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Adolescent mice exposed to TBI developed PD-like pathology
in middle age
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Traumatic brain injury (TBI) is identified as a risk factor for Parkinson’s disease (PD), which is a neurodegenerative disease
characterized by the loss of dopaminergic neurons in the substantia nigra (SN). However, the precise mechanism by which chronic
TBI initiates PD pathogenesis is not yet fully understood. In our present study, we assessed the chronic progression and
pathogenesis of PD-like behavior at different intervals in TBI mice. More than half of the mice exhibited PD-like behavior at 6
months post injury. PD-like behavioral dysfunction and pathological changes were aggravated with the injured time extension in
chronic phase of TBI. The loss of tyrosine hydroxylase positive (TH+) neurons in the SN were partly associated with the
accumulation of misfolded a-Synuclein and the cytoplasmic translocation of TDP-43 from nuclear. Moreover, the present of chronic
inflammation was observed in SN of TBI mice, as evidenced by the enhancement of proinflammatory cytokines and reactive
astrocytes and microgliosis post lesion. The enhanced phagocytosis of reactive microglia accounted for the reduction of dendrite
spines. Our results revealed that chronic inflammation associated with the damage of TH+ neurons and the development of
progressive PD-like pathology after chronic TBI in mice. Our study shed new light on the TBI-triggered molecular events on PD-like
pathology. Additional research is required to have a deeper understanding of the molecular factors underlying the impairment of
dopaminergic neurons following TBI.
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INTRODUCTION
Parkinson’s disease (PD) is a prevalent neurodegenerative disorder
that imposes a significant public health burden, impacting
approximately 2–3% of those aged 65 years and older [1, 2].
Traumatic brain injury (TBI) is a prevalent form of mechanical
injury, affecting an estimated 50 to 60 million people each year [3].
Notably, clinical evidences have shown that TBI is one of the risk
factors in the development of PD [4–12]. These who encountered
TBI during their early years are faced a heightened susceptibility to
developing PD [9, 13].
The accumulation of α-Synuclein (α-Syn) in the substantia nigra

(SN) has been identified as main contributor to PD-related pathology
[14]. The degeneration of dopaminergic neurons reduces the
function of the nigrostriatal pathway, leading to neurotransmission
disorders and ultimately resulting in PD symptoms [15]. Previous
studies report that mice performed poorly in open field test and
present depression /anxiety-like behaviors at one month post-TBI,
which is associated with the damage of dopaminergic neurons
[16, 17]. The primary aim of the current study was to ascertain
whether PD-like behavior is a late-onset symptom caused by TBI and
its progression with the extended duration post TBI.

Inflammation occurs shortly after the initial TBI event (acute
sequelae) and even persists for years in the affected areas [18].
Many studies document a significant loss of dopaminergic
neurons following moderate TBI in rodents, which are accom-
panied by the enhancement of neuroinflammation [17, 19, 20].
The use of nonsteroidal anti-inflammatory drugs (NSAIDs)
shows potential in mitigating the risk of PD and decelerating
its progression, suggesting the potential involvement of
neuroinflammation in the etiology of PD [21]. Microglia and
astrocytes, which serve as the principal immune cells in the
nervous system, have a significant impact on the regulation of
neuroinflammation by releasing inflammatory cytokines and
chemokines [22–24]. Nevertheless, the precise influence of
reactive glial cells on neuronal functionality remains elusive in
the SN post TBI.
The current work aims to explore the PD-like behavioral

alterations and their probability of manifestation after TBI in mice.
We undertook a thorough investigation on the onset of PD- like
behavior and the loss of dopaminergic neurons in SN after TBI. Our
study also specifically evaluates the effect of neuroinflammation of
ipsilateral SN on behavior dysfunction in mice.
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MATERIALS AND METHODS
Animals
8–12-week-old male C57BL/6J mice (n= 240, weighing 18–25 g) were
used in this study. Mice were housed under standard conditions
(23 ± 1 °C, 12 h light–dark cycle and humidity is 60%). Mice were
randomly allocated into TBI and age-match sham groups. Then mice
were randomly sub-divided into eight experimental groups for four
indicated time points (0, 1, 3 and 6 MPI), with thirty animals in each
subgroup.

Controlled cortical impact (CCI) models
Briefly, an isoflurane anesthetized mouse was placed on a stereotaxic
frame followed with surgical procedure. Briefly, a midline incision was
made in the scalp to expose skull. A craniotomy with a diameter of 4 mm
was conducted on the left cerebral hemisphere, which was precisely
positioned 3 mm lateral to the midline and 3 mm posterior to bregma. A
moderate TBI model was produced with craniocerebral strike apparatus
(PinPoint PCI3000, Hatteras Instruments) using a 3 mm diameter
impactor (velocity 1.5 m/s; duration 50 ms; depth 1 mm), as previously
described [25]. After injury, the animals were placed in a 37 °C heated
cage until recovery. Sham animals were subjected to surgery except for
cortical impact.

Behavioral tests
Various behaviors are employed to identify PD-like behavior at indicated
intervals post injury, including open field, tail suspension test, pole test,
rotarod test, grip strength, and gait analysis.

Open field test (OFT). Mice were placed in a white acrylic box of
50 × 50 cm and allowed to freely explore for ten minutes. Their exploration
trajectories were recorded using a camera. The box was wiped with 75%
ethanol after each mouse trial to prevent the accumulation of olfactory
cues. The open-field test was conducted by an examiner who was blinded
to the treatment groups. The total distance of movement and the percent
of time spend in the central area were calculated.

Rotarod. The rotarod test was generally practiced to investigate rodents’
motor coordination and stability. Briefly, mice were forced to run at 10 rpm
on a rotating rod to 40 rpm within 300 s. The latency to fall from the
rotating rod is designated as the test’s endpoint measure. Before the
commencement of the study, animals were trained for the 5 consecutive
days on the rotarod apparatus [26].

Pole test. The pole test apparatus consisted of a vertical pole with a
diameter of 8 mm and a height of 50 cm, which placed in a cage with soft
bedding. Mice were placed individually on top of the pole with their head
oriented upward and allowed to descend to the floor [27]. Three pole
descent trials were performed, and the mean time required for animals to
descend to the base of the pole were used for analysis.

Grip strength. Mice were tested for strength using a grip dynamometer.
The dynamometer is positioned horizontally, and the mice were supported
by its tail and putted on the device. The measurement of peak grip force
was conducted by instructing the mice to hold the metal grid and
subsequently draw it back on a horizontal surface. The maximum grip
force was documented until the mice experienced a loss of support. Each
mouse was subjected to three trials of exhaustion, and the mean grip
strength of the mice was calculated [27, 28].

Tail suspension test (TST). The TST test was performed as previously
described to assess depressive-like behavior [29]. Mice were suspended by
their tail (50 cm above the floor) using adhesive tape at 1 cm from the tip
of the tail. The TST test was conducted and recorded for 6 min. TST data
were recorded by the SMART™ tracking software program.

Gait analysis. Mice were subjected to gait assessment with the CatWalk
XT automated gait analysis system (Noldus Information Technology,
Wageningen, The Netherlands). A camera was used to record the
footprints of mice in the glass walkway under a dark environment [30].
Only runs that were straight and uninterrupted were considered successful
and were selected for further analysis. Any data failed to meet these
criteria were excluded from the study.

Animal selection and sample collection
After conducting behavior test, we analyzed the behavioral parameters of
age-matched sham mice and considered the 90% confidence interval as
the baseline [31]. The motor abilities of TBI mice were assessed by
comparing their performance to a baseline. All behavioral tests showed
deviations from the baseline, indicating the presence of PD-like behaviors.
In the TBI-6M group, mice displaying PD-like behavior were randomly
selected for tissue analysis, while all 30 mice in the other groups were
randomly chosen. The specific information about the mice was listed in
Supplementary Table 3. Further experiments were conducted on the
selected mice. The ipsilateral SN tissue was harvested and stored at −80 °C
for protein and mRNA analysis after perfusing with cold phosphate-
buffered saline. For immunostaining, mice were perfused with 4%
paraformaldehyde. Parts of brain were embedded in paraffin and cut into
4 μm sections. Parts of brain were dehydrated in sucrose and cut into
50 μm sections.

Nissl staining
Briefly, the slides were dewaxed and stained within Nissl Staining Solution
(Beyotime Biotechnology, Shanghai, China) for 20min. After, rinsing with
ddH2O, the sections were decolorized in 75% ethanol, cleared in xylene,
and sealed with neutral resin. Finally, the sections were observed using
light microscope (Olympus DP74, Tokyo, Japan).

Western blotting
The ipsilateral SN tissues were rinsed with cold PBS followed by
homogenized in the RIPA lysis buffer containing phenylmethanesulfonyI
fluoride (PMSF) (Beyotime, Shanghai, China). The lysates were centrifuged
and total protein concentration was evaluated with Enhanced BCA Protein
Assay Kit (Beyotime, Shanghai, China). Samples were separated by using a
Bis-Tris gel and then transferred onto polyethylene difluoride (PVDF)
membranes blocked with milk for 2 h at room temperature (RT). The
membranes then incubated with antibodies subsequently at RT and were
imaged with the ECL (Tanon 5500, Shanghai, China). The antibodies used
in this study were listed in Supplementary Table 1.

Immunofluorescence
Coronal brain sections were dewaxed and incubated in blocking solution
containing 5% donkey serum and 0.5% Triton X-100 in PBS at RT, then
incubated with primary antibodies at 4 °C overnight. Slice were rinsed in
PBS followed by incubation with Alexa-Fluor-conjugated secondary
antibodies at RT. Slices were then washed and mounted with Fluor-
mount contained nuclear marker DAPI. Images were acquired with 1 μm
step size at ×200 magnification using a Zeiss Axio Scan Z1 confocal
microscope system (Zeiss, Jena, Germany). Each area was randomly
selected and the cells were manually counted by two blinded
investigators. Percentage of positive area and area of cell soma were
quantified by Image J software. The antibodies we used for immuno-
staining were listed in Supplementary Table 1.

qReal-time PCR
Total RNA samples were extracted from SN tissue using TRIzol regent
(279510, Thermo Fisher Scientific, USA), and first-stand cDNA was
generated using the PrimeScript™ RT reagent kit (TRR047A, Takara
Biotechnology, Japan). qReal-time PCR (qPCR) was performed using SYBR®

Premix Ex Taq™ II RT-PCR kit (RR820A, Takara Biotechnology, Japan) for
quantity analysis of the mRNA. All reactions were performed in triplicates
and the mRNA levels were normalized to Gapdh. The primer sequences
which we used are listed in Supplementary Table 2.

Quantification of cytokine levels
Enzyme-linked immunoassay kits (Mlbio, China) were used to measure the
levels of IL-1β, IL-6 and TNF-α in SN tissues according to the technical
instructions supplied by the ELISA kits [32].

TUNEL assay
Apoptotic nuclei were detected in SN region using an TUNEL Bright Green
Apoptosis Detection Kit (Vazyme, China) according to manufacturer’s
instructions. The number of apoptotic cells in the SN were counted by
Image-J software (version 2.0; National Institutes of Health, Bethesda,
MD, USA).
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Sholl analysis of the morphology of astrocyte
Sholl analysis was conducted to investigate the astrocytic and microglial
morphology in the frozen section of SN as previously described [33].
Briefly, Z-stack images were collected with a 60 × oil immersion lens with
2.5 μm step size, and only cell that exhibited a distinct cell body and
processes that did not extended beyond the field of view were chosen for
analysis. For each animal, more than 4 astrocyte and microglia were
selected from the ipsilateral SN area. Each image was analyzed with a Sholl
analysis plugin in Fiji. We used the line segment tool to draw a line from
the center of each soma to their longest process. We set every shell in
3 μm (for astrocyte) or 2.5 μm (for microcyte) steps to determine the
number of intersections at each Sholl radius [33].

Golgi staining and analysis
Neuron staining was performed using the FD Rapid Golgi-Stain Kit (FD
Neuro Technologies) as per the manufacturer’s instructions to histologi-
cally investigate dendritic spines under light microscopy (Olympus DP74,
Tokyo, Japan). In short, mice brains were removed, and processed for Golgi
staining following the manufacturer’s manual. The brains were later
sectioned into 100 μm slices using a freezing microtome (POLAR-D-JC,
Tissue-Tek). The sections were then mounted on gelatin-coated slides (FD
Neuro Technologies) with solution C and stained. Combination of images
of the spines were created by combination of multiple microscopic
photographs taken with a 64 × oil immersion lens. The spines were
manually counted in ImageJ and the number of spines per 10mm length
was calculate. The various spine shapes were counted in the same
dendritic segments and classified based on the morphology of their head
and neck into four categories: thin, stubby, mushroom and filopodial-like.

Statistical analysis
The data was expressed as mean± standard deviation (SD). The positive cells in
SN were counted and analyzed by researchers who were not directly involved
in the experiment. The quantification of positive cells was counted using
ImageJ software. Student’s t test was used to compare data between sham and
TBI groups. Mann-Whitney U test was used to compare data between two
groups with non-normal distributed data. Two-way analysis of variance
(ANOVA) was used to compare the difference between sham and TBI groups of
different time point, followed by Tukey’s post hoc tests for multi-group
comparisons. Correlation analyses were conducted using Pearson tests
following the assessment of the Gaussian distribution of values. GraphPad
Prism 8.0 (GraphPad Software Inc, CA, USA) was used to perform the statistical
analyses. A p< 0.05 was considered statistically significant.

RESULT
TBI led to defects in motor function and anxiety/depression-
like behavior
We established a model in adolescent (8–12 weeks old) mouse
and investigated the PD-like behavior alterations during the
chronic phase of TBI. The mice were subjected to a range of
behavioral tests and there was no significant alternation in motor
function among Sham mice at all indicated time points. Mean-
while, a significant decrease in both the total distance of voluntary
movement and the proportion of time spent in the center area
during the Open Field Test were found at 3 and 6 months’ post-
injury (MPI), as shown in Fig. 1B–D. The duration of rest in TST
exhibited a notable increase at 3 and 6 MPI (Fig. 1E), indicating
that mice developed depressive-like behavior. In rotarod test, the
initial latency to fall decreased at each timepoint after TBI.
Moreover, the time spent on the rotarod in 6 MPI group was
considerably lower compared with that in 3 MPI (Fig. 1F).
Additionally, compared with the age-matched Sham mice, the
grip strength was significantly reduced at 3 MPI and 6 MPI (Fig.
1G). Results from gait analysis system showed significant and
continuous alteration in four limbs for mice following injury and
the defect of right-side limbs were more severe than that of left-
side limbs (Fig. 1I, J, Supplementary Fig. 1A–C). Mice in 6 MPI
exhibited bigger reduction in stride length paw swing time of
limbs, the maximum contact area of mice accompanied with an
extended duration of stand time (Fig. 1H–J; Supplementary Fig.
1A, B). At 6 MPI, the base of support (BOS) of forelimbs significant

reduced, while the distance between the two hind limbs was
greater (Supplementary Fig. 1C). We also calculated the ratio of
abnormal behaviors, 53.3% of the TBI mice exhibited poor
performance in all the conducted tests, indicating significant PD-
like behaviors at 6 MPI (Supplementary Fig. 1D). Our behavior data
indicates the progressive behavioral deficits after injury and more
than half of the TBI mice present the PD-like behaviors in mice
6 months after TBI.

Apoptosis is related to dopaminergic neurons loss after
chronic TBI
Given that dopaminergic neuron exhibits regulatory effects on
locomotion, the effects of dopaminergic neurons loss in the
substantia nigra pars compacta (SNc) by TBI was assessed. Results
from Nissl staining showed that the number of Nissl bodies in the
SNc of mice was significantly reduced after TBI, accompanied by
the occurrence of neuronal pyknosis in the SNc (Fig. 2B). Western
blotting showed that the protein level of TH was significantly
decreased in TBI group compared with the age-match group at 6
MPI, while no significant alternation at 1 and 3 MPI (Fig. 2C, D). In
line with this, there was a significant reduction in the number of
TH-positive neurons (Fig. 2E, F). To explore whether apoptosis
would explain the decrease of dopaminergic neurons in TBI mice,
we performed double staining of TH and TUNEL. As shown in Fig.
2E, G, there was persistent TUNEL staining colocalized with TH at
the indicated timepoints in the TBI mice. Our data suggests
apoptosis would be partly accounted for the loss of dopaminergic
neurons caused by chronic TBI.

TBI induced the aggregation of protein in SN following TBI
Previous studies have shown that abnormal accumulation of α-
Synuclein in dopaminergic neurons is one of the key pathological
changes in PD [34, 35]. We then explored the expression level of α-
Synuclein by immunofluorescence staining and western blotting
in ipsilateral SN post injury. As shown in Fig. 3A, B, protein level of
α-Synuclein was enhanced in the SN of chronic TBI at 1, 3, 6 MPI
compared with age-matched Sham mice. In line with the data of
western blotting, the number of α-Synuclein (+) dopaminergic
neurons in chronic TBI mice at 1, 3, 6 MPI was higher than that of
the age-matched control group (Fig. 3C–E). Positive α-Synuclein
signals were found to be adjacent to the nucleus in the cytoplasm
and along neurites of dopaminergic neurons in the SNc (Fig. 3C).
Furthermore, the number of α-Synuclein (+) and TH (+) neurons
was counted and plotted separately to explore the correlation
between dopaminergic neuronal loss and the accumulation of α-
Synuclein in the chronic TBI model. A positive correlation between
time and the ratio of TH + α-Syn double positive neurons/TH (+)
neurons by Pearson’s correlation analysis, with a R2 value of 0.9088
(Fig. 3F). In addition, it has been proved that TDP-43 undergoes
nuclear translocation and facilitates neuronal damage in several
neurodegenerative diseases [36, 37]. Our present study indicated
that TDP43 exhibited mislocalization in the cytoplasm at 1 MPI by
double immunofluorescence and demonstrated strongly cyto-
plasm translocation and nuclear clearing in TH (+) neurons of SNc
at 6 MPI. (Fig. 3G; Supplementary Fig. 2A, B). Our results
demonstrate the abnormal accumulation of α-Synuclein and
cytoplasm translocation of TDP-43 in dopaminergic neurons may
partly be related to the PD-like behavior in chronic TBI mice.

TBI induced long-lasting neuroinflammation in ipsilateral SN
Subsequently, we conducted an evaluation of the neuroinflam-
matory response in the ipsilateral SN following injury through
the measurement of protein and mRNA of pro-inflammatory
cytokines, including interleukin (IL)-1β, IL-6, and tumor necrosis
factor-alpha (TNF-α). The data demonstrated a significant
increase in the protein and mRNA concentrations of IL-1β, IL-6,
and TNF-α in chronic TBI mice as compared to age-matched
sham mice at each indicated timepoints (Fig. 4A–F). Our study
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Fig. 1 The alteration of motor function and anxiety/depression-like behavior in mice in chronic TBI mice. A Time course schema for
behavioral test and sample collection. B The representative motion trajectory diagram of OFT at 1, 3 and 6 MPI. C Statistical analysis of total
distance of voluntary movement. D Statistical bar of percentage of time in central zone. E The resting time in TST at 1, 3 and 6 MPI. F First
latency to fall in rotarod test. G The peak force at 1, 3, 6 MPI. H The representative paw prints in gait analysis. I Statistical analysis of stride
length in gait analysis at 1, 3 and 6 MPI. J Statistical analysis of swing in gait analysis at 1, 3 and 6 MPI. The data was represented as
means ± SD; n= 30. *p < 0.05 vs. age-match sham group (Mann-Whitney U Test); #p < 0.05 vs. preceding adjacent TBI group (two-way ANOVA
followed by Tukey’s post hoc test).
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Fig. 2 Apoptosis is related to the dopaminergic neurons’ loss in the SNc following TBI. A The region of TBI and a transverse section of SNc.
B Represent images of Nissl-staining in SN, n= 6, scale bar= 50 μm. C, D Representative Western blotting of TH in the SN, n= 3.
E–G Representative immunofluorescent images of TH (red) and TUNEL (green) in SNc, and statistical analysis of number of TH and TUNEL
double positive cells, n= 6, scale bar= 50 μm. *p < 0.05 vs. age-match sham group (Student’s t test); #p < 0.05 vs. preceding adjacent TBI group
(Two-way ANOVA followed by Tukey’s post hoc test). The values were represented as means ± SD.
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indicates the persistent enhanced inflammation in the ipsilateral
SN during chronic TBI.

Persistent reactive astrocytes in SN region of chronic TBI mice
To assess the reactive astrocyte, we detected the expression of
glial fibrillary acidic protein (GFAP) in the SN. Our findings
indicated a significant increase of GFAP protein level in the
ipsilateral SN at all indicated timepoints post TBI compared with
the age-matched sham mice (Fig. 5A, B). Furthermore, the number
of astrocytes and positive area of GFAP immunostaining were
increased after TBI and reached their peak levels at 3 MPI in
chronic TBI mice (Fig. 5C, E, F). In addition, we employed another
astrocytic marker S100β to evaluate the reactive astrocytes in
chronic TBI. The number of S100β+ GFAP double positive cells
was also increased in the SN at 1, 3, 6 MPI compared with the age-
matched sham mice (Supplementary Fig. 3A, B). Then, in order to

evaluate the development of neurotoxic A1 reactive astrocytes in
the chronic TBI mice model, C3d was co-stained with GFAP. As
shown in Fig. 5D, G, the ratio of C3d (+) astrocytes was increased
in TBI mice at all indicated timepoints. The morphological changes
of the reactive astrocytes in the SN were further evaluated by Sholl
analysis, a common technique to measure the arborization of cells
by measuring the total numbers of intersections and the
maximum process extension length [33]. In TBI mice, a more
intricate branching pattern of astrocyte was observed in TBI mice
than those in age-matched sham mice. Reactive astrocytes in
ipsilateral SN of TBI mice exhibited a higher quantity of
intersections, greater arborization, longer reaching extension,
which reached their maximum of complexity at 3 MPI in TBI mice
(Fig. 5H–K). These findings suggest that reactive astrogliosis
damages neurons by setting up a toxic environment and losing
support.

Fig. 3 The aggregated α-Syn and nuclear clearing of TDP-43 in dopaminergic neurons during the chronic phase of TBI.
A, B Representative Western blotting and the relative intensity of α-Syn, n= 3. C Representative images immunofluorescence double
staining of TH (green) and α-Syn (red) in the SNc of Sham and TBI mice at different timepoints post injury, n= 6, scale bar= 50 μm.
D Quantification of TH and α-Syn double positive neurons in the SNc in chronic TBI. E Quantification of the proportion of TH + α-Syn double
positive cells in total TH (+) cells in the SNc. F Correlation analysis between the ratio of TH + α-Syn double positive neurons to TH (+) neurons
and post injured intervals, n= 6. G Representative co-localization images of TH (green) and TDP-43(red) in the SNc region of the mice at 6MPI,
n= 6, scale bar= 10 μm. *p < 0.05 vs. age-match sham group (Student’s t test); # p < 0.05 vs. preceding adjacent group (Two-way ANOVA
followed by Tukey’s post hoc test). The values represent the means ± SD.
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Reactive resident microglia in response to chronic TBI in
the SNc
In addition, we evaluated the reactive microglia and the
phagocytic function in the SNc by immunostaining. In Sham
group, IBA1 (+) cells were dominated by a branching phenotype
with a few hypertrophic and bushy cells, while the IBA1 (+) cells
closed to damaged neurons exhibited significant increase in the
cell density and enlarged cell soma (Fig. 6A–C). TMEM119 is a type
I transmembrane protein specifically expressed by resident
microglia in the healthy brain [38]. Double immunostaining of
IBA1 with TMEM119 revealed that all the IBA1 (+) cells were
labeled with TMEM119, indicating that resident microglia, rather
than peripheral macrophages, contributed to the inflammatory
response in the SNc of chronic TBI (Supplementary Fig. 3B, D).
We then evaluate the polarization of microglia using double
immunostaining of CD16/32+ IBA1 and ARG-1+ IBA1. As shown
in Fig. 6D, E, both M1 and M2 subtypes of microglia were
increased after chronic TBI. A greater proportion of reactive
microglia tended to the transformation into the M1 subtype, as
shown in Fig. 6H. The protein levels of IBA1, CD16/32 and ARG-1
showed the comparable results (Fig. 6F, Supplementary Fig. 4C).
Additionally, we conducted a separate, in-depth analysis of the
IBA1 immunopositive microglia to investigate the microglial
changes associated with elevated inflammation levels in the SNc
of TBI mice. Subsequent Sholl analysis revealed significant
differences in the branching patterns of microglia between TBI
and age-matched sham mice, with TBI mice having significantly
fewer branch intersections at distances of 5–40 μm from the cell
soma. Furthermore, the total length of microglia processes was
shorter and the sum of intersections was reduced in the TBI
mice, indicating substantial process retraction. Our data
demonstrated that the reactive resident microglia might
contribute to the dopaminergic neuronal damage in chronic
TBI mice.

Enhanced phagocytosis of reactive microglia after TBI
To substantiate the hypothesis that reactive microglia in the PD-
like behavior triggered by chronic TBI is linked to compromised
synaptic dysfunction in TBI mice, we conducted the following
experiments. Firstly, double immunostaining of IBA1 with CD68
was employed to assess the phagocytic function of the reactive
microglia. As shown in Fig. 7A, CD68 was undetectable in mice

of 0 and 1MPI. In contrast, the expression of CD68 was
upregulated in IBA1+ cells and presented a significant increase
at 6 MPI (Fig. 6A, B, Supplementary Fig. 4D). Next, we detected
the colocalization of postsynaptic marker PSD95 with IBA1 in the
SNc of chronic TBI mice. The enhanced overlaid signal in Fig. 7C
demonstrated that reactive microglia engaged in the phagocy-
tosis of synapses in the 3 and 6 MPI mice (Fig. 7C–E,
Supplementary Fig. 4E). The protein levels of PSD95 showed
the comparable results (Fig. 7F, G). Further study revealed the
dendritic spine density exhibited a notable drop over the
chronic duration of TBI when compared with age-matched sham
mice (Fig. 5H, I). Analysis of the density of the different
structures, including thin, stubby, mushroom or filopodial-like
spines, revealed a notable decrease in stable mushroom and
stubby spines among neurons in the SNc with TBI (Fig. 5J). Our
study indicates that the enhanced engulfment of synapse by
reactive microglia related to motor defects and TH+ neuronal
loss during the chronic TBI.

DISCUSSION
TBI is one of the environmental factors for the development of PD
and related disorders due to the critical changes impacting brain
cognition and motor function that occur over an extended time
period after TBI [12]. This current study demonstrated that
adolescent TBI led to progressive motor function dysfunction in
mice and more than half of the mice displayed behavior features
similar to PD in middle-age. Additionally, accumulation of
misfolded α-Syn and the removal of TDP-43 from nuclear
contributed to the apoptosis of dopaminergic neurons in mice
with motor dysfunction. Furthermore, we observed persistent
production of pro-inflammatory cytokines, reactive astrocytes and
microgliosis in the ipsilateral SN. It is worth mentioning the
phagocytosis of microgliosis participated in the elimination of
dendrite spines. In summary, this study provided evidence and
potential mechanism that moderate TBI had the potential to
initiate a gradual development of PD-like pathology, as illustrated
in Fig. 8.
Extensive research in the field of TBI focus on neurocognitive

and neuropathological changes post TBI and the risk of
developing neurodegenerative diseases [39]. PD is characterized
by severe motor dysfunction including muscular rigidity, resting

Fig. 4 Persistent enhancement of pro-inflammatory cytokines in the SN during chronic TBI. A–C qRT-PCR of mRNA expression of IL-1βA, IL-
6B, TNF-αC in the SN post injury, n= 9. D–F The protein levels of IL-1βD, IL-6E, TNF-αF in the SN during chronic TBI, n= 3. *p < 0.05 vs. age-
match sham group (Student’s t test); #p < 0.05 vs. the preceding adjacent group (Two-way ANOVA followed by Tukey’s post hoc test). The
values represent the means ± SD.
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tremor and bradykinesia [6, 40]. We found that adolescent TBI led
to bradykinesia and anxiety/depression-like behavior which
aligned with previous studies [17, 41]. Depressive and anxiety
are commonly coexisting and common in people with PD. Besides,
TBI mice showed progressive balance impairment, decreased

muscle strength and abnormal gait. Inline with the observations in
experimental TBI mice, the intensity and contact area of the paws
are also reduced in animal models of PD [30]. At the same time, an
increase in swing duration and a decrease in swing speed of the
hindlimbs has been reported in PD animals [30]. PD patients adapt
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their coordination patterns by adjusting walking speed, but this
adaptation is limited due to rigidity and bradykinesia, which are
associated with degeneration of the dopaminergic system [42]. In
an attempt to better understand the relationship between TBI and
PD, we hypothesized that any alteration in the post-injury
dopaminergic system could have significant effects on long-
term PD-like features. The degeneration of dopaminergic term-
inals and axons were occurred before the demise of dopaminergic
neurons in the SN, which finally led to the clinical symptoms of PD
[43–45]. Previous studies demonstrated a reduction of TH-positive

neurons in the ipsilateral SNc after TBI [17, 19, 46]. Nevertheless,
there exists a scarcity of data pertaining to the specific pattern of
cell death in the ipsilateral SN during the chronic phase of TBI. Our
study revealed that apoptosis was accounted for responsible for
the long-lasting dopaminergic neurons loss in the ipsilateral SN
post TBI. Furthermore, secondary apoptotic damages appeared to
be more severe than primary damage neurons and affected sites
distant from the impact. In future studies, it would be valuable to
explore whether neurons in the SN undergo other forms of cell
death, such as pyroptosis and necrotic apoptosis during the

Fig. 6 Resident microglia were reactive in the SNc of chronic TBI mice. A Representative images immunofluorescence double staining of
IBA1 (red) and TH (green) in the SNc of TBI mice at different time point post injury, scale bar= 50 μm, n= 6. B Quantification of IBA1 positive
cells in the SNc. C Soma area of IBA1 (+) cells in the SNc, n= 6. D, E TBI altered the polarization of microglia M1/M2 during the chronic phase
of TBI, n= 6. F Analyzes of Western blotting of IBA1, CD16/32, ARG-1 in the SNc, n= 3. *p < 0.05 vs. age-match sham group (Student’s t test);
#p < 0.05 vs. preceding adjacent group (Two-way ANOVA followed by Tukey’s post hoc test). The values represent the means ± SD.

Fig. 5 Reactive astrocytes during the chronic phase of TBI. A Representative Western blotting image of GFAP in SN of TBI mice and their age
match sham mice, n= 3. B The relative density of GFAP protein in SN. C Representative double immunostaining of GFAP (green) and TH (red)
in the SN of TBI mice at different timepoints post injury, scale bar= 50 μm, n= 6. D Representative immunofluorescence staining of GFAP
(green) and C3d (red) in the SN, scale bar= 50 μm, n= 6. E Quantification of GFAP positive cells in the ipsilateral SN of chronic TBI mice.
F GFAP positive area in the SN. G The ratio of GFAP and C3d double positive cells to GFAP (+) cells in the SN. H Representative 3D
morphological reconstruction of astrocyte in mice, scale bar= 10 μm, n= 12. I–K Sholl analysis of morphological complexity of astrocytes in
the SN at different time. The change of number of intersectionsI, total lengthJ, and sum of intersectionK had the time sequence regularity.
*p < 0.05 vs. age-match sham group (Student’s t test); #p < 0.05 vs. preceding adjacent group (Two-way ANOVA followed by Tukey’s post hoc
test). The values represent the means ± SD.
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chronic phase of TBI, which would contribute to a better
understanding of the pathogenesis of PD.
TBI leads to complex chronic pathology, including neuronal

degeneration, persistent inflammation, and misfolding of proteins
such as α-Syn, amyloid precursor protein (APP), Tau, and TDP-43

[4, 46, 47]. Accumulation of misfolded α-Syn is thought to play a
crucial role in the pathophysiology of PD [48]. Sandra A. Acosta
conducts a seminal study that establishes the role of α-Syn as the
pathological link between TBI and PD [46]. Our results demon-
strated progressive accumulation of α-Syn within TH-positive
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neurons over time. It has been reported that the misfolded of α-
Syn with neurotoxic activity induce glial activation [49]. Con-
versely, inflammation would take effect on the biological toxicity
of α-Syn, leading to detrimental consequences for neurotoxic
processes [50]. Besides, it has been proven that mislocalization of
TDP-43 from the nucleus to the cytoplasm is pathological hallmark
of various major neurodegenerative diseases [51]. Either

insufficient nuclear levels or elevated cytoplasmic levels of
TDP43 are directly related to neuronal dysfunction and cytotoxi-
city [52]. Our study revealed that TDP-43 was translocated into the
cytoplasm of TH-positive neurons of chronic TBI, suggesting a
causal nexus between mislocalized TDP-43 and the development
of PD phenotype. Interestingly, TDP-43 and α-Synuclein were also
found to co-localize in the SN of PD patients and dementia with

Fig. 8 Schematic diagram of the effect of TBI on neurons and glial cells in the SNc. TBI results in the apoptosis of dopaminergic cells which
led to the PD-like behavior in the 6MPI. The accumulation of α-Syn and cytoplasm translocation of TDP43 accounted for the neuronal damage
in the SNc post injury. In line with the apoptotic dopaminergic neurons, chronic neuroinflammation was supported by the reactive astrocytes
and microgliosis, enhancement of proinflammatory factors, the engulfment of synapsin by reactive microglia in ipsilateral SNc.

Fig. 7 Reactive Microglia engulfed synapses in the chronic phase of TBI. A Representative images immunofluorescence double staining of
CD68 (red) and IBA1 (green) in the SN of TBI mice at different time point post injury, scale bar= 10 μm, n= 6. B The ratio of IBA1+ CD68
double positive cells to IBA1 (+) cells in the SNc. C–E Representative images of immunofluorescence double staining of PSD95 (red) and
IBA1(green) in the SNc of TBI mice at different time point post injury, scale bar= 10 μm, n= 6. F Representative Western blotting image of
PSD95 in the SN of TBI mice and their age match sham mice, n= 3. G The relative density of PSD95 protein in the SN. H Representative images
of Golgi-Cox staining in the SNc at different timepoints post injury. Yellow dots for counting thin dendritic spines, red dots for counting
stubby dendritic spines, blue dots for counting filopodial-like dendritic spines, green dots for counting mushroom dendritic spines, scale
bar= 2 μm, n= 15. I The number of spines per 10 μm dendritic length was quantified at different time point post injury. J The number of thin,
stubby, mushroom or filopodia shaped spines were quantified per 10 μm dendritic length. *p < 0.05 vs. age-match sham group (Student’s t
test); #p < 0.05 vs. preceding adjacent group (Two-way ANOVA followed by Tukey’s post hoc test). The values represent the means ± SD.
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Lewy bodies (DLB), indicating a potential direct interaction
between the two proteins [53, 54]. Our data demonstrate that
accelerated loss of dopaminergic neurons and time-dependent
behavioral impairment correlates with abnormal protein response
to a moderate TBI.
Inflammatory responses are major component of secondary

injury post TBI [55]. Inflammatory cells accumulate in the injury
region after TBI, which releases a large number of inflammatory
factors [56]. TBI also leads to chronic neuroinflammation in the
remote brain regions besides the sites of injury [57]. Ilknur Ozen
found that mice subjected to TBI had increased microglia activation
in the globus pallidus, and neutralization of IL-1β attenuated the
microglia activation [58]. Previous studies of animal models
showed that inflammation factors, like IL-1β, IL6 and TNF-α were
upregulated in SN of patients with PD and neurotoxin-treated
animal models of PD [59, 60]. Besides, inhibition of IL-1β has been
proven to prevent α-Syn pathology and dopaminergic neurode-
generation in mouse models of PD [61]. Our present study also
demonstrated that cortical injury led to the production of
proinflammatory cytokines in the SN. Previous report has indicated
that a diverse array of cytotoxic factors such as TNF-α, IL-1β and IL-
6 contribute to the pathological deposition of TDP-43 through the
amplification of a series of cascade reactions [51]. Indeed,
dopaminergic neurons seem particularly vulnerable to inflamma-
tory cytokines [62]. Inhibition of soluble TNF signaling with a
dominant-negative TNF inhibitor resulted in approximately 50%
improvement in dopaminergic neuron survival in several preclinical
models of PD [63]. Although we do not how these proinflammatory
cytokines form a complex network of inflammatory mediators that
propagate an inflammatory response within the damaged tissue,
the persistence of inflammation in the ipsilateral SN may contribute
to the PD-like behavior dysfunction in middle-aged mice.
Both astrocytes and microglia after TBI may be activated

