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Abstract
Alzheimer’s disease (AD) is the most common chronic progressive neurodegenerative disease in the elderly. It has an increas-
ing prevalence and a growing health burden. One of the limitations in studying AD is the lack of animal models that show 
features of Alzheimer’s pathogenesis. The tree shrew has a much closer genetic affinity to primates than to rodents and has 
great potential to be used for research into aging and AD. In this study, we aimed to investigate whether tree shrews naturally 
develop cognitive impairment and major AD-like pathologies with increasing age. Pole-board and novel object recognition 
tests were used to assess the cognitive performance of adult (about 1 year old) and aged (6 years old or older) tree shrews. The 
main AD-like pathologies were assessed by Western blotting, immunohistochemical staining, immunofluorescence staining, 
and Nissl staining. Our results showed that the aged tree shrews developed an impaired cognitive performance compared 
to the adult tree shrews. Moreover, the aged tree shrews exhibited several age-related phenotypes that are associated with 
AD, including increased levels of amyloid-β (Aβ) accumulation and phosphorylated tau protein, synaptic and neuronal loss, 
and reactive gliosis in the cortex and the hippocampal tissues. Our study provides further evidence that the tree shrew is a 
promising model for the study of aging and AD.
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Introduction

Alzheimer’s disease (AD) is the most common chronic 
progressive neurodegenerative disease in the elderly. The 
disease has an increasing prevalence and a worsening 
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healthcare burden [1–3]. Although the exact pathophysi-
ology of AD remains controversial, growing evidence has 
shown that AD is characterized by cognitive impairment, 
brain atrophy, extracellular plaques formed by aggre-
gated amyloid-β (Aβ) deposits, intracellular neurofibril-
lary tangles (NFTs) composed of hyperphosphorylated 
microtubule-associated protein tau (MAPT), synaptic 
degeneration, neuronal loss, and gliosis [1, 2, 4, 5]. The 
amyloid-related immunotherapeutic antibodies aduca-
numab, BAN2401, and gantenerumab were reported to 
reduce AD pathologies including Aβ plaques, phospho-
rylated tau, neurogranin, and neurofilament light [2, 6]. 
Although aducanumab and BAN2401 have been approved 
by the FDA, there are still many controversies on their effi-
cacy [6]. Promising preclinical results have largely failed 
to translate into effective treatments, and there are still no 
drugs with validated efficacy that can cure AD patients [7]. 
There are many researchers working on new therapeutic 
strategy, which are expected to be beneficial for the treat-
ment of AD in the future [8–13].

Research into treatments for AD has been hindered by 
the limited availability of animal models in which poten-
tial drugs can be tested, and the creation of better animal 
models may be the best way to make progress [7, 14, 15]. 
An ideal animal model would promote the understanding 
of the pathogenesis of AD and the discovery of potential 
therapeutic targets. Unfortunately, neurofibrillary tangles 
and Aβ plaques do not occur naturally in inbred mice, pos-
sibly because of their relatively short lifespan and the large 
genetic difference between human and rodents [14–16]. 
For this reason, Dr. De Strooper has claimed that “the big-
gest mistake you can make, is to think you can ever have 
a mouse with AD” [17]. Some researchers have tried to 
develop animal models that more closely mimic the pro-
gression and pathobiology of AD [14, 18–22], or to find 
new experimental animals that may show some of the fea-
tures of AD pathogenesis [16, 23–26]. There is no doubt 
that non-human primates with spontaneous AD-like symp-
toms and pathological changes in the elderly individuals 
will provide valuable animal models for AD research [18, 
23–25]. However, the use of some animals is limited by 
factors such as high maintenance costs, low reproductive 
output, manipulation challenges, and ethics issues [14, 27, 
28]. There is clearly an urgent need to generate additional 
animal models for research into AD.

The Chinese tree shrew (Tupaia belangeri chinensis) 
belongs to the order Scandentia, and is widely distributed 
in Southeast Asia, South, and Southwest China. It has sev-
eral features that make it useful as a small laboratory ani-
mal. The advantages are a short reproductive cycle (about 
6 weeks), a short lifespan (6–8 years), a small body size 
(100–150 g), and low maintenance costs, when compared 
to non-human primates [29–31]. Based on comparative 

genomic analyses, previous studies have shown that the 
tree shrew has a much closer genetic affinity to non-human 
primates than that of rodents [32–34]. For several decades, 
the tree shrew has been considered as a very useful animal 
model for studying a variety of human diseases [30, 35–44] 
and for basic research [37, 38, 45–55].

In our previous studies [16, 34], we have provided direct 
evidence that the AD pathway genes in the tree shrew have 
a higher protein sequence identity and more similar expres-
sion pattern in brain tissue compared to humans than in the 
mouse. Notably, the Aβ42 peptide sequence of the Chinese 
tree shrew was completely identical to that of the human, 
whereas three residues differ between rodents (including rats 
and mice) and humans [16, 56]. Similarly, the related genes 
of the NFTs formation pathway in tree shrews showed a high 
degree of protein sequence identity with human orthologs 
[16]. Previous studies have also reported an early stage of Aβ 
accumulation and some Aβ deposits in the brain tissues of 
aged tree shrews [57, 58], despite potential controversies [16]. 
The hippocampal tissues from aged tree shrews contained an 
increased number of activated microglia containing ferritin, 
increased levels of oxidative stress, and hyperphosphoryla-
tion of tau [59]. Moreover, intracerebroventricular injection 
of Aβ40 induced cognitive impairment in adult tree shrews, 
accompanied by the detection of neurotic plaques, NTFs, and 
neuronal apoptosis in the hippocampal tissues [60].

In this study, we measured the common pathological 
features of AD in aged tree shrews. We found abnormal 
changes, including impaired cognitive performance, and 
increased levels of Aβ accumulation, phosphorylated tau, 
synaptic degeneration, neuronal loss, and gliosis in aged 
animals compared to adult tree shrews. Our results provide 
further evidence to support the Chinese tree shrew as being 
a potentially important animal model for the study of AD 
and aging.

Materials and Methods

Animals

Thirteen adult (about 1 year old) and 24 aged (6 years old, 
or older) male Chinese tree shrews were randomly chosen 
from the breeding colonies [61] of the Experimental Animal 
Center of the Kunming Institute of Zoology, Chinese Acad-
emy of Sciences. Animals were of normal weight and behav-
ior and were individually housed in a fully acclimatized 
facility with access to food twice daily and water ad libitum 
under a 12-h inverted day/night cycle (lights on at 7:00 a.m. 
and lights off at 7:00 p.m.). All animal experiments were 
conducted in compliance with the Animal Ethics Committee 
of the Kunming Institute of Zoology, Chinese Academy of 
Science (Approval number: IACUC18027).
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Hole‑Board Test

The hole-board test is commonly used to assess cognitive per-
formance in rodents, tree shrews, and non-human primates 
[36, 62, 63]. We used the procedure as described by Ohl et al. 
[36], with some modifications, to test the cognitive perfor-
mance of both the adult (n = 13) and the aged (n = 20) tree 
shrews. Briefly, the test apparatus consisted of a black PVC 
board (105 mm * 297 mm) containing 10 white holes (diam-
eter 15 mm) staggered in three lines (Fig. 1a). Each hole was 
covered by a movable white lid made of the same material 
as the board. The tree shrew has to open the lid in order to 
find a reward. We recorded the time it took each animal to 
complete this task and the number of incorrect actions taken. 
Tree shrews were given a 2-week acclimation period after 
arriving at the facility. They were fed with apple or yellow 
mealworms once a day by the experimenter. After acclima-
tion, each tree shrew was given an individual hole-board to 
avoid potential odor disturbance in the home cage. On day 1 

of the test, the tree shrews were allowed to learn how to open 
the lids to obtain yellow mealworms in randomly selected 
holes of the hole-board. On the following 3 days of training, 
the tree shrews were allowed to find three randomly selected 
holes marked with orange tape containing yellow mealworm 
in the hole-board (Fig. 1a). We changed the location of the 
holes labeled with yellow mealworm once a day, so that the 
animals learned the association between the labels and the 
food. On day 5, the tree shrews were given a trial of 10 min to 
find the marked holes, followed by two further tests at 1-h and 
24-h intervals with the same marked holes as in the training 
stage (Fig. 1a). We cleaned the apparatus with ethanol and a 
paper tissue and filled the holes with fresh yellow mealworms 
after each trial. During the test, we captured videos until the 
animals completed the task. The total exploring time, number 
of explorations, and wrong choices (opened unlabeled holes 
without mealworm) were calculated by analyzing the videos. 
The total exploring time was recorded as 180 s if the animal 
did not open all three baited holes within 3 min.

Fig. 1  The aged Chinese tree 
shrews showed cognitive 
deficits. a The apparatus of the 
modified hole-board test. b–d 
The total exploring time (b), 
exploring counts (c), and wrong 
choices (d) of the adult and 
aged Chinese tree shrews in the 
tests of 1-h and 24-h intervals 
after training. Adult tree shrews, 
n = 13; Aged tree shrews, 
n = 20. e The explore frequency 
of the novel object recognition 
test. Adult tree shrews, n = 5; 
aged tree shrews, n = 10. Data 
represented as mean ± SD. ns, 
no significant; *P < 0.05; 
**P < 0.01 vs adult group; 
#P < 0.05: Adult-1 h vs adult 
24-h group, two-tailed unpaired 
Student’s t test
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Novel Object Recognition

After the hole-board test, a proportion of tree shrews (adult, 
n = 5; aged, n = 10) were given a 2-week familiarization 
period. Then, the tree shrews were familiarized with the pink 
square objects A1 and A2 for 10 min in the home cage. After 
the trial, objects were cleaned with 70% ethanol to avoid 
any olfactory traces. The familiar object A2 was replaced 
by a novel blue triangular object after a 1-h interval. We 
captured a 10-min video and counted the number of explora-
tions between familiar and novel objects, respectively. The 
number of explorations that a tree shrew interacted with 
each object during the test was converted into the explore 
frequency, which was calculated by the number of inter-
actions at novel object / (number of interactions at novel 
object + number of interactions at familiar object).

Tissue Collection

At the completion of the behavioral tests, the tree shrews 
(adult, n = 5; aged, n = 5) were intramuscularly anesthetized 
with both ketamine (50 mg/kg) and pentobarbital (60 mg/kg) 
and intracardially perfused with phosphate-buffered saline 
(PBS). The brain was quickly and carefully removed and 
immediately dissected into two halves along the midline on 
the ice. One half was fixed with 4% paraformaldehyde in 
PBS for histopathological staining. The prefrontal cortex 
and hippocampus tissues carefully isolated from another half 
of the brain were snap-frozen in liquid nitrogen and stored 
at − 80 °C for biochemical assays.

Histopathological Staining

Fixed brain tissue was dehydrated and embedded in paraf-
fin, then sectioned coronally at 8-μm thickness. For frozen 
section, the tissue was soaked in a 30% sucrose solution 
and preserved at 4 °C before being sectioned at 30-μm 
thickness with a cryostat microtome (RIWARD, Minux® 
FSB800, Shenzhen, China). For immunohistochemistry or 
immunofluorescence staining, the slices of hippocampal 
were collected on slides and stained following our previ-
ously described procedure [13]. Briefly, the sections were 
first blocked with 5% bovine serum albumin (BSA, Beyo-
time Institute of Biotechnology) and 5% normal goat serum 
(NGS, Beyotime Institute of Biotechnology) in PBST (0.3% 
Triton-X-100 in PBS, #P1080, Solarbio) for 2 h, then incu-
bated with the corresponding primary antibodies against 
Aβ17-24 (clone: 4G8, 1:500, #800701, Biolegend), phos-
phor-tau (Thr231, AT180, 1:250, #MN1040, ThermoFisher 
Scientific), GFAP (1:1000, #GB11096, Servicebio), and 
AIF1/Iba1 (1:500, #A20844, ABclonal) in antibody-diluted 
solution (0.3% PBST with 1% BSA and 1% NGS) over-
night at 4 °C. After washing 3 times with 0.1% PBST, the 

immunohistochemical assays were performed using the 
UltraSensitiveTMSP IHC kit (rabbit, #KIT-9707; mouse, 
# KIT-9701, Fuzhou Maixin Biotech). The sections were 
further visualized with the DAB solution (#DAB-1031, 
Fuzhou Maixin Biotech), followed by a counterstaining with 
hematoxylin (#G1005-1, Servicebio). The immunofluores-
cent slides were incubated for 2 h at room temperature with 
fluorescence-labeled AlexaFluor 488 or 594-conjugated goat 
anti-mouse or rabbit IgGs (1:500, Jackson ImmunoResearch 
Laboratories).

For Nissl staining, the paraffin-embedded sections were 
dewaxed with dimethylbenzene (#G1128, Servicebio), 
rehydrated through serially diluted concentrations of etha-
nol (100%, 95%, 90%, 85%, 70%, 50%, respectively), and 
then were immersed in Nissl working solution (#G1036, 
Servicebio) at 37 °C for 20 min. The sections were then 
washed with deionized water, and dehydrated through dif-
ferent concentrations of ethanol (50%, 70%, 85%, 90%, 95%, 
100%, respectively), and hyalinized with dimethylbenzene.

Images were captured using an Olympus BX61VS micro-
scope (Olympus) or an Olympus FluoView 1000 confocal 
microscope (Olympus). Matched sections from approxi-
mately the same region from at least 4 different animals 
were used to count the number of cells with clear and strong 
signals for each staining (GFAP, Iba1, AT180 or 4G8). Colo-
calization with nuclear and morphological brown staining 
was considered as consistent for GFAP and Ibal. Cell counts 
in each adult or aged individual were normalized to the aver-
age cell number of the adult group. Differences between the 
adult and aged groups were measured by using the indicated 
statistical methods.

Western Blotting

Prefrontal cortex and hippocampus tissues were homogenized 
and lysed in lysis buffer (#P10013, Beyotime Institute of Bio-
technology) supplemented with protease inhibitor cocktail 
(#P1008, Beyotime Institute of Biotechnology) on ice, and 
protein concentration was determined using the BCA protein 
assay kit (#P0012, Beyotime Institute of Biotechnology). The 
detailed protocol was described in our previous study [64]. 
Briefly, 20 μg total protein per sample was denatured in load-
ing buffer at 95 °C for 10 min and was separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidene difluoride 
membrane (#L1620177 Rev D, BioRad). The membrane 
was incubated with respective primary antibodies against 
Aβ40 (#12990, Cell Signaling Technology), Aβ42 (#14974T, 
Cell Signaling Technology), total-Aβ (#8243S, Cell Signal-
ing Technology), 4G8, phosphor-Tau (Ser202 and Thr205, 
AT8, #MN1020, ThermoFisher Scientific), AT180, total 
tau (#46687S, Cell Signaling Technology), NeuN (D4G40, 
#24307, Cell Signaling Technology), PSD95 (#36233S, 
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Cell Signaling Technology), and GFAP, AIF1/IBA1, actin 
(#AF7018, Affinity Biosciences LTD) at 4 °C overnight. 
After 3 washes with TBST (Tris-buffered saline, #G0001, 
Servicebio) containing 0.1% Tween 20 (#A600560-0500, 
Sangon Biotech), the membranes were incubated with the 
horseradish peroxidase-conjugated secondary antibody: goat 
anti-mouse (1:10000, #G1214, Sevicebio) or goat anti-rabbit 
(1:10000, #G1213, Sevicebio). The signals were visualized 
with the ECL Western Blot Detection Kit (#WBKLS0500, 
Mollipore). Actin was used as loading control; each protein 
level was normalized to actin. The integral optic density of 
each target protein was evaluated using ImageJ (National 
Institutes of Health, Bethesda, MD).

Statistical Analysis

All statistical analyses were performed using GraphPad 
Prism version 8.0.1 (GraphPad Software, Inc., La Jolla, CA, 
USA). Differences between the adult and aged tree shrew 
groups were analyzed using Student’s t test. All the values 
are presented as mean ± standard deviation (SD). A P < 0.05 
was considered as statistically significant.

Results

Declined Cognition Performance in the Aged Tree 
Shrews

To investigate whether there is a difference in recognition 
performance during aging of tree shrews, we performed the 
hole-board and novel object recognition tests to both adult 
and aged tree shrews. The hole-board test involves memory 
training with food rewards. Reference memory is defined as 
an animal not visiting the unlabeled holes, while revisiting 
a labeled hole within a session is a working memory error 
[65]. The apparatus and experimental design of the hole-board 
test were modified from Ohl et al. [45] (Fig. 1a). In the hole-
board test at both 1 h and 24 h post-training, mean explora-
tion times were less than 50 s in the adult group, but were 
significantly increased in the aged group (Fig. 1b). Aged tree 
shrews explored more counts to find a reward as compared 
to the adult tree shrews in both the 1 h and 24 h post-training 
(Fig. 1c). The aged tree shrews also had a significantly higher 
number of wrong choices than the adult animals (Fig. 1d), sug-
gesting a diminished working memory in the aged individu-
als. There were no obvious changes in the total explore time 
and the number of explorations of the same group at differ-
ent time intervals (Fig. 1b and c). Intriguingly, the number of 
wrong choices in both the adult group and the aged group was 
substantially fewer at 24-h than at 1-h interval, and the exact 
reason for this observation remained unknown (Fig. 1d). Con-
sistent with previous results that the working memory of tree 

shrews was significantly impaired by aging [66], our results 
also suggested that aged tree shrews had attenuated memory 
performance compared to the adult tree shrews.

The novel object test also measures memory performance. 
Animals tend to interact more with a novel object than with a 
familiar one. Object recognition is assessed by the frequency or 
time spent exploring the object [67]. We performed the novel 
object recognition test following the previously described 
procedure with some modifications [68] (Fig. 1e). Consistent 
with previous studies [68, 69], the adult tree shrews exhibited a 
robust preference for the novel object compared to the familiar 
object, but there was no exploration preference for the novel 
object in the aged tree shrews (Fig. 1e), indicating that the aged 
tree shrews may lose their curiosity for novel objects and have 
attenuated memory performance.

Increased Aβ Accumulation in the Cortex 
and Hippocampus Tissues of the Aged Tree Shrews

The Aβ plaque is one of the key pathological features of AD 
[1, 2, 4]. We investigated whether typical plaques were visible 
in the brain tissue of aged tree shrews, as previous studies have 
given inconclusive results [16, 57, 58]. In the present study, the 
aged tree shrews had an increased Aβ42 / Aβ40 ratio in the corti-
cal tissues as compared to the adult tree shrews (Fig. 2a, b). In 
line with this observation in the cortex tissues, there was an 
increasing trend of Aβ42 /Aβ40 ratio in the hippocampus tissues 
of the aged group (Fig. 2c, d). Moreover, both 4G8 (Aβ17-24) 
and total Aβ protein levels were also significantly increased 
in the cortex and hippocampus tissues of the aged tree shrews 
compared to adult tree shrews (Fig. 2a–d). Immunofluores-
cence staining showed that aged tree shrews had substantially 
more 4G8-positive deposits in the hippocampus and cortex 
tissues than in the same tissues of adult tree shrews (Fig. 2e). 
Furthermore, intense 4G8 immunostaining deposits in cells of 
the hippocampus tissue were found mainly in the CA2 region 
of the hippocampus (CA2) and CA3 region of the hippocam-
pus (CA3), but not in the dentate gyrus of the hippocampus 
(DG) region in the aged tree shrews (Fig. 2e). This observation 
was confirmed by the immunohistochemical staining of CA2 
and CA3 regions, where a higher number of 4G8-positive cells 
were observed in the aged tree shrews as compared to the adult 
tree shrews (Fig. 2f, g). Similar to our previous result [16], we 
observed only intracellular Aβ accumulation, and no extracel-
lular formed Aβ plaque structures in the brain tissue of the 
aged tree shrews.

Increased Phosphorylated Tau Protein in the Cortex 
and Hippocampus Tissues of the Aged Tree Shrews

The presence of hyperphosphorylated tau is another important 
feature of AD [1, 2, 4]. We examined whether the aged tree 
shrews had increased levels of phosphorylated tau by using 
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two commonly used antibodies, AT8 and AT180. The AT8 
antibody detects phosphorylation at Ser202/Thr205, while the 
AT180 antibody binds specifically to phosphorylated Thr231 
of tau. These three phosphorylation sites are commonly 
involved in AD pathology [70]. Our results showed that the 
levels of phosphorylated tau and total tau were significantly 
higher in the cortex tissues of the aged tree shrews than in the 

adult tree shrews (Fig. 3a, b). Consistent with the results from 
the cortical tissues, the protein levels of AT8, AT180 and total 
tau were also significantly elevated in the hippocampal tissues 
of the aged tree shrews as compared to those of the adult tree 
shrews (Fig. 3c, d). Immunofluorescence staining of the brain 
tissues showed that the aged tree shrews had a remarkably 
increased number of AT180-accumulated cells in the DG, 

Fig. 2  Accumulation of Aβ in 
the cortex and hippocampus 
tissues of the adult and aged 
tree shrews. a Western blots for 
Aβ40, Aβ42, 4G8, and total-Aβ 
in the cortex tissues of the adult 
and aged tree shrews. n = 5 
per group. b Quantification of 
the Aβ42/Aβ40 ratio (left), 4G8 
protein level (middle), and total 
Aβ protein level (right) in a. c 
Western blots for Aβ40, Aβ42, 
4G8, and total-Aβ in the hip-
pocampus tissues of the adult 
and aged tree shrews. n = 5 per 
group. d Quantification of the 
Aβ42/Aβ40 ratio (left), 4G8 pro-
tein level (middle), and total Aβ 
protein level (right) in c. Actin 
was used as loading control; 
each protein level was normal-
ized to actin. Data normalized 
to the adult group and repre-
sented as mean ± SD, n = 5 per 
group, *P < 0.05; **P < 0.01; 
***P < 0.001 vs adult group, 
two-tailed unpaired Student’s t 
test. e Representative images of 
4G8 immunofluorescent stain-
ing for the hippocampus and 
cortex tissues of the adult and 
aged tree shrews. Scale bar, 20 
μm. The enlarged image at the 
left boxed area referred to the 
cell marked by a white arrow. f 
Representative images of 4G8 
immunohistochemical staining 
in the CA2 and CA3 regions of 
the hippocampus in the adult 
and aged tree shrews. Scale bar, 
100 μm. g Quantification of 
4G8 positive cells in the CA2 
and CA3 regions in 5 adult and 
5 aged tree shrews. Cell number 
in each individual was normal-
ized to the average number of 
cells in the adult group and 
represented as mean ± SD. 
*P < 0.05; **P < 0.01 vs adult 
group, two-tailed unpaired 
Student’s t test. Red arrows indi-
cated cells with abundant 4G8 
protein accumulation, with an 
enlarged image of a representa-
tive cell at the left boxed area
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CA1 field of the hippocampus (CA1), CA2, CA3 regions of 
the hippocampus, and in the cortical tissues compared to the 
adult tree shrews (Fig. 3e). This result was validated by immu-
nohistochemical staining, as the CA2 and CA3 regions of the 
hippocampus tissues of the aged tree shrews had significantly 
accumulated AT180 protein as compared to those of the adult 
tree shrews (Fig. 3f, g). Taken together, we observed increased 
levels of phosphorylated tau, but no typical NFTs structure, in 
the brain tissue of the aged tree shrews.

The Aged Tree Shrews had Synaptic Degeneration 
and Neuronal Loss in the Cortex and Hippocampus 
Tissues

Synaptic degeneration and neuronal loss are prominent path-
ological features of AD at the cellular level [1, 2, 4]. We 
detected a severe reduction of the level of PSD-95 protein, a 
post-synaptic marker [71], in both cortex and hippocampal 
tissue of the aged tree shrews as compared to that of the adult 

Fig. 3  Tau protein level in 
the cortex and hippocampus 
tissues of the adult and aged 
tree shrews. a Western blots for 
AT8, AT180, and total tau in 
the cortex tissues of the adult 
and aged tree shrews. n = 5 per 
group. b Quantification of AT8 
(left), AT180 (middle), and total 
tau protein level (right) in (a). c 
Western blots for AT8, AT180, 
and total tau in the hippocam-
pus tissues (n = 5 per group). 
d Quantification of AT8 (left), 
AT180 (middle), and total tau 
protein level (right) in c. Actin 
was used as the loading control; 
each protein level was normal-
ized to actin. Data normalized 
to the adult group and repre-
sented as mean ± SD, *P < 0.05; 
**P < 0.01 vs adult group, 
two-tailed unpaired Student’s 
t test. e Representative images 
of AT180 immunofluorescent 
staining in the hippocampus and 
cortex tissues of the adult and 
aged tree shrews. Scale bar, 20 
μm. The enlarged image at the 
left boxed area referred to the 
cell marked by a white arrow. 
f Representative images of 
AT180 immunohistochemical 
staining in the CA2 and CA3 
regions of the hippocampus in 
the adult and aged tree shrews. 
Scale bar, 100 μm. g Quantifi-
cation of AT180-positive cells 
in the CA2 and CA3 regions 
in 4 adult and 4 aged tree 
shrews. Cell number in each 
individual normalized to the 
average number of cells in the 
adult group and was repre-
sented as mean ± SD. *P < 0.05; 
**P < 0.01 vs adult group, 
two-tailed unpaired Student’s t 
test. Red arrows indicated cells 
with massive AT180 protein 
accumulation, with an enlarged 
image of a representative cell at 
the left boxed area
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individuals (Fig. 4a–d), suggesting that synaptic degeneration 
occurred in the brain of tree shrews during the aging pro-
cess. Similarly, the protein level of NeuN, a neuronal marker 
[72], was also markedly decreased in both the cortex and 
hippocampus of the aged tree shrews as compared to that of 
the adult tree shrews (Fig. 4a–d). Nissl staining of the hip-
pocampus subregions revealed smaller and fewer holomor-
phic Nissl bodies in the CA1, CA2, CA3, and DG regions, 
and in the cortex of the aged tree shrews (Fig. 4e). This result 
was consistent with the results of Western blot analysis and 
suggested that significant neuronal loss occurs during aging.

Enhanced Gliosis in the Cortex and Hippocampus 
Tissues of the Aged Tree Shrews

Neuroinflammation plays a key role in the neurodegenerative 
process of AD and generally constitutes the third core fea-
ture of AD neuropathology [1, 2, 4, 73–76]. Previous studies 
have reported a profound gliosis in the brain tissues of an 
AD animal model [77] and AD patients [78]. To test whether 

gliosis is present in the brain of the aged tree shrews, we 
examined the protein levels of GFAP (an astrocyte marker) 
and Iba1 (a microglia marker) in the cortex and hippocam-
pus tissues of the adult and aged animals. Western blot anal-
yses showed a significant increase in the protein levels of 
GFAP and Iba1 in the cortex and hippocampus tissues of the 
aged animals compared to the adult individuals (Fig. 5a–d). 
Immunofluorescent analyses displayed an increased signal 
of GFAP and Iba1, as indicated by the high number of posi-
tive cells found in the hippocampus and cortex of the aged 
tree shrews (Fig. 5e and f). Similarly, immunohistochemical 
staining confirmed this pattern, with more positively stained 
astrocytes in the DG, CA1, CA2, and CA3 regions of the 
hippocampus and cortex of the aged tree shrews compared to 
the adult tree shrews (Fig. 6a and b). Staining for microglia 
showed a significant increase in the number of microglia 
located in the CA1 and CA2 regions of the hippocampus and 
the cortex tissues of the aged tree shrew as compared to the 
adult tree shrews (Fig. 6c and d). Consistent with a previous 
study showing increased total number of Iba1-positive cells 

Fig. 4  Synaptic degeneration 
and neuronal loss in the cortex 
and hippocampus tissues of the 
adult and aged tree shrews. a 
Western blots for PSD95 and 
NeuN in the cortex tissues of 
the adult and aged tree shrews. 
n = 5 per group. b Quantifica-
tion of PSD95 (left) and NeuN 
(right) protein levels in a. c 
Western blots for PSD95 and 
NeuN in the hippocampus 
tissues of the adult and aged 
tree shrews. n = 5 per group. 
d Quantification of PSD95 
(left) and NeuN (right) protein 
levels in c. Actin was used as 
loading control; each protein 
level was normalized to actin. 
Data normalized to the aver-
age of the adult group and 
represented as mean ± SD, *P < 
0.05; **P < 0.01; ***P < 0.001 
vs adult group, two-tailed 
unpaired Student’s t test. e 
Representative images of Nissl 
staining of the hippocampus 
in adult and aged tree shrews. 
Scale bar, 1 mm (whole section) 
or 50 μm (enlarged section from 
left red rectangle)
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in the hippocampus of the aged tree shrews [59], our results 
also demonstrated an enhanced gliosis in the brain of the 
aged tree shrews.

Discussion

The main pathological changes in AD are the presence of 
extracellular Aβ plaques, intracellular NFTs, neuroinflam-
mation, and extensive synaptic and neuronal loss in the cer-
ebral cortex and hippocampus [1, 2, 4]. In this study, we 
observed impaired cognition performance, accompanied by 
increased levels of Aβ accumulation and phosphorylated tau 

protein, synaptic and neuronal loss, and gliosis in the cor-
tex and hippocampus in the aged tree shrews as compared 
to the adult individuals. However, we did not observe the 
classic extracellular Aβ plaques and typical NFTs in any 
of the aged tree shrews studied. This result would suggest 
that these typical pathological features may not be present 
in the aged tree shrews, or that the sample size studied is 
insufficient to identify these pathological features that may 
be rather uncommon in the tree shrews. Another possibility 
is that the aged tree shrews (with a mean age of less than 7 
years) studied were not old enough to develop Aβ plaques 
and typical NFTs. In addition, we may need to use more 
sensitive methods, such as the high-quality immunoelectron 

Fig. 5  Enhanced gliosis in 
the cortex and hippocampus 
tissues of the adult and aged 
tree shrews. a Western blots for 
GFAP and Iba1 in the cortex 
tissues of the adult and aged 
tree shrews. n = 5 per group. b 
Quantification of GFAP (left) 
and Iba1 (right) protein levels 
in a. c Western blots for GFAP 
and Iba1 in the hippocampus 
tissues of the adult and aged 
tree shrews. n = 5 per group. d 
Quantification of GFAP (left) 
and Iba1(right) protein level 
in c. Actin was used as load-
ing control; each protein level 
was normalized to actin. Data 
normalized to the adult group 
and represented as mean ± SD, 
*P < 0.05; **P < 0.01; 
***P < 0.001 vs adult group, 
two-tailed unpaired Student’s t 
test, n = 5 per group. e, f Rep-
resentative images of GFAP (e) 
and Iba1 (f) immunofluorescent 
staining of the hippocampus 
and cortex tissues in the adult 
and aged tree shrews. Scale bar, 
20 μm
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Fig. 6  Immunohistochemical staining showing astrocytes and glia 
cells in the cortex and hippocampus tissues of the adult and aged 
tree shrews. a, b Representative images (a) and quantification (b) of 
GFAP immunohistochemical staining in the hippocampus and cor-
tex tissues of 5 adult and 5 aged tree shrews. Scale bar, 100 μm. Red 
arrows indicated GFAP positive cells. c, d Representative images (c) 

and quantification (d) of Iba1 immunohistochemical staining in the 
hippocampus tissues of 4 adult and 5 aged tree shrews. Scale bar, 
100 μm. Red arrows indicated Iba1-positive cells. Cell number in 
each individual normalized to the average number of cells in the adult 
group and represented as mean ± SD. ns, no significant;  *P < 0.05; 
***P < 0.001 vs adult group, two-tailed unpaired Student’s t test
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microscopy studies [25, 79] and continual visualization of 
NFT maturity in AD [80], in order to detect these pathologi-
cal features in the aged tree shrews.

AD is a neurological disorder characterized by progres-
sive memory loss and cognitive impairment [1, 2, 5, 81]. 
During the aging process, human and non-human primates 
naturally develop age-related cognitive decline (learning 
and memory, forgetfulness, distractibility, inflexibility, and 
impaired executive functions) [79, 82–84]. In addition, aged 
dogs [85], rats [86, 87], mice [88, 89], and degus [90] have 
exhibited a decline in their memory and learning ability. 
Together with previous observations [66], we observed an 
attenuated cognitive performance in the tree shrews during 
aging. This result suggested that the tree shrew may be a 
good animal model for studying the effects of aging on cog-
nitive performance.

Evidence suggested that the deposition of Aβ42 peptide, 
the major component of senile plaques, is significantly 
increased and retained in the AD brain, driving the immi-
nent onset or progression of AD [91]. Although cerebral 
Aβ plaques are one of the key pathologies of AD [1, 2, 4], 
abundant Aβ deposits also occur spontaneously in the brains 
of many healthy people by an advanced age. Progressive 
cerebral deposition of Aβ (including classic plaques, diffuse 
and primitive type) occurs in mammals (e.g., horses [92], 
cattle [93], polar bear [94], American black bear [95], wol-
verine [96], seal, sea lion, walrus [97], monkeys [98–100], 
camel [101], dogs [85, 102, 103], domestic cats [104]), but 
not in mice and rats [105, 106]. Consistent with our previous 
study [16], the total Aβ protein levels were notably increased 
in the cortex and hippocampus of the aged tree shrews, but 
no typical plaques were observed. The Aβ accumulation in 
aged tree shrews is similar to the diffused Aβ deposits in the 
hippocampus tissues of the aged cats [104], suggesting a 
possible ability to form senile plaques.

Another key neuropathological feature of AD is hyper-
phosphorylated tau forming NFTs [1, 2, 4]. Similar to the 
Aβ pathology, many mammals have been shown to natu-
rally accumulate phosphorylated tau aggregates forming 
structural NFTs, including aged sheep and goats [107–109], 
wolverines and polar bears [94, 96], domestic cats [104], 
nonhuman primates (grivets and Macaca genus, chimpan-
zee, rhesus monkeys) [110, 111]. While tau accumulation 
occurred in aging horses [92], pinniped species (seal, sea 
lion, and walrus) naturally accumulated hyperphosphoryl-
ated tau during aging [97]. Furthermore, aged cats and dogs 
also showed neuronal loss [102, 104]. In addition to non-
human primates [112], senile dogs also showed significant 
cortical atrophy, accompanied by an increase in ventricu-
lar volume [85, 102, 103]. Similar to these naturally aging 
animals, we observed profound phosphorylated tau in aged 
tree shrews. We have also observed a severe cortical atrophy 

and expanded ventricular volume under the microscope in a 
6.2-year-old tree shrew (data not shown).

Activation of glial cells, including microglia and astro-
cytes, plays an important role in triggering the inflammatory 
signaling pathways involved in AD [2, 4, 76], leading to the 
inflammation hypothesis of sporadic late-onset AD [113]. 
Based on this hypothesis, the natural neuronal response to 
inflammatory stress includes hyperphosphorylated tau, mis-
located hyperphosphorylated tau, and increased APP expres-
sion [113]. Moderate activation of neuroprotective microglia 
facilitates the clearance of the Aβ aggregates under physi-
ological conditions. However, in the setting of pathological 
aging, such as overweight and obesity in mid-life, microglia 
become hyper-reactive to induce an exaggerated neuropro-
tective inflammatory response, resulting in neuronal damage 
(e.g., disruption of the axonal cytoskeleton contributing to 
the impaired axonal transport, formation of axonal swellings 
of APP aggregates, and dystrophic neurites) that cannot be 
cleared by hyper-reactive microglia [114, 115]. Secondary 
to the neuronal degeneration, Aβ plaques are formed from 
the intracellular APP aggregates, triggering further release 
of proinflammatory molecules that exacerbate the neuro-
degenerative processes in AD [114–116]. Recently, it has 
been suggested that chronic neuroinflammation may be a 
precursor to the development of Aβ and tau pathology in 
sporadic AD [117]. Therefore, an animal model based on the 
inflammatory hypothesis of sporadic AD should include the 
following features: (a) primary chronic neuroinflammation 
[117], (b) memory and cognitive impairment, and (c) tau 
and Aβ pathology [114]. Obviously, the tree shrew may be a 
suitable animal model to study the inflammatory hypothesis 
of sporadic AD based on the observed activation of glial 
cells during aging.

The current study has several limitations. First, we did not 
detect all related biomarkers of aging in the aged tree shrews 
[118] and perform an association between these biomarkers 
of aging with the observed cognitive impairments during 
aging. Second, the evaluation for aging-associated behav-
ioral changes may be insufficient for defining the cognitive 
impairment in the aged tree shrews. More behavioral para-
digms and physiological tests for the tree shrews should be 
designed and optimized to validate the same as a standard 
test animal for AD and aging in the future.

Conclusion and Outlook

In the present study, we performed a comparison of AD path-
ological features in the adult and aged tree shrews. We found 
impaired cognitive performance, accompanied by increased 
levels of intracellular Aβ accumulation and phosphorylated 
tau protein, synaptic and neuronal loss, and gliosis in the 
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cortex and hippocampus of the aged tree shrews. These find-
ings indicated that the tree shrews accumulate AD-related 
pathologies during aging and have the potential to be an opti-
mal experimental animal model for AD research. In the future, 
more studies should be carried out to investigate whether the 
accumulated Aβ and phosphorylated tau in brain of the tree 
shrews could further develop to typical Aβ plaques and NFTs 
naturally or through acquired factors (e.g., metabolic disorders 
and virus infections). Collectively, this study has provided 
the molecular basis to show that the tree shrew is a potential 
model for research in AD and aging-related diseases.

Abbreviations AD: Alzheimer’s disease; Aβ: Amyloid-β; NFTs: Neu-
rofibrillary tangles; MAPT:  Microtubule-associated protein tau; 
PBS: Phosphate-buffered saline; BSA: Bovine serum albumin; SDS-
PAGE: Sodium dodecyl sulfate–polyacrylamide gel electrophoresis; 
DG: Dentate gyrus of the hippocampus; CA1: Field CA2 of hip-
pocampus; CA2: CA2 region of hippocampus; CA3: CA3 region of 
the hippocampus
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