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ABSTRACT

The central cholinergic system regulates diverse neurological functions, learning,
attention, arousal, sleep, emotion regulation and behavior control. As a close
evolutionary relative of primates, tree shrew is a valuable comparative model for
neurobiological investigation. However, the anatomical distribution.=ef_ choline
acetyltransferase-immunoreactive (ChAT-ir) neurons in its_brain ‘temains poorly
characterized. Using ChAT immunofluorescence, we systematieally mapped the whole-
brain distribution and morphology of ChAT-ir neuronssn tree shrew and compared them
with mouse. In the neocortex, ChAT-ir netrons ‘werc*absent in tree shrew, whereas
mouse showed sparse cortical labeling, Semi-quantitative analyses of subcortical
regions revealed the overall distribution/was largely conserved, whereas tree shrew
exhibited higher ChAT-ir-neuronal.density in the trochlear and prepositus nuclei
compared to mice. ‘ChAT=ir neurons were detected in the suprachiasmatic and
supraoptic nuclei in the hypothalamus in tree shrew but not in mouse. Tree shrew ChAT-
it, neurons“showed greater dendritic complexity in caudate nucleus, medial septum,
peduncutepontine/dorsal tegmental nuclei, and prepositus nucleus, while the horizontal
limb of the diagonal band and oculomotor nuclei exhibited similar complexity across
species. In the putamen, tree shrew has more complex distal dendrites but less complex
proximal branches than mice. ChAT-ir neurons displayed a rostral-to-caudal density
gradient in caudate, while mice showed largely uniform distributions of ChAT-, CB-,

PV-, and CR-positive neurons across caudate putamen medial and lateral side. These
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findings provide a comprehensive mapping of ChAT-ir neurons in the tree shrew brain,
highlighting significant interspecies differences and offering a structural framework for

investigating cholinergic roles in diverse neural functions.

Keywords: Tree shrew; Choline acetyltransferase; Whole-brain map
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INTRODUCTION

The tree shrew (Tupaia belangeri), owing to its close evolutionary proximity with
primates, has emerged as an important alternative to non-human primates (NHPs) in
biomedical research (Yao et al., 2024). It is increasingly employed‘te investigate
fundamental biological and pathological processes, including sleep regulation (€oolen
et al., 2012), viral infections (Feng et al., 2017; Ruan et al., 2013);-myopia.(Kuset al.,
2022), and psychosocial stress-induced depression (Kozicz et*als; 2008), with more
recent work establishing models for neurodegenerative diseases. Notably, previous
studies have validated the tree shrew as a-Suitable model.for aging and Alzheimer’s
disease (AD) research, offering unique, translational potential for studying neural
mechanisms underlying cognitive décling (Guo,et al., 2021; Li et al., 2023; Li et al.,
2024; Pan et al., 2022 yWang.et al2023).

Among thefieural systems most relevant to cognitive and behavioral function, the
brain’s cholinergic network plays a central role in modulating neuronal excitability and
synaptic transmission (Kaneko et al., 2000; Maurice et al., 2015). Through its
widespread projections, cholinergic network supports sleep (Ni et al., 2016; Satchell et
al., 2025), arousal (Fuller et al., 2011), sensory and motor processing as well as higher-
order cognitive behaviors, including visuo-auditory perception (Maher et al., 2021),
attention (Luchicchi et al., 2014; Sarter et al., 2016), motor (Xu et al., 2015), and
cognition (Li et al., 2018). Of particular importance is cholinergic network in the dorsal

striatum, which modulate corticostriatal plasticity (Deffains & Bergman, 2015) encode
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reward-related signals (Kljakic et al., 2022), and support behavioral flexibility (Okada
et al., 2014), thereby contributing directly to cognitive processes. Central to this system
is choline acetyltransferase (ChAT), a 69 kDa enzyme responsible for acetylcholine
synthesis (Gill et al., 2003) and a widely used marker for identifyifig, cholinergic
neurons across species, from rodents to primates and humans (Araujo De.Geis Morais
et al., 2023; Chen et al., 2022; Nishijo et al., 2022; Shekari-&-Fahnestock, ;2021;
Williams et al., 2022a), in both developing and mature brains.

Although cholinergic systems have been extensively characterized in rodents and
primates, knowledge of ChAT-ir neurons in-the trée,shrew (Tapaia) remains limited. To
date, existing studies remain fragmented, and are largely limited to localized
immunohistochemical observatignss rathérithan systematic, whole-brain analyses of
ChAT-ir neuron distributien~Existing=work has mainly focused on visual pathways,
reporting dense/Cholinergic.innérvation of the lateral geniculate nucleus and visual
cortex (Fitzpatrick et'al., 1988), as well as distinct ChAT lamination patterns in the
retina=(Calvey.-.ct al., 2015; Knabe et al., 2007; Zhang et al., 2019). Notably,
investigations of retinal cholinergic organization primarily pertain to peripheral sensory
structures and do not constitute a comprehensive characterization of the central nervous
system. In contrast, studies addressing the brain-wide distribution of cholinergic
neuronal soma within the tree shrew central nervous system remain exceedingly scarce.
At the phylogenetic level, genomic and comparative analyses place the tree shrew

within Euarchonta and closer to primates than to rodents (Fan et al., 2018; Yao et al.,
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96  2024), highlighting its value as an intermediate model for evolutionary neurobiology.
97  Despite increasing interest in the tree shrew as a translational species, a quantitative,
98  brain-wide mapping of ChAT-ir neuronal soma has not yet been established, nor have
99  direct and systematic comparisons with well-studied species such as thesmouse been
100  performed. Given the critical roles of acetylcholine in arousal (Fuller et=al.,"2011),
101  attention(Luchicchi et al., 2014; Sarter et al., 2016), synaptic plastieity'(Pieciottoet al.,
102 2012), and neuroendocrine regulation (Shi et al., 2008), a comprehensive delineation
103 of the cholinergic architecture of the tree shréw brain is essential for defining its
104  neurobiological and translational relevance. The “present stidy addresses this gap by
105  providing a comprehensive, brain-wide-mapping/0f/ChAT-ir neuronal distribution and
106  morphology across the entire tiee/'shrew'brain and bydirectly contrasting these features
107  with those observed in'the-mouse=This*Study aimed to investigate both conserved and
108  species-specifici"organizational s principles of the cholinergic system, offer new
109  comparative insights fin relation to primates, and establish a robust neuroanatomical
110 [ framework*for future functional, evolutionary, and disease-related investigations in this
111  emetgingsmodel organism.
112
113 MATERIALS AND METHODS
114  Animals
115 Thirteen adult male tree shrews (8 months) were provided by the breeding colony

116  inthe Animal House Center of the Kunming Institute of Zoology, Kunming, P. R. China.
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Three tree shrews were used for immunofluorescence, three for immunofluorescence-
based three-dimensional reconstruction, three for immunohistochemistry, three for
fluorescence in situ hybridization, and one for Western blot. Twelve C57BL/6J male
mice (8- 10 weeks) were obtained from Shanghai Slac Laboratory Aniimal Co. Ltd.
(Shanghai, China). Three mice were used for immunofluorescences=three for
immunofluorescence-based three-dimensional reconstruetion, three for
immunohistochemistry, three for fluorescence in situ hybridization. Tree shrews and
mice were housed individually in animal facilities ynder a 12-hour light/dark cycle
(lights on at 8:00 AM) at 24-26°C with ad libitum feod and water conditions. All animal
experiments were evaluated and approved by the Institutional Animal Care and Use
Committee of Anhui Medical University (LLSC20211388). All efforts were made to

minimize animal suffefing-as.well-as.th¢ number of animals used.

Tissue preparation

Animals_were deeply anaesthetized with sodium pentobarbital (80 mg/kg, i.p.),
perfused=with phosphate-buffered saline (PBS, 0.1 M, pH 7.4) for 3 min and then with
phosphate-buffered solution of 4% paraformaldehyde. After perfusion, the brains were
removed and immersed in the same fixative at 4°C for three days (tree shrew) or one
day (mouse). The brains were then immersed in 15% sucrose in PBS, followed by
immersed in 30% sucrose in PBS until the tissue sank. The tissues were frozen and

sectioned into 30 um serial slices on a cryostat microtome (RWD Life Science, China).
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138  The sections were stored at -20°C until use. Brains from one tree shrew and one mouse
139  were sectioned into 100 um serial slices on a vibrating microtome (B-S-1018, Bitelligen,
140  China). The sections were stored at 4°C until use.

141

142 Immunofluorescent staining

143 The whole brain of the tree shrew was sectioned coronally at-a-thickness.of 30 um.
144 For three-dimensional reconstruction, brain tissues were sectioned into /100 pm-thick
145  slices. Brain sections were rinsed and permeabilized.with 0.3% (v/v) Triton X-100 in
146  PBS (PBST) for 1 h, blocked with 5% normal goat serum.for 30 min, and incubated
147  overnight at 4 °C with goat anti-ChALprimary antibody (1:100, AB144P, Millipore);
148  rabbit anti-GABA primary antiboédy (#1500, A2052; Sigma-Aldrich) and mouse anti-
149  tyrosine hydroxylase /primary antibedy (1:100, MAB5280, Millipore). After PBS
150  rinsing, sectionswere.ineubated for 1 h at 37 °C with Donkey anti-Goat IgG (H+L)
151 (1:200, 705-585-147,Jackson); Donkey anti-Rabbit IgG (H+L) (1:200, 711-545-152,
152  Jacksen) and.Donkey anti-Mouse IgG (H+L) (1:200, 715-545-150, Jackson). Sections
153  were washed again and counterstained with DAPI (1:2000). To assess antibody
154  specificity, either the primary or secondary antibody was omitted in control experiments.
155  Images were acquired using a Spin SR microscopy (Olympus, Japan).

156

157 Immunohistochemistry

& Zoological
i 4 Research




158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

10

Thirty-micrometer sections were treated in 0.5% PBST for 1 h. Antigen retrieval
was carried out in citrate buffer for 20 min, followed by blocking with 5% normal
donkey serum (017-000-121, Jackson ImmunoResearch, USA) in 0.5% PBST at 37 °C
for 1 h. Sections were incubated with mouse monoclonal anti-Parvalbumin (PV)
(MABI1572, Millipore, 1:1000, USA), anti-Calretinin (CR) (MAB1568s=Millipore,
1:1000, USA) or anti-Calbindin (CB) (C9868, Sigma, 1:1000, USA), réspectively for 1
h at 37°C and overnight at 4°C, followed by biotinylated horse”anti-mouse IgG (BA-
2000, Vector Laboratories, 1:200, USA) and avidinzbiotin peroxidase complex (PK-
4000, Vector Laboratories, 1:200, USA). Sectionsswere.developed with 0.05% 3,3 ' -
diaminobenzidine (Sigma-Aldrich, USA) and 0:25% NiSO4-6H20 (Sigma-Aldrich,
USA) as chromogen. Sections wetre.then dehydrated.through graded ethanol, cleared in

xylene, and cover slippedswith mounting medium.

Three-dimensional reconstruction

Te evaluate ChAT-ir neuronal morphology, 100-um sections stained for ChAT and
DARI “were 1imaged using a Spin SR microscope with a 30xobjective to acquire
stereoscopic views of the target brain regions. Images were acquired at a resolution of
2304%2304 pixels, with z-stacks collected at 1.0-um intervals. All images were
captured from the nucleus center to minimize overlap with adjacent regions. Imaging
parameters (laser intensity, exposure time, threshold) were kept constant across all

acquisitions. Imaris 9.3 software (Bitplane, Switzerland) was employed to quantify
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179  process length, soma area and soma volume, and to perform sholl analysis. Only ChAT-
180  ir neurons with complete process length were included in process reconstruction.
181  Custom settings for process reconstruction were: starting points=10 pum, seed
182  points =2 um, smooth= 2, sphere diameter =10 pm. The center of the somia,was defined
183  as the origin for each reconstructed cell. A series of concentric spheres-was_then
184  generated at fixed radial intervals extending outward from the soma-center~The number
185 of intersections between cellular processes and each tcenceéntric/ sphere was
186  automatically calculated at increasing radii. Each reconstructed cell was treated as an
187  independent statistical unit. Intersection prefiles were obtained for individual cells and
188  averaged within each experimental group for subsequent analysis. Sholl intersection
189  data were analyzed using two-way analysis of*variance (ANOVA), with experimental
190  group and radial distance-as.factetss-followed by appropriate post hoc comparisons
191  where applicable:»This appreach allowed for quantitative assessment of changes in
192  process complexity as a function of distance from the soma.

193

194  Western-blot analysis

195 To exam the sensitivity and specificity of antibody, western blot was performed
196  following established procedures (Wang et al., 2025). Brain proteins were extracted by
197  homogenizing tissue in ice-cold RIPA buffer containing 50 mM Tris—HCI (pH 7.6), 1%
198  Triton X-100, 150 mM NaCl, 0.1% SDS, a protease inhibitor cocktail, and 0.5%

199  sodium deoxycholate. The homogenate was centrifuged at 12,000 x g for 15 min at 4 °C,
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and protein concentration was determined by BCA assay. Proteins were resolved by 12%

SDS-PAGE and transferred to membranes for western blotting. ChAT was detected
using goat anti-ChAT (1:1000, AB144P, Millipore, USA) and HRP-conjugated anti goat
IgG (1:2000, 330622, ADL, USA). Signals were detected usihg enhanced
chemiluminescence (BL520B, Biosharp, Canada) on a chemiluminescenee, imaging

system (Tanon-4600, China).

Fluorescence in situ hybridization and Imaging

Animals were deeply anesthetized with 1% (w/v)ssodidim pentobarbital. Cardiac
perfusion was performed sequentially with 50 mL-of37-C 1x PBS (phosphate buffered
saline; dissolved in RNase-free¢ water);"50 mL"ef ice-cold 1x PBS, and 50 mL of ice-
cold 1% hydrogel monomer-solutien-(HMS; 1% acrylamide, 0.0125% bis-acrylamide,
0.25% VA-044 initiator [w/v]; 4% PFA in 1x PBS, RNase-free). Brains were dissected
and incubated in 50 mL'4% HMS at 4°C overnight. The embedding solution (25 ml of
4% HMS and 25 ml of 4% BSA) was degassed under vacuum for 10 min. Brains were
thenimmersed in the solution and sealed for polymerization at 37°C for 4 h. Embedded
brains were trimmed and sectioned into 300 pum slices using a vibratome. Slices were
cleared overnight at 37°C in 4% SDS/0.2 M boric acid buffer (pH = 8.5) with gentle
shaking, then washed three times in 0.3% PBST (1 X PBS with 0.3% Triton X-100) at
37°C for 1 h each, followed by a final wash in 1X PBS at room temperature. The

hybridization protocol was adapted from the HCR 3.0 method (Choi et al., 2018; Zheng
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et al., 2025). Mouse brain slices were transferred to 50 mL tubes and incubated in 10
mL of 30% pre-hybridization buffer (30% formamide in 5X SSC) at 37°C for 30 min
with gentle shaking. Slices were then incubated overnight at 37°C in 10 mL of probe

hybridization buffer (30% formamide in 5X SSC containing a probe mixture; 400 nM

per probe) with gentle shaking. The following day, slices were washed.at 37C with 30%

prehybridization buffer four times (2 X 15 min, then 2 X 30 min)-with,gentle'shaking,
followed by two washes at room temperature in 5X SSCTw" (5X ;SSC with 0.1%
Tween-20) for 15 min each. Samples were then equilibrated in.pre-amplification buffer
(5 X SSCTw) at room temperature for 30 min, Fluoreseent-hairpins were prepared by
snap-cooling 200 pL of 3 uM hairpin‘stockin hairpin buffer (heated at 95°C for 90 s,
then cooled in the dark at room/temperature for 30 min). The snap-cooled hairpins were
added to 10 mL of amplification buffer: Samples were incubated overnight (>16 h) at
room temperaturé*in the*dark*with 1 mL of amplification buffer. Excess hairpins were
removed by washing at room temperature in 5 X SSCTw (2 X 5 min, 2 X 30 min), 0.5
X SSETwW2_X"30 min), and 0.5X SSC (3 X 10 min) with gentle shaking. Prior to
imagingg=brain slices were incubated overnight in a refractive index (RI) matching
medium composed of iohexol (650 g), urea (350 g), triethanolamine (140 g), and 210
mL of RNasefree water. The imaging chamber was filled with the same medium to
ensure consistent optical properties during acquisition. Imaging was conducted using

the VISoR platform (Wang et al., 2019).
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ChAT-ir neurons density quantification in tree shrews and mice

The densities of ChAT -ir neurons were quantified in 34 brain regions from three
tree shrews and three mice. All sections were processed for immunofluorescence
staining. Coronal sections were obtained at 0.18 mm intervals in tw€@, shrews and
0.09 mm intervals in mice. For each section, two identical counting grids.were ‘placed
bilaterally over the target region, and ChAT -ir neurons within eaeh.grid were counted
using ImageJ software. Regional density in each section was defined as the mean count
from the two grids, and only cells co-labeled with DAPI were.included in the analysis.
For each animal, regional density was caletlated*as the CHAT" cells numbers / total
cells numbers. The total number of cellsin each region was determined by DAPI-based
nuclear counting. Bregma coordinates wete| assigned according to the tree shrew brain
atlas (Jiang-Ning Zhou &Reng-JunNiy2016) and the mouse stereotaxic atlas (Franklin

& Paxinos, 2013):

Interneuron.density quantification in tree shrews

The~densities of interneurons were quantified in the caudate nucleus (Cd) and
putamen (Pu) of tree shrews (n=3) by normalizing the number of marker-positive
interneurons to the total number of DAPI-labeled nuclei within the corresponding brain
regions. Cd and Pu was subdivided into rostral (first third), middle (intermediate third),
and caudal (last third) parts. Coronal sections were obtained at 0.30-mm intervals in

tree shrews. In each section, the boundaries of Cd and Pu were manually delineated
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using white lines, and the number of DAPI-labeled nuclei was quantified using ImageJ

software. Interneurons within the outlined regions were counted.

Statistical analysis

Cell body area and volume, along with process length, were analyzed using R
version 4.21 (R Foundation for Statistical Computing, Vienna, Austria) with-R Studio.
Sholl analysis was preformed among multiple groups using ‘two-way ANOVA, two-
way repeated measures (RM) ANOVA, followed by Bonferroni post hoc tests in
GraphPad Prism version 9.4.1 (GraphPad Seftware, SansDiego, CA, USA). All datasets
were checked for normality using the Kelmegorev-Smirnov test and for homogeneity
of variance. Data are presented’ as’ mé€an i standard error of the mean (SEM). All
statistical differences jassessed by=twe*way ANOVA were considered significant at

P <0.05.

RESULTS

Torassess antibody specificity, either the primary or secondary antibody was
omitted in control experiments. No immunofluorescent signal was detected in negative
control sections from tree shrew (Supplementary Figure S1A— C). Additionally, western
blotting confirmed the effectiveness and specificity of the antibody in both tree shrew
and mouse brains (Supplementary Figure S1D). These findings validate both the

suitability and specificity of the antibody used in this study. The relative intensity of
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284  ChAT-ir neurons was evaluated according to the criteria shown in Supplementary
285  Figure S2. Nuclei without detectable ChAT-ir were labeled as '-' (n=0), sparse
286  distribution as '+' (1<n<10), moderate density as '++' (11<n<30), and high density as
287  '+++' (n>30) within an individual field of view. For abbreviations of nuelei, refer to the
288  Abbreviations List in Supplementary Table 1.

289

290  Overview of ChAT-ir neuron density and soma diameter in.tree¢ shrews and mice
291 The distribution of ChAT-ir neurons across‘brain‘regions.in tree shrews and mice
292  were summarized in Table 1, indicating theirrelative densities. Camera lucida drawings
293  illustrated the distribution of ChAT-ir.neurons in'the tree shrew brain from rostral to
294  caudal (Figure 1). Minimum and maximum densities for each nucleus in tree shrews
295  and mice were presented as-heatmaps.(Figure 2A). In addition to density analysis based
296  on maximum and'minimum.values for each brain area, six slices adjacent to the largest
297  coronal section were further quantified for ChAT -ir neuron counts, and soma diameters
298 [ were also analyzed (Figure 2B). High densities of ChAT-ir neurons were observed in
299  regions,such as medial habenular nucleus (MHb), oculomotor nucleus, parvicellular
300 part (3PC), Pre-Edinger-Westphal nucleus (PrEW), rostral linear nucleus of the raphe
301  (RL1), trochlear nucleus (4N), caudal linear nucleus of the raphe (CLi), parabigeminal
302  nucleus (PBG), oculomotor nucleus (3N), Dorsal tegmental nucleus (DTg), laterodorsal
303  tegmental nucleus (LDTg), medial parabrachial nucleus (MPB), prepositus nucleus (Pr),

304  vestibular nucleus (VES), while moderate densities were present in accumbens nucleus
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(Acb), external globus pallidus (EGP), ventral pallidum (VP), islands of Calleja (ICj),
sublenticular extended amygdala (EA), amygdalostriatal transition area (AST), medial
septal nucleus (MS), septal and preoptic regions ventral part (LSv), nucleus of the
vertical limb of the diagonal band (VDB), nucleus of the vertical limb.6f.the diagonal
band (HDB), Edinger-Westphal nucleus (EW), mesencephalic reticular=formation
(mRT), substantia nigra, reticular part (SNR), hypoglossal.nucleus“(l2N); PTg
(Pedunculopontine tegmental nucleus), subpeduncular tegmental nugleus (SPTg),
ambiguus nucleus, compact part(Ambc), motor, trigéminal nucleus (5N), abducens
nucleus (6N), facial nucleus (7N), dorsal metor nueleuswof vagus (10N), peritrigeminal
zone (P5), superior olive (So) and solitary,nucleus’(Sol). The soma diameters in 4N, SN
and 12N were relatively larger than ethet nucletywhile those in MPB, RLi and EW were
relatively smaller. Pairwise~compazison heatmaps showing the statistical significance
of the density (Figurei2€).and soma diameter (Figure 2D) of ChAT-ir neurons across

different nuclei in the tree shrew.

Rhinencephalon

In the rhinencephalon, cell density ranges were in Layer 2 of the olfactory tubercle
(Tu2), Layer 3 of the olfactory tubercle (Tu3), and the nucleus of the lateral olfactory
tract (LOT) of tree shrews and mice, whereas no ChAT -ir signal was detected in the
main olfactory bulb (MOB), accessory olfactory bulb (AOB), anterior olfactory nucleus

(AON), or Layer 1 of the olfactory tubercle (Tul) of tree shrews and mice (Table 1).
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ChAT -ir fibers of tree shrews in the MOB exhibited a stratified distribution, with
low density in the surface layers (outer nerve layer, ONL; glomerular layer, GL;
external plexiform layer, EPI) and high density in the inner layers (mitral cell layer,
MCL; internal plexiform layer, IPI; granule cell layer, GCL) (Figures 3A=F). Notably,
ChAT -ir fibers of tree shrews in the EPI and GCL were aligned vertically=toward the
cortical surface. Soma staining of ChAT-ir neurons of tree shrews-was obsecved in Tu2,
Tu3 and LOT (Figures 3G— K). Notably, dense ChAT-ir fibers of tree shrews were

present in LOT (Figures 3L).

Telencephalon

In the basal ganglia, Acb, /EGP,/VP,11Cjy, globus pallidus (GP), basal nucleus
(Meynert, BN), and dorsalstriatum-oftrée shrews and mice exhibited varying densities,
whereas no ChAT=ir signal was detected in internal globus pallidus (IGP) or substantia
nigra (SN) jof tree shrews and mice (Table 1). No ChAT-ir soma was detected in the
neocortex of.tre¢ shrews (Figures 4A, Al); however, ChAT-ir soma were detected in
layet 2-4-0f mouse cortex (Supplementary Figures 12A, A1). Soma staining of ChAT-
ir neurons were found in the Cd, Pu, GP, VP (Figures 4B- F) and ic, ICj (Figures 4G,
4H) of tree shrews, and in CPu lateral side (CPu-L), CPu medial side (CPu-M), GP and
VP (Supplementary Figures 12B— F) of mice brain. Soma staining of ChAT-ir neurons
in BN of tree shrews (Figures 41, 4J) and mice (Figures 4G, H) were found, which

correlate with the sparse density in tree shrews and moderate dense in mice (Table 1).
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In the amygdala, the medial amygdaloid nucleus (MeA), basolateral amygdaloid
nucleus (BLA), central amygdaloid nucleus (CeA), EA and Ast of tree shrews and mice
exhibited varying ChAT-ir densities, whereas no signal was detected in periamygdaloid
cortex (PA), lateral amygdaloid nucleus (LA), basomedial amygdaloid ntieleus (BMA),
accessory basal nucleus (AB) of tree shrews. No ChAT-ir signals were deteeted.in PA
and AB of mice, however a small number of ChAT-ir signals were.detected.in the LA
and BMA regions of the mice (Table 1). Soma staining of ‘ChAT-ig neurons in tree
shrews were found in BMA, MeA, CeA,“BLA (Figures 5A— E), Ast, EA
(Supplementary Figures 13A— B); however, no*ChAT-ir.neuron was found in AB
(Figures 5A).

In the septal and preoptic regions, MS, LSv; septofimbrial nucleus (SFi), triangular
septal nucleus (TS), VDB~and HDPB.of tree shrews exhibited varying ChAT-ir soma
density, whereagfio signal.was detected in lateral septal nucleus (LS), dorsal part (LSd),
intermediate part (LSi), septohippocampal nucleus (SHi) or bed nucleus of the stria
terminalis,*medial division, anterior part (STMA) of tree shrews (Table 1). Soma
stainingrof ChAT neurons in tree shrews were observed in LSv, VDB, STMA, MS,
HDB and SFi, (Figures SF— L), Lsi, SHi, TS (Supplementary Figures 13C— E). Notably,
ChAT-ir soma were detected in LSv (Figures 5G), while rara ChAT-ir cell body was

observed in the other subdivisions of LS.

Diencephalon

= ZR

Zoological
Research



20

368 Notably, MHb exhibited dense ChAT-ir density in both tree shrew and mouse
369 (Table 1). Soma staining of ChAT-ir neurons in tree shrews were found in SON, SCN,
370  MHDb. (Figures 5 M- O), lateral preoptic nucleus (LPO), medial preoptic nucleus
371  (MPO), VMH, and DMH (Supplementary Figures 13F—1I).

372

373 Mesencephalon and metencephalon

374 In the mesencephalon, 3PC, PrEW, EW, RLi, mRt, SNRs4N, 12N, PTg, SPTg,
375  CLi, periaqueductal gray (PAG), PBG and dorsal raphe nucleus (DR) of tree shrews
376  and mice exhibited varying ChAT-ir soma d€nsities, whereas no signal was detected in
377  the remaining nuclei of tree shrews. No*ChAT-ir'signals were detected in other brain
378  regions of the mouse, except for the stbstantia nigra, compact part (SNC) (Tablel).
379  Soma staining of ChAT neurons ‘in.tree’shrews were observed in the PAG, 4N, PTG,
380 SNR, PBG, RIi,EW, 3PC, 12N (Figures 6A— H), DR SPTg mlf, CLi (Supplementary
381  Figures 14A-1D).

382 Inthe'metencephalon, AmbC, 3N, motor 5N, 6N, 7N, 10N, Ves, DTg, LDTg, MPB,
383 PS5, S0,.S0l and Pr of tree shrews and mice exhibited varying ChAT-ir soma densities,
384  whereas no signal can be detected in the remaining nuclei of tree shrews. No ChAT-ir
385  signals were detected in other brain regions of the mouse, except for the ambiguus
386  nucleus (Amb) regions (Table 1). Soma staining of ChAT neurons in tree shrews were
387  observed in the DTg, LDTg, 3N, 5N, 6N, 7N, 10N, MPB, Pr, P5, VPO, IRt, AmbC

388  (Figures 61-S), Ves, VPO, Sol, So (Supplementary Figures 14E— H). We also examined
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the LC in both tree shrews and mice. ChAT immunostaining consistently failed to detect
ChAT-ir neuronal soma in the locus coeruleus (LC) of either species, revealing only

ChAT-ir nerve fibers. (Supplementary Figure S11 A— D)

Morphology analyses

To examine interspecies morphological differences of ChAT: it neurens, eight
anatomically defined brain regions of interest were selected from trée shrews and mice.
Sholl analysis revealed that, compared with“mice; the Cd/CPu-M (Figures 7A,
Supplementary Figure S3A), PTg (Figures 7E,*Supplementary Figure S3E), DTg
(Figures 7G, Supplementary Figure S3G) and Pr'(Figures 7H, Supplementary Figure
S3H) in tree shrews exhibited more distal branching, as indicated by an increased
number of intersections at-greater.distances from soma. In contrast, the MS in tree
shrews showedgreater “proximal branching, indicated by an increased number of
intersections at shorter distances from soma (Figures 7C, Supplementary Figure S3C).
Notably, inwthe Pu/CPu-L, compared with mice, ChAT-ir neurons in tree shrews
exhibitedymore complex distal branching and less complex proximal branching, as
indicated by an increased number of intersections at 33-38 um and a decreased number
at 78-116 um from soma (Figures 7B, Supplementary Figure S3B). In the of HDB
(Figures 7D, Supplementary Figure S3D) and 3PC (Figures 7F, Supplementary Figure

S3F), no significant differences in branch intersections were observed between tree
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The morphological characteristics of different nuclei were also compared within
each species. ChAT-ir neurons of tree shrews exhibited relatively more branches in the
DTg compared to other nuclei (Figures 7I), however this branching advantage was not
observed in mice (Figures 7J). Furthermore, ChAT -ir neurons of both tfée shrews and
mice exhibited fewer branches in the 3PC compared with other nuclei’(Eiguresi71, J).
Notably, the Cd and Pu showed relatively high branch intersections.and similar frends
in branch complexity (Figures 71, J).

The volumes and areas of ChAT -ir cell bodies in'the corresponding brain regions
of tree shrew were significantly greater than those.in mice.(Figures 7K, L). However,
as compared with mice, process length.in the Cdy P, PTg, DTg and Pr in tree shrews
increased significantly (Cd, P=;0.0001; Pu, P*=0.0367; PTg, P = 0.0001; DTg, P =
0.0001; Pr, P =0.0003), while those.in-the MS, HDB, and 3PC decreased significantly

(MS, P=0.0151HDB, R.=0:003; 3PC, P = 0.0181) (Figures 7M).

Distribution.pattern of ChAT-ir interneuron in dorsal striatum

The'ic'separated the dorsal striatum into the Cd and Pu in the tree shrew, a pattern also
observed in primates (Ni et al., 2021; Rice et al., 2011), but absent in mice. To further
investigate this difference, the distributions of major interneurons subtypes — ChAT,
CB, PV and CR — in Cd/Pu of tree shrews and in CPu-M/CPu-L of mice was
systematically examined. In tree shrews, ChAT -ir neurons in the Cd showed an overall

trend of peak densities rostrally with subsequent reduction caudally (Figures 8A— C,
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M). The density of PV-positive neurons in the Pu exhibited a marked increase at
approximately bregma —1.0 mm (Figures 8G— I, O; Supplementary Figure S5 A— L).
The distribution of CB- and CR-positive neurons in Cd and Pu remained largely
consistent along the anterior—posterior axis (Figures 8D— F, N; Figutes 8J— L, P1;
Supplementary Figure S4 A— L; Supplementary Figure S6 A— L). In=mice, the
expression patterns of ChAT-, CB-, PV-, and CR-positive_ neurons ‘were largely
comparable between the CPu-M and CPu-L regions, indicating.that'the mouse striatum
represents an evolutionarily integrated and homegeneous structure (Figures SA1- L1,
MI1- PI; Supplementary Figure S7 A< L, "Supplementary Figure S8 A— L,
Supplementary Figure S9 A— L). To.further characterize Vgat+ (Vesicular GABA
Transporter) neuron distribution in the/dorsal striatum, HCR 3.0 together with VISoR
imaging were applied 10 examine Vigat-neurons in the tree shrew brain (Figures 9A— U).
The results indicated a relatively homogeneous distribution of Vgat neurons along the
rostral—caudal axis in'both Cd and Pu respectively (Figure 9V). GABAergic neurons
play a-critical rol¢ in regulating striatal physiological functions. ChAT-, CB-, PV-, and
CR % positive neurons represent major GABAergic neurons populations within the
striatum. Characterizing their distribution patterns is therefore essential for
understanding how GABAergic neurons contribute to striatal function. Notably, using
double immunofluorescence staining for ChAT in combination with CB, PV, or CR, we
found that CB-, PV-, and CR-positive neurons showed little to no colocalization with

ChAT-ir neurons, indicating that these markers largely label distinct GABAergic
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neurons populations. Using double immunofluorescence staining for ChAT in
combination with GABA showed the majority of ChAT-ir neurons in the striatum

express GABA (Supplementary Figure S10 A - I).

DISSCUSION

This study presents a comprehensive brain-wide mapping.ef<ChAT-it.neurons in
the tree shrew, detailing their anatomical architecture across allsmajor neuroanatomical
divisions. High densities of ChAT-ir neurons were observed in.MHb, 3PC, PrEW, RLi,
4N, CLi, PBG, 3N, DTg, LDTg, MPB, PrVES, as well as.in Acb, EGP, VP, ICj, EA,
AST, MS, LSv, VDB, HDB, EW, mRI#+SNR, 12N, PTg, SPTg, Ambc, 5N, 6N, 7N,
10N, P5, So and Sol with moderate .densitics, The global distribution of ChAT-ir
neurons in the tree shrew was.strikingly-Similar to that described in the mouse and other
species (Williamset al., 2022a; Woolf et al., 1984), suggesting conserved principles of
cholinergic. Organization across species. Beyond establishing this anatomical
framework;-the-présent work provides a systematic interspecies comparison of ChAT-
ir neuren density and morphology across the telencephalon, diencephalon,
mesencephalon, metencephalon, and myelencephalon, revealing both conserved and
region-specific divergence between tree shrews and mice. Moreover, this research
provides a comprehensive assessment of interneuron distributions in the dorsal striatum

across both species.
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Comparative neuroanatomical studies indicate that the cholinergic system follows
a largely conserved organizational framework across mammals, while exhibiting
pronounced species-specific specializations. In humans, a distinctive feature of this
system is the presence of ChAT-ir neuronal soma within the cerebral*cortex, most
prominently in the parietal association cortex, where ChAT-ir neurons are-primarily
localized to layers II-III (Benagiano et al., 2003; Williams et al+2022)=InContrast,
studies in NHPs—including great apes such as chimpanzees (Raghanti et al., 2008),
gibbons (Williams et al., 2022), and macaques (Amaral & Bassett, 1989; Hedreen et al.,
1983; Mesulam et al., 1984; Raghanti et als52008)-—have consistently demonstrated a
cholinergic nuclear organization that closelytesembles that of humans at the subcortical
level, encompassing basal forebrain and brainstem cholinergic nuclei, but without
detectable cortical ChA¥=iz: ncéurenal” soma when examined using comparable
immunohistochemical.approaches. Together, these observations support the prevailing
view that cortical cholinergic neurons represent a derived feature that may be specific
to the*human, lincage. In rodents, including murid species, ChAT-ir neuronal soma has
beenreported in the cerebral cortex (Kruger et al., 2012; Calvey et al., 2015). Consistent
with these reports, we observed sparse ChAT labeling in cortical layers II-IV of mice
in the present study. In contrast, no ChAT-ir neurons were detected in the neocortex of
tree shrews. Instead, ChAT-ir neurons in the tree shrew were robustly distributed across
basal forebrain and brainstem nuclei, while cortical ChAT-ir soma were absent. This

organizational pattern closely parallels that reported in macaques and other NHPs rather
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than the rodent condition, suggesting that the tree shrew retains a primate-like ancestral
cholinergic blueprint without exhibiting the derived cortical cholinergic phenotype
characteristic of humans. Within this evolutionary framework, our findings position the
tree shrew as a valuable intermediate model for comparative neuroanatémical studies.
The cholinergic organization of the tree shrew appears more complex and-zegionally
differentiated than that of rodents, yet it does not display the-fully ‘derived” cortical
cholinergic phenotype observed in humans. This intermediate pattern is consistent with
phylogenomic evidence placing Tupaia within the Euarchonta.clade and evolutionarily
closer to primates than to rodents (Fan et al42018;*Yao et.al.s2024). Collectively, these
results further support the hypothesis.that.cortical cholinergic neurons represent a
human-specific evolutionary inngvation, while'the tree shrew preserves a primate-like
ancestral organization/of-the’ cholinergic system. At present, comprehensive whole-
brain mapping of €ChAT-it.neurons in NHPs remain limited, underscoring the need for
further systematic mapping efforts. In this context, our whole-brain analysis of the tree
shrew-provides.an important evolutionary reference point for distinguishing conserved
mammalian features from rodent-specific adaptations and human-derived
specializations.

Cholinergic neurons in the basal nucleus are essential for cognitive function, and
their dysfunction is associated with various neurological disorders, particularly
dementias (Chen et al., 2023). Basal forebrain cholinergic projection neurons,

particularly those in the nucleus basalis of Meynert, are among the earliest neuronal
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populations to exhibit tauopathy in AD (Lin et al., 2022). Multiple anatomical studies
have shown that cholinergic neurons in the nucleus basalis of Meynert are key
components of the basal forebrain and provide extensive cholinergic innervation to the
cerebral cortex (Chen et al., 2016; Gratwicke et al., 2013). In our study, ChAT-ir
neurons were observed at a sparse density in the nucleus basalis of Meynert-in the tree
shrew brain. Given their closer genetic affinity to primates than te-redents;.tree shrews
represent a valuable translational model for advancing research on' cognitive function
and AD, especially studies focusing on the cholinergie system.

We quantitatively compared the density of ChAT=ir netrons in the major nuclei
expressing cholinergic markers betweentree.shrews'and mice. The results showed that
the overall densities of ChAT-ir' neurons were, largely consistent across most brain
regions, indicating that the.organizational principles of the cholinergic system are
evolutionarily conserved.among species. Previous studies have demonstrated that
cholinergic néurons play a crucial role in modulating neuronal excitability and synaptic
transmission.. (PicCiotto et al., 2012), thereby supporting visuomotor integration
(Fitzpatrrck et al., 1988) as well as visceral and neuroendocrine regulation (Mason et
al., 1983; Picciotto et al., 2012; Tago et al., 1987), which are essential for complex
sensorimotor and homeostatic processes (Gorbatyuk et al., 2021). In this context, the
enhanced cholinergic modulation observed in tree shrews may be related to their diurnal
lifestyle and strong reliance on vision, necessitating greater cholinergic influence in

brain regions associated with visuomotor coordination and neuroendocrine control.
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Compared with mice, tree shrews exhibited higher densities of ChAT-ir neurons in
related nuclei, such as 4N and Pr in our study. Previous studies have demonstrated that,
as diurnal animals, tree shrews exhibit enhanced cholinergic modulation in
hypothalamic regions involved in circadian rhythm regulation“as well as
osmoregulatory and neuroendocrine balance (Ni et al., 2021). Notably, ChAd=ir neurons
were detected in several related nuclei of the tree shrew brain, including SEN.and/SON,
where no such labeling was observed in mice.

Neuronal morphology is a well-established criterion for classifying neuron types
and inferring network connectivity (Zeng<& Sanes, 2017); its characterization thus
provides critical insights into information processing and signal transmission within
local circuits (Spruston, 2008). PriorStudies *havesdemonstrated size differences in
ChAT-ir interneurons between thé-dorsal/ventral striatum (Brauer et al., 2000; Lehericy
et al., 1989; Mesulametval.,-1984; Prensa et al., 2003) and Cd/Pu (Holt et al., 1996),
with striatal ChAT-ir interneuron volume correlating inversely with density (Bernacer
et al.;*2007).In-the present study, ChAT-ir neurons in the Cd, MS, PTg, DTg and Pr of
tree 'shrews exhibit greater dendritic arbor complexity than their murine counterparts.
Tree shrews also display larger soma volume and surface area compared to
mice in the Cd, Pu, HDB, PTg, 3PC, DTg and Pr. These morphological specializations
may reflect the roles of these nuclei as higher-order brain regions mediating complex
functions including emotion, learning, memory, and sleep regulation. Conversely, HDB

and 3PC cholinergic neurons show comparable dendritic complexity across species,
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consistent with their status as evolutionarily conserved nuclei regulating fundamental
homeostatic functions. However, In the Pu, tree shrew cholinergic neurons exhibit
increased distal dendritic branching but reduced proximal branching relative to mice.
This species-specific dendritic patterning may suggest differential chelinergic signal
integration: mice may prioritize proximal cholinergic input, whereas tree.shtews may
possess enhanced capacity for distal cholinergic signal detection.

In primates, the dorsal striatum is anatomically divided inte’Cd and Pu (Araujo De
Gois Morais et al., 2023; Crittenden & Graybiel, 2011), each subregion linked to
distinct cortical areas and functional domainis. Functionally,”Cd is implicated in motor
responses (Kesner & Gilbert, 2006),.motor_skill learning (Choi et al., 2020), and
psychiatric disorders (Vostrikoy & Utanova, 2020), whereas the Pu contributes to motor
learning (Liebrand et al.,.2020), auditery processing (Salisbury et al., 2021), addiction
(Ersche et al., 2021), and-neuropSychiatric pathologies (Kolomeets & Uranova, 2020).
Our findings tevealed a/distinct rostrocaudal distribution of ChAT-ir neurons in the Pu
of tree.shrews,. suggesting specialized cholinergic regulation that may support fine
motor ‘eontrol and sensory integration (Abudukeyoumu et al., 2019). Given the
established role of striatal cholinergic interneurons in modulating corticostriatal
transmission and ameliorating motor learning deficits in parkinsonism, the distinctive
Pu organization in tree shrews highlights their potential as a valuable model for motor

disorders research (Laverne et al., 2022).
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576 Their activity in the dorsomedial striatum is particularly critical for reversal
577  learning and decision-making, while dysfunction of these neurons has been implicated
578  incognitive impairments observed in neuropsychiatric disorders (Ni et al., 2021; Okada
579 et al., 2014). Interneurons within the dorsal striatum provide critical inhibitory
580  regulation, integrate cortical and thalamic inputs, influence local network-escillations,
581 and support synaptic plasticity, thereby enabling fine motor_ceerdinationsadaptive
582  behavior, and cognitive flexibility. Dysfunction of these intern€éurons‘has been linked
583 to motor and cognitive disorders, underscoring their importance in normal and
584  pathological basal ganglia function (Rice et‘al., 2011).

585 A recent study established a high<teselution map of PV-, CB-D28k-, and CR-
586  positive neurons in cerebrum of the treeShrew brain, providing a reliable and systematic
587  framework of cell-typg distributionsfortree shrew neuroanatomical research (Zhang et
588 al., 2025). Hereswe systematically examined the distribution of ChAT-ir neurons in
589  whole brain, thereby providing a valuable supplement for tree shrew neuroanatomical
590 | research. The dorsal striatum functions as a central hub integrating motor and cognitive
591  processes; relying on diverse interneuron populations to regulate neuronal
592  communication and network dynamics (Calabresi et al., 2000; Smeets et al., 2000).
593  ChAT-, PV-, CB-, and CR-immunoreactive neurons were found to be widely distributed
594  throughout the dorsal striatum of both tree shrews and mice, suggesting a conserved
595  organization framework of striatal interneurons across these species. In tree shrews,

596  ChAT-ir neurons in Cd exhibited peak densities in rostral regions that declined caudally,
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whereas those in Pu consistently remained at relatively low density. However, in tree
shrews, PV neurons in Cd and Pu displayed a rostral-to-caudal decline in density,
whereas in mice, PV neurons in both lateral and medial caudate—putamen showed the
reverse gradient. This regional disparity may reflect distinct excitability and input
properties of PV interneurons across subregions such as the dersomedial and
dorsolateral striatum (Lee et al., 2017; Nakano et al., 2018). In miee, ChAT=ir'neurons
in both lateral and medial caudate—putamen displayed patterns‘similar to those in the
tree shrew Cd. This finding suggests a Cd-like organization within the rodent striatum.
Notably, the cytoarchitectonic organization of the, tree.shréw striatum more closely
resembles that of primates, and its Wwell-developed striatal circuitry may facilitate
advanced motor capacities required for arboreal Jlocomotion, including climbing,
leaping, and jumping/(Ni-et al..~2024). Collectively, these findings underscore the
critical role of striatal‘interneuron diversity in health and disease, and highlight the tree
shrew as an linformative model for comparative and translational studies of dorsal
striatim organization and pathology.

Significance: This study provides the comprehensive, brain-wide mapping of ChAT-ir
neurons in the tree shrew and reveals pronounced interspecies differences in their
regional distribution and dendritic morphology compared with mice. These findings
establish an anatomical framework for investigating the roles of cholinergic neurons in
visual processing, circadian rhythm regulation, and cognitive—motor functions, as well

as their potential involvement in neurodegenerative disorders. Importantly, by
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comparing the distribution density of distinct interneuron populations within the dorsal
striatum across species, our results offer novel insights into the evolutionary
organization and functional specialization of striatal interneurons.

Limitation: Several limitations of the present study should be acknowledged. First, our
comparative analysis was limited to tree shrews and mice, and the absence.of-data from
a broader range of species—particularly NHPs—restricts the generalizability of our
evolutionary interpretations. Future studies incorporating widerphylogenetic sampling
will be necessary to more fully delineate thé.evolutionary. trajectories of striatal
cholinergic interneurons. Second, although we identified-both shared and species-
specific features in the brain-wide distribution of ChAT neurons between tree shrews
and mice, the functional implicationsof thescssimilarities and differences for neural

circuit operation and behavier remain.uriknown and warrant further investigation.

CONCLUSION

This study-presents a brain-wide mapping of ChAT-immunoreactive neurons in the
tree i shrew, uncovering notable interspecies differences in their distribution and
dendritic morphology compared with mice. These findings establish a neuroanatomical
framework for exploring cholinergic contributions to offer valuable insights for disease

research.
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Figure 1: The distribution of ChAT-ir neurons in coronal sections of tree shrews.

Schematic drawings of 19 coronal sections (A—S), arranged from rostral to caudal with
reference to the bregma, were presented. Red dots indicate the distribution of ChAT-ir
neuronal soma. Dot density reflects the relative abundance of immunoré€active cells in

the corresponding brain regions.
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Figure 2: Density and diameter of ChAT-ir neurons in different nuclei of tree
shrews and mice.

The color of each box represented the relative density of ChAT-ir in the brain nuclei, as
0-none, 1-sparse, 2-moderate, 3-dense for ChAT-ir staining (A). The minimum (Min)
and maximum (Max) values indicate the range of densities in coronal sliees, Density
and diameter of ChAT-ir neurons in the tree shrews (B). The left vertical axis.shows the
ChAT" cells numbers / total cells numbers (red), the right vertical axis shows their mean
soma diameter (blue), and the horizontal axis shows the nuclei containing ChAT-ir
neurons (n=6). Results are expressed as m€an £"SD. Rairwise comparison heatmaps
showing the statistical significance of the.density/(C) and soma diameter (D) of ChAT-
ir neurons across different nuclei in thetree shréw. Different color indicates the level of
statistical significances/ Numerical-values within the squares denote the corresponding
P values. Three adult'male trée shrews (8 months) and three male mice (8-10 weeks)

were used in this study.
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Figure 3: Distribution of ChAT-ir neurons in the rhinencephalon of tree shrews.

The MOB (A, B), Tu (G), and LOT (J) of tree shrews were illustrated by ChAT
immunofluorescence staining. Magnified pictures (C—F: layers in MOB; H: Tu2; I: Tu3;
K: neuron in LOT and L: fibers in LOT) were also presented. The cross lines in G and

J indicate orientation (D, dorsal; L, lateral). Scale bars: A, B, G, J, 100 um; C, D, E, F,
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894 H, I, K, 50 um; L, 10 um. Three adult male tree shrews (8 months) were used in this

895  study.
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Figure 4: Distribution of ChAT-ir neurons in neocortex and basal ganglia of tree
shrews.

Immunofluorescence staining of neocortex (A, A1) and basal ganglia (B) in tree shrews
were presented. The magnified view of Layer 2 of cortex (A1), Cd (C), Pu(D), GP (E),
VP (F), ic (G), ICj (H), and BN (I, J) in tree shrews. Scale bars: A, 200, um; By 1000
um; I, 500 um; A1, C, D, E, F, G, H, J, 50 um. Three adult male tree.shrews.(8months)

and three male mice (8-10 weeks) were used in this study.
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Figure 5: Distribution of ChAT-ir neurons in amygdala, septal, preoptic regions
and diencephalon of tree shrews.

Immunofluorescence staining of amygdala (A) in tree shrews, including BMA (B),
MeA (C), CeA (D) and BLA (E) were presented. Immunofluorescence staining of septal
and preoptic regions in tree shrews, including LSv (G), STMA (I) and SFi. (L"), were
presented. The immunofluorescence staining of medial septum/diagonal band‘Complex
(F) in tree shrews, including VDB (H), MS (J), and HDB (K, were illustrated. The
immunofluorescence staining of in diencephalon, in tree shrews, including SON (M),
SCN (N), and MHb (O) were illustrated. Seale bars; A,*.000°um; F, 100 pm; B— E, G-

O, 50 pm. Three adult male tree shrews(8 months) were used in this study.
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Figure 6: Distribution of ChAT-ir neurons in mesencephalon and metencephalon
of tree shrews.

Immunofluorescence staining of mesencephalon in tree shrews, including PAG (A), 4N
(B), PTG (C), SNR (D), PBG (E), Rli (F), EW (G, G1), 3PC (G, G2);12N (H) were
presented. Immunofluorescence staining of metencephalon in tree shrewss-including
DTg (I, I1), LDTg (I, 12), 3N (J), 5N (K), 6N (L), 7N (M), 10NNy, MPB.(O), Pr (P),
PS5 (Q), IRt (R), AmbC (S) were presented. Scale bars: A-F, G1=G2, H, l1-12, J- S, 50
um; G, 500 um; I, 100 um. Three adult male tree shrews (8 months) were used in this

study.
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Figure 7: Morphological analysis in three dimensions of ChAT-ir neurons of tree
shrew.

ChAT immunostaining of Cd (A1), Pu (B1), MS (C1), HDB (D1), PTg (E1), 3PC (F1),
DTg (G1) and Pr (H1) were presented. The corresponding magnified views (A2-H2)

and three dimensions reconstructions (green) of neurons in each brain regions (A3-H3)
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were also provided. Sholl analyses of ChAT-ir neuron morphology in the tree shrews
and mice were presented (A4-H4). Data are shown as the mean = SEM. For A4-H4,
two-way repeated measures ANOVA, main effect of species, *: P<0.05, **: P<0.01,
*#%: P<0.001, ****: P<0.0001. For both Tree shrew and mouse (n = 12/Cells per brain
region). Sholl analyses of ChAT-ir neuron morphology across different nueleitin the
tree shrew (I) and mouse (J) were shown. Comparations of cell.bedy volume/(K), cell
body area (L), process length (M) between tree shrews andmetse’ were illustrated by
volcano plot. P values<0.05 and absolute log,(fold change) values>0.2 were
considered statistically significant. Scale bats: AI=H1,*50 um; A2—H2 and A3-H3, 20
pm. Three adult male tree shrews (8 months) and three male mice (8-10 weeks) were

used in this study.
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Figure 8: Distribution and mean density of interneurons in dorsal striatum from
rostral to caudal.

The rostral (A, Al), middle (B, B1), and caudal (C, C1) distributions of ChAT-ir
neurons in the Cd and Pu of tree shrew, as well as in the Cpu-M and Cpti=L of mouse,
were presented. The rostral (D, D1), middle (E, E1), and caudal (F, F1)/distributions of
CB neurons in the Cd and Pu of tree shrew, as well as in the Cpu:M and.€Cpu-L of
mouse, were presented. The rostral (G, G1), middle (H, H1),/and caudal (I, 11)
distributions of PV neurons in the Cd and Pu ofitree/shrew, as well as in the Cpu-M
and Cpu-L of mouse, were presented. Thefostral+(J, J1), middle (K, K1), and caudal
(L, L1) distributions of CR neurons in.the €d and Pu of tree shrew, as well as in the
Cpu-M and Cpu-L of mouse, (wérepresented."The ChAT", CB*, PV* and CR" cells /
total cells numbers in/dorsal-striatum~from rostral to caudal were calculated for tree
shrew (M— P) and'mouse.(Md— P1). The shadow areas refer to the 95% corresponding
confidence interval. Three adult male tree shrews (8 months) and three male mice (8-

10 weeks) were.used in this study.

= ZR

Zoological
Research



958

959

960

961

962

963

964

965

966

967

968

56

A Bregma 3.82mm B Bregma3.42mm C Bregma3.15mm D Bregma2.89mm E Bregma2.62mm F Bregma 2.35 mm

K Bregma 0.07 mm L Bregma -0.20 mm

Total cells numbers(%)

VGAT+ cells

30

Bregmao{mm)

Figure 9: Distribution and.mean-density of Vgat neurons in dorsal striatum from
rostral to caudal:

Representative images of Vgat neurons in the dorsal striatum of tree shrew brain from
rostralto caudal (A— R) were presented. Representative magnified images of the rostral
(S), middle (T), and caudal (U) distributions of Vgat neurons in the Cd and Pu of tree
shrew were shown. The Vgat"™ neurons numbers / total cells numbers dorsal striatum
from rostral to caudal were calculated for tree shrew (V). The shadow areas refer to the
95% corresponding confidence interval. Scale bars: A— U, 1000 pm. Three adult male

tree shrews (8 months) were used in this study.
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969  Tablel: Density of ChAT-ir neurons in each brain region of tree shrews and mice.
970  Density of ChAT -ir cells in each brain region of tree shrews and mice. Brain regions in
971  which ChAT immunoreactivity was detected are listed. Minimum (Min) and maximum
972  (Max) values indicate the density range in each region across all animials examined.
973  Symbols denote relative density: ‘—"=no ChAT-ir staining; ‘== Ssparse;
974  ‘“++’ =moderate; ‘+++’ =dense. Immunohistochemical analyses-were conducted on
975  three control tree shrews and three control mice. Three adult male trée shrews (8 months)
976  and three male mice (8-10 weeks) were used in this study.
977
Tree shrew Mouse
Cell'relative Cell relative
denSity density
Brain region Min Max Min Max
Rhinencephalon - - - -
Main olfactory bulb (MOB) - - - -
Accessory olfactory bulb (AOB) - - - -
Anterior olfactorymnucleus (AON) - - - -
Olfactory tubercle (Tu)
Layer 1 of olfactory tubercle (Tul) - - - -
Layer 2 of olfactory tubercle (Tu2) - + - +
Layer 3 of olfactory tubercle (Tu3) + ++ + +
Nucleus of the lateral olfactory tract (LOT) + + + ++
Telencephalon
5
%
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Neocortex

Layer 1 - - - -
Layer 2 - - - +
Layer 3 - - - +
Layer 4 - - - +
Layer 5 - - - -
Layer 6 - - - -
White matter (WM) - - -
Cingulate cortex (Cg) - - -
Piriform cortex (Pir) - - +
Entorhinal cortex (Ent) - - - -
Subiculum (S) - - -

Hippocampus
CAl - - - -
Lacunosum moleculare layer (LMo - - - -
Radiatum layer (Rad) - - - -

Pyramidal cell layer (Py

Lacunosum molectlare layer (LMol) - - - -
Radiatum layer (Rad) - - - -
Pyramidal cell layer (Py) - - - -
Dentate gyrus - - - -

Polymorph cell layer (PoDG) - - - -
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Granular cell layer (GrDG)

Molecular cell layer (MoDG)

Basal ganglia
Striatum (Caudate putamen) (CPu) + + + ++
Accumbens nucleus (Acb) + ++ + ++
External globus pallidus (EGP) + ++ + +
Globus pallidus (GP) - + F +
Ventral pallidum (VP) + + ++
Internal globus pallidus (IGP) - - -
Basal nucleus (Meynert) (BN) + - +
Substantia nigra (SN) - - - -
Islands of Calleja (ICj) ++ + T+

Amygdala
Periamygdaloid cortex (PA) - - - -
Medial amygdaloid nucleus (MeA) - + + ++
Sublenticular extended amy, ) + ++ - +
Lateral amygdaloid nucleu ) - - - +
Basolateral BLA) - + + ++
Basomedial amygdaloid.nucleus (BMA) - - - +
Central amygdaloidnucleus (CeA) - + + 4+
Accessory basal nucleus (AB) - - - -
Amygdalostriatal transition area (Ast) + ++ + ++

Septal
Medial septal nucleus (MS) ++ ++ + ++
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Lateral septal nucleus (LS)

Dorsal part (LSd) - - - -
Intermediate part (LSi) - - - +
Ventral part (LSv) - ++ - +
Septofi mbrial nucleus (SFi) - + - -

Septohippocampal nucleus (SHi) - - - -

Triangular septal nucleus (TS) - + - +
Nucleus of the vertical limb of the diagonal band (VDB) + #+ + ++
Nucleus of the horizontal limb of the diagonal band (HDB) + k=t + ++

Bed nucleus of the stria terminalis, medial division, anterior - - - -
part (STMA)

Diencephalon
Hypothalamus
Suprachiasmatic nucleus (SCN) - + - -
Anterior hypothalamic area (AHy) - - - -
Lateral hypothalamic area (LHA) - - - +
Supraoptic nucleus (SON) - + - -
Paraventricular. hypothalamic nueleus (PVN) - - - -
Ventromedial hypothalamic.nucleus (VMH) - + - +
Dorsomedial hypothalamic nucleus (DMH) - + - +
Medial mammillary nucleus (MM) - - - -
Lateral mammillary nucleus (LM) - - - -
Supramammillary nucleus (SuM) - - - -
Periventricular hypothalamic nucleus (Pe) - - - -

Posterior hypothalamic area (PHA) - - - -
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Medial preoptic nucleus (MPO) - + T +
Lateral preoptic area (LPO) - - - -
Thalamus
Anterodorsal thalamic nucleus (AD) - - - -
Anteroventral thalamic nucleus (AV) - - - -
Anteromedial thalamic nucleus (AM) - - - -
Reticular thalamic nucleus (Rt) - - - -
Paraventricular thalamic nucleus (PVT) - f - -
Central medial thalamic nucleus (CM) - = - -
Mediodorsal thalamic nucleus (MD) = - - -
Dorsal lateral geniculate nucleus (DLG) - - - -
Ventral lateral geniculate nucleus (VLG) f - - -
Medial geniculate nucleus (MQG) - - - -
Nucleus of the stria medullaris (sm) - - - -
Pretectal nucleus
Medial pretectal nucleus (MPT) - - - -
Olivary pretectal nucleus (ORT) - - - -
Medial habenilar nucleus (MHb) +++ +++ +++ +++
Lateral habenular nucleus (LHb) - - - -
Subthalamic nucleus{(STh) - - - -
Zona incerta (ZI) - - - -
Mesencephalon
Interpeduncular nucleus (IP) - - - -

Ventral tegmental area (VTA) - - - -
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Superior colliculus (SC)

Inferior colliculus (IC)

Oculomotor nucleus, parvicellular part (3PC) ++ +++ + +++
Pre-Edinger-Westphal nucleus (PrEW) ++ 4+ + ++
Edinger-Westphal nucleus (EW) + ++ - ++
Rostral linear nucleus of the raphe (RLi) + 4+ + ++
Mesencephalic reticular formation (mRt) + ++ - +
Substantia nigra, compact part (SNC) - ¢ - +
Substantia nigra, lateral part (SNL) - = - -
Substantia nigra, reticular part (SNR) + ++ - ++
Trochlear nucleus (4N) + +++ - +
Hypoglossal nucleus (12N) + ++ - +
Pedunculopontine tegmental nucleus (PTg) +t ++ ++ ++
Subpeduncular tegmental nucleus (SPTg) + ++ + +
Interstitial nucleus of Cajal (InC) - - - -
Microcellular tegmental nucleus (MiT'g) - - - -
Caudal linear nucleus of theiraphe (CLi) + ++ + +
Periaqueductalsgtay,(PAG) - + - +
Median raphe nucleus’(MnR) - - - -
Dorsal raphe nucleus(DR) - + - +
Parabigeminal nucleus (PBG) ++ +++ + e
Ventral tegmental area (VTA) - - - -
Parabrachial pigmented nucleus of the VTA (PBP) - - - -
Ventral tegmental nucleus (VTg) - - - -
L Z R Zoological
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Metencephalon/Myelencephalon

Ambiguus nucleus (Amb) - - - +
Ambiguus nucleus, compact part (AmbC) + ++ - +
Intermediate reticular nucleus (IRt) - + - +

Locus coeruleus (LC) - - - -

Oculomotor nucleus (3N) ++ 4+ ++ ++
Motor trigeminal nucleus (5N) ++ ++ +
Abducens nucleus (6N) ++ + +
Facial nucleus (7N) + + +
Inferior olive (10) - - -
Dorsal motor nucleus of vagus (10N) + ++ ++ ++
Dorsal tegmental nucleus (DTg) +++ + e
Laterodorsal tegmental nucleus (LDTg) +++ + +++
Medial parabrachial nucleus (MPB) ++ +++ + ++
peritrigeminal zone (P5) + ++ + +
Superior olive (So) + ++ + ++
Solitary nucleus + ++ + +
Pontine nuc - - - -
Pontine reticular n oral part (PnO) - - - -
Ventral periolivary nueleus (VPO) - - -

Prepositus nucleus (Pr) + +++ + +
Vestibular nucleus (Ves) ++ +++ 4 ++

Cerebellar cortex - - - -

Cerebellar nuclei - - - -
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