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Summary

Traumatic brain injury (TBI) has been recognized as an important risk factor for Alzheimer’s 

disease (AD). However, the molecular mechanisms by which TBI contributes to developing AD 

remain unclear. Here, we provide evidence that aberrant production of TDP-43 is a key factor 

in promoting AD neuropathology and synaptic and cognitive deterioration in mouse models of 

mild closed head injury (CHI). We observed that a single mild CHI is sufficient to exacerbate 

AD neuropathology and accelerate synaptic and cognitive deterioration in APP transgenic mice 

but repeated mild CHI are required to induce neuropathological changes and impairments in 

synaptic plasticity, spatial learning, and memory retention in wild-type animals. Importantly, 

these changes in animals exposed to a single or repeated mild CHI are alleviated by silencing 

of TDP-43 but reverted by rescue of the TDP-43 knockdown. Moreover, overexpression of 

TDP-43 in the hippocampus aggravates AD neuropathology and provokes cognitive impairment 

in APP transgenic mice, mimicking single mild CHI-induced changes. We further discovered that 

neuroinflammation triggered by TBI promotes NF-κB-mediated transcription and expression of 

TDP-43, which in turn stimulates tau phosphorylation and Aβ formation. Our findings suggest that 

excessive production of TDP-43 plays an important role in exacerbating AD neuropathology and 

in driving synaptic and cognitive declines following TBI.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease whose main hallmarks are 

extracellular accumulation and deposition of Aβ plaques and intraneuronal accumulation 

of neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau. AD is the most 

common cause of dementia in aging. Growing evidence suggests that traumatic brain injury 

(TBI) is an important risk factor for development of AD [18, 21, 22, 26-28, 35, 44, 

54, 64]. Mild TBI, which includes concussions and subconcussive impacts, accounts for 

approximately 80% of all TBIs [24, 58, 68]. A single moderate to severe TBI or repetitive 

mild TBI may lead to AD-like neuropathology and neurocognitive decline later in life [1, 

3, 5, 35, 47, 72, 73]. Accumulation of hyperphosphorylated tau and aggregation of TAR 

DNA-binding protein 43 (TDP-43) are two important neuropathological features in patients 

who have been exposed to TBI [5, 15, 30, 70, 71]. Some TBI patients also display Aβ 
pathology [5, 9, 25, 34, 35, 70]. Recent clinical studies have shown that TDP-43 inclusions 

are a distinct feature in AD, as more than 50% of AD patients display pathological TDP-43 

inclusions [36, 37, 49, 55, 65, 74]. This suggests that there is a close link between TBI and 

AD [18, 20-22, 35, 70]. However, the molecular mechanisms by which TBI contributes to 

developing AD neuropathology are largely unclear.

Closed head injury (CHI) is blunt or non-penetrating head trauma. Clinically, the majority 

of mild TBI results from CHI. Previous studies from patients with TBI have shown that a 

single mild CHI may not induce chronic neuropathological changes and dementia [4, 41, 47, 

52]. Animal studies using mouse models of mild CHI have also shown that repeated, but 

not single, mild CHI produces sustained neuroinflammation, neuropathology, and synaptic 

and cognitive impairments [14, 48, 51, 59, 63, 80]. However, a single mild CHI has 

been shown to exacerbate neuropathological changes and cognitive impairments in animal 

models of AD [43, 75]. This suggests that a single mild CHI may not lead to chronic 

neurodegenerative processes and dementia in healthy subjects, but it might be sufficient to 

trigger neuropathogenesis and accelerate or aggravate neuropathological changes among 

persons who are prone or susceptible to developing AD. Nevertheless, the molecular 

mechanisms responsible for single mild CHI-accelerated or repetitive mild CHI-induced 

AD neuropathology remain uncertain.

TDP-43 is a DNA and RNA binding protein shuttled between the cytoplasm and the 

nucleus, which regulates nuclear transcription, RNA splicing, and metabolism [39]. The role 

of TB-43 in frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis 

(ALS) has been extensively studied [16, 19, 38, 45, 56, 67]. However, less is known about 

TDP-43 in developing AD and in TBI-induced AD-like neuropathology. In the present study, 

we aimed to address these issues by examining: 1) whether single mild CHI exacerbates 

neuropathological changes and accelerates synaptic and cognitive declines in APP TG mice 
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but not in WT animals; 2) whether neuropathological changes and synaptic and cognitive 

declines accelerated by a single mild CHI in APP TG mice or induced by repeated mild 

CHI in WT mice could be alleviated by knockdown of TDP-43; 3) whether overexpression 

of TDP-43 mimics the TBI-induced changes; 4) how TBI induces aberrant production of 

TDP-43; and 5) what TDP-43-associated molecular signaling mechanisms contribute to 

neuropathology in TBI. We provide evidence here that a single mild CHI is sufficient to 

accelerate neuropathological changes and synaptic and cognitive declines in APP TG mice 

but not in WT animals. Importantly, our results show that aberrant production of TDP-43 is a 

key factor in TBI-induced neuropathology and synaptic and cognitive impairments in mouse 

models of both single and repeated mild CHI. Knockdown of TDP-43 alleviates mild CHI-

induced neuropathological changes in both amyloid-β precursor protein (APP) TG and WT 

mice, but the alleviation is reversed by rescue of the TDP-43 knockdown. Overexpression 

of human TDP-43 in the hippocampus exacerbates neuropathology and accelerates cognitive 

decline in APP TG mice, mimicking the single mild CHI-induced changes. Our results 

provide further evidence that TBI-triggered neuroinflammation promotes NF-κB-mediated 

transcription and expression of TDP-43, which in turn stimulates tau phosphorylation and 

Aβ formation by interacting with GSK3β and β-site amyloid precursor protein cleaving 

enzyme 1 (BACE1). Our study reveals a previously undefined role of TDP-43 in TBI-

induced AD neuropathology and synaptic and cognitive declines.

Materials and Methods

Animals

C57BL/6J mice (Stock number: 000664) and 5xFAD APP transgenic (TG) mice (Stock 

number: 006554) were obtained from the Jackson Laboratory, as described previously [57]. 

P301S (PS19) tau TG mice (Stock number: 008169) were also obtained from the Jackson 

Laboratory, as described previously [76], for in vitro experiments. Both male and female 

mice at two to four months of ages were used in the present study and the animals were 

randomly assigned to groups. All animal studies were performed in compliance with the 

US Department of Health and Human Services Guide for the Care and Use of Laboratory 

Animals. The Institutional Animal Care and Use Committee of University of Texas Health 

Science Center at San Antonio approved the care and use of the animals reported in this 

study.

Mild closed head injury

A mouse model of mild closed head injury (mild CHI) was used, as described previously 

[31, 80]. Briefly, single mild CHI was induced using an electromagnetic controlled 

stereotaxic impact device (Impact One™ Stereotaxic Impactor, Leica Biosystem, IL). 

Mice were placed in a stereotaxic frame after anesthesia with isoflurane. The skull was 

exposed by a midline skin incision. A 3 mm blunt metal impactor tip was positioned at 

1.8 mm caudal to bregma and 2.0 mm left of midline. The injury was triggered by the 

electromagnetic device driving the tip to the exposed skull at a strike velocity of 3.0 m/s, 

depth 2.2 mm with a dwell time of 100 msec. After impact, the skin was sutured and the 

mice were allowed to recover from anesthesia on a warming pad and then returned to their 

home cages. For repeated mild CHI in WT mice, a second and third identical closed-skull 
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TBI procedure was performed at days 2 and 3 after the first injury. For sham injuries, the 

same procedures and anesthesia were performed except that no hit was delivered.

Cell culture

Primary hippocampal neurons (astroglial cells ~ 5%) from postnatal P0 pups of APP-WT, 

APP-TG (5xFAD), PS19 tau-WT, and PS19 tau-TG mice were cultured as described 

previously [12, 31, 66, 78, 79]. Briefly, the hippocampi from pups were dissected out under 

microscope and triturated in serum-free culture medium after meninges were removed. 

Tissue was incubated in oxygenated trypsin for 10 minutes at 37°C and then mechanically 

triturated. Cells were spun down and resuspended in Neurobasal/B27 medium supplemented 

with 0.5 mM L-glutamine, penicillin/ streptomycin and 25 μM glutamate. Cells (1 × 106) 

were loaded into 6-well plates for immunoblot analysis. The medium were changed after 3 

days of culturing and thereafter three times a week. The cultures were grown at 37°C in a 

humidified atmosphere of 5% CO2 until use.

HEK 293T cells were cultured for production and envelop of lentiviral vectors as described 

previously, and NG108-15 cells were cultured for assessing plasmid expression of TDP-43 

[31, 66, 79].

Plasmid and lentiviral constructs

The FUGW lentiviral vectors (LV), as described previously [31, 66, 79], 

were used to insert a scramble control, TDP-43-shRNA, or shRNA-resistant 

TDP-43 driven by a U6 promoter and the GFP reporter gene driven by 

an ubiquitin promoter. The followings are the primers for TDP-43 scramble 

control: gacgTTAATTAAAAAAAAA GGTGTCGTATTGTCGTAGTGT TCTCTTGAA 

ACACTACGACAATACGACACC AAACAAGGCTTTTCTCCAAGGGA 3’, and for 

TDP-43 shRNA: gacgTTAATTAAAAAAAAA GGTGTTTGTTGGACGTTGTAC 

TCTCTTGAA GTACAACGTCCAACAAACACC AAACAAGGCTTTTCTCCAAGGGA 

3’. For shRNA-resistant TDP-43, we used the PCR-based mutagenesis method 

to generate shRNA-resistant cDNA constructs with four point mutations in 

the shRNA targeting sequence without altering the encoded amino acids 

as described previously [12]. The primers for the TDP-43 shRNA resistant 

construct are 5’GGAATCAGTGTACACATCTCCAATGCTGAACCTAAGCATAAT3’ and 

5’GGAGATGTGTACACTGATTCCTTTAATGATCAAATCCTCTCCPCR3’. The PCR 

products were then digested and ligated into the BstB1-Pac1 sites in a modified FUGW2.1 

construct with U6 promoter. The FUGW lentiviral vectors were also used for generate 

LV expressing scramble control or GSK3β-shRNA. The Oligos for scramble control 

or GSK3β-shRNA are 5’ gacgTTAATTAAAAAAAAA GATGAGGTCTACCTTAACCTG 

TCTCTTGAA CAGGTTAAGGTAGACCTCATC AAACAAGGCTTTTCTCCAAGGGA 

3’ and 5’ gacgTTAATTAAAAAAAAA GCTCTGAATCGAAGGCTCTAT TCTCTTGAA 

ATAGAGCCTTCGATTCAGAGC AAACAAGGCTTTTCTCCAAGGGA 3’. pCMVΔ8.9 

and VSVg vectors were used for viral envelope and production in 293T cells. The titer 

of the LV at least 1.0x1010 was used for in vivo injections, as described previously [66, 

79]. The FUGW vectors were also used for generation of NF-kB p65 shRNA as described 
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previously [79]. The oligos for scramble control and NF-kB p65 shRNA constructs are 

5’GAATCATTACGCGAGACTGCA3’ and 5’AGGACCTATGAGACCTTCAAG3’.

Stereotaxic injection of LV and AAV

WT or 5xFAD mice at 2 months of age were anesthetized with ketamine/Xylazine 

(200/10 mg/kg) and placed in a stereotaxic frame. LV expressing scramble control, TDP-43-

shRNA, or shRNA-resistant TDP-43, AAV9-CMV-hTDP-43.eGFP vectors (Vector Biolabs) 

or AAV9-CMV-eGFP were stereotaxically injected into the left side of the hippocampus in 

WT or APP TG mice at the coordinate: AP, −2.3, ML, 2, and DV, −2 (2.0 μl at 0.2 μl /min), 

as described previously [31, 66, 79]. Single or repeated mild CHI were induced 30 days 

following LV injections and all the assessments were carried out 30 days after mild CHI.

Hippocampal slice preparation

Hippocampal slices were prepared from mice as described previously [12, 13, 31, 66, 79, 

80]. Briefly, after decapitation, brains were rapidly removed and placed in cold oxygenated 

(95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) containing: 125.0 NaCl, 2.5 KCl, 

1.0 MgCl2, 25.0 NaHCO3, 1.25 NaH2PO4, 2.0 CaCl2, 25.0 glucose, 3 pyruvic acid, and 

1 ascorbic acid. Slices were cut at a thickness of 350-400 μm and transferred to a holding 

chamber in an incubator containing ACSF at 36 °C for 0.5 to 1 hour, and maintained in 

an incubator containing oxygenated ACSF at room temperature (~22-24 °C) for >1.5 h 

before recordings. Slices were then transferred to a recording chamber where they were 

continuously perfused with 95% O2, 5% CO2-saturated standard ACSF at ~32-34 °C.

Electrophysiological recordings

Field EPSP (fEPSP) recordings at hippocampal Schaffer-collateral synapses in response 

to stimuli at a frequency of 0.05 Hz were made using an Axoclamp 900A patch-clamp 

amplifier. Recording pipettes were pulled from borosilicate glass with a micropipette puller 

(Sutter Instrument) and filled with artificial ACSF (~4 MΩ). Long-term potentiation (LTP) at 

CA3-CA1 synapses was induced by a high-frequency stimulation (HFS) consisting of three 

trains of 100Hz stimulation (1 sec duration and a 20 sec inter-train interval), as described 

previously [12, 13, 66, 79, 80].

Reverse transcription and real-time PCR

Total RNA was prepared from harvested tissue with the RNeasy Mini Kit (Qiagen) and 

treated with RNase-free DNase (Qiagen) according to the manufacturer’s instructions. The 

RNA concentration was measured by spectrophotometer (DU 640; BECKMAN). RNA 

integrity was verified by electrophoresis in a 1% agarose gel. The iScript cDNA synthesis 

kit (BioRad) was used for the reverse transcription reaction. We used 1 μg total RNA, with 4 

μl 5× iscript reaction mix and 1 μl iscript reverse transcriptase. The total volume was 20 μl. 

Samples were incubated for 5 min at 25 °C. All samples were then heated to 42 °C for 30 

min, and reactions were stopped by heating to 85 °C for 5 min. Real-time RT-PCR specific 

primers for IL-1β, IL-6, TNFα, vimentin (Vim), and GAPDH were selected using Beacon 

Designer Software (BioRad) and synthesized by IDT (Coralville, IA). The primers used in 

the present study are listed in Supplemental Table 1. The PCR amplification of each product 
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was further assessed using 10-fold dilutions of mouse brain cDNA library as a template and 

was found to be linear over five orders of magnitude and at greater than 95% efficiency. 

All the PCR products were verified by sequencing. The reactions were set up in duplicate 

in total volumes of 25 μl containing 12.5 μl 2× iQSYBR green Supermix (BioRad) and 5 

μl template (1:10 dilution from RT product) with a final concentration of 400 nM of the 

primer. The PCR cycle was as follows: 95 °C/3 min, 45 cycles of 95 °C/30 sec, 58 °C/45 sec 

and 95 °C/1 min, and the melt-curve analysis was performed at the end of each experiment 

to verify that a single product per primer pair was amplified. Furthermore, the sizes of the 

amplified DNA fragments were verified by gel electrophoresis on a 3% agarose gel. The 

amplification and analysis were performed using an iCycler iQ Multicolor Real-Time PCR 

Detection System (BioRad). Samples were compared using the relative CT method. The fold 

increase or decrease were determined relative to naïve or sham controls after normalizing to 

a housekeeping gene using 2-ΔΔCT, where ΔCT is (gene of interest CT) - (GAPDH CT), and 

ΔΔCT is (ΔCT treated) - (ΔCT control), as described previously [13, 31, 66, 79, 80].

Western blots

Western blot assay was conducted to determine expression of APP, BACE1, ADAM10, 

neprilysin (NEP), Aβ42, TDP-43, acetylated tau (AC-Tau), p-tau (p-181), AT8 (p-tau-S202/

T-205), tau-5 (total tau), p-GSK3β, PSD-95, PPARγ, p-NF-kB, glutamate receptor subunits, 

including GluA1, GluA2, GluN1, GluN2A, and GluN2B, and cytokines, including IL-1β, 

IL-6, and TNFα in hippocampal tissues or cultures from WT, APP TG (5xFAD) or tau 

TG (PS19). Tissues or cultures were extracted and immediately homogenized in RIPA lysis 

buffer and protease inhibitors, and incubated on ice for 30 min, then centrifuged for 10 

min at 10,000 rpm at 4°C. Supernatants were fractionated on 4-15% SDS-PAGE gels (Bio-

Rad) and transferred onto PVDF membranes (Bio-Rad). The antibodies used to detect the 

expression of proteins are listed in Supplemental Table 2. The membrane was incubated with 

specific antibodies at 4°C overnight. The blots were washed and incubated with a secondary 

antibody (goat anti-rabbit 1:2,000, Cell Signaling) at room temperature for 1 hr. Proteins 

were visualized by enhanced chemiluminescence (ECL, Amersham Biosciences, UK). The 

densities of specific bands were quantified by densitometry using GE/Amersham Imager 

680 UV. Band densities were normalized to the total amount of protein loaded in each well 

as determined by mouse anti β-actin (1:2,000, Santa Cruz), as described previously [13, 31, 

66, 77, 79, 80].

ELISA

TBI-induced acceleration of Aβ42 formation in hippocampal tissues of APP TG mice that 

had received LV- Scr , LV-TDP-43-shRNA, or LV-Resc were detected using a colorimetric 

Aβ42 ELISA kit (AnaSpec, Inc.) according to the manufacture’s instruction [79]. TBI-

induced IL-1β and TNFα in hippocampal tissues of WT were detected using ELISA 

kits (MilliporeSigma and MyBioSource) according to the instructions provided by the 

manufactures.

CHIP analysis

Chromatin Immunoprecipitation (CHIP) analysis was performed, as described previously 

[12, 66, 79], to determine the binding of NF-κBp65 at the promoters of the TDP-43 
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gene according to the manufacture’s instruction (MilliporeSigma). The primers for 

CHIP designed were based on the predicted potential NF-κB binding sites in the 

promoter region as followings: forward primer: 5’GCAAAGGCAGAAGACATTTAAG3’ 

and reverse primer: 5’ GGGCTAGGAGGGAAAGG3’ for the binding site 1; forward: 

5’AAGCAATCACGGAGGTTGT’, and reverse: 5’ TGAGCTAACTGCCAAGGATG3’ for 

the binding site 2; and forward: 5’ TCCTGGAACTCACTCTGTAGAC3’ and reverse: 5’ 

CTGAGCTAACTGCCAAGGATG3’ for the binding site 3.

Immunohistochemistry

Immunofluorescence analysis was performed to assess TDP-43, Iba1, and GFAP in coronal 

brain sections. Animals were anesthetized with ketamine/xylazine (200/10 mg/kg) and 

subsequently transcardially perfused with PBS followed by 4% paraformaldehyde in 

phosphate buffer. The brains were quickly removed from the skulls and fixed in 4% 

paraformaldehyde overnight, and then transferred into the PBS containing 30% sucrose 

until sinking to the bottom of the small glass jars. Cryostat sectioning was made on a 

freezing Vibratome at 30 μm and a series five equally spaced (every 10 sections) sections 

were collected in 0.1M phosphate buffer. Free floating sections were immunostained using 

specific antibodies as listed in Supplemental Table 2 and followed by incubation with 

the corresponding fluorescent-labeled secondary antibody. 4′−6-Diamidino-2-phenylindole 

(DAPI), a fluorescent stain that binds strongly to DNA, was used to detect cell nuclei in 

the sections. The sections were then mounted on slides for immunofluorescence imaging 

using a Zeiss deconvolution microscope with the Slidebook software 6.0 (Intelligent 

Imaging Innovations.com, Denver, Colorado). The immunofluorescence intensity (in 

arbitrary densitometric units, ADU) of the channel detected in the region of interest as 

immunoreactivity of a specific antibody was imaged in each section and analyzed using 

SlideBook 6.0, as described previously [13, 31, 66, 77, 79, 80].

Novel object recognition test

The novel object recognition (NOR) test was performed to assess memory retention as 

described previously [66]. Briefly, animals were first allowed to acclimate to the testing 

environment (habituation). The test included two stages: training and testing. In the first 

stage of the test, the animal was confronted with two identical objects, placed in an open 

field, and in the second stage, the animal was exposed to two dissimilar objects placed 

in the same open field: one familiar object, used in the first phase, and the other novel 

object. Exploration of an object was defined as time spent with the head oriented towards 

and within two cm of the object. The time spent exploring each of the objects in stage 

two was detected using the EthoVision video tracking system (Noldus). The recognition 

index (RI) was calculated based on the following equation: RI =TN/TN+TF), where TN is the 

exploration time devoted to the novel object and TF is the exploration time for the familiar 

object, as described previously [2].

Morris water maze test

The classic Morris water maze (MWM) test was used to determine spatial learning and 

memory, as described previously [12, 13, 29, 31, 66, 79, 80]. Briefly, a circular water tank 

(diameter 120 cm and 75 cm in high) was filled with water and the water was made opaque 
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with non-toxic white paint. A round platform (diameter 15 cm) was hidden 1 cm beneath 

the surface of the water at the center of a given quadrant of the water tank. WT or APP 

TG mice treated with sham or mild CHI received learning acquisition training in the Morris 

water maze for 7 days and each session was consisted of 4 trials. For each trial, the mouse 

was released from the wall of the tank and allowed to search, find, and stand on the platform 

for 10 seconds within the 60-second trial period. For each training session, the starting 

quadrant and sequence of the four quadrants from where the mouse was released into the 

water tank were randomly chosen so that it was different among the separate sessions for 

each animal and was different for individual animals. The mouse movement in the water 

pool was recorded by a video-camera and the task performances, including swimming paths, 

speed, and time spent in each quadrant were recorded using an EthoVision video tracking 

system (Noldus, version 14). A probe test was conducted 24 hours after the completion of 

the learning acquisition training. During the probe test, the platform was removed from the 

pool, and the task performances were recorded for 60 seconds.

Data analysis

Data are presented as mean ± S.E.M. Unless stated otherwise, one or two-way analysis of 

variance (ANOVA) followed by post-hoc tests were used for statistical comparison when 

appropriate. Differences were considered significant when P< 0.05.

Results

Single mild CHI accelerates neuropathology and cognitive decline in APP TG mice

To assess whether a single mild CHI exacerbates neuropathology and accelerates synaptic 

and cognitive impairments in APP TG mice, 5xFAD APP TG mice or age-matched wild 

type (WT) mice received a single mild CHI, as described previously [31, 80], at 2 months 

of age (Fig.1a). We observed that inflammatory markers, including vimentin (Vim) and 

proinflammatory cytokines (TNFα, IL-1β, and IL-6) in the hippocampus were significantly 

elevated in APP TG mice but not in WT mice 24 hrs following a single mild CHI (Fig. 1b). 

Importantly, a single mild CHI provoked accumulation and deposition of Aβ plaques in the 

brain of APP TG mice compared with sham, assessed 30 days after mild CHI (Fig. 1c). The 

single mild CHI-increased Aβ is likely associated with elevated expression of BACE1 in 

APP TG mice (Fig. 1d). Furthermore, a single mild CHI significantly increased expression 

of TDP-43, acetylated tau (AC-tau), and phosphorylated tau-T181 (p-tau181) in APP TG 

mice, but not in WT mice (Fig. 1d). It is worth noting that 5xFAD APP TG mice do not 

display tauopathy [57], suggesting that formation of AC-tau and p-tau in APP TG mice is 

triggered and caused by TBI. Of significance, a single mild CHI accelerated impairments 

in learning and memory as evidenced by results of the novel object recognition (NOR) and 

Morris water maze (MWM) tests in 3-month old APP TG mice (Fig. 1e&f). 5XFAD APP 

TG mice do not display learning and memory deficits before 5 months of age [13, 57]. This 

suggests that a single mild CHI accelerates neuropathological changes and cognitive decline 

in APP TG mice, but not in WT animals.
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Silencing of TDP-43 prevents single mild CHI-promoted neuroinflammation, Aβ formation, 
and tau phosphorylation in APP TG mice

To determine whether TDP-43 is a common mechanism for single- and repeated mild CHI-

induced neuropathology and synaptic and cognitive impairments, we designed and generated 

lentiviruses (LV) expressing scramble control (LV-Scr) or expressing TDP-43-shRNA using 

FUGW lentiviral vectors, as reported previously [66, 79]. To avoid non-specific off-target 

effects of shRNA knockdown, we also used a knockdown rescue strategy by shRNA 

silencing of endogenous TDP-43 while concurrently expressing an epitope-tagged shRNA-

resistant TDP-43 (LV-Resc), as described previously [12]. As shown in Supplementary 

Fig. 1a, expression of TDP-43 was reduced in cells treated with LV-TDP-43-shRNA, but 

the decrease was revoked in cells treated with LV-Resc. Knockdown of TDP-43 was also 

confirmed by immunostaining analysis in the hippocampal sections from mice that were 

stereotaxically injected with LV-TDP-43-shRNA (Supplementary Fig. 1b).

To determine the effects of knockdown of TDP-43 on single and repeated mild CHI-induced 

neuropathological changes, LV-Scr, LV-TDP-43-shRNA, or LV-Resc were injected into 

the hippocampus of WT or APP TG mice at 2 months of age, 30 days prior to a 

single or repeated mild CHI (Fig. 2a, b, Fig. 3a), as described previously [31, 66, 79]. 

Neuroinflammation, Aβ, and tau pathologies were assessed 30 days after a single mild 

CHI. As astrocytes and microglial cells are the main components in neuroinflammation, 

we first assessed immunoreactivity of GFAP and Iba1, specific markers of astrocytes and 

microglial cells, in the hippocampus of WT or APP TG mice that had received LV-Scr, 

LV-TDP-43-shRNA, or LV-Resc 30 days prior to a single mild CHI. A single mild CHI 

slightly increased reactivity of astrocytic and microglia in WT mice that received LV-Scr 

but robustly increased the reactivity in APP TG mice, supporting the idea that a single mild 

CHI intensifies neuroinflammatory responses in APP TG mice (Fig. 2c, d). However, the 

increased reactivity of astrocytes and microglia following single mild CHI was attenuated 

in both WT and APP TG mice that had received LV-TDP-43-shRNA. These results indicate 

that knockdown of TDP-43 prevents mild CHI-provoked neuroinflammation. This is further 

supported by results showing that silencing of TDP-43 reduced gliosis in WT mice that 

received repeated mild CHI (Fig. 3b, c). In addition, the TDP-43 knockdown-mediated 

decrease in reactivity of astrocytes and microglia was reversed by injection of LV-Resc in 

APP TG mice that received a single mild CHI or in WT mice that received repeated mild 

CHI (Fig. 2c, d and Fig. 3b, c).

We next assessed whether knockdown of TDP-43 affects APP processing, Aβ formation, 

and tau phosphorylation in APP TG mice 30 days after exposure to a single mild CHI. We 

found that a single mild CHI robustly increased accumulation and deposition of Aβ plaques 

in the brain of 4-month-old APP TG mice that had received LV-Scr (Fig. 2e). However, 

the single mild CHI-induced increase in Aβ plaques in TG mice was averted by treatment 

with LV-TDP-43-shRNA, which prevents TBI-induced excessive production of TDP-43. In 

APP TG mice treated with LV-Resc, a single mild CHI still increased Aβ plaques. These 

results suggest that a single mild CHI accelerates or exacerbates accumulation of Aβ plaques 

in APP TG mice that receive LV-Scr, but the acceleration is prevented by silencing of 

TDP-43. Accelerated Aβ formation following a single mild CHI can likely be attributed 
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to an increase in Aβ processing. We observed that expression of BACE1 was significantly 

elevated in APP TG mice that received LV-Scr but expression of ADAM10 and neprilysin 

(NEP) was downregulated. These changes were diminished by silencing TDP-43 in APP 

TG mice, although APP, which is transgenically overexpressed in APP TG mice, was not 

diminished (Fig. 2f). Moreover, increased Aβ42 following mild CHI was also suppressed by 

knockdown of TDP-43 in APP TG mice (Fig. 2f-h). In particular, a single mild CHI induced 

tau acetylation and phosphorylation in APP TG mice, but these changes were mitigated 

by TDP-43 shRNA (Fig. 2f). As expected, changes in β-amyloidosis and p-tau induced by 

single mild CHI reoccurred in APP TG mice that received LV-Resc. These results indicate 

that a single mild CHI facilitates APP processing and tau phosphorylation in APP TG mice.

To determine whether TDP-43 is also critical in repeated mild CHI-induced Aβ and tau 

neuropathology, WT mice were transfected with LV-Scr, LV-TDP-43-shRNA, or LV-Resc 30 

days prior to three repeated mild CHI (Once a day for three days, Fig. 3a), as described 

previously [31, 80]. We observed that repeated mild CHI significantly increased expression 

of BACE1 and p-tau181 (Fig. 3d), but the increases were eliminated by silencing TDP-43. 

In mice treated with LV-Resc, expression of BACE1 and p-tau181 were increased again by 

repeated mild CHI. The data from both single and repeated mild CHI animal models suggest 

that TDP-43 plays an important role in TBI-induced Aβ formation and tau phosphorylation.

TBI-induced overproduction of TDP-43 disrupts synaptic integrity and impairs long-term 
synaptic plasticity

To determine whether TBI-induced aberrant production of TDP-43 contributes to disruption 

of synaptic integrity and plasticity, we assessed hippocampal long-term potentiation (LTP) in 

WT and APP TG mice 30 days after a single mild CHI. We found that a single mild CHI 

did not induce an impairment of LTP in WT mice that had received LV-Scr but significantly 

suppressed LTP in APP TG mice treated with LV-Scr (Fig. 4a). Single mild CHI-induced 

impairment of LTP in APP TG mice was prevented by knockdown of TDP-43 (Fig. 4b) 

but revoked by treatment with LV-Resc (Fig. 4c). Similarly, we observed that repeated mild 

CHI impaired LTP in WT mice that had received LV-Scr (Fig. 5a) and the impairment was 

prevented by silencing TDP-43 (Fig. 5b). As expected, repeated mild CHI impaired LTP in 

animals treated with LV-Resc (Fig. 5c).

To determine whether a single mild CHI reduces expression of synaptic proteins in APP 

TG mice, we assessed expression of PSD-95, NMDA receptor subunits GluN1, GluN2A and 

GluN2B, and AMPA receptor subunits GluA1 and GluA2. We found that a single mild CHI 

significantly downregulated expression of PSD-95 and glutamate receptor subunits except 

for GluN1 in the hippocampus of APP TG mice treated with LV-Scr (Fig. 4d). However, 

the expression of these important synaptic molecules in APP TG mice was prevented by 

silencing of TDP-43 (Fig. 4e) but expression was restored in mice treated with LV-Resc 

(Fig. 4f). Likewise, TDP-43 is also critical in repeated mild CHI-induced downregulation 

of synaptic proteins (Fig. 5d-f). These results provide evidence that a single mild CHI is 

sufficient to accelerate synaptic dysfunction in APP TG mice at 4 months of age and that 

limiting overproduction of TDP-43 following TBI is capable of maintaining the integrity and 

plasticity of synapses, which are important for cognitive function.
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Silencing of TDP-43 prevents single and repeated mild CHI-impaired learning and memory

To determine whether TDP-43 contributes to single or repeated mild CHI-induced cognitive 

deficits, behavioral performance was assessed using the NOR and MWM tests in APP TG 

mice that received a single mild CHI or in WT mice that received repeated mild CHI. We 

found that mild CHI significantly impaired spatial learning and memory retention in both 

APP TG mice or WT mice that received LV-Scr (Figs. 6a, b and 7a, b). However, the 

impairments were prevented by knockdown of TDP-43 (Figs. 6c, d and 7c, d). As expected, 

TBI-induced impairments in learning and memory reoccurred in APP TG or WT mice that 

received LV-Resc (Figs. 6e, f and 7e, f). Our results indicate that mild CHI-impaired learning 

and memory are associated with overproduction of TDP-43.

Overexpression of TDP-43 exacerbates neuropathology and promotes cognitive decline

To determine whether overexpression of TDP-43 and mild CHI produce similar changes in 

neuropathology and cognitive function, we used AAV vectors to overexpress human TDP-43 

(AAV-hTDP43) in the hippocampus of APP TG mice (Fig, 8a and Supplementary Fig. 2). 

We found that AAV-mediated overexpression of human TDP-43 resulted in robust increases 

in expression of BACE1, phosphorylated glycogen synthase kinase-3β (p-GSK3β), AC-tau, 

p-tau, and phosphorylated NF-κB (p-NF-κB) in the hippocampus of APP TG mice (Fig. 

8b). Overexpression of TDP-43 also provoked neuroinflammation as reactivity of microglia 

and astrocytes was significantly enhanced (Fig. 8c), suggesting that increased TDP-43 

also escalates neuroinflammatory responses. Importantly, increased expression of TDP-43 

downregulated expression of synaptic proteins, including PSD95 and glutamate receptor 

subunits, and accelerated deterioration in learning and memory assessed by NOR and MWM 

tests in APP TG mice (Fig. 8d-g). These data provide evidence that overexpression of 

TDP-43 induces AD neuropathology and cognitive deficits in APP TG mice, mimicking 

the changes induced by single mild CHI. We also observed that overexpression of TDP-43 

caused impairments in learning and memory in WT mice (Supplementary Fig. 3).

TBI-triggered neuroinflammation promotes NF-kB-mediated expression of TDP-43

To determine whether excessive production of TDP-43 following TBI is mediated via NF-

kB signaling, we assessed p-NF-κB in WT and APP TG mice following single mild CHI. 

We found that a single mild CHI significantly increased p-NF-κB in APP TG mice but 

not in WT mice (Fig. 9a). The increased p-NF-κB in APP TG mice following single mild 

CHI can likely be attributed to elevated expression of cytokines and reactivity of astrocytes 

and microglia (Fig. 2c, d), as proinflammatory cytokines, including IL-1β and TNFα, were 

significantly elevated in the hippocampus of WT animals following repeated mild CHI (Fig. 

9b). Correspondingly, p-NF-κB was increased in WT mice exposed to repeated mild CHI 

(Fig. 9c). These results suggest that TBI triggers inflammatory responses, which promote 

phosphorylation of NF-κB. To confirm this, we treated WT mice with lipopolysaccharide 

(LPS) to induce inflammation. We observed that either single or multiple doses of LPS 

significantly increased expression of cytokines (IL-1β, IL-6, and TNFα) and p-NF-κB 

in the hippocampus (Fig. 9d). Importantly, LPS treatment resulted in upregulation of 

TDP-43 expression, similar to that seen in TBI mice. These data indicate that TBI-induced 

expression of TDP-43 is likely mediated via inflammation-triggered NF-κB signaling. 
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To test this prediction, we performed two sets of experiments. First, we conducted a 

chromatin immunoprecipitation (CHIP) analysis. We observed that the NF-κB p65 subunit 

displayed binding activity at the promoters of the TDP-43 gene (Fig. 9e), suggesting that 

NF-κB regulates transcription and expression of TDP-43. In the second experiment, we 

treated hippocampal neurons in vitro with IL-1β or TNFα in the absence or presence of 

SC-514, an NF-κB signaling pathway inhibitor. We found that IL-1β or TNFα elevated 

expression of TDP-43, but the elevation was attenuated by pharmacological inhibition of 

NF-κB (Fig. 9f). To further confirm that expression of TDP-43 is regulated through NF-κB 

signaling, we treated cultures with LV expressing p65-shRNA. While IL-1β or TNFα 
still significantly increased expression of TDP-43 in cultures treated with LV-control, the 

increase was diminished in cultures treated with LV-NF-κB-shRNA (Fig. 9f). These results 

provide evidence that TBI-triggered neuroinflammation promotes NF-κB-mediated aberrant 

expression of TDP-43.

TDP-43 promotes tau phosphorylation and Aβ formation through interacting with GSK3β 
and BACE1

To assess whether TDP-43 is involved in processing tau phosphorylation and Aβ formation, 

we treated cultures of hippocampal neurons from PS19 tau TG mice with LV-TDP-43-

shRNA or LV-Scr control. We observed that expression of TDP-43 was not significantly 

changed in hippocampal neurons cultured from PS19 tau TG mice. However, expression of 

p-GSK3β, p-tau181, AT8 (p-tau-S202/T205), and AT5 (total tau) were elevated in cultures 

treated with LV-Scr (Fig. 10a). The increased expression of these molecules was attenuated 

in cultures treated with LV-TDP-43-shRNA (Fig. 10a). GSK3β is the major kinase that 

phosphorylates tau, and it plays an important role in AD neuropathology [42, 46, 50, 

69]. To confirm the role of GSK-3β in tau phosphorylation, we generated LV expressing 

GSK3β-shRNA. We found that knockdown of GSK-3β significantly reduced p-tau proteins 

in hippocampal neurons cultured from PS19 tau TG mice (Fig. 10b). However, silencing 

of GSK3β did not alter expression of TDP-43. These data suggest that GSK-3β is a 

downstream signaling molecule in TDP-43-promoted tau phosphorylation as knockdown 

of TDP-43 reduces p-GSK3β but silencing of GSK3β does not alter expression of TDP-43.

Next, we asked whether TDP-43 interacts with BACE1, resulting in the increased Aβ 
formation seen in APP TG mice following mild CHI (cf. in Figs. 1c, d, 2e-h). To address 

this question, we first performed co-immunoprecipitation (IP)-Western blot analysis and 

found that interactions did occur between TDP-43 and BACE1 (Fig. 10c). We then assessed 

whether knockdown of TDP-43 reduced expression of BACE1 in vitro. Hippocampal 

neurons cultured from 5xFAD APP TG mice were treated with LV-TDP-43-shRNA or LV-

Scr control. We found that silencing of TDP-43 led to a suppression of BACE1 expression 

(Fig. 10d), similar to that observed in vivo (Fig. 2f). In concert with our findings that 

knockdown of TDP-43 decreased total Aβ and Aβ42 in APP TG mice (Fig. 2e-h), these 

results suggest that TDP-43 promotes Aβ formation through interactions with BACE1.
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Discussion

TBI has been recognized as an important risk factor of developing AD [18, 22, 27, 

54]. However, the molecular mechanisms by which TBI contributes to development of 

AD remain unclear. In the present study, we provide evidence that aberrant production 

of TDP-43 is a key factor in TBI-induced neuropathology and synaptic and cognitive 

declines in mouse models of both single and repeated mild closed head injury. Our results 

show that a single mild CHI is sufficient to aggravate AD neuropathology and accelerate 

synaptic and cognitive deterioration in APP transgenic mice, while repeated mild CHI are 

needed to induce neuropathology and synaptic and cognitive impairments in WT animals. 

Neuropathology and synaptic and cognitive deficits induced by single mild CHI in APP 

TG mice or by repeated mild CHI in WT mice are alleviated by silencing TDP-43 in 

the hippocampus, and the alleviation is reversed by rescue of the TDP-43 knockdown. 

Overexpression of TDP-43 in the hippocampus induces AD neuropathology and cognitive 

impairments similar to the mild CHI-induced changes in APP TG mice. Our results 

provide further evidence that TBI-triggered neuroinflammation stimulates NF-kB-mediated 

transcription and expression of TDP-43, which in turn promotes tau phosphorylation and 

Aβ formation by provoking phosphorylation of GSK3β and expression of BACE1 (Fig. 11). 

Our study shows that aberrant production of TDP-43 exacerbates neuropathology and drives 

synaptic and cognitive declines following TBI.

Previous studies have shown that repeated mild CHI, but not single mild CHI, induces 

neuroinflammation, neuropathology, and cognitive decline in mouse models of CHI [14, 

48, 51, 59, 63]. Recent studies showed that a single mild CHI accelerates blood-brain 

barrier (BBB) leakage, neuropathology and synaptic and cognitive impairments in APP 

TG mice [43, 75]. These results suggest that a single mild CHI may not lead to chronic 

neurodegenerative processes and dementia in healthy subjects, but suggest that a single 

mild CHI likely accelerates or promotes neuropathological changes among persons who are 

susceptible to developing AD. We confirmed that a single mild CHI is sufficient to induce 

or accelerate neuropathological changes and synaptic and cognitive decline in APP TG mice, 

supporting the notion that TBI is a risk factor for AD.

TDP-43 is a highly conserved and ubiquitous RNA/DNA-binding protein involved in 

multiple cellular functions [19, 60], and deletion of TDP-43 is lethal for early embryonic 

development in mice [19, 40, 61]. Accumulated evidence indicates that aggregation of 

TDP-43 is a neurobiological feature in AD [5, 35-37, 47, 49, 55, 72, 74]. TDP-43 protein 

has been extensively studied due to its pathological inclusions in patients with ALS and 

FTLD and in animal models of these diseases [8, 10, 23, 45, 56, 67]. However, the role 

and mechanisms of aberrantly produced TDP-43 in the pathogenesis and neuropathology of 

AD and TBI are largely unknown. Our study provides evidence that excessive production of 

TDP-43 plays an important role in TBI-induced neuropathology and synaptic and cognitive 

declines, shown by the fact that preventing excessive production of TDP-43 following 

TBI reverses these changes. TDP-43 proteinopathy in ALS and FTLD is associated with 

TARDBP mutations, increased TDP-43 production and aggregation, and cytoplasmic mis-

localization, as well as improper regulation of RNA metabolism and protein homeostasis 

[19, 23, 33, 45, 60]. Excessive production of TDP-43 following single mild CHI in APP 
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TG mice or repeated mild CHI in WT animals contributes to neuropathology in TBI 

likely through some of these same mechanisms. In particular, overexpression of human 

TDP-43 in APP TG mice induces neuropathology and impairments in learning and memory, 

similar to the single mild CHI-induced changes in APP TG mice. We also discovered 

that silencing of TDP-43 results in reductions of p-GSK3β and p-tau. Knockdown of 

GSK3β in cultured neurons from tau TG mice does not alter the level of TDP-43, but it 

decreases p-tau, suggesting that GSK3β is a downstream signaling molecule of TDP-43 

in phosphorylating tau. Acetylation of tau has been thought to be an early pathological 

event in tau phosphorylation and p-tau accumulation [17, 32, 53, 62]. Knockdown of either 

TDP-43 or GSK3β results in decreases in AC-tau and p-tau, suggesting that tau acetylation 

is upstream of tau phosphorylation. In addition, TDP-43 interacts with and increases 

expression of BACE1, which is likely via post-transcriptional regulation of gene expression 

and translation [6]. Thus, our study reveals a previously undefined mechanism by which 

TBI-induced overproduction of TDP-43 contributes to neuropathology and synaptic and 

cognitive impairments not only through TDP-43 proteinopathy itself, but also by promoting 

tau phosphorylation and Aβ formation through interactions with GSK3β and BACE1 (Fig. 

11). It has been well acknowledged that pathogenesis of AD involves synergistic interactions 

between Aβ and tau [7, 11]. Based on the results from the present study, TDP-43 is also an 

important contributor to the pathogenesis of TBI-induced AD-like neurodegenerative disease 

by promoting tau phosphorylation and Aβ processing.

Overproduction of TDP-43 is a characteristic neurobiological feature in TBI-induced 

neuropathology [5, 35, 47, 72]. Pathological TDP-43 inclusions are also a distinct 

feature of AD [36, 37, 49, 55, 74]. However, little is known about how TDP-43 is 

overproduced following TBI. In the present study, we provide evidence that both TBI 

and proinflammatory factors (e.g., LPS and cytokines) increase expression of TDP-43, 

and the increase is attenuated by pharmacological or genetic inhibition of NF-kB 

signaling, suggesting that TBI-triggered neuroinflammation promotes TDP-43 expression by 

stimulating transcriptional activity of NF-κB. Our results suggest that excessive production 

of TDP-43 either resulting from a single mild CHI in APP TG mice or from repeated 

mild CHI in WT mice is an important mechanism common to both AD and TBI-induced 

AD-like neurodegenerative disease. Thus, strategies to limit excessive production of TDP-43 

may provide a therapeutic approach for preventing development of TBI-induced AD 

neuropathology.
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Figure 1. 
Single mild closed head injury accelerates developing Alzheimer’s disease. a, Schematic 

illustration of the experimental protocol. WT and APP TG mice at two months of age 

received a single mild CHI, and all the assessments were made 30 days after TBI except for 

qPCR analysis. b, Expression of proinflammatory markers, vimentin (Vim) and cytokines 

(IL-1β, IL-6, TNFα), in the ipsilateral hippocampus is elevated by a single mild CHI in APP 

TG mice, but not in WT mice. The data are means ±SEM (ANOVA with Fisher's PLSD 

post-hoc test, n=3~5 animals/group). c, Single mild CHI facilitates formation of Aβ plaques 

in the brain of APP TG mice. Immunostaining analysis of 4G8 immunoreactivity. The data 

are means ±SEM (ANOVA with Bonferroni post-hoc test, n=5 animals/group). Scale bars: 

400 μm. d, Single mild CHI accelerates neuropathological changes in TG mice. Immunoblot 

analysis of BACE1, TDP-43, AC-tau, and p-tau181 in the hippocampus of WT and TG mice 

that received a single mild CHI. The data are means ±SEM (ANOVA with Fisher's PLSD 

post-hoc test, n=3~4 animals/group). e, Single mild CHI expedites memory impairment in 
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APP TG mice. The novel object recognition test was conducted in WT and TG mice 30 

days after single mild CHI. The data are means ±SEM (ANOVA with Bonferroni post-hoc 

test, n=9~12 animals/group). f, Single mild CHI accelerates impairments in spatial learning 

and memory in APP TG mice. The Morris water maze test was conducted in WT and TG 

mice 30 days after single mild CHI. The data are means ±SEM. ***P<0.001 (ANOVA 

with repeated measures). The probe test was conducted 24 hours following 7-day learning 

acquisition training. The data are means ±SEM (ANOVA with Bonferroni post-hoc test, 

n=9~12 animals/group).
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Figure 2. 
Silencing of TDP-43 alleviates single mild CHI-exacerbated neuropathology in APP TG 

mice. a, Schematic illustration of the experimental protocol. WT and APP TG mice 

at two months of age were stereotaxically injected with LV 30 days prior to a single 

mild CHI, and all the assessments were performed 30 days after a single mild CHI. 

b, A representative image showing expression of GFP in the hippocampus injected 

with LV. Scale bar: 200 μm. c, Immunoreactivity of GFAP (astrocytic marker) in the 

ipsilateral hippocampus of WT and APP TG mice that received LV expressing scramble 

control, TDP-43-shRNA, or shRNA-resistant TDP-43. The data are means ±SEM. *P<0.05, 

**P<0.01, ***P<0.001 compared with WT-Sham; §§§P<0.001 compared with WT-TBI; 

##P<0.01, ###P<0.001 compared with TG-Sham (ANOVA with Bonferroni post-hoc test, 

n=5 animals/group). Scale bars: 40 μm. d, Immunoreactivity of Iba1 (microglial marker) in 

the ipsilateral hippocampus of WT and APP TG mice that received LV expressing scramble 

control, TDP-43-shRNA, or shRNA-resistant TDP-43. The data are means ±SEM. *P<0.05, 

**P<0.01, ***P<0.001 compared with WT-Sham; §§P<0.01, §§§P<0.001 compared with 
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WT-TBI; ##P<0.01, ###P<0.001 compared with TG-Sham (ANOVA with Bonferroni post-

hoc test, n=5 animals/group). Scale bars: 40 μm. e, Single mild CHI-aggravated formation 

of Aβ plaques is prevented by knockdown of TDP-43 in APP TG mice. The data are 

means ±SEM. **P<0.01 compared with TG-LV-Scr-Sham; §§P<0.01 compared with TG-

LV-Scr-TBI; ##P<0.01 TG-LV-Resc-Sham (ANOVA with Fisher's PLSD post-hoc test, n=5 

animals/group). f, Immunoblot analysis of hippocampal protein expressions in WT and 

APP TG mice that were injected with LV expressing scramble control, TDP-43-shRNA 

or shRNA-resistant TDP-43 prior to receive a single mild CHI. The data are means 

±SEM. *P<0.05, **P<0.01 compared with WT-Sham; §P<0.05, §§P<0.001 compared with 

WT-TBI; #P<0.05, ##P<0.001 compared with TG-Sham (ANOVA with Bonferroni post-

hoc test, n=3~4 animals/group). g, Quantification of Aβ42 displayed in f as it is not 

detectable in WT animals. The data are means ±SEM. ***P<0.001 compared with TG-LV-

Scr-Sham; §§P<0.01, §§§P<0.001 TG-LV-Scr-TBI; ###P<0.01 TG-LV-Resc-Sham (ANOVA 

with Fisher's PLSD post-hoc test, n=3~4 animals/group). h, ELISA analysis of hippocampal 

Aβ42 in APP TG mice treated with LV expressing scramble control, TDP-43-shRNA, or 

shRNA-resistant TDP-43. The data are means ±SEM. *P<0.05, ***P<0.001 compared with 

LV-Scr, §§§P<0.001 LV-shRNA (ANOVA with Bonferroni post-hoc test, n=6~8 animals/

group).

Gao et al. Page 23

Acta Neuropathol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Knockdown of TDP-43 reduces repeated mild CHI-induced neuroinflammation and 

neuropathology in WT animals. a, Schematic illustration of the experimental protocol. WT 

mice at two months of age were stereotaxically injected with LV 30 days prior to three 

repeated mild CHI (once a day for three days) and all the assessments were performed 

30 days after mild CHI. b, Immunostaining analysis of immunoreactivity of GFAP in 

the ipsilateral hippocampus of WT mice that received LV expressing Scramble control, 

TDP-43-shRNA, or shRNA-resistant TDP-43. The data are means ±SEM. **P<0.01, 

***P<0.001 compared with LV-Scr-Sham; §§P<0.01, §§§P<0.001 compared with LV-Scr-

TBI; ###P<0.001 compared with LV-shRNA-TBI (ANOVA with Bonferroni post-hoc 

test, n=5 animals/group). Scale bars: 200 and 40 μm. c, Immunoreactivity of Iba1 in 

the ipsilateral hippocampus of WT and APP TG mice that received LV expressing 

scramble control, TDP-43-shRNA, or shRNA-resistant TDP-43. The data are means ±SEM. 

**P<0.01, ***P<0.001 compared with LV-Scr-Sham; §§P<0.01, §§§P<0.001 compared with 

LV-Scr-TBI; ###P<0.001 compared with LV-shRNA-TBI (ANOVA with Bonferroni post-

hoc test, n=5 animals/group). Scale bars: 200 and 40 μm. d, Immunoblot analysis of BACE1 
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and p-tau181 in the ipsilateral hippocampus in WT animals that received LV-Scramble, 

-TDP-43-shRNA or -Rescue. The data are means ±SEM. **P<0.01, ***P<0.001 compared 

with sham (ANOVA with Fisher's PLSD post-hoc test, n=6).
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Figure 4. 
Single mild CHI-impaired long-term potentiation (LTP) and expression of synaptic proteins 

are prevented by knockdown of TDP-43 in APP TG mice. a~c, LTP at hippocampal 

CA3-CA1 synapses in WT and TG mice that received LV expressing scramble control, 

TDP-43-shRNA, or shRNA-resistant TDP-43. Recordings were made 30 days following 

single mild CHI. The data in bar graphs are means ±SEM averaged from 56 to 60 min 

following high-frequency stimulation (HFS). **P<0.01 compared with WT-Sham; §§P<0.01 

compared with WT-TBI; ##P<0.01 compared with TG-Sham (ANOVA with Bonferroni 

post-hoc test, n=12~15 slices/5~6 animals/group). d, Expression of glutamate receptor 

subunits and PSD-95 in the hippocampus of WT and APP TG mice that received LV 

expressing scramble control. The analysis was performed 30 days after single mild CHI. 

The data are means ±SEM. *P<0.05, **P<0.01 compared with WT-LV-Scr-Sham, §P<0.05, 

§§P<0.01 compared with WT-LV-Scr-TBI; ##P<0.01 compared with TG-LV-Scr-Sham 

(ANOVA with Fisher's PLSD test post-hoc test, n=3~4 animals/group). e, Expression of 
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glutamate receptor subunits and PSD-95 in the hippocampus of WT and APP TG mice 

that received LV expressing TDP-43-shRNA. The data are means ±SEM (n=3~4 animals/

group). f, Expression of glutamate receptor subunits and PSD-95 in the hippocampus of 

WT and APP TG mice that received LV expressing shRNA-resistant TDP-43. The data are 

means ±SEM. *P<0.05, **P<0.01 compared with WT-LV-Resc-Sham, §P<0.05, §§P<0.01 

compared with WT-LV-Resc-TBI; #P<0.05, ##P<0.01 compared with TG-LV-Resc-Sham 

(ANOVA with Fisher's PLSD post-hoc test, n=3~4 animals/group).
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Figure 5. 
Repeated mild CHI-impaired long-term potentiation (LTP) and expression of synaptic 

proteins are alleviated by silencing of TDP-43 in WT mice. (a~c) LTP at hippocampal 

CA3-CA1 synapses in WT mice that received LV expressing Scramble control, TDP-43-

shRNA, or shRNA-resistant TDP-43. Recordings were made 30 days following three 

repeated mCHI. The data in bar graphs are means ±SEM averaged from 56 to 60 

min following high-frequency stimulation (HFS). ANOVA with Bonferroni post-hoc test, 

n=12~15 slices/5~7 animals/group). (d~f) Expression of glutamate receptor subunits and 

PSD-95 in the hippocampus of WT mice that received LV expressing Scramble control, 

TDP-43-shRNA, or shRNA-resistant TDP-43. The analysis was performed 30 days after 

repeated mCHI. The data are means ±SEM. *P<0.05, **P<0.01, ***P<0.001 compared with 

Sham, (ANOVA with Fisher's PLSD test post-hoc test, n=6 animals/group).
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Figure 6. 
Silencing of TDP-43 prevents single mild CHI-accelerated cognitive decline in APP TG 

mice. a, Memory retention was assessed using the novel object recognition (NOR) test 

in WT and APP TG mice that received LV expressing scramble control. The test was 

conducted 30 days after single mild CHI. The data are means ±SEM. **P<0.01 compared 

with WT-LV-Scr-Sham, §§P<0.01 compared with WT-LV-Scr-TBI; ##P<0.01 compared 

with TG-LV-Scr-Sham (ANOVA with Bonferroni post-hoc test, n=8~11 animals/group). b, 

Spatial learning and memory retention were assessed using the Morris water maze (MWM) 

test. The data are means ±SEM (ANOVA with repeated measures). The probe test was 

conducted 24 hrs following 7 days of learning acquisition training. The data are means 

±SEM. **P<0.01, compared with WT-LV-Scr-Sham; §P<0.05 compared with WT-LV-Scr-

TBI; #P<0.05 compared with TG-LV-Scr-Sham. The data are means ±SEM. ***P<0.01 

(ANOVA with Bonferroni post-hoc test). c, NOR test in WT and APP TG mice that received 

LV expressing TDP-43-shRNA. The data are means ±SEM (n=10 animals/group). d, MWM 

test in WT and APP TG mice that received LV expressing TDP-43-shRNA. e, NOR test 

in WT and APP TG mice that received LV expressing shRNA-resistant TDP-43. The data 
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are means ±SEM. **P<0.01 compared with WT-LV-Resc-Sham, §§P<0.01 compared with 

WT-LV-Resc-TBI; ##P<0.01 compared with TG-LV-Resc-Sham (ANOVA with Bonferroni 

post-hoc test, n=8~10 animals/group). f, MWM test in WT and APP TG mice that received 

LV expressing shRNA-resistant TDP-43. The data are means ±SEM. ***P<0.01 (ANOVA 

with repeated measures). The probe test was conducted 24 hours after 7-day learning 

acquisition training. **P<0.01 compared with WT-LV-Resc-Sham, §§P<0.01 compared with 

WT-LV-Resc-TBI; #P<0.05 compared with TG-LV-Resc-Sham (ANOVA with Bonferroni 

post-hoc test).
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Figure 7. 
Knockdown of TDP-43 prevents repeated mild CHI-induced cognitive decline in WT 

mice. a, NOR test in animals that received LV expressing Scramble control. The test 

was conducted 30 days after three mild CHI. The data are means ±SEM (ANOVA with 

Bonferroni post-hoc test, n=11~14 animals/group). b, MWM test in animals that received 

expressing Scramble control. The data are means ±SEM (ANOVA with repeated measures). 

The probe test was conducted 24 hours after 7-day learning acquisition training. The data are 

means ±SEM (ANOVA with Bonferroni post-hoc test). c, NOR test in animals that received 

LV expressing TDP-43-shRNA. The data are means ±SEM (n=11~14 animals/group). d, 

MWM test in animals that received LV expressing TDP-43-shRNA. The data of the probe 

test are means ±SEM. e, NOR test in WT mice that received LV expressing shRNA-resistant 

TDP-43. The data are means ±SEM (ANOVA with Bonferroni post-hoc test, n=22~25 

animals/group). f, MWM test in WT mice that received LV expressing shRNA-resistant 

TDP-43. The data are means ±SEM (ANOVA with repeated measures, n=11~12 animals/

group). The probe test was conducted 24 hours after 7-day learning acquisition training. The 

data are means ±SEM (ANOVA with Bonferroni post-hoc test).
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Figure 8. 
Overexpression of TDP-43 aggravates neuropathology and accelerates impairments of 

learning and memory in APP TG mice. a, Schematic illustration of the protocol for injection 

of AAV vectors. AAV9-CMV-hTDP-43.eGFP vectors or AAV9-CMV-eGFP control vectors 

were stereotaxically injected into the hippocampus of APP TG mice at three months of age 

and all the assessments were made 30 days after injection of AAV vectors. b, Immunoblot 

analysis of BACE1, p-GSK3β, AC-tau, p-tau181, and p-NF-kB. ***P<0.001 compared 

with TG-AAV-Con (ANOVA with Fisher's PLSD post-hoc test, n=4 animals/group). c, 

Immunoreactivity of microglia and astrocytes in the hippocampus of APP TG mice. 

***P<0.001 compared with TG-AAV-Con (ANOVA with Bonferroni post post-hoc test, 

n=5 animals/group). d, Immunoblot analysis of glutamate receptor subunits and PSD-95 

in the hippocampus of APP TG mice. *P<0.05, **P<0.01, ***P<0.001 compared with 

TG-AAV-Con (ANOVA with Fisher's PLSD post-hoc test, n=4 animals/group). e, NOR test 

in APP TG mice that received AAV-hTDP43. (ANOVA with Bonferroni post post-hoc test, 
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n=13~14 animals/group). f, Learning acquisition in the MWM test. ***P<0.001 compared 

with TG-AAV-Con (ANOVA with repeated measures). g, The probe test that was performed 

24 hrs following 7-day invisible training. (ANOVA with Bonferroni post post-hoc test, 

n=13~14 animals/group).
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Figure 9. 
Neuroinflammation causes aberrant production of TDP-43 via NF-κB signaling. a, 

Expression of phosphorylated NF-κB (p-NF-κB) in the hippocampus of APP TG and 

WT mice that received a single mild CHI. The analysis was performed 30 days after the 

impact. The data are means ±SEM (ANOVA with Fisher's PLSD post-hoc test, n=5 animals/

group). b, Cytokine formation in the hippocampus of WT mice that received repeated 

mild CHI. ELISA analysis IL-1β and TNFα was conducted 24 hours following the last 

impact. The data are means ±SEM. ***P<0.001 (ANOVA with Bonferroni post-hoc test, 

n=6~7 animals/group). c, Expression of p-NF-κB in the hippocampus of WT mice that 

received three mild CHI. The analysis was performed 30 days after repeated mild CHI. 

The data are means ±SEM (ANOVA with Fisher's PLSD post-hoc test, n=6 animals/group). 

d, Lipopolysaccharide (LPS) increases expression of cytokines, p-NF-κB, and TDP-43 in 

the hippocampus of WT mice. LPS was injected (i.p.) with repeated doses at 5 mg/kg 

(Once a day for three days, LPS-1) or a single dose at 10 mg/kg (LPS-2). Immunoblot 

analysis was performed 24 hours after injection. The data are means ±SEM. ***P<0.001 

compared with the vehicle control (ANOVA with Fisher's PLSD post-hoc test, n=5 animals/
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group). e, Chromatin immunoprecipitation (CHIP) analysis of NF-κB p65 binding activity 

at the promoter of the TDP-43 gene. f, Proinflammatory cytokine-increased expression of 

TDP-43 is attenuated by pharmacological or genetic inhibition of NF-κB p65. Hippocampal 

neurons in cultures from control mice were treated with SC-541 (IKKβ inhibitor, 100 μM) 

or transfected with LV expressing NF-κB p65-shRNA for three days. IL-1β or TNFα 
(10 ng/ml)-induced expression of TDP-43 was assessed 24 hours after treatment with 

cytokines. The data are means ±SEM. *P<0.05, **P<0.01, ***P<0.001 compared with the 

vehicle control or LV-Con; §§P<0.01 compared with IL-1β; ##P<0.01 compared with TNFα 
(ANOVA with Fisher's PLSD test post-hoc test, n=3).
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Figure 10. 
TDP-43 stimulates tau phosphorylation and BACE1 expression. a, Knockdown of TDP-43 

reduces phosphorylated GSK3β and prevents tau phosphorylation in cultured hippocampal 

neurons from tau TG mice (PS19). Hippocampal neurons in culture were treated with 

LV expressing TDP-43-shRNA or scramble control. The data are means ±SEM. *P<0.05, 

**P<0.01 compared with WT-LV-Scr; §§P<0.01 compared with Tau-TG-LV-Scr (ANOVA 

with Fisher's PLSD test post-hoc test, n=3). b, Silencing of GSK3β attenuates tau 

phosphorylation but does not affect TDP-43 expression in cultured hippocampal neurons 

from PS19 mice. Hippocampal neurons in culture were treated with LV expressing 

scramble control or GSK3β-shRNA. The data are means ±SEM. **P<0.01 compared 

with WT-LV-Scr; §§P<0.01 compared with Tau-TG-LV-Scr (ANOVA with Fisher's PLSD 

test post-hoc test, n=3). c, Immunoblot analysis of co-immunoprecipitation (co-IP) of 

BACE1 with TDP-43 in hippocampal tissues from WT mice (n=3 animals/group). d, 

Silencing of TDP-43 reduces expression of TDP-43 in hippocampal neurons cultured 

from 5xFAD mice. Hippocampal neurons in culture were treated with LV expressing 

TDP-43-shRNA or scramble control for three days. The data are means ±SEM. **P<0.01, 

***P<0.001 compared with WT-LV-Scr; §§P<0.01 §§§P<0.001 compared with APP-TG-

LV-Scr (ANOVA with Fisher's PLSD test post-hoc test, n=3).
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Figure 11. 
Cartoon illustrating potential mechanisms of TBI-induced aberrant production of 

TDP-43 that causes neuropathology and synaptic and cognitive declines. TBI-triggered 

neuroinflammation promotes NF-κB-mediated transcription and expression of TDP-43, 

which in turn interacts with BACE1 and GSK3β, resulting in tau phosphorylation (p-tau) 

and Aβ formation. TDP-43 its own proteinopathy together with increased p-tau and Aβ 
drive synaptic dysfunction and learning and memory deterioration following TBI, which 

eventually lead to cognitive decline and dementia.
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