immediately, causing neuroinflammation and brain damage [56].
To delve into the inflammatory reaction, we observed that reactive
astrocytes mainly presented in the substantia nigra reticular layer
(SNr), as previously reported that GFAP expression was weaker in
the overlying SNc [64, 65]. Regional differences in astrocytes may
contribute to selective vulnerability in PD. Several postmortem
studies found that reduced astrocyte densities may be related to
PD and α-Syn-positive inclusions have been identified in astro-
cytes [66]. Previous research has demonstrated that astrocytes
stored and to some extent transfer aggregated α-Syn to
neighboring astrocytes, rather than degraded it. The accumulation
of α-Syn aggregates in astrocytes disrupts their functions,
including glutamate uptake and regulation of the blood-brain
barrier [67]. Furthermore, astrocytes primarily transform into A1
neurotoxic astrocytes, which may setup the toxic environment
and detrimental to neuronal function [65, 68]. Moreover, inhibiting
the microglia-driven differentiation of C3+ neurotoxic astrocytes
can prevent dopaminergic neuron loss and mitigate behavioral
deficits in preclinical PD mouse models [69]. However, the
excessive activation of astrocytes in the SNr is related to glial
scar formation, which is thought to inhibit axonal projections of
dopaminergic neurons from the SNc to the SNr. Additionally, our
data showed that extensive morphological remodeling of astro-
cytes occurred in the SN during the chronic phase of TBI. Notably,
astrocyte axon retraction was observed at 6 months post-injury,
suggesting a loss of support for neurons. This finding is consistent
with the previous report indicating that TBI causes the formation
of complex spatial structures by astrocytes [70].
In recent studies, TBI triggers microglia activation during acute

and chronic time points [16, 17, 20]. In vivo imaging has
demonstrated that activated microglia are present in the early
stage of PD and long-lasting activation and inflammatory
responses in the brain are positively correlated with disease
progression [71]. The phagocytosis of activated microglia main-
tains brain homeostasis via the clearance of cellular debris and

potential synaptic pruning [72, 73]. However, abnormal α-Syn is
known to induce microglial hyperactivation and associated
negative effects on synaptic function and mitochondrial home-
ostasis, which may contribute to the pathogenesis of neurode-
generative diseases [74]. Our findings demonstrated that the
M1 subtype of microglia was a chronic and potentially lifelong
event in the SN post injury. Transcription factors activated by M1-
like microglia trigger upregulation of pro-inflammatory cell surface
markers, such as CD16 and CD86 [75]. In addition, this microglia-
derived inflammation may prompt astrocytes to adopt neurotoxic
functions or to lose their neurotrophic and synaptoptrophic
functionality [76]. This pro-inflammatory response could be a
significant contributing factor to the initiation of dopaminergic
neurodegeneration. In addition to the pro-inflammatory pheno-
type, the varying phagocytic dynamics of microglia may be
associated with the TBI-triggered molecular events on PD-like
pathology. A postmortem study of PD patients revealed a disease-
specific increase in amoeboid shape of microglia in SN compared
to healthy controls indicating their reactive state [77]. Our data
showed that similar morphological changes in microglia occurred
in the SN during the chronic phase of TBI, characterized by larger
cell somas and shorter processes. Numerous evidence reveal that
microglia activation contributes to complement-mediated
synapse loss in neurodegenerative diseases [78–81]. The upregu-
lation of CD68 in reactive microglia would engulf synapses in the
chronic TBI, which was supported by the PSD95-immunoreactive
puncta colocalized with microglia in the SNc after 3 months’ post-
injury. The surviving neurons with significant reduction in
dendritic spines and incomplete morphology also indicated the
impaired neuronal function [82]. Research involving human brain
specimens obtained during autopsy and alongside animal models
of PD have revealed that common motor impairments are linked
to the reduction in dendrite size, of dendritic spines, and irregular
spine structures in the medium spiny neurons of the striatum [83].
Our present study disclosed the progression and pathogenesis

of PD-like behavior at different intervals in chronic TBI mice.
Nevertheless, there are many constrains should be noted. Age is
an essential determinant in the susceptibility to PD. The primary
objective of our study was to examine PD-like neurological
dysfunction after TBI, which was aggravated in middle-aged mice.
Further study should be conducted to explore the consequences
of aging post TBI. Furthermore, our data revealed the PD-like
behavior and pathology post TBI, the neuroinflammation would
play a critical role in the pathogenesis of Parkinson’s disease. It is
imperative to do some additional research to explore the
pertinent molecular mechanism.

CONCLUSION
The present data described the progressive PD-like behaviors and
pathology that occur post TBI. The deleterious effects on
dopaminergic neurons were associated with the buildup of
misfolded protein, heightened neuroinflammation and increased
microglial phagocytosis. The current study offers valuable insights
into the potential mechanism that contributes to the increased
risk of PD post TBI.
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