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ABSTRACT

Astrocytes are associated with varying brain size between
rodents and primates. As a close evolutionary relative of
primates, the tree shrew (Tupaia belangeri) provides a
valuable comparative model for investigating glial
architecture. However, the anatomical distribution and
morphological characteristics of astrocytes in the tree
shrew brain remain poorly characterized. In this study, glial
fibrillary acidic protein (GFAP) immunofluorescence was
employed to systematically examine the spatial distribution
and morphology of astrocytes in the whole brain of tree
shrews. Notably, GFAP-immunoreactive (ir) astrocytes
were detected throughout  the  telencephalon,
diencephalon, mesencephalon, metencephalon, and
myelencephalon. Distinct laminar distribution was evident
in regions such as the main olfactory bulb and
hippocampus. Semi-quantitative comparisons revealed
significant regional differences in astrocyte density
between tree shrews and mice, encompassing the main
olfactory bulb, accessory olfactory bulb, olfactory tubercle,
cortex, hippocampus, cortical amygdaloid nucleus,
hypothalamus, thalamus, superior colliculus,
interpeduncular nucleus, median raphe nucleus, and
parabrachial nucleus. Compared to mice, tree shrews
exhibited higher astrocyte density with increased
morphological complexity in the posterior hypothalamic
nucleus, dorsomedial hypothalamic nucleus, ventromedial
hypothalamic nucleus, and periaqueductal gray, but lower
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density with greater morphological complexity in the
hippocampus and substantia nigra. In the paraventricular
hypothalamic nucleus and lateral hypothalamic area,
GFAP-ir astrocytes displayed comparable densities
between tree shrews and mice but exhibited region-
specific differences in morphological complexity. This
study provides the first brain-wide mapping of GFAP-ir
astrocytes in tree shrews, revealing marked interspecies
differences in their distribution and morphology, and
establishing a neuroanatomical  framework  for

understanding  astrocyte  involvement in  diverse
physiological and behavioral functions.
Keywords: Tree shrews; Astrocytes; Morphology;

Hippocampus; Hypothalamus

INTRODUCTION

Astrocytes, a major class of glial cells, are widely distributed
throughout the vertebrate brain (Endo et al., 2022; Zhou et al.,
2019) and perform a diverse array of essential functions,
including maintenance of the blood-brain barrier (Abbott et al.,
2006; Manu etal.,, 2023), orchestration of synaptogenesis
(Irala et al., 2024; Lawal et al., 2022; Stogsdill et al., 2017),
regulation of ion homeostasis (Hertz & Chen, 2016), buffering
of neurotransmitters (Andersen etal., 2022; Cahill etal.,
2024), and secretion of neuroactive substances (Verkhratsky
et al.,, 2016). Astrocytes also exhibit complex morphologies,
characterized by dense branches and branchlets, which form
well- delineated territories (Khakh & Sofroniew, 2015; Zhou
etal., 2019). From the cell soma, primary branches extend
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radially and gradually bifurcate into intricate networks of fine
terminal processes, many of which exhibit a high degree of
binding to synapses (Cheng et al., 2023; Freeman, 2010). The
structural complexity of astrocytes, as well as the spatial
proximity of astrocytic leaflets to the synaptic cleft, varies
significantly across brain regions and mammalian taxa, and is
known to undergo profound remodeling in response to
pathological insults (Baldwin etal., 2024; Falcone, 2022;
Khakh & Sofroniew, 2015; Oberheim etal.,, 2009).
Comparative studies have revealed that astrocytes in primates
are not only more numerous but also morphologically larger
than those in rodents (Heffernan et al., 2024). In the human
cerebral cortex, astrocytes display greater structural diversity,
enhanced complexity, and more rapid calcium signaling
dynamics than their rodent counterparts (Falcone et al., 2019;
Oberheim etal.,, 2009, 2012). Investigating astrocytes in
primates may vyield deeper insights into the cellular
mechanisms underlying human disease pathogenesis.

The tree shrew (Tupaia belangeri), a small-bodied, easily
bred mammal with rapid reproductive capacity, has emerged
as a promising experimental animal due to its close genetic
proximity to primates (Xiao et al., 2017; Yao et al., 2024). Its
anatomical, neurodevelopmental, and stress-related
psychological traits exhibit a high degree of similarity to those
of primates, including humans (Liu et al., 2023; Xiao et al.,
2017), highlighting its value in studies related to a broad
spectrum of human diseases, including infectious, oncological,
psychiatric, ophthalmological, metabolic, and immune-related
disorders (Fuchs, 2005; Lu etal., 2021; Ni etal, 2018;
Tsukiyama-Kohara & Kohara, 2014; Xiao et al., 2017; Yao,
2017). Despite increasing use of the tree shrew in biomedical
research, a foundational understanding of its neural cell
architecture remains incomplete —particularly with respect to
glial cell populations. While numerous studies have
characterized the distribution, projections, and functions of
neuronal subtypes within the tree shrew brain (Duan et al.,
2022; Huang et al., 2020; Lu et al., 2016; Ni et al., 2014, 2015,
2016, 2021a, 2021b; Nie etal.,, 2024; Shu etal., 2015),
knowledge of astrocyte biology in this species remains limited.
Prior investigations have offered only fragmentary insights.
For instance, an early investigation reported that astrocytes
lacking long processes are primarily located in the superficial
layers of the dorsolateral cortex in tree shrews (Colombo
etal.,, 2000). Subsequent work in the primary visual cortex
demonstrated that astrocytic oxidative metabolism is tightly
coupled to glutamatergic neurotransmission (Sonnay et al.,
2018). In the hippocampus, chronic psychosocial stress elicits
a pronounced reduction in both astrocyte number and soma
volume, although fluoxetine treatment effectively blocks the
decline in cell number without reversing soma shrinkage
(Czéh etal, 2006). While these studies have provided
valuable insights into region-specific astrocyte responses, they
remain limited to discrete cortical and hippocampal areas. A
comprehensive characterization of astrocyte distribution and
morphology across the entire tree shrew brain has not yet
been reported.

This study addressed the existing knowledge gap through
glial fibrillary acidic protein (GFAP) immunofluorescence
combined with whole-brain morphological reconstruction in the
tree shrew. Astrocytic features were systematically identified
in the telencephalon, diencephalon, mesencephalon,
metencephalon, and myelencephalon, with  parallel
comparative analyses conducted in mice. The results revealed
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region- and layer-specific  distribution of GFAP-
immunoreactive (ir) astrocytes throughout the tree shrew
brain. Notably, astrocyte density and morphological complexity
varied in a region-dependent manner between tree shrews
and mice. This work provides the first comprehensive
anatomical atlas of astrocytes in the tree shrew and offers key
insights into the evolutionary diversification of astroglia,
reinforcing the translational utility of this species in
neurodevelopmental and neuropathological research.

MATERIALS AND METHODS

Animals

Five adult male tree shrews (Tupaia belangeri) (8 months)
from the breeding colony in the Animal House Center of the
Kunming Institute of Zoology (China) and six adult male
C57BL/6J mice (8—10 weeks) were used in this study. The
tree shrews and mice were housed individually in animal
facilities under a temperature of 24+2°C and a 12 h light/dark
cycle (light on at 0800h) with food and water available ad
libitum. All animal procedures and handling were approved by
the Institutional Animal Care and Use Committee of Anhui
Medical University (approval no. LLSC20241768). All efforts
were made to minimize animal suffering as well as the number
of animals used.

Tissue preparation

The tree shrews and mice were deeply anesthetized with
pentobarbital sodium (80 mg/kg, intraperitoneal), then
perfused with saline followed by 4% paraformaldehyde in
phosphate-buffer (0.1 mol/L; pH 7.4). After perfusion, the
brains were removed and post-fixed by immersion in the same
fixative overnight at 4°C. The brains from three tree shrews
and four mice were soaked in 15% sucrose in phosphate-
buffered saline (PBS: 0.1 mol/L; pH 7.4) until the tissues sank,
followed by soaking in 30% sucrose solution in PBS. The
brains were then frozen and sectioned into serial slices (30
pm thick) on a cryostat microtome (RWD Life Science, China).
Sections were stored at —20°C until use. Brains from one tree
shrew and one mouse were sectioned into serial slices (100
pm thick) on a vibrating microtome (B-S-1018, Bitelligen,
China). Sections were stored at 4°C until use.

Immunofluorescent staining

For GFAP immunofluorescence, brain sections (30 um or 100
pum thick) were rinsed and permeabilized with 0.5% Triton X-
100 in PBS (PBST) for 1 h. Sections (100 um thick) were then
blocked with 5% normal donkey serum (017-000-121, Jackson
ImmunoResearch, USA) in 0.5% PBST at room temperature
for 1 h, followed by incubation with either rabbit polyclonal
anti-GFAP (20334, Dako, 1:1 000, Denmark) or mouse
monoclonal anti-GFAP (G3893, Sigma-Aldrich, 1:500, USA)
primary antibodies in 0.5% PBST at 4°C for 24 h or 48 h.
Subsequently, sections (100 pm thick) were rinsed and
incubated with donkey anti-rabbit |gG-conjugated Alexa Fluor
594 (711-585-152, Jackson ImmunoResearch, 1:200) or
donkey anti-mouse IgG-conjugated Alexa Fluor 594 (715-585-
151, Jackson ImmunoResearch, 1:200, USA) secondary
antibodies at room temperature for 2 h or 4°C for 12 h. The
sections were then rinsed and incubated with 4’,6-diamidino-2-
phenylindole dihydrochloride (DAPI; D1306, Thermo Fisher
Scientific, 1:2 000, USA) at room temperature for 30 min.
Finally, sections were rinsed and coverslipped with glycerin.
Specificity of GFAP labeling was verified using a negative
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control in which the anti-GFAP primary antibody was omitted
and the secondary antibody was applied.

For dual-immunofluorescence, sections were rinsed and
permeabilized with 0.5% PBST for 1 h, followed by blocking
with 5% normal donkey serum (Jackson ImmunoResearch,
USA) in 0.5% PBST at room temperature for 1 h. Sections
were then incubated with primary antibodies at 4°C for 48 h,
including rabbit polyclonal anti-GFAP (Z0334, Dako, 1:1 000,
Denmark), mouse monoclonal anti-neuron-specific nuclear
protein (anti-NeuN, MAB377, Millipore, 1:1 000, USA), rat
monoclonal anti-ionized calcium binding adaptor molecule 1
(anti-Iba1, ab283346, Abcam, 1:500, UK), mouse monoclonal
anti-myelin ~ oligodendrocyte  glycoprotein (anti-MOG,
ab243034, Abcam, 1:500, UK), and mouse monoclonal anti-a-
smooth muscle actin (anti-a-SMA, 67735-1-Ig, Proteintech,
1:500, USA). Following primary antibody incubation and
rinsing, sections were incubated with secondary antibodies at
room temperature for 2 h, including Alexa Fluor 594-
conjugated donkey anti-rabbit 1IgG (1:200), Alexa Fluor 488-
conjugated donkey anti-rat 1gG (711-545-153, Jackson
ImmunoResearch, 1:200, USA), and Alexa Fluor 488-
conjugated donkey anti-mouse 1gG (715-545-150, Jackson
ImmunoResearch, 1:200, USA). Sections were subsequently
rinsed and incubated with DAPI (1:2 000) at room temperature
for 30 min, then rinsed and coverslipped with glycerin. The
stained sections were imaged using a confocal laser-scanning
microscope (Spin SR, Olympus, Japan) under a 20x or 60x
objective. A summary of the distribution of GFAP-ir astrocytes
throughout the brains of tree shrews and mice is provided in
Supplementary Table S1.

Immunohistochemistry

Briefly, sections (30 um thick) were treated with 0.3%
hydrogen peroxide in 0.5% PBST for 1 h. Antigen retrieval
was performed in citrate buffer for 20 min, after which the
sections were blocked with 5% normal goat serum (005-000-
121, Jackson ImmunoResearch, USA) in 0.5% PBST at 37°C
for 1 h. Sections were then incubated with rabbit polyclonal
anti-GFAP (Z0334, Dako, 1:1 000, Denmark) or mouse
monoclonal anti-GFAP (G3893, Sigma-Aldrich, 1:500, USA)
for 24 h at 4°C, followed by incubation with biotinylated goat
anti-mouse IgG (BA-9200, Vector Laboratories, 1:200, USA)
or goat anti-rabbit 1IgG (BA-1000, Vector Laboratories, 1:200,
USA) and avidin-biotin peroxidase complex (PK-4000, Vector
Laboratories, 1:200, USA). Sections were stained with 0.05%
3,3 ' -diaminobenzidine (Sigma-Aldrich, USA) and 0.25%
NiSO,-6H,0 (Sigma-Aldrich, USA) as chromogen. Sections
were then dehydrated in a gradient of ethanol, cleared in
xylene, and coverslipped using gum.

Western blot analysis

Brain protein extracts were prepared from one tree shrew and
one mouse using RIPA solution (Radio-Immunoprecipitation
Assay) mixed with a protease inhibitor cocktail (Roche,
Switzerland) and phosphatase inhibitor (Roche, Switzerland),
following established procedures (Li etal., 2024; Qi etal.,
2024). Proteins were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred for western blot analysis. GFAP was detected
using rabbit polyclonal anti-GFAP (20334, Dako, 1:1 000,
Denmark) or mouse monoclonal anti-GFAP (G3893,
Sigma-Aldrich, 1:1 000, USA) and appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies: anti-
rabbit 1I9gG (W401B, Promega, 1:2 000, USA) or anti-mouse

1gG (W402B, Promega, 1:2 000, USA). Signals were detected
with enhanced chemiluminescence (BL520B, Biosharp,
Canada) on a chemiluminescence imaging system (Tanon-
4600, China).

Astrocyte density quantification in tree shrews and mice
Astrocyte densities were assessed in 10 brain regions from
three tree shrews and four mice. Each region was subdivided
into rostral (first third), middle (intermediate third), and caudal
(last third) parts. For tree shrews, coronal sections were
collected at 0.18 mm intervals; for mice, sections were
collected at 0.09 mm intervals. In each section, two identical
grids were applied bilaterally to the target region, with the
number of astrocytes in each grid then counted using ImageJ.
Astrocyte density for a region in one section was determined
as the mean count from the two grids. Only GFAP-ir cells co-
labeled with DAPI-positive signals were included in the
analysis. Astrocyte density in the rostral, middle, or caudal
subdivision of each region was calculated as the mean density
measured across the corresponding sections for that
individual. Bregma coordinates for tree shrews were
referenced from the tree shrew brain atlas (Zhou & Ni, 2016),
and for mice from the Mouse Brain in Stereotaxic Coordinates,
4th edition (Paxinos & Franklin, 2001).

Three-dimensional (3D) reconstruction

To assess astrocytic morphology, GFAP- and DAPI-stained
brain sections (100 ym thick) were imaged using a confocal
laser-scanning microscope equipped with a 60x objective.
Image stacks were obtained at a resolution of 2304x2304
pixels with a z-stack step size of 1.0 ym. All images were
captured from the center of each brain structure to minimize
overlap with adjacent regions. Identical confocal settings were
used, including laser intensity, exposure time, and display
adjustments. Imaris v.9.3 (Bitplane, Switzerland) was used to
quantify filament length, filament area, and filament volume,
as well as to conduct Sholl analysis. Only GFAP-ir astrocytes
with fully visualized filamentous processes were selected for
reconstruction. The following parameters were applied for
astrocytic filament tracing: starting point, 4 ym; seed point,
0.5 pm; smoothing factor, 0.325; sphere diameter, 10.8 ym. In
cases where two astrocytes were erroneously identified as a
single cell, manual separation was performed using the cut
function. Automated reconstructions were manually adjusted.
At least seven astrocytes co-labeled with DAPI from the
rostral, middle, or caudal parts of each region were selected
for reconstruction. Filament data and branching points for
each astrocyte were determined using Imaris and used for
subsequent Sholl analysis. Image processing, reconstruction,
and quantification were performed blind to experimental
conditions.

Statistical analysis

GraphPad Prism v.9.0 (GraphPad, USA) was used for
statistical analysis and graph generation. Differences among
multiple groups were analyzed using one-way repeated
measures (RM) analysis of variance (ANOVA), two-way
ANOVA, or two-way RM ANOVA, followed by Bonferroni post
hoc tests. All datasets were checked for normality using the
Kolmogorov-Smirnov test and for homogeneity of variance.
Detailed statistical results are shown in Supplementary Tables
S2, S3. Data are presented as meanzstandard error of the
mean (SEM), and P<0.05 was considered statistically
significant.
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RESULTS

To evaluate the suitability of GFAP immunostaining in tree
shrew and mouse brains, anti-GFAP antibodies from different
sources were tested. Both immunostaining and western
blotting confirmed that the two anti-GFAP antibodies
effectively and specifically labeled GFAP in both species
(Supplementary Figure S1). Based on these results, the rabbit
polyclonal anti-GFAP antibody (Dako, Z0334) was selected for
all subsequent experiments. To further confirm antibody
specificity, GFAP immunofluorescence co-staining was
performed with NeuN, Iba1, and MOG, respectively
(Supplementary Figure S2). Results showed no co-localization
of GFAP with any of the three markers. Additionally, no
immunofluorescent signal was detected in negative control
sections from tree shrew and mouse brains (Supplementary
Figure S3). These findings validate both the suitability and
specificity of the anti-GFAP antibody used in this study.

GFAP immunoreactivity in each brain region was evaluated
using the relative intensity scale depicted in Supplementary
Figure S4. GFAP-ir astrocytes exhibiting light, moderate, and
intense immunostaining are represented with +, ++, and +++
(Supplementary Figure S4A-C). A summary of the anatomical
distribution and relative density of GFAP-ir astrocytes across
brain regions in tree shrews and mice is provided in
Supplementary Table S1. To facilitate visualization, regional
astrocyte distributions were further illustrated using heatmaps
(Supplementary Figures S5, S6).

Telencephalon

Rhinencephalon: GFAP-ir  astrocytes were  unevenly
distributed within the main olfactory bulb (MOB) (Figure 1A),
accessory olfactory bulb (AOB) (Figure 1B), and anterior
olfactory nucleus (AON) (Figure 1C). In the MOB, astrocytes
exhibited a prominent laminar distribution. Strong GFAP-ir
signals were observed in the ependyma and subependymal
layers (E) (Figure 1A4). In addition, GFAP-ir astrocytes were
abundant in the olfactory nerve layer (ONL) and glomerular
layer of the olfactory bulb (GL) (Figure 1A1, A2). GFAP-ir
fibers showed a moderate density in the ONL, with short and
scattered processes (Figure 1A1), while astrocytes displayed
densely interwoven fibers and clearly defined somata in the
GL (Figure 1A1, A2). Sparse astrocytic fibers were present in
the external plexiform layer (EPI) (Figure 1A2), internal
plexiform layer (IPI) (Figure 1A3), mitral cell layer (MCL)
(Figure 1A3), and granule cell layer (GCL) (Figure 1A4) of the
olfactory bulb. Similarly, in the AOB, a substantial number of
GFAP-ir astrocytes were distributed in the glomerular layer
(GIA) (Figure 1B1), external plexiform layer (EPIA)
(Figure 1B2), and granule cell layer of the accessory olfactory
bulb (GrA) (Figure 1B4) but showed sparse to moderately
dense distribution in the mitral cell layer of the accessory
olfactory bulb (MiA) (Figure 1B3). In contrast, the AON
exhibited no detectable GFAP-ir signals (Figure 1C, C1-C4).
Neocortex: GFAP-ir astrocytes showed a laminar distribution
in the neocortex of tree shrews (Figure 1D). Layer | contained
a high density of GFAP-ir astrocytes (Figure 1D, D1), with
clearly defined cell bodies and vertically oriented fibers
occasionally observed extending into deeper layers
(Figure 1D, D1). In layers II-VI, GFAP-ir astrocytes were
sparsely distributed in the perivascular region (Supplementary
Figure S7). Moderate densities of astrocytes were detected in
the cingulate cortex (Cg) (Figure 1E), entorhinal cortex (Ent)
(Figure 1F), and ectorhinal cortex (Ect) (Figure 1F). In these
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regions, GFAP-ir astrocytes with irregular somata and
abundant fibers were primarily located near the cortical edge
and exhibited disorganized spatial arrangements. In the
piriform cortex (Pir), GFAP-ir astrocytes were confined to layer
I, with no signal detected in layers II/ll (Figure 1E).
Hippocampus: Immunofluorescence staining of coronal
sections revealed the full rostrocaudal extent of the
hippocampal formation in tree shrews, situated beneath the
cortex (Figure 2A—F). Astrocytes initially emerged on the
ventral side of the brain, then exhibited a gradual increase in
density, with a laminar distribution in the dentate gyrus (DG),
cornu ammonis 3 (CA3), and cornu ammonis 1 (CA1) regions
(Figure 2A-F).

In the polymorphic cell layer of the dentate gyrus (PoDG),
GFAP-ir astrocytes were tightly packed, exhibiting thick and
densely interwoven fibers. The molecular layer (MoDG)
showed sparse to moderate astrocyte density, while the
granular cell layer (GrDG) lacked detectable GFAP
immunoreactivity (Figure 2D1, D2). In CA3, GFAP-ir
astrocytes were sparsely to densely distributed in the stratum
radiatum (Rad) and lacunosum moleculare (LMol)
(Figure 2D2, D3) and sparsely to moderately distributed in the
stratum oriens (Or) (Figure 2D3). No GFAP-ir astrocytes were
observed in the stratum pyramidal cell layer (Py; Figure 2D3).
In CA1, the Rad and LMol showed sparse to moderate
astrocyte densities, characterized by conspicuous somata with
short, radial fibers. No GFAP-ir astrocytes were observed in
the Py layer of the CA1 (Figure 2D4).

Overall, GFAP-ir astrocytes were widely distributed across
the DG, CA3, and CA1 regions of the hippocampus. High
astrocyte densities were observed in the Rad and LMol of CA3
and in the PoDG. Moderate densities were detected in the
LMol, Rad, and Or of CA1 as well as in the MoDG. No GFAP-
ir astrocytes were present in the GrDG or Py layers.

Basal ganglia: GFAP-ir astrocytes were sparsely distributed
within the accumbens nucleus (Acb), striatum (CPu) and
ventral pallidum (VP) (Figure 3A, B). In contrast, a substantial
number of GFAP-ir astrocytes were observed in the internal
capsule (ic), a white matter region separating the CPu into the
caudate (Cd) and putamen (Pu) (Figure 3B). In the globus
pallidus (GP), a large number of GFAP-ir astrocytes were
detected with clear somata and dense intertwined fibers
(Figure 3B). No GFAP-ir astrocytes were present in the
claustrum (Cl) (Figure 3B).

Amygdala: Within the amygdaloid complex, GFAP-ir
astrocytes were occasionally observed at high density in the
anterior cortical amygdaloid nucleus (Aco) (Figure 3C). Sparse
to moderate astrocyte densities were found in the medial
nucleus (MeA), sublenticular extended amygdala (EA), and
basolateral nucleus (BLA) (Figure 3D). Moderately dense
astrocyte populations were evident in the central nucleus
(CeA), anterior amygdaloid area (AA), and Aco (Figure 3D).
Interestingly, astrocytes in these regions were predominantly
located in the perivascular zone (Supplementary Figure S7).
No  GFAP-ir astrocytes were detected in the
amygdalohippocampal area (AHi) (Figure 3E).

Septal and preoptic regions: Coronal immunofluorescence
revealed the distribution of GFAP-ir astrocytes across the
septal nucleus of the tree shrew from rostral to caudal
(Figure 3F—H). High astrocyte densities were observed in the
medial preoptic area (MPA), median preoptic nucleus (MnPO),
and triangular septal nucleus (TS) (Figure 3G-l). Moderately
to highly dense GFAP-ir astrocytes were also detected in the


www.zoores.ac.cn

Bregma 9.60 mm

Bregma 7.90 mm
- I

D3

Layer II-IIT Layer IV
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Figure 1 GFAP immunoreactivity in the rhinencephalon and neocortex

A-C: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the MOB (A), AOB (B), and AON (C) of the tree
shrew brain. D: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in different layers of the neocortex in the
tree shrew brain. E, F: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the Cg (E), Pir (E), Ect (F), and
Ent (F) of the tree shrew brain. For A-F, left-side coronal schematics show locations of stained sections; areas indicated with yellow or green dotted
lines are magnified and shown in the right panels. A1-A4, B1-B4, C1-C4, and D1-D6 are magnified from the corresponding regions in the right
panels of A, B, C, and D, respectively. Left panels of Figure 1B and 1C are taken from the same image. Left panels of Figure 1D and 1E are taken
from the same image. Left panels of Figure 1F and 4F are taken from the same figure. Scale bars are shown in each image. AOB: Accessory
olfactory bulb; AON: Anterior olfactory nucleus; AOD: Anterior olfactory nucleus, dorsal part; AOE: Anterior olfactory nucleus, external part; AOL:
Anterior olfactory nucleus, lateral part; AOM: Anterior olfactory nucleus, medial part; AOP: Anterior olfactory nucleus, posterior part; AOV: Anterior
olfactory nucleus, ventral part; Cg: Cingulate cortex; E: Ependyma and subependymal layer; Ect: Ectorhinal cortex; Ent: Entorhinal cortex; EPIA:
External plexiform layer of the accessory olfactory bulb; EPI: External plexiform layer of the olfactory bulb; GIA: Glomerular layer of the accessory
olfactory bulb; GL: Glomerular layer of the olfactory bulb; GCL: Granule cell layer; GrA: Granule cell layer of the accessory olfactory bulb; IPI:
Internal plexiform layer of the olfactory bulb; MOB: Main olfactory bulb; MiA: Mitral cell layer of the accessory olfactory bulb; MCL: Mitral cell layer of

the olfactory bulb; ONL: Olfactory nerve layer; Pir: Piriform cortex; WM: White matter.

medial septal nucleus (MS) and septohippocampal nucleus
(SHi) (Figure 3F—H). In the lateral septal nucleus (LS),
astrocyte density was low in the rostral and caudal portions
but increased markedly in the middle subdivision
(Figure 3F-H). Moderately dense populations were found in
the nucleus of the horizontal limb of the diagonal band (HDB)
(Figure 3l), nucleus of the vertical limb of the diagonal band
(VDB; Figure 3l), and lateral preoptic area (LPO) (Figure 3J).
GFAP-ir astrocytes were sparsely distributed in the bed
nucleus of the stria terminalis (BST) (Figure 3J).

Diencephalon
Hypothalamus: In the supraoptic region, GFAP-ir astrocytes
were abundantly distributed in the supraoptic nucleus (SON)
and suprachiasmatic nucleus (SCN) (Figure 4A, B). Similarly,
dense astrocytes were observed in nearly all subregions of the
paraventricular nucleus (PVN), with clear somata and highly
intertwined fibers lacking clear organization (Figure 4B).
Notably, an exceptionally high density of astrocytes was
concentrated around the periventricular region of the third
ventricle (Figure 4B), with astrocytes also observed in the
periventricular hypothalamic nucleus (Pe) (Figure 4B).

In the tuberal region, scattered GFAP-ir astrocytes were
present in the dorsomedial hypothalamic nucleus (DMH) and

ventromedial hypothalamic nucleus (VMH) (Figure 4C). The
lateral hypothalamic area (LH) showed a moderate astrocyte
density (Figure 4C), whereas the arcuate hypothalamic
nucleus (Arc) exhibited a high density of GFAP-ir astrocytes
(Figure 4D, E).

Within the mammillary region, which comprises the
mammillary bodies and tuberomammillary nucleus, GFAP-ir
astrocytes were moderately dense in both the lateral (SuML)
and medial (SuMM) parts of the supramammillary nucleus
(Figure 4D-F). A substantial number of astrocytes were also
detected in the lateral mammillary nucleus (LM) (Figure 4D,
E). In contrast, astrocyte density in the lateral part of the
mammillary nucleus (ML) gradually decreased from rostral to
caudal (Figure 4D—F). The medial part of the mammillary
nucleus (MM) exhibited a moderate astrocyte density
(Figure 4D, E).

Thalamus: Substantial densities of GFAP-ir astrocytes were
observed in the anterior part of paraventricular thalamic
nucleus (PVA), posterior part of paraventricular thalamic
nucleus (PVP), rhomboid thalamic nucleus (Rh), medial
habenular nucleus (MHb), lateral habenular nucleus (LHb),
parafascicular thalamic nucleus (PF), and mediodorsal
thalamic nucleus (MD) (Figure 4G-l). The nucleus of the stria
medullaris (sm) also contained a large astrocyte population

Zoological Research 46(4): 877-892, 2025 881
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Figure 2 GFAP immunoreactivity in the hippocampus

Bregma -3.32 mm

Bregma -3.61 mm

A-F: Coronal sections from rostral to caudal showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the hippocampus of the tree
shrew brain. For A—F, left-coronal schematics show locations of stained sections. Areas indicated with colored dotted lines in D are magnified in
D1-D4. Figure 2E and left panel of 4K are taken from the same image. Figure 2F and left panel of 4M are taken from the same image. Scale bars
are shown in each image. GrDG: Granular cell layer; LMol: Lacunosum moleculare layer; MoDG: Molecular cell layer; Or: Oriens layer; PoDG:

Polymorph cell layer; Py: Pyramidal cell layer; Rad: Radiatum layer.

(Figure 4G). In contrast, low densities of astrocytes were
scattered throughout the paracentral thalamic nucleus (PC),
anteroventral thalamic nucleus (AV), reuniens nucleus (Re),
central medial thalamic nucleus (CM), and zona incerta of the
thalamus (ZI) (Figure 4G-J). In the pretectal nucleus (PT),
numerous GFAP-ir astrocytes were found in the medial
pretectal nucleus (MPT) and olivary pretectal nucleus (OPT)
(Figure 4K).

The geniculate nucleus includes the dorsal lateral
geniculate nucleus (DLG), dorsal cap (DC), intergeniculate
leaflet (IGL), ventral lateral geniculate nucleus (VLG), and
medial geniculate nucleus (MG) (Figure 4L, M). Notably,
GFAP-ir astrocytes were densely distributed in the DLG and
VLG (Figure 4L), while sparsely to moderately distributed in
the MG and IGL (Figure 4L, M).

Mesencephalon

The midbrain tectum is comprised of the superior colliculi (SC)
and inferior colliculi (IC). GFAP-ir astrocytes were present
across all subregions of the SC (Figure 5A). A particularly high
density of astrocytes was observed in the zonal layer of the
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superior colliculus (Zo) (Figure 5A). Other SC layers, including
the superficial gray (SuG), intermediate gray (InG),
intermediate white (InWh), and deep gray colliculus (DpG),
exhibited variable astrocyte densities ranging from sparse to
dense (Figure 5A). The optic nerve layer (Op) contained
sparse to moderate GFAP-ir astrocytes (Figure 5A), while the
deep white layer (DpWh) showed sparse distribution
(Figure 5A). In the IC, only a small number of GFAP-ir
astrocytes were detected (Figure 5B).

Substantial GFAP-ir astrocyte populations were also
observed in the substantia nigra (SN) and dorsal raphe
nucleus (DR) (Figure 5C, D). In contrast, the parabrachial
pigmented nucleus (PBP) of the ventral tegmental area (VTA)
displayed sparse to moderate astrocyte densities (Figure 5C).

Additionally, a considerable number of GFAP-ir astrocytes
were observed in the interpeduncular nucleus (IP), median
raphe nucleus (MnR), retrorubral field (RRF), and
periaqueductal gray (PAG) (Figure 5C, D).

Metencephalon and myelencephalon
High densities of GFAP-ir astrocytes were detected across
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Figure 3 GFAP immunoreactivity in the basal ganglia, amygdala, septal, and preoptic regions

A, B: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the Acb, Cd, ic, Pu, GP, VP, Cl, and IPAC of the
tree shrew brain. C—E: Coronal sections from rostral to caudal showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the amygdala of
the tree shrew brain. F-H: Coronal sections from rostral to caudal showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the septal
and preoptic areas of the tree shrew brain. I, J: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the
VDB, HDB, MPA, LPO, MPO, and BST of the tree shrew brain. For A-J, left-coronal schematics show locations of stained sections. For A, C-J,
areas indicated with yellow dotted lines are magnified and shown in the right panels. For B, area indicated with yellow dotted lines is magnified and
shown in the middle panel; area indicated with green dotted lines in the middle panel is magnified and shown in the right panel. Left panels of
Figure 3C, 3G, and 3J are taken from the same image. Scale bars are shown in each image. AA: Anterior amygdaloid area; Acb: Accumbens
nucleus; Aco: Anterior cortical amygdaloid nucleus; AHi: Amygdalohippocampal area; BLA: Basolateral amygdaloid nucleus; BMA: Basomedial
amygdaloid nucleus; BST: Bed nucleus of the stria terminalis; Cd: Caudate nucleus; CeA: Central amygdaloid nucleus; Cl: Claustrum; EA:
Sublenticular extended amygdala; GP: Globus pallidus; HDB: Nucleus of the horizontal limb of the diagonal band; ic: Internal capsule; IPAC:
Interstitial nucleus of the posterior limb of the anterior commissure; LPO: Lateral preoptic area; LSd: Lateral septal nucleus, dorsal part; LSi: Lateral
septal nucleus, intermediate part; LSv: Lateral septal nucleus, ventral part; MeA: Medial amygdaloid nucleus; MnPO: Median preoptic nucleus;
MPA: Medial preoptic area; MPO: Medial preoptic nucleus; MS: Medial septal nucleus; Pu: Putamen; SFi: Septofimbrial nucleus; SHi:
Septohippocampal nucleus; TS: Triangular septal nucleus; VDB: Nucleus of the vertical limb of the diagonal band; VP: Ventral pallidum.

Astrocytes in the hippocampus
In tree shrews, GFAP-ir astrocyte density gradually increased

multiple regions of the metencephalon and myelencephalon,
including the pontine nuclei (Pn), dorsal tegmental nucleus

(DTg), laterodorsal tegmental nucleus (LDTg), locus coeruleus
(LC), medial cerebellar nucleus (Med), facial nucleus (7N),
intermediate reticular nucleus (IRt), gigantocellular reticular
nucleus (Gi), and lateral cerebellar nucleus (Lat) (Figure 5C,
E-G).

Astrocyte density and morphological characteristics in
tree shrew and mouse brain

To examine interspecies differences in astrocyte density and
morphology, 10 anatomically defined brain regions of interest
were selected from tree shrews and mice.

along the rostrocaudal axis within the CA1, CA3, and DG
regions of the hippocampus (Figure 6A, C, E, G, I, K). In
contrast, no significant rostrocaudal differences in astrocyte
density were observed in the mouse hippocampus (Figure 6A,
B, E, F, |, J). Quantitative comparisons revealed that astrocyte
density in the tree shrew hippocampus was lower than that in
mice (Figure 6D, H, L). Semi-automated quantitative
morphometry based on 3D reconstruction was performed to
investigate the morphological characteristics of GFAP-ir
astrocytes in the CA1, CA3, and DG regions of both species
(Figure 7A—F). In tree shrews, astrocytes located in the caudal
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Figure 4 GFAP immunoreactivity in the hypothalamus and thalamus

A, B: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the SON, SCN, PVN, and Pe of the tree shrew
brain. C: Representative image showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the LH, DMH, and VMH of the tree shrew
brain. D—F: Coronal sections showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) from rostral to caudal in the mammillary nucleus of
the tree shrew brain. G-I: Coronal sections from rostral to caudal showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the
habenular nucleus and thalamic nucleus of the tree shrew brain. J, K: Representative images showing GFAP immunoreactivity co-labeled with DAPI
(blue) in the ZI, MPT, OPT, and APTD of the tree shrew brain. L, M: Representative images showing GFAP immunoreactivity (red) co-labeled with
DAPI (blue) in the geniculate nucleus of the thalamus, including DLG, IGL, VLG, and MG, of the tree shrew brain. For A-M, left-coronal schematics
show locations of stained sections; areas indicated with yellow dotted lines are magnified and shown in the right panels. Left panels of Figure 4D
and 4H are taken from the same image. Left panels of Figure 4F and 1F are taken from the same image. Left panels of Figure 4K and 2E are taken
from the same image. Left panels of Figure 4M and 2F are taken from the same image. Scale bars are shown in each image. APTD: Anterior
pretectal nucleus, dorsal part; Arc: arcuate hypothalamic nucleus; AV: Anteroventral thalamic nucleus; CM: Central medial thalamic nucleus; DLG:
Dorsal lateral geniculate nucleus; DMH: Dorsomedial hypothalamic nucleus; IGL: Intergeniculate leaflet; IMD: Intermediodorsal thalamic nucleus;
LH: lateral hypothalamic area; LHb: Lateral habenular nucleus; LM: lateral mammillary nucleus; MD: Mediodorsal thalamic nucleus; MG: Medial
geniculate nucleus; ML: Medial mammillary nucleus, lateral part; MHb: Medial habenular nucleus; MM: Medial mammillary nucleus, medial part;
MPT: Medial pretectal nucleus; OPT: Olivary pretectal nucleus; PC: Paracentral thalamic nucleus; Pe: Periventricular hypothalamic nucleus; PF:
Parafascicular thalamic nucleus; PoMn: Posteromedian thalamic nucleus; PVA: Paraventricular thalamic nucleus, anterior part; PVN:
Paraventricular hypothalamic nucleus; PVP: Paraventricular thalamic nucleus, posterior part; Re: Reuniens thalamic nucleus; Rh: Rhomboid
thalamic nucleus; SCN: Suprachiasmatic nucleus; sm: Stria medullaris of the thalamus; SN: Substantia nigra; SON: Supraoptic nucleus; SuM:
Supramammillary nucleus; SuML: Supramammillary nucleus, lateral part; Sub: Submedius thalamic nucleus; SuMM: Supramammillary nucleus,
medial part; VL: Ventrolateral thalamic nucleus; VLG: Ventral lateral geniculate nucleus; VMH: Ventromedial hypothalamic nucleus; ZI: Zona
incerta.

hippocampus exhibited significantly longer and more elaborate markedly greater structural complexity relative to those in
filamentous processes compared to those in the rostral and mice.

middle regions (Figures 7A, C, E, 8A, C, E). No such regional
differences in filament morphology were detected in mice
(Figures 7B, D, F, 8A, C, E). In addition, tree shrew astrocytes
in all three hippocampal subfields exhibited significantly longer

Astrocytes in the hypothalamus

Astrocytes are enriched in the hypothalamus of rodents
(Hajdarovic etal., 2022; Kalman & Hajoés, 1989). In the
present study, astrocyte density and morphology were

and larger filament processes than those in mice (Figure 8A,
C, E). Sholl analysis further demonstrated that astrocytes in
the CA1, CA3, and DG regions of tree shrews displayed a
higher number of radial intersections from the cell body
compared to their murine counterparts (Figure 8B, D, F).
Collectively, these results suggest that tree shrew
hippocampal astrocytes exhibit lower cellular density but
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systematically examined in the hypothalamus of both tree
shrews and mice. Within the PVN, astrocyte density peaked in
the middle part in both species, with lower densities observed
in the rostral and caudal parts (Supplementary Figure S8A-C).
However, no significant interspecies differences in overall
astrocyte density were detected in the PVN (Supplementary
Figure S8D). Morphological analyses revealed that in the
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Figure 5 GFAP immunoreactivity in the mesencephalon and metencephalon/myelencephalon

A: Representative image showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the superior colliculus and anterior pretectal nucleus
of the tree shrew brain. B-D: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in the IC, IP, Pn, SN, PBP,
PAG, DR, RRF, and MnR of the tree shrew brain. E, F: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in
the LC, LDTg, DTg, and Med of the tree shrew brain. G: Representative image showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) in
the 7N, IRt, Gi, and Lat of the tree shrew brain. For A-G, left-coronal schematics show locations of stained sections; areas indicated with yellow or
green dotted lines are magnified and shown in the right panels. G1-G4 are magnified from the corresponding regions shown in the right panel of G.
Scale bars are shown in each image. 7N: Facial nucleus; APTD: Anterior pretectal nucleus, dorsal part; APTV: Anterior pretectal nucleus, ventral
part; DpG: Deep gray layer of the superior colliculus; DpWh: Deep white layer of the superior colliculus; DR: Dorsal raphe nucleus; DTg: Dorsal
tegmental nucleus; Gi: Gigantocellular reticular nucleus; IC: Inferior colliculus; InG: Intermediate gray layer of the superior colliculus; InWh:
Intermediate white layer of the superior colliculus; IP: Interpeduncular nucleus; IRt: Intermediate reticular nucleus; Lat: Lateral cerebellar nucleus;
LC: Locus coeruleus; LDTg: Laterodorsal tegmental nucleus; Med: Medial cerebellar nucleus; MnR: Median raphe nucleus; Op: Optic nerve layer of
the superior colliculus; PAG: Periaqueductal gray; PBP: Parabrachial pigmented nucleus of the VTA; Pn: Pontine nuclei; RRF: Retrorubral field; SN:
Substantia nigra; Zo: Zonal layer of the superior colliculus.

rostral PVN, tree shrew astrocytes exhibited shorter filament
processes and fewer intersections than those in mice

S10A-C). Notably, astrocyte density in the PH was
significantly higher in tree shrews than mice, a difference not

(Supplementary Figure S8E—I, J1). In contrast, astrocytes in
the middle PVN of tree shrews had a significantly higher
number of intersections relative to mice (Supplementary
Figure S8J2), while no significant difference was observed in
the caudal PVN (Supplementary Figure S8J3). These findings
suggest that although astrocyte density in the PVN is similar
between tree shrews and mice, branching complexity differs in
a region-specific manner.

In the posterior hypothalamic nucleus (PH) and LH, a
decreasing rostrocaudal gradient in astrocyte density was
observed in both species (Supplementary Figures S9A-C,

observed in the LH (Supplementary Figures S9D, S10D). In
the PH, tree shrew astrocytes exhibited longer and larger
filament processes and a greater number of intersections
compared to mice (Supplementary Figure S9E-I, J1-3). In the
LH, increased filament length and intersection count in tree
shrew astrocytes were observed specifically in the caudal
subdivision (Supplementary Figure S10E-I, J1-3). These
results suggest that astrocytes in the PH, but not the LH,
exhibited both higher density and greater morphological
complexity in tree shrews than in mice.

In the DMH, astrocyte density declined rostrocaudally in
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Figure 6 Distribution patterns of GFAP-ir astrocytes in the hippocampus of tree shrews and mice

A, E, I: Representative images showing GFAP immunoreactivity (red) co-labeled with DAPI (blue) from rostral to caudal in the CA1 (A), CA3 (E),
and DG (1) of the mouse (upper panels) and tree shrew brains (lower panels). B, C, F, G, J, K: Densities of GFAP-ir cells from rostral to caudal in
the CA1 (B, C), CA3 (F, G), and DG (J, K) of the mouse and tree shrew brains. D, H, L: Quantification of GFAP-ir astrocyte densities from rostral to
caudal in the CA1 (D), CA3 (H), and DG (L) of mouse and tree shrew brains. Data are shown as the meantSEM. For B, C, F, G, J, and K, one-way
repeated-measures ANOVA, main effect of location relative to bregma, ###. p<0.0001; for D, H, and L, two-way repeated-measures ANOVA,
Bonferroni post hoc test, ": P<0.0001, *: P<0.05, #: P<0.01, ##: P<0.001, #*: P<0.0001; n=4 mice and 3 tree shrews. Scale bars: 50 um. For
detailed statistics, see Supplementary Table S2. GrDG: Granular cell layer; LMol: Lacunosum moleculare layer; Or: Oriens layer; PoDG: Polymorph

cell layer; Py: Pyramidal cell layer; Rad: Radiatum layer.

mice but remained relatively stable in tree shrews
(Supplementary Figure S11A-C). Conversely, in the VMH,
tree shrews rather than mice exhibited a significant
rostrocaudal decrease in astrocyte density (Supplementary
Figure S12A-C). Further analyses revealed higher astrocyte
densities in both the DMH and VMH of tree shrews relative to
mice (Supplementary Figure S11D, Supplementary Figure
S12D). Furthermore, astrocytes in these regions exhibited
longer filament processes and a higher number of
intersections in tree shrews compared to mice (Supplementary
Figures S11E-Il, J1-3, S12E-l, J1-3). Collectively, these
results demonstrate that in the DMH and VMH, tree shrew
astrocytes exhibit both higher density and enhanced
morphological complexity compared to those in mice.

Astrocytes in the substantia nigra and periaqueductal
gray

In the SN of tree shrews, astrocyte density showed a gradual
rostrocaudal decline, a pattern not observed in mice
(Supplementary Figure S13A-C). Specifically, astrocyte
density in the caudal SN was markedly lower in tree shrews
compared to mice (Supplementary Figure S13D). Astrocytes
in the SN of tree shrews had longer and larger filament
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processes as well as a higher number of intersections
compared to mice (Supplementary Figure S13E-I, J1-3).
These findings suggest that in the SN, tree shrew astrocytes
display reduced density caudally but greater morphological
complexity along the rostrocaudal axis relative to mouse
astrocytes.

In the PAG, a rostrocaudal increase in astrocyte density
was observed in mice, whereas no such trend was evident in
tree shrews (Supplementary Figure S14A-C). Overall,
astrocyte density in the PAG was significantly higher in tree
shrews than in mice (Supplementary Figure S14D). Tree
shrew astrocytes in this region also exhibited longer and larger
filament processes and a higher number of intersections
compared to their murine counterparts (Supplementary Figure
S14E-I, J1-3). These results suggest that astrocytes in the
PAG of tree shrews demonstrate both higher density and
greater morphological complexity compared to those in mice.

DISCUSSION

This study presents a comprehensive brain-wide mapping of
GFAP-ir astrocytes in the tree shrew, revealing their
distributional architecture across all major neuroanatomical
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Figure 7 Representative images showing GFAP-ir astrocyte morphology in the hippocampus of tree shrews and mice

A, B: Representative images of GFAP immunofluorescence (red) and three-dimensional (3D) reconstruction (green) of astrocytes from rostral to
caudal in the hippocampal CA1 region in tree shrew (A) and mouse brains (B). C, D: Representative images of GFAP immunofluorescence (red)
and 3D reconstruction (green) of astrocytes from rostral to caudal in the hippocampal CA3 region in tree shrew (C) and mouse brains (D). E, F:
Representative images of GFAP immunofluorescence (red) and 3D reconstruction (green) of astrocytes from rostral to caudal in the hippocampal
DG region in tree shrew (E) and mouse brains (F). Areas indicated with yellow dotted lines are magnified and shown in the “GFAP: zoom” images.

Scale bars: 50 ym (overview) and 20 pm (zoom and rendering).

divisions. High astrocytic densities were observed in the E,
GL, GIA, GrA, layer | of the cerebral cortex, PoDG, GP, MPA,
MnPO, TS, OPT, PVP, LHb, MHb, IP, SN, Zo, DTg, Gi, IRt,
Lat, LDTg, Med, lateral parabrachial nucleus (LPB), and
hypothalamus. The global distributional profile of GFAP-ir
astrocytes in the tree shrew showed striking similarities with
previously characterized astrocytic patterns in the rat brain
(Hajos & Kalman, 1989; Kalman & Hajos, 1989), suggesting
conserved organizational principles across species. Beyond
mapping, this investigation provides a systematic interspecies
comparison of GFAP-ir astrocyte density spanning the
telencephalic, diencephalic, mesencephalic, metencephalic,
and myelencephalic regions, revealing region-specific
divergence between tree shrews and mice. Notably, this
research delivers the first detailed quantitative assessment of
astrocytic density and morphology in critical neurofunctional
structures, including the CA1, CA3, DG, PVN, PH, LH, DMH,
VMH, SN, and PAG, across both species.

These findings yield several important implications. First,
the detailed anatomical and morphological atlas of astrocytes
in the tree shrew offers a foundational reference for
delineating more precise brain region boundaries and enables
region-specific functional analyses of astrocyte roles. Second,
the systematic distributional data advance our understanding
of glial evolutionary trajectories, bridging the phylogenetic gap
between rodents and primates and providing insight into
astrocyte diversification in the primate lineage. Finally, cross-

species analysis of astrocytic architecture and expression
patterns highlights both conserved and divergent features of
astrocyte organization, which may shed light on the shared
pathophysiological mechanisms underlying neuropsychiatric
disorders.

Species comparisons of GFAP-ir astrocyte distribution
and functional relevance Telencephalon

The MOB is divided into seven distinct layers, ranging from
the superficial to deep, including the ONL, GL, EPI, MCL, IPI,
GCL, and subependymal zone (SZ) (Bailey & Shipley, 1993).
In tree shrews, GFAP-ir astrocytes exhibited a pronounced
laminar distribution, with particularly high densities in the E,
GL, ONL, and GIA, closely mirroring the distribution observed
in mice. However, interspecies differences emerged in the IPI
and MCL regions, where astrocytic fibers in tree shrews
appeared sparse or limited, contrasting with the dense
distribution seen in mice. Such divergences suggest species-
specific modulation of glial architecture in olfactory processing
regions. Comparative data from rats and humans further
underscore the variability in astrocyte distribution (Bailey &
Shipley, 1993; Rahimian et al., 2024). In rats, robust GFAP
expression is observed in the GL and SZ, with moderate
immunoreactivity in the EPI and reduced labeling in the GCL
(Bailey & Shipley, 1993). In humans, GFAP-ir astrocyte
density is high in the ON and GL but low in the EPI and MCL,
with astrocytes in the SZ of the olfactory bulb exhibiting
extremely high density (Chiu & Greer, 1996). These variations
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Figure 8 Quantifications and Sholl analyses of GFAP-ir astrocytic processes in the hippocampus of tree shrews and mice

A, C, E: Imaris-based automated quantification of GFAP-ir astrocytic filament length, filament area, and filament volume from rostral to caudal in the
CA1 (A), CA3 (C), and DG (E) of mouse and tree shrew brains. B, D, F: Sholl analyses of astrocytic morphology from rostral to caudal in the CA1
(B), CA3 (D), and DG (F) of mouse and tree shrew brains. Data are shown as the mean+SEM. For A, C, and E, two-way ANOVA, Bonferroni post

" P<0.05, " P<0.01, ™ P<0.001, ™"
measures ANOVA, main effect of species, " P<0.05,

hoc test,
”: P<0.01,

: P<0.0001, #: P<0.05, #: P<0.01, ¥ P<0.001, ##: P<0.0001; for B, D, and F, two-way repeated-
. P<0.001,

" P<0.0001. CA1-mouse (rostral: n=19 cells; middle: n=23 cells;

caudal: n=22 cells); CA1-tree shrew (rostral: n=18 cells; middle: n=22 cells; caudal: n=22 cells). CA3-mouse (rostral: n=18 cells; middle: n=20 cells;
caudal: n=17 cells); CA3-tree shrew (rostral: n=16 cells; middle: n=16 cells; caudal: n=22 cells). DG-mouse (rostral: n=17 cells; middle: n=18 cells;
caudal: n=13 cells); DG-tree shrew (rostral: n=14 cells; middle: n=22 cells; caudal: n=17 cells). For detailed statistics, see Supplementary Table S2.

point to conserved yet flexible glial adaptations that likely
support species-specific demands in olfactory signal
integration. Notably, astrocytes have been implicated in
modulating olfactory bulb circuits, and disruptions in astrocytic
function have been linked to impaired sensory processing
(Sardar et al., 2023; Ung et al., 2020, 2021).

Cortical structures are generally delineated as six layers of
neurons that emerge in a sequential manner during the early
stages of development (Eiraku et al., 2008). These structures
play a critical role in motor, sensory, and cognitive functions
(Bayraktar et al., 2020). In the tree shrew, GFAP-ir astrocytes
were enriched in layer | and predominantly localized to the
perivascular area, while layers |lI-VI showed sparse
immunoreactivity. In contrast, mice exhibited weak GFAP
immunoreactivity in layer | and virtually no detectable labeling
in layers |l-VI. |Interestingly, GFAP-ir astrocytes were
occasionally prominent in the Pir1 and Ent of mice, a pattern
not observed in tree shrews. These findings may reflect
species-specific differences in astrocytic maturation and
regional specialization. During cortical development, GFAP-ir
astrocyte distribution varies dynamically across regions and
laminae (Amenta et al., 1998; Hodge et al., 2019), and mature
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astrocyte subtypes display functional and morphological
profiles that differ between humans and rodents. Notably,
primate-specific interlaminar astrocytes are located in layer |
and extend long processes, whereas protoplasmic astrocytes
populate layers I1-VI.

In the hippocampal formation of the tree shrew, the rostral
part first appeared in the ventral portion of the brain,
consistent with previous anatomical observations in tree
shrews and nonhuman primates (Keuker etal., 2003;
Schwerdtfeger, 1984). GFAP-ir astrocytes were densely
distributed in the CA1, CA3, and DG regions, excluding the
granule and pyramidal cell layers, mirroring the general
distribution observed in the mouse hippocampus. However,
notable interspecies differences were also evident. In the tree
shrew, astrocytic density in the hippocampus progressively
increased along the rostrocaudal axis, a pattern not observed
in mice. Comparative studies in other mammals have reported
similar and divergent patterns. In adult dogs, GFAP-ir
astrocytes are observed in all layers of the DG, with somata
enriched in the polymorphic layer, and are primarily detected
in the stratum oriens and radiatum, with sparse labeling in or
near the pyramidal layer (Hwang et al., 2008). In adult rats, as
in mice, astrocytic GFAP expression delineates the
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hippocampal cytoarchitecture, with morphology varying across
layers (Kalman & Hajos, 1989). A key finding of the present
study was that tree shrew hippocampal astrocytes displayed
lower overall density yet greater morphological complexity
than those in mice. Given the essential role of the
hippocampus in learning, memory formation and
consolidation, and emotional regulation, including responses
to fear, anxiety, and stress (Bartsch & Wulff, 2015), these
morphological features may have important implications.
Chronic stress has been shown to reduce hippocampal
astrocyte density and induce structural atrophy in rodents
(Murphy-Royal etal.,, 2019), with similar reductions in
hippocampal astrocytes documented in individuals with major
depressive disorder (Cobb etal, 2016; Rajkowska &
Stockmeier, 2013). Tree shrews are highly sensitive to stress
(Fang et al., 2016; Meng et al., 2016; Wang et al., 2011), and
the reduced astrocyte density in their hippocampus may
constitute a structural determinant linking astrocyte plasticity
to stress vulnerability. Peripheral processes of astrocytes lie in
close proximity to neuronal synapses, allowing them to
modulate synaptic activity and contribute to the regulation of
neural circuits (Allen, 2014; Cheng etal.,, 2023; Khakh &
Deneen, 2019). Enhanced branching complexity has been
proposed to promote physical interactions within the structural
domains of astrocytes (Delgado-Garcia et al., 2024). These
processes have also been implicated in orchestrating
neurotransmitter diffusion within the extracellular space (Lawal
et al., 2022). By ensheathing synapses, astrocyte processes
can limit glutamate spillover and prevent nonspecific trans-
synaptic activation, thereby facilitating long-term potentiation
and contributing to memory formation (Henneberger etal.,
2020; Herde et al., 2020; Ota et al., 2013; Ventura & Harris,
1999). The high morphological complexity of hippocampal
astrocytes in tree shrews may reflect an enhanced capacity for
synaptic modulation and structural plasticity, potentially
supporting learning-associated neural remodeling. These
species-specific astrocytic features may underlie functional
differences in hippocampal-dependent learning and memory
between tree shrews and mice, offering a valuable framework
for future comparative neurobiological investigations.

Our results indicated that astrocytes were sparsely
distributed in the striatum (caudate-putamen), whereas the
globus pallidus contained a markedly higher astrocytic density,
consistent with prior observations in the rat brain (Kalman &
Hajos, 1989). Notably, the VP exhibited low GFAP
immunoreactivity in tree shrews but showed relatively dense
labeling in mice. GFAP-ir astrocytes were absent from the
nucleus accumbens in mice but demonstrated sparse to
moderate densities in tree shrews. In contrast, astrocytes
exhibit enrichment in the marginal region of the nucleus
accumbens in rats (Kalman & Hajos, 1989).

In the tree shrew amygdala, GFAP-ir astrocytes exhibited
sparse to moderate densities across most subregions, with no
detectable labeling in the AHi. In contrast, dense GFAP-ir
astrocytes were present in the AHi and EA of mice, with
sparse distribution in other subregions of the amygdala.
Across the septal and preoptic regions, astrocytic distribution
patterns were broadly conserved between the two species.

Diencephalon

Astrocytes exhibit substantial evolutionary divergence across
mammalian lineages, with notable increases in size and
morphological complexity observed in primates compared with
rodents (Ciuba et al., 2025). In the present study, astrocytes in
the hypothalamus of tree shrews exhibited consistently higher

densities and greater structural complexity compared to those
in mice, aligning with the phylogenetic proximity of tree shrews
to primates (Xiao etal., 2017). As a central regulator of
autonomic, endocrine, and behavioral functions, the
hypothalamus integrates diverse physiological inputs to
maintain  systemic homeostasis (Camandola, 2018).
Astrocytes within the hypothalamic preoptic integrate
nociception and thermoregulation (Jia etal., 2024), while
those in the VMH and Arc sense hormonal and nutrient cues
and regulate metabolism and energy homeostasis (Ameroso
etal.,, 2022; Garcia-Caceres etal., 2019; Harrison etal.,
2019). Tree shrews display elevated metabolic activity, with
higher locomotor activity, heart rate, and core body
temperature relative to rodents (Wang etal., 2013). The
increased density and morphological complexity of
hypothalamic astrocytes in tree shrews may reflect
adaptations to these heightened physiological demands,
potentially contributing to their unique characteristics. In the
PVN, astrocyte densities were comparable between tree
shrews and mice; however, the branching architecture varied
depending on anatomical location, suggesting conserved
astrocytic presence accompanied by region-specific structural
divergence. Comparative analyses of PVN cytoarchitecture—
including astrocytic organization —across primates, tree
shrews, and rodents are needed in future research. In rodents,
PVN astrocytes contribute to systemic glucose metabolism
and adaptive responses to metabolic signals (Herrera Moro
Chao etal., 2022). Obesity triggers anatomically restricted
remodeling of astrocytic Ca?* signaling in the PVN, and
chemogenetic manipulation of these astrocytes exerts
bidirectional control over systemic glucose metabolism and
energy homeostasis (Herrera Moro Chao etal., 2022).
Notably, tree shrews are more sensitive to glucose than
rodents, positioning them as valuable translational models for
investigating the astrocytic mechanisms underlying type 2
diabetes (Zhao et al., 2018). The distribution pattern of PVN
astrocytes in tree shrews provides an anatomical basis for
understanding the role of astrocytes in nutritional and
metabolic diseases across mammalian species.

The thalamus, widely considered as the gateway to
consciousness, plays a pivotal role in transmitting sensory and
motor signals to the neocortex and in regulating sleep-related
rhythms (Philippot etal., 2021). Structural remodeling of
thalamic astrocytes has been linked to changes in attention
and cognitive processing (Cho etal., 2022; Copeland et al.,
2017). In the present analysis, the overall distribution patterns
of GFAP-ir astrocytes across most thalamic regions were
comparable between tree shrews and mice. However,
markedly higher astrocytic densities were detected in tree
shrews within specific thalamic nuclei, including the
intermediodorsal thalamic nucleus (IMD), MD, DLG, PT, PVA
and PVP, indicating region-specific amplification of astrocytic
presence in the tree shrew thalamus.

Mesencephalon, metencephalon, and myelencephalon

In the tree shrew mesencephalon, GFAP-ir astrocytes were
prominently distributed within the SC, DR, IP, MnR, PAG,
RRF, SN, and ventral tegmental nucleus (VTg). Within the
metencephalon and myelencephalon, dense astrocytic
labeling was observed in the DTg, Gi, IRt, Lat, LPB, LDTg, LC,
Med, and Pn. Across numerous brainstem regions, astrocyte
densities in the tree shrew exceeded those measured in mice,
indicating  species-specific  amplification of  astrocytic
representation. A detailed analysis of the SN revealed a
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rostrocaudal gradient in the tree shrew, characterized by
declining astrocyte density toward the caudal pole
accompanied by increasing morphological complexity —an
organizational feature not observed in mice. These
interspecies differences in astrocytic density and morphology
may reflect differences in physiological and behavioral
functions mediated by specific brain regions.

The functional role of astrocytes in the tree shrew SN
remains largely uncharacterized. In mice, astrocytes located in
the substantia nigra pars compacta (SNpc) have been shown
to undergo age-associated increases in morphological
complexity without corresponding increases in GFAP
expression (Bondi etal.,, 2023). In contrast, studies in the
human brain have reported age-related elevations in GFAP
levels within the SN (Venkateshappa et al., 2012), suggesting
that species-specific regulatory mechanisms may shape
astrocytic dynamics in this region.

Limitations

This study has several limitations that should be mentioned.
First, the limited sample size may constrain the statistical
power of our conclusions, highlighting the need for larger
cohorts in future comparative investigations. Furthermore, it is
well established that a considerable proportion of astrocytes
are GFAP-negative (Walz, 2000; Walz & Lang, 1998). As
such, it is possible that the GFAP-ir population examined here
may represent only a subset of the total astrocyte population.
Further studies using alternative astrocytic markers, such as
aldehyde dehydrogenase 1 family member L1 (ALDH1L1), are
needed. Additionally, multiple astrocyte subtypes with distinct
morphological profiles have been described in humans and
rodents (Falcone & Martinez-Cerdefio, 2023; Schitine et al.,
2015; Vasile et al., 2017), yet the morphological heterogeneity
of astrocytes in the tree shrew brain remains uncharacterized,
warranting future investigation.

CONCLUSION

The present study provides the first systematic, brain-wide
atlas of GFAP-ir astrocyte distribution and morphology in tree
shrews. The data provide an anatomical and morphological
framework that may support future investigations into region-
specific astrocyte function and their involvement in
neurophysiological and behavioral processes.
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