.C.-C.; Cléry, J.C.; Gilbert, K.M.; Gati, J.S.; Menon, R.S.; et al.
An open access resource for functional brain connectivity from fully awake marmosets. NeuroImage 2022, 252, 119030. [CrossRef]
[PubMed]

74. Chen, A.; Sun, Y.; Lei, Y.; Li, C.; Liao, S.; Meng, J.; Bai, Y.; Liu, Z.; Liang, Z.; Zhu, Z.; et al. Single-cell spatial transcriptome reveals
cell-type organization in the macaque cortex. Cell 2023, 186, 3726–3743.e24. [CrossRef] [PubMed]

75. Bo, T.; Li, J.; Hu, G.; Zhang, G.; Wang, W.; Lv, Q.; Zhao, S.; Ma, J.; Qin, M.; Yao, X.; et al. Brain-wide and cell-specific transcriptomic
insights into MRI-derived cortical morphology in macaque monkeys. Nat. Commun. 2023, 14, 1499. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16071027

https://doi.org/10.1242/dev.200413
https://www.ncbi.nlm.nih.gov/pubmed/36052683
https://doi.org/10.1016/j.cell.2011.06.030
https://www.ncbi.nlm.nih.gov/pubmed/21729779
https://doi.org/10.3389/fnana.2018.00029
https://www.ncbi.nlm.nih.gov/pubmed/29725291
https://doi.org/10.3892/mmr.2018.8589
https://www.ncbi.nlm.nih.gov/pubmed/29436662
https://doi.org/10.1002/cne.24966
https://www.ncbi.nlm.nih.gov/pubmed/32511750
https://doi.org/10.1016/j.cell.2020.04.007
https://www.ncbi.nlm.nih.gov/pubmed/32386544
https://doi.org/10.1016/j.cell.2022.04.003
https://www.ncbi.nlm.nih.gov/pubmed/35512705
https://doi.org/10.1038/s41467-019-08453-1
https://www.ncbi.nlm.nih.gov/pubmed/30718509
https://doi.org/10.1038/s41586-019-0924-x
https://www.ncbi.nlm.nih.gov/pubmed/30760929
https://doi.org/10.1126/science.abb9536
https://www.ncbi.nlm.nih.gov/pubmed/34210887
https://doi.org/10.1038/s41586-023-07011-6
https://www.ncbi.nlm.nih.gov/pubmed/38326616
https://doi.org/10.1126/science.adj9198
https://www.ncbi.nlm.nih.gov/pubmed/38300992
https://doi.org/10.1038/s41467-025-66741-5
https://www.ncbi.nlm.nih.gov/pubmed/41274934
https://doi.org/10.1038/s41467-024-54745-6
https://www.ncbi.nlm.nih.gov/pubmed/39592611
https://doi.org/10.1371/journal.pbio.3002133
https://www.ncbi.nlm.nih.gov/pubmed/37390046
https://doi.org/10.1126/science.adp6325
https://www.ncbi.nlm.nih.gov/pubmed/40014701
https://doi.org/10.1016/j.neuron.2025.02.015
https://www.ncbi.nlm.nih.gov/pubmed/40132589
https://doi.org/10.1126/science.adn9947
https://www.ncbi.nlm.nih.gov/pubmed/39571016
https://doi.org/10.1038/nature18637
https://www.ncbi.nlm.nih.gov/pubmed/27409810
https://doi.org/10.1016/j.neuroimage.2022.119030
https://www.ncbi.nlm.nih.gov/pubmed/35217206
https://doi.org/10.1016/j.cell.2023.06.009
https://www.ncbi.nlm.nih.gov/pubmed/37442136
https://doi.org/10.1038/s41467-023-37246-w
https://www.ncbi.nlm.nih.gov/pubmed/36932104
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 20 of 22

76. Wei, J.; Dai, S.; Yan, Y.; Li, S.; Yang, P.; Zhu, R.; Huang, T.; Li, X.; Duan, Y.; Wang, Z.; et al. Spatiotemporal proteomic atlas of
multiple brain regions across early fetal to neonatal stages in cynomolgus monkey. Nat. Commun. 2023, 14, 3917. [CrossRef]
[PubMed]

77. Chen, Z.H.; Pan, T.B.; Zhang, Y.H.; Wang, B.; Sun, X.L.; Gao, M.; Sun, Y.; Xu, M.; Han, S.; Shi, X.; et al. Transcriptional conservation
and evolutionary divergence of cell types across mammalian hypothalamus development. Dev. Cell 2025, 60, 1916–1930.e12.
[CrossRef] [PubMed]

78. Guo, X.; Lee, T.; Sun, J.; Sun, J.; Cai, W.; Yang, Q.; Sun, T. Molecular Lineages and Spatial Distributions of Subplate Neurons in the
Human Fetal Cerebral Cortex. Adv. Sci. 2024, 11, e2407137. [CrossRef] [PubMed]

79. Wang, L.; Wang, C.; Moriano, J.A.; Chen, S.; Zuo, G.; Cebrián-Silla, A.; Zhang, S.; Mukhtar, T.; Wang, S.; Song, M.; et al. Molecular
and cellular dynamics of the developing human neocortex. Nature 2025, 647, 169–178. [CrossRef] [PubMed]

80. Eze, U.C.; Bhaduri, A.; Haeussler, M.; Nowakowski, T.J.; Kriegstein, A.R. Single-cell atlas of early human brain development
highlights heterogeneity of human neuroepithelial cells and early radial glia. Nat. Neurosci. 2021, 24, 584–594. [CrossRef]
[PubMed]

81. Liu, D.D.; He, J.Q.; Sinha, R.; Eastman, A.E.; Toland, A.M.; Morri, M.; Neff, N.F.; Vogel, H.; Uchida, N.; Weissman, I.L. Purification
and characterization of human neural stem and progenitor cells. Cell 2023, 186, 1179–1194.e15. [CrossRef] [PubMed]

82. Chen, Y.; Dawes, R.; Kim, H.C.; Ljungdahl, A.; Stenton, S.L.; Walker, S.; Lord, J.; Lemire, G.; Martin-Geary, A.C.; Ganesh, V.S.; et al.
De novo variants in the RNU4-2 snRNA cause a frequent neurodevelopmental syndrome. Nature 2024, 632, 832–840. [CrossRef]
[PubMed]

83. Jeffries, A.M.; Yu, T.; Ziegenfuss, J.S.; Tolles, A.K.; Baer, C.E.; Sotelo, C.B.; Kim, Y.; Weng, Z.; Lodato, M.A. Single-cell transcriptomic
and genomic changes in the ageing human brain. Nature 2025, 646, 657–666. [CrossRef] [PubMed]

84. Toikumo, S.; Parisien, M.; Leone, M.J.; Srinivasan, C.; Yu, H.; Arendt-Tranholm, A.; Franco-Enzástiga, Ú.; Hofstetter, C.; Curatolo,
M.; Luo, W.; et al. The cell-type-specific genetic architecture of chronic pain in brain and dorsal root ganglia. J. Clin. Investig. 2025,
135, e197583. [CrossRef] [PubMed]

85. Feng, Y.; Cao, S.Q.; Shi, Y.; Sun, A.; Flanagan, M.E.; Leverenz, J.B.; Pieper, A.A.; Jung, J.U.; Cummings, J.; Fang, E.F.; et al. Human
herpesvirus-associated transposable element activation in human aging brains with Alzheimer’s disease. Alzheimers Dement.
2025, 21, e14595. [CrossRef] [PubMed]

86. Wang, J.; Liu, Y.; Li, H.; Nguyen, T.P.; Soto-Vargas, J.L.; Wilson, R.; Wang, W.; Lam, T.T.; Zhang, C.; Lin, C.; et al. A multi-omic
approach implicates novel protein dysregulation in post-traumatic stress disorder. Genome Med. 2025, 17, 43. [CrossRef] [PubMed]

87. Shah, K.; Totty, M.S.; Bach, S.V.; Valentine, M.R.; Chandra, A.; Algrain, H.A.; Divecha, H.R.; Miller, R.A.; Siewe, F.R.M.; Kwon,
S.H.; et al. Spatio-molecular gene expression reflects dorsal anterior cingulate cortex structure and function in the human brain.
Cell Rep. 2026, 45, 117500. [CrossRef] [PubMed]

88. Anderson, J.Q.; Darakjian, P.; Hitzemann, R.; Cervera-Juanes, R.; Zimmerman, K.D.; Reed, C.; Lockwood, D.; Ozburn, A.R.;
Phillips, T.J. Genomic and Behavioral Signatures of Selection for Ethanol Preference from the Heterogeneous Stock Collaborative
Cross Mice—The Central Nucleus of the Amygdala. Addict. Neurosci. 2025, 15, 100209. [CrossRef] [PubMed]

89. Holst, C.B.; Brøchner, C.B.; Vitting-Seerup, K.; Møllgård, K. The HOPX and BLBP landscape and gliogenic regions in developing
human brain. J. Anat. 2023, 243, 23–38. [CrossRef] [PubMed]

90. Islam, R.; White, J.D.; Arefin, T.M.; Mehta, S.; Liu, X.; Polis, B.; Giuliano, L.; Ahmed, S.; Bowers, C.; Zhang, J.; et al. Early adversity
causes sex-specific deficits in perforant pathway connectivity and contextual memory in adolescent mice. Biol. Sex Differ. 2024, 15,
39. [CrossRef] [PubMed]

91. Nascimento, M.A.; Biagiotti, S.; Herranz-Pérez, V.; Santiago, S.; Bueno, R.; Ye, C.J.; Abel, T.J.; Zhang, Z.; Rubio-Moll, J.S.;
Kriegstein, A.R.; et al. Protracted neuronal recruitment in the temporal lobes of young children. Nature 2024, 626, 1056–1065.
[CrossRef] [PubMed]

92. Xu, S.B.; Li, X.R.; Fan, P.; Li, X.; Hong, Y.; Han, X.; Wu, S.; Chu, C.; Chen, Y.; Xu, M.; et al. Single-Cell Transcriptome Landscape
and Cell Fate Decoding in Human Brain Organoids after Transplantation. Adv. Sci. 2024, 11, e2402287. [CrossRef] [PubMed]

93. Xiong, L.-L.; Niu, R.-Z.; Chen, L.; Huangfu, L.-R.; Li, J.; Xue, L.-L.; Sun, Y.-F.; Wang, L.-M.; Li, Y.-P.; Liu, J.; et al. Cross-Species
Insights from Single-Nucleus Sequencing Highlight Aging-Related Hippocampal Features in Tree Shrew. Mol. Biol. Evol. 2025, 42,
msaf020. [CrossRef] [PubMed]

94. Elzinga, S.E.; Guo, K.; Turfah, A.; Henn, R.E.; Webber-Davis, I.F.; Hayes, J.M.; Pacut, C.M.; Teener, S.J.; Carter, A.D.; Rigan, D.M.;
et al. Metabolic stress and age drive inflammation and cognitive decline in mice and humans. Alzheimers Dement. 2025, 21, e70060.
[CrossRef] [PubMed]

95. Huggett, S.B.; Ikeda, A.S.; Mcgeary, J.E.; Kaun, K.R.; Palmer, R.H.C. Opioid Use Disorder and Alternative mRNA Splicing in
Reward Circuitry. Genes 2022, 13, 1045. [CrossRef] [PubMed]

96. Siletti, K.; Hodge, R.; Mossi Albiach, A.; Lee, K.W.; Ding, S.L.; Hu, L.; Lönnerberg, P.; Bakken, T.; Casper, T.; Clark, M.; et al.
Transcriptomic diversity of cell types across the adult human brain. Science 2023, 382, eadd7046. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16071027

https://doi.org/10.1038/s41467-023-39411-7
https://www.ncbi.nlm.nih.gov/pubmed/37400444
https://doi.org/10.1016/j.devcel.2025.03.009
https://www.ncbi.nlm.nih.gov/pubmed/40203835
https://doi.org/10.1002/advs.202407137
https://www.ncbi.nlm.nih.gov/pubmed/39495628
https://doi.org/10.1038/s41586-024-08351-7
https://www.ncbi.nlm.nih.gov/pubmed/39779846
https://doi.org/10.1038/s41593-020-00794-1
https://www.ncbi.nlm.nih.gov/pubmed/33723434
https://doi.org/10.1016/j.cell.2023.02.017
https://www.ncbi.nlm.nih.gov/pubmed/36931245
https://doi.org/10.1038/s41586-024-07773-7
https://www.ncbi.nlm.nih.gov/pubmed/38991538
https://doi.org/10.1038/s41586-025-09435-8
https://www.ncbi.nlm.nih.gov/pubmed/40903571
https://doi.org/10.1172/jci197583
https://www.ncbi.nlm.nih.gov/pubmed/41055971
https://doi.org/10.1002/alz.14595
https://www.ncbi.nlm.nih.gov/pubmed/39985481
https://doi.org/10.1186/s13073-025-01473-1
https://www.ncbi.nlm.nih.gov/pubmed/40301990
https://doi.org/10.1016/j.celrep.2026.117500
https://www.ncbi.nlm.nih.gov/pubmed/42241279
https://doi.org/10.1016/j.addicn.2025.100209
https://www.ncbi.nlm.nih.gov/pubmed/40693020
https://doi.org/10.1111/joa.13844
https://www.ncbi.nlm.nih.gov/pubmed/36794762
https://doi.org/10.1186/s13293-024-00616-0
https://www.ncbi.nlm.nih.gov/pubmed/38715106
https://doi.org/10.1038/s41586-023-06981-x
https://www.ncbi.nlm.nih.gov/pubmed/38122823
https://doi.org/10.1002/advs.202402287
https://www.ncbi.nlm.nih.gov/pubmed/38711218
https://doi.org/10.1093/molbev/msaf020
https://www.ncbi.nlm.nih.gov/pubmed/40036868
https://doi.org/10.1002/alz.70060
https://www.ncbi.nlm.nih.gov/pubmed/40110679
https://doi.org/10.3390/genes13061045
https://www.ncbi.nlm.nih.gov/pubmed/35741807
https://doi.org/10.1126/science.add7046
https://www.ncbi.nlm.nih.gov/pubmed/37824663
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 21 of 22

97. Dias, C.M.; Issac, B.; Sun, L.; Lukowicz, A.; Talukdar, M.; Akula, S.K.; Miller, M.B.; Walsh, K.; Rockowitz, S.; Walsh, C.A.
Glial dysregulation in the human brain in fragile X-associated tremor/ataxia syndrome. Proc. Natl. Acad. Sci. USA 2023, 120,
e2300052120. [CrossRef] [PubMed]

98. Mathys, H.; Boix, C.A.; Akay, L.A.; Xia, Z.; Davila-Velderrain, J.; Ng, A.P.; Jiang, X.; Abdelhady, G.; Galani, K.; Mantero, J.; et al.
Single-cell multiregion dissection of Alzheimer’s disease. Nature 2024, 632, 858–868. [CrossRef] [PubMed]

99. D’Incal, C.; Van Dijck, A.; Ibrahim, J.; De Man, K.; Bastini, L.; Konings, A.; Elinck, E.; Theys, C.; Gozes, I.; Marusic, Z.; et al. ADNP
dysregulates methylation and mitochondrial gene expression in the cerebellum of a Helsmoortel-Van der Aa syndrome autopsy
case. Acta Neuropathol. Commun. 2024, 12, 62. [CrossRef] [PubMed]

100. He, G.; Du, S.; Tan, H.; Yellampally, S.; Erickson, A.W.; Fernandez, V.; Encha-Razavi, F.; Phillips, K.A.; Haberler, C.; Amberg, N.;
et al. Spatiotemporal histogenesis of the developing human cerebellum reveals dynamic layering of Bergmann glia. Proc. Natl.
Acad. Sci. USA 2026, 123, e2525673123. [CrossRef] [PubMed]

101. Wachter, A.; Woodbury, M.E.; Lombardo, S.; Abdourahman, A.; Wuest, C.; Mcglame, E.; Pastika, T.; Tamm, J.; Romanul, N.;
Yanamandra, K.; et al. Landscape of brain myeloid cell transcriptome along the spatiotemporal progression of Alzheimer’s
disease reveals distinct sequential responses to Aβ and tau. Acta Neuropathol. 2024, 147, 65. [CrossRef] [PubMed]

102. Jorstad, N.L.; Close, J.; Johansen, N.; Yanny, A.M.; Barkan, E.R.; Travaglini, K.J.; Bertagnolli, D.; Campos, J.; Casper, T.; Crichton, K.;
et al. Transcriptomic cytoarchitecture reveals principles of human neocortex organization. Science 2023, 382, eadf6812. [CrossRef]
[PubMed]

103. Qian, X.; Coleman, K.; Jiang, S.; Kriz, A.J.; Marciano, J.H.; Luo, C.; Cai, C.; Manam, M.D.; Caglayan, E.; Lai, A.; et al. Spatial
transcriptomics reveals human cortical layer and area specification. Nature 2025, 644, 153–163. [CrossRef] [PubMed]

104. Braun, E.; Danan-Gotthold, M.; Borm, L.E.; Lee, K.W.; Vinsland, E.; Lönnerberg, P.; Hu, L.; Li, X.; He, X.; Andrusivová, Ž.; et al.
Comprehensive cell atlas of the first-trimester developing human brain. Science 2023, 382, eadf1226. [CrossRef] [PubMed]

105. Gustavsson, E.K.; Sethi, S.; Gao, Y.; Brenton, J.W.; García-Ruiz, S.; Zhang, D.; Garza, R.; Reynolds, R.H.; Evans, J.R.; Chen, Z.; et al.
The annotation of GBA1 has been concealed by its protein-coding pseudogene GBAP1. Sci. Adv. 2024, 10, eadk1296. [CrossRef]
[PubMed]

106. Wälchli, T.; Ghobrial, M.; Schwab, M.; Takada, S.; Zhong, H.; Suntharalingham, S.; Vetiska, S.; Gonzalez, D.R.; Wu, R.; Rehrauer,
H.; et al. Single-cell atlas of the human brain vasculature across development, adulthood and disease. Nature 2024, 632, 603–613.
[CrossRef] [PubMed]

107. Piwecka, M.; Rajewsky, N.; Rybak-Wolf, A. Single-cell and spatial transcriptomics: Deciphering brain complexity in health and
disease. Nat. Rev. Neurol. 2023, 19, 346–362. [CrossRef] [PubMed]

108. Zhou, H.; Tian, R.R.; Wang, X.R.; Yang, J.X.; Wang, Y.X.; Zhao, M.L.; Zhang, X.D.; Ma, Y.H.; Lv, L.B.; Holmes, E.C.; et al.
Identification of novel mammalian viruses in tree shrews (Tupaia belangeri chinensis). Zool. Res. 2024, 45, 429–438. [CrossRef]
[PubMed]

109. Ye, M.S.; Zhang, J.Y.; Yu, D.D.; Xu, M.; Xu, L.; Lv, L.B.; Zhu, Q.Y.; Fan, Y.; Yao, Y.G. Comprehensive annotation of the Chinese
tree shrew genome by large-scale RNA sequencing and long-read isoform sequencing. Zool. Res. 2021, 42, 692–709. [CrossRef]
[PubMed]

110. Yang, W.G.; Liu, J.L.; Luo, Y.Q. A Stereotaxic Atlas of the Brain of Tupaia belangeri and Macaque Monkey Living in Guangxi; Guangxi
Science & Technology Publishing House: Nanning, China, 1990; pp. 1–183.

111. Ni, R.J.; Shu, Y.M.; Wang, J.; Yin, J.C.; Xu, L.; Zhou, J.N. Distribution of vasopressin, oxytocin and vasoactive intestinal polypeptide
in the hypothalamus and extrahypothalamic regions of tree shrews. Neuroscience 2014, 265, 124–136. [CrossRef] [PubMed]

112. Maher, E.E.; Prillaman, M.E.; Keskinoz, E.N.; Petry, H.M.; Erisir, A. Immunocytochemical and ultrastructural organization of the
taste thalamus of the tree shrew (Tupaia belangeri). J. Comp. Neurol. 2021, 529, 2558–2575. [CrossRef] [PubMed]

113. Son, D.R.; Kong, Y.; Tan, Y.; Hu, T.; Shi, L.; Yi, S.V. Whole-genome DNA methylomes of tree shrew brains reveal conserved and
divergent roles of DNA methylation on sex chromosome regulation. BMC Biol. 2024, 22, 277. [CrossRef] [PubMed]

114. Gupta, I.; Collier, P.G.; Haase, B.; Mahfouz, A.; Joglekar, A.; Floyd, T.; Koopmans, F.; Barres, B.; Smit, A.B.; Sloan, S.A.; et al.
Single-cell isoform RNA sequencing characterizes isoforms in thousands of cerebellar cells. Nat. Biotechnol. 2018, 36, 1197–1202.
[CrossRef] [PubMed]

115. Fan, Y.; Huang, Z.Y.; Cao, C.C.; Chen, C.S.; Chen, Y.X.; Fan, D.D.; He, J.; Hou, H.L.; Hu, L.; Hu, X.T.; et al. Genome of the Chinese
tree shrew. Nat. Commun. 2013, 4, 1426. [CrossRef] [PubMed]

116. Sanada, T.; Tsukiyama-Kohara, K.; Shin, I.T.; Yamamoto, N.; Kayesh, M.E.H.; Yamane, D.; Takano, J.I.; Shiogama, Y.; Yasutomi, Y.;
Ikeo, K.; et al. Construction of complete Tupaia belangeri transcriptome database by whole-genome and comprehensive RNA
sequencing. Sci. Rep. 2019, 9, 12372. [CrossRef] [PubMed]

117. Gu, T.; Yu, D.; Li, Y.; Xu, L.; Yao, Y.L.; Yao, Y.G. Establishment and characterization of an immortalized renal cell line of the
Chinese tree shrew (Tupaia belangeri chinesis). Appl. Microbiol. Biotechnol. 2019, 103, 2171–2180. [CrossRef] [PubMed]

118. Yin, B.; Song, Q.; Chen, L.; Li, X.; Han, Y.; Wang, X.; Dai, J.; Sun, X. Establishment of an immortalized intestinal epithelial cell line
from tree shrews by lentivirus-mediated hTERT gene transduction. Cytotechnology 2019, 71, 107–116. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16071027

https://doi.org/10.1073/pnas.2300052120
https://www.ncbi.nlm.nih.gov/pubmed/37252957
https://doi.org/10.1038/s41586-024-07606-7
https://www.ncbi.nlm.nih.gov/pubmed/39048816
https://doi.org/10.1186/s40478-024-01743-w
https://www.ncbi.nlm.nih.gov/pubmed/38637827
https://doi.org/10.1073/pnas.2525673123
https://www.ncbi.nlm.nih.gov/pubmed/41665992
https://doi.org/10.1007/s00401-024-02704-2
https://www.ncbi.nlm.nih.gov/pubmed/38557897
https://doi.org/10.1126/science.adf6812
https://www.ncbi.nlm.nih.gov/pubmed/37824655
https://doi.org/10.1038/s41586-025-09010-1
https://www.ncbi.nlm.nih.gov/pubmed/40369074
https://doi.org/10.1126/science.adf1226
https://www.ncbi.nlm.nih.gov/pubmed/37824650
https://doi.org/10.1126/sciadv.adk1296
https://www.ncbi.nlm.nih.gov/pubmed/38924406
https://doi.org/10.1038/s41586-024-07493-y
https://www.ncbi.nlm.nih.gov/pubmed/38987604
https://doi.org/10.1038/s41582-023-00809-y
https://www.ncbi.nlm.nih.gov/pubmed/37198436
https://doi.org/10.24272/j.issn.2095-8137.2023.306
https://www.ncbi.nlm.nih.gov/pubmed/38485510
https://doi.org/10.24272/j.issn.2095-8137.2021.272
https://www.ncbi.nlm.nih.gov/pubmed/34581030
https://doi.org/10.1016/j.neuroscience.2014.01.034
https://www.ncbi.nlm.nih.gov/pubmed/24486962
https://doi.org/10.1002/cne.25109
https://www.ncbi.nlm.nih.gov/pubmed/33458823
https://doi.org/10.1186/s12915-024-02071-0
https://www.ncbi.nlm.nih.gov/pubmed/39609804
https://doi.org/10.1038/nbt.4259
https://www.ncbi.nlm.nih.gov/pubmed/30320766
https://doi.org/10.1038/ncomms2416
https://www.ncbi.nlm.nih.gov/pubmed/23385571
https://doi.org/10.1038/s41598-019-48867-x
https://www.ncbi.nlm.nih.gov/pubmed/31451757
https://doi.org/10.1007/s00253-019-09615-3
https://www.ncbi.nlm.nih.gov/pubmed/30637496
https://doi.org/10.1007/s10616-018-0270-0
https://www.ncbi.nlm.nih.gov/pubmed/30603916
https://doi.org/10.3390/biom16071027


Biomolecules 2026, 16, 1027 22 of 22

119. Zhang, X.; Yu, D.; Wu, Y.; Gu, T.; Ma, N.; Dong, S.; Yao, Y.G. Establishment and transcriptomic features of an immortalized hepatic
cell line of the Chinese tree shrew. Appl. Microbiol. Biotechnol. 2020, 104, 8813–8823. [CrossRef] [PubMed]

120. Chen, J.Q.; Zhang, Q.; Yu, D.; Bi, R.; Ma, Y.; Li, Y.; Lv, L.B.; Yao, Y.G. Optimization of Milk Substitutes for the Artificial Rearing of
Chinese Tree Shrews (Tupaia belangeri chinensis). Animals 2022, 12, 1655. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16071027

https://doi.org/10.1007/s00253-020-10855-x
https://www.ncbi.nlm.nih.gov/pubmed/32880691
https://doi.org/10.3390/ani12131655
https://www.ncbi.nlm.nih.gov/pubmed/35804554
https://doi.org/10.3390/biom16071027

	Introduction 
	Advantages of Tree Shrews as Animal Models for Neurological Diseases 
	Neurological Disease Models in Tree Shrews 
	Systematic Analysis of Brain Evolution and Function in Tree Shrews 
	Comparative Anatomy Study of Tree Shrew Brain Development 
	Neural Progenitor Cells (NPCs) in Tree Shrews Resemble Those in NHPs 

	Mouse, NHP, and Human Brain Atlases 
	Tree Shrew Brain Development Atlas 
	Comparative Anatomy Atlas of the Tree Shrew Brain 
	Stereotaxic 18F-FDG PET and MRI Templates with a 3D Digital Atlas of the Tree Shrew Brain 
	Whole-Brain Afferent Atlas of the Tree Shrew Striatum 
	Atlas of Tree Shrew Brain Development Through Integrative Analysis of Single-Cell Transcriptomics and Large-Scale Comparative Genomics and Epigenomics 

	Prospects 
	Limitations and Technical Challenges of Using Tree Shrews as Animal Models for Neurological Diseases 
	Building a 4D Brain Development Atlas for Tree Shrews by Integrating Morphology, Functional Neuroimaging, and Multi-Omics Data 

	Conclusions 
	References

