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Abstract

Tau pathogenesis is a hallmark of many neurodegenerative diseases, including Alzheimer’s disease 

(AD). Although the events leading to initial tau misfolding and subsequent tau spreading in 

patient brains are largely unknown, traumatic brain injury (TBI) may be a risk factor for tau-

mediated neurodegeneration. Using a repetitive TBI (rTBI) paradigm, we report that rTBI induced 
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somatic accumulation of phosphorylated and misfolded tau, as well as neurodegeneration across 

multiple brain areas in 7-month-old tau transgenic PS19 mice but not wild-type (WT) mice. rTBI 

accelerated somatic tau pathology in younger PS19 mice and WT mice only after inoculation with 

tau preformed fibrils and AD brain–derived pathological tau (AD-tau), respectively, suggesting 

that tau seeds are needed for rTBI-induced somatic tau pathology. rTBI further disrupted 

axonal microtubules and induced punctate tau and TAR DNA binding protein 43 (TDP-43) 

pathology in the optic tracts of WT mice. These changes in the optic tract were associated 

with a decline of visual function. Treatment with a brain-penetrant microtubule-stabilizing 

molecule reduced rTBI-induced tau, TDP-43 pathogenesis, and neurodegeneration in the optic 

tract as well as visual dysfunction. Treatment with the microtubule stabilizer also alleviated 

rTBI-induced tau pathology in the cortices of AD-tau–inoculated WT mice. These results 

indicate that rTBI facilitates abnormal microtubule organization, pathological tau formation, and 

neurodegeneration and suggest microtubule stabilization as a potential therapeutic avenue for 

TBI-induced neurodegeneration.

INTRODUCTION

Tau is a microtubule-binding protein, enriched in axons, where it serves important roles 

in microtubule structure and function as well as axonal transport. The pathological 

transformation of tau is a common feature of a group of neurodegenerative diseases 

collectively called tauopathies (1, 2), including Alzheimer’s disease (AD), frontotemporal 

lobar degeneration (FTLD), and chronic traumatic encephalopathy (CTE) (3, 4). The 

structure of tau filaments differs between neurodegenerative diseases, indicating that there 

could be different tau strains (5). The distribution and burden of distinct pathological tau 

strains correlates well with clinical brain dysfunction in diverse tauopathy patients (6–10), 

suggesting that tau pathogenesis plays a key role in the progression of neurodegeneration 

(4, 11). However, it remains largely unclear what causes or promotes tau pathogenesis in 

tauopathies.

Poorly defined cellular events lead to monomeric tau misfolding and assembly to multimeric 

structures that can recruit tau and undergo elongation into the fibrils. Recent data suggest 

that multimeric tau assemblies can also be released extracellularly to initiate cycles of 

seeded tau pathology that appear to spread along connected neural networks within the 

patients’ brain over time in a self-propagating manner (12–19).

An important question is what causes initial tau seed formation. Because most tauopathies 

are sporadic (20), nonautosomal dominant risk factors presumably play a role in tau 

pathogenesis. CTE frequently occurs in people who experienced repetitive traumatic brain 

injuries (rTBIs) and shares similarities in histopathology with AD and FTLD, including 

tau inclusions, as well as accumulation of TAR DNA binding protein 43 (TDP-43). In this 

regard, football players or boxers have an increased incidence of CTE (2, 21–23). Here, we 

investigate how repeated brain injury could contribute to the development of tau pathology 

and neurodegeneration using a modified rTBI paradigm in several tauopathy-related mouse 

models.
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RESULTS

Characterization of the rTBI paradigm in 7-month-old PS19 mice

To examine the relationship between rTBI and tau pathogenesis, we started with the 

widely used PS19 tauopathy mouse model on a B6C3 mixed genetic background (24). 

This mouse line overexpresses the human 1N4R tau isoform harboring the familial FTLD-

associated Pro301Ser mutation driven by the mouse prion protein (mPrnp) promoter. 

Immunohistochemical staining with pSer202/pThr205 phospho-tau (pTau) antibody AT8 

showed that PS19 mice developed visible pathological tau accumulation in the hippocampus 

starting at 9 to 12 months of age (fig. S1, A to O). We used a brain impact paradigm 

modified from previous reports (25–27). We performed two repeated impacts onto the 

midpoints between bregma and lambda along the sagittal suture of the skulls of immobilized 

7-month-old PS19 mice using an electromagnetically driven, silicone-tipped metal probe. 

The interval between the two impacts was 24 hours (fig. S2, A and B). Relative to sham-

treated PS19 mice, mice receiving rTBI showed an increase in activated microglia, indicated 

by an increase in Iba-1 (ionized calcium-binding adapter molecule 1)–positive cells with 

enlarged cell bodies and thicker processes (Fig. 1A). At 3 days post-rTBI treatment (d.p.t.), 

the number of Iba-1–positive cells was increased in the cortex, the corpus callosum (Cc), the 

hippocampus, and the optic tract, a region that is away from the direct impact sites. At 7 

d.p.t., the number of Iba-1–positive cells was normalized in Cc, cortex, and hippocampus but 

still increased in the optic tract at 7 d.p.t. (Fig. 1A). Reactive astrocytes, another marker of 

neuroinflammation, were examined by glial fibrillary acidic protein (GFAP) staining. GFAP-

positive astrocytes were present in the cortex, Cc, hippocampus, and optic tract (fig. S2C). 

Immunohistochemical staining with anti-phosphorylated neurofilament heavy/medium chain 

(pNFH/M) antibody TA51 revealed pNFH/M accumulations in neuronal cell bodies and 

processes in the cortices of rTBI-treated PS19 mice 3 and 7 d.p.t. Moreover, spheroid-like 

accumulations of pNFH/M were also detected in processes from the hippocampal regions 

and optic tracts of rTBI-treated, but not sham-treated, mice (Fig. 1B), suggesting that the 

rTBI paradigm induced neuronal and axonal damage (28). Using the monoclonal antibody 

22C11, we further detected accumulations of the amyloid precursor protein (APP) in axon-

enriched regions such as the Cc at 3 and 7 d.p.t. (Fig. 1, C and D). These data reveal 

that the rTBI paradigm used recapitulates certain features of rTBI observed in the human 

brain, including glial activation as well as neuronal and axonal impairments. These effects 

occurred not only in the cortex region adjacent to the impact site but also in more distant 

regions, including the Cc, hippocampus, and optic tract, suggesting widespread diffuse 

damages.

rTBI increases tau pathogenesis in older male PS19 mice

To examine whether tau pathogenesis is affected by rTBI, we performed rTBI on PS19 

mice at 3 months of age, when endogenous tau pathology has not yet developed. The 

extent of tau pathology was assessed by immunohistochemistry with the AT8 antibody 

at 1 week and 1, 3, and 6 months post-rTBI treatment (m.p.t.). We only observed a 

trend toward increased hippocampal tau pathology at 3 m.p.t. (Fig. 2, A and B, and fig. 

S3A), and we did not examine time points beyond 6 m.p.t. to minimize the confounding 

effect of endogenous tau accumulation in the older PS19 mice. Next, we investigated the 
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consequences of rTBI in 7-month-old PS19 mice beyond the 7 d.p.t. previously investigated 

(Fig. 1). Because untreated 7-month-old PS19 mice started to show some AT8 staining in the 

superficial cortical layers but hippocampal AT8 staining was largely absent until 12 months 

of age, we focused on the hippocampal regions to distinguish rTBI-induced tau pathology 

from endogenous tau pathogenesis. We detected increases in AT8-positive neurofibrillary 

tangle (NFT)– and neuropil thread (NT)–like pathology at 1 and 3 m.p.t. in rTBI-treated as 

compared with sham-treated PS19 mice (Fig. 3, A and B, and fig. S3B), suggesting that the 

facilitation in AT8-positive NFTs/NTs was related to rTBI treatment. To further confirm that 

rTBI promotes tau pathology, we conducted immunohistochemistry with the MC1 antibody, 

which binds to misfolded pathological tau. Increased MC1-positive misfolded tau pathology 

was detected in the hippocampal regions of rTBI-PS19 (7 months) mice compared with 

sham-PS19 (7 months) mice (Fig. 3, C and D). We did not investigate time points beyond 3 

m.p.t. to minimize the confounding effect of endogenous tau accumulation in the older PS19 

mice (fig. S1, A to O).

rTBI treatment did not induce tau pathology in similar-aged (8 months) female PS19 mice 

(fig. S4A), and further examination showed that aged female PS19 mice express much 

fewer tau proteins than male mice do (fig. S4B), consistent with other reports (29–32). rTBI 

treatment did not induce NFT-like tau pathology in 8-monthold wild-type (WT) mice (fig. 

S5, A to D), indicating that aging alone was not sufficient to develop NFT-like tau pathology 

after rTBI.

To further explore why rTBI increased tau pathogenesis in older but not younger PS19 

male mice, we examined endogenous pathological tau accumulation in male PS19 mice of 

different ages. Whereas immunohistochemical staining using AT8 antibody showed almost 

no detectable NFT-like pathological tau in the hippocampal regions of PS19 mice before 

10 months of age (fig. S1, A to O), sequential biochemical extraction of hippocampi from 

PS19 mice at different ages to obtain sarkosyl-insoluble protein showed that pTau (PHF-1, 

pSer396/pSer404) could be detectable in PS19 mouse brains as early as 6 months of age (Fig. 

3, E and F).

rTBI accelerates tau pathogenesis in young PS19 mice inoculated with tau PFFs

The observation that tau pathogenesis was increased by rTBI at 7 but not 3 months of 

age in male PS19 mice, and that insoluble pathological tau accumulation could not be 

detected until 6 months of age, led us to hypothesize that accumulating pathological tau 

in 7-month-old PS19 mice may function as endogenous seeds and that rTBI treatment 

could facilitate the seeding process. If true, then supplying exogenous tau seeds in younger 

PS19 mice should lead to an rTBI-triggered increase of tau pathology similar to that seen 

in older PS19 mice. To test this hypothesis, we used a previously developed pathological 

tau seeding model in which intracerebral injection of tau preformed fibrils (PFFs) made 

from recombinant tau protein into young PS19 mice induces tau pathological inclusions 

within a short time (12). We first injected tau PFFs into the right dorsal hippocampi of 

3-month-old female PS19 mice (PFF-PS19). A week later, the mice received rTBI or sham 

treatments, and the extent of tau pathology was examined at different time points (fig. 

S6A). An acceleration of AT8-positive tau pathology was observed in rTBI-treated PFF-
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PS19 mice compared with sham-treated PFFPS19 mice at 1 week post-treatment (w.p.t.) 

in the ipsilateral hemisphere (Fig. 4, A and B). No AT8 staining was observed in phosphate-

buffered saline (PBS)–injected PS19 mice after sham or rTBI treatment at 1 w.p.t. (Fig. 4, A 

and B). Staining with the tau conformation–selective MC1 antibody showed a similar trend 

(Fig. 4C and fig. S6B). Moreover, mapping of MC1 immunohistochemistry-derived tau 

pathology scores (see Materials and Methods) illustrated that seeded tau pathology affected 

more brain regions in rTBI-treated PFF-PS19 mice in comparison with sham controls (Fig. 

4D and fig. S7A). The pathology scores in rTBI-PFF-PS19 mice were substantially higher in 

brain regions such as the subiculum (ipsilateral: P = 0.007; contralateral: P = 0.022; fig. S7, 

B and C), ventral hippocampal hilus (ipsilateral: P = 0.103; contralateral: P = 0.027; fig. S7, 

D and E), and entorhinal cortex (ipsilateral: P = 0.004; contralateral: P = 0.052; fig. S7, F 

and G).

rTBI facilitates tau pathology in WT mice inoculated with AD brain–derived pathological 
tau

To eliminate any influence of transgene expression in the PS19 line, we next used a 

previously described tau transmission model in female WT mice, where intracerebral 

injection of brain-derived pathological tau from patients with AD induces AD-like tau 

inclusions that are composed of endogenous murine tau at 3 months post-injection (m.p.i.) 

(13, 15, 16). We extracted tau from frontal cortical tissues of four donors with a primary 

neuropathological diagnosis of AD and one donor with no detectable protein pathologies 

(Fig. 5A, fig. S8, and table S1). AD-tau isolated from patient 1 (AD1-tau) was injected into 

the right dorsal hippocampal and overlying cortical regions of 3-month-old female WT mice. 

Aweek later, rTBI or sham treatments were performed, and tau pathology was examined at 

different time points (fig. S9A). rTBI-treated mice injected with AD1-tau showed reduced 

thickness and increased AT8-positive NT tau staining in the Cc that was not seen in mice 

injected with N.C. (normal control) extract (Fig. 5, B and C, and fig. S9B). The amount 

of AT8-positive staining in the Cc increased over time (Fig. 5C). Immunohistochemical 

staining with MC1 antibody confirmed the accelerated tau pathology in the Cc of rTBI-

treated AD1-WT mice (fig. S9C). Staining with the neuronal axon markers neurofilament 

light chain (NFL, NFL1/2) or pNFH/M (TA51) revealed no changes in the Cc (fig. S9, D to 

G). At 3 m.p.t., rTBI-treated AD1-WT mice showed no difference in AT8-positive NFTs in 

the hippocampus as compared to sham-treated mice (Fig. 5, D and E, and fig. S10A) but a 

significant increase of AT8-positive NFTs in the ipsilateral entorhinal cortex (P = 0.021; Fig. 

5, D and F). Similarly, MC1 staining confirmed accelerated tau pathology in the ipsilateral 

entorhinal cortices but not hippocampi of the rTBI mice at 3 m.p.t. (P = 0.018; fig. S10, B 

and C).

Mapping of tau pathology scores based on AT8-positive staining (see Materials and 

Methods) showed that tau pathology affected more brain regions in rTBI-treated as 

compared with sham-treated AD1-WT mice (fig. S11A), including the fimbria (ipsilateral: 

P < 0.001; contralateral: P < 0.001; fig. S11, B and C), retrosplenial cortex (ipsilateral: P 
= 0.010; fig. S11, D and E), and subiculum (ipsilateral: P < 0.001; fig. S11, F and G). The 

affected brain regions have neuroanatomical connections to the site of seed injection.
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Double immunofluorescence staining revealed colocalization of AT8 staining with Olig2, 

an oligodendrocyte marker (Fig. 5G). The number of AT8-positive oligodendrocytes in the 

Cc and fimbria regions was significantly increased in rTBI-treated AD1-WT mice starting 6 

m.p.t. (P = 0.045; Fig. 5, H and I).

Given the possibility that there is heterogeneity of AD-tau isolated from different sporadic 

AD cases, we injected two additional AD-tau preparations (AD2 and AD3; Fig. 5A and 

fig. S8) into the right dorsal hippocampal regions of WT mice and performed rTBI or 

sham treatment 1 week later. Similar to the AD1-WT, rTBI accelerated neuronal and 

oligodendrocytic tau pathogenesis in AD2-WT and AD3-WT mice (fig. S12, A to E). 

Together, these results suggest that rTBI facilitates the formation of pathological tau in WT 

mice preseeded with human brain–derived pathological tau seeds.

rTBI induces punctate tau accumulation and phosphor-TDP43 in the optic tracts of WT 
mice

Although we could not detect any classical NFT-like tau pathology in rTBI-treated WT mice 

without human brain–derived tau seeding (fig. S5), careful inspection revealed AT8-positive 

tau puncta in the optic tracts of rTBI-treated WT but not sham-treated WT mice (Fig. 6, A 

and B, and fig. S13A). We also found these punctate tau accumulations after staining with 

an alternative pTau antibody, AT180 (fig. S13B). Extraction of endogenous tau from optic 

nerves confirmed an increase of PHF-1–positive tau in the sarkosyl-insoluble fraction of 

rTBI-treated WT mice (fig. S13C). NT-like tau pathology was not observed in the Cc of the 

rTBI-treated WT mice (fig. S13D). rTBI-induced endogenous murine tau puncta were also 

observed in the optic tracts of APP knock-in (33) mice (fig. S14, A and B).

Staining of the optic tracts with the neuronal axon markers NFL (NFL1/2) or pNFH/M 

(TA51) revealed nerve tissue shrinkage along with an increase of voids in the optic tracts of 

rTBI-treated WT mice (P < 0.01; Fig. 6, C to F, and fig. S15A), suggesting trauma-induced 

neuronal degeneration. Axonal damage was not detected in the Cc (fig. S15, B to F). 

Punctate tau accumulation along with tissue degeneration was also observed in the optic 

tracts of rTBI-treated WT mice that were preseeded with AD-tau (Fig. 6, G to I, and fig. 

S16, A to C), where shrinkage and reduced neurofilament staining were also seen (Fig. 6, I 

to K, and fig. S16, D and E).

TDP43 and α-synuclein (α-Syn) are two other protein markers commonly associated with 

neurodegenerative diseases, and TDP43 pathology is found in CTE (2) and in patients with 

AD (34), leading us to examine whether rTBI induced TDP-43 inclusions in our models. 

Immunohistochemical staining with a phospho-TDP43 (p409/410) showed accumulated 

TDP-43 deposits in the optic tracts from rTBI-treated WT mice at 9 but not 3 m.p.t. (fig. 

S17, A and B), when there is already punctate tau (Fig. 6B and fig. S13A). This finding 

was cross-validated with another phospho-TDP43 (p403/404) antibody (fig. S17C). Some 

of the phosphorylated TDP43 (pTDP43) colocalized with AT8-positive tau (fig. S17D). An 

increase of pTDP43 (pSer409/pSer410) in the optic tract was also found in rTBI-AD1-WT 

mice after 6 m.p.t. (fig. S17, E and F), the appearance of which was later than tau pathology 

(Fig. 6H and fig. S16A).
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We also examined for the presence of α-Syn pathology in the optic tracts from rTBI-treated 

WT mice at 9 m.p.t. using the phospho–α-Syn (pSer129) antibody 81A (fig. S17H) and 

the Syn506 antibody (fig. S17I) that recognizes misfolded α-Syn. However, inconsistent 

staining patterns were observed with these two different antibodies, and it is thus unclear 

whether rTBI induced α-Syn pathology.

Tau ablation mitigates rTBI-induced neurodegeneration

Because rTBI-induced TDP43 pathology appeared later than tau pathology, and there was 

some colocalization of pTDP43 and pTau aggregates, we asked whether the formation of tau 

inclusions promoted TDP43 pathogenesis and mediated rTBI-induced neurodegeneration. 

We performed rTBI on Mapt knockout mice (mTauKO), which have no endogenous murine 

tau and are relatively free of obvious phenotypic changes until advanced age (35, 36). 

Examination of the optic tracts at 9 m.p.t. revealed that punctate AT8 staining was absent 

in rTBI-mTauKO mice (fig. S17J) and that pTDP43 aggregates were reduced compared 

with rTBI-WT mice (fig. S17, K and L). Furthermore, although optic tract thickness was 

similar in rTBI-treated mTauKO mice compared to rTBI-treated WT mice (fig. S17M), 

the formation of tissue voids was partially reversed in the rTBI-treated mTauKO mice as 

evidenced by decreased void density and area (fig. S17, N and O), despite the observation 

that individual void sizes were similar between WT and mTauKO mice after rTBI (fig. 

S17P).

rTBI causes axonal microtubule abnormalities

The reduced optic tract thickness with associated tissue voids found in rTBI-treated WT 

mice suggested a loss of neuronal projections. Because tau is a microtubule-binding protein 

and is thought to play a role in microtubule structure and function, we examined the integrity 

of axons and axonal microtubules and tested whether chronic treatment with CNDR51657, 

a previously described brain-penetrant microtubule-stabilizing compound (37–39), could 

restore rTBI-induced changes at different time points (Fig. 7A). Transmission electron 

microscopy (TEM) was conducted on sections of the optic nerves. As early as 3 w.p.t., 

there was evidence of axonal irregularities and shrinkage in the rTBI-treated but not in the 

sham-treated WT mice (Fig. 7B). Moreover, counts of microtubules in higher-magnification 

TEM images (Fig. 7B) revealed that there were significantly fewer microtubules per axonal 

area in the rTBI- than sham-treated WT mice (P < 0.001; Fig. 7C) at 3 w.p.t. when there was 

still barely detectable tau pathology in the optic tract (Fig. 6B and fig. S13A).

To examine whether microtubule disruption is involved in rTBI-induced endogenous tau 

pathogenesis in WT mice in vivo, we administered CNDR51657 through intraperitoneal 

injections at 3 mg/kg to WT mice 30 min after each TBI injury and then twice weekly 

thereafter for up to 24 weeks. Such treatment rescued TBI-induced microtubule disruption 

in the optic tracts of WT mice at 3 w.p.t. (Fig. 7, A to C). CNDR51657 treatment also 

increased neurofilament staining in the optic tracts of rTBI-treated WT mice (Fig. 7, D 

to F, and fig. S18A). Moreover, CNDR51657 treatment increased optic tract thickness 

and reduced AT8-positive tau accumulation 3 m.p.t. (Fig. 7, G to I, and fig. S18B). 

Furthermore, CNDR51657 treatment normalized AT8 staining in the cortex and the number 
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of AT8-positive oligodendrocytes in the fimbria in WT mice pre-inoculated with AD4-tau 

(Fig. 5A and figs. S8 and S18, C to G).

Next, we examined whether treatment with the microtubule stabilizer CNDR51657 could 

mitigate rTBI-induced TDP43 pathologies. We found that 24 weeks of treatment with 

CNDR51657 in rTBI-WT mice greatly reduced pTDP43 accumulation in the optic tracts 

(fig. S19, A and B), suggesting that the microtubule abnormality is a primary driver of 

both TBI-induced tau and TDP43 pathogenesis and, as noted, neuronal damage. Together, 

these data suggest that rTBI-induced protein pathogenesis and neurodegeneration are 

associated with microtubule disruption and that a brain-penetrant microtubule-stabilizing 

agent alleviates such pathogenesis and neurodegeneration in the rTBI model.

Microtubule stabilization shows beneficial effects on brain functions of WT mice after rTBI

To examine the effect of microtubule stabilization on functional recovery after rTBI, we first 

assessed visual function, because pathogenesis and neurodegeneration were observed in the 

optic tracts of rTBI-treated WT mice (Figs. 6 and 7). Because a large fraction of retinal 

ganglion cell axons in mice cross over at the optic chiasm to the other hemisphere (40), 

light stimulation in one eye activates more neurons in the contralateral than the ipsilateral 

primary visual cortex (V1). Such differential activation of the two brain hemispheres could 

be diminished by optic nerve impairment. We found that the density of c-Fos–positive cells 

in layer 4 of V1 was higher in the contralateral than the ipsilateral sides of sham-treated 

WT mice. This difference in c-Fos staining between the two hemispheres was abolished 

in rTBI-treated WT mice but could be rescued by chronic CNDR51657 treatment (Fig. 8, 

A and B). Fiber photometry calcium imaging in the contralateral dorsal lateral geniculate 

nucleus (dLGN) that receives direct input from the optic nerve showed reduced light-evoked 

responses in rTBI-treated WT mice compared with sham-treated WT mice. The visual 

response in rTBI-treated mice could be rescued by CNDR51657 treatment (Fig. 8, C and D).

Motor functions, as assessed by balance beam test (fig. S20A) and a rotarod test (fig. S20B), 

were similar in rTBI- and sham-treated animals and not affected by CNDR51657 treatment. 

Open field test (Fig. 8E), light-dark box test (Fig. 8F), and elevated plus maze (Fig. 8G) 

indicated abnormal anxiety behaviors in rTBI-treated WT mice. CNDR51657 treatment did 

not normalize these behaviors. Cognitive function was assessed by Y maze (Fig. 8H) and 

Barnes maze (Fig. 8I). The results indicate short- and long-term spatial memory deficits 

in rTBI-treated WT mice that received vehicle as compared with sham-treated mice that 

received vehicle. CNDR51657 alleviated rTBI-induced memory impairments. Together, 

these results suggest that the microtubule stabilizer CNDR51657 can alleviate some of the 

rTBI-induced behavioral abnormalities. However, because many of the behavioral tests used 

depend on visual function, it is not possible to differentiate whether the corrective effects of 

CNDR51657 resulted from a restoration of brain regions involved in memory processes or 

restoration of visual function.

DISCUSSION

Using a modified rTBI paradigm in WT mice and multiple AD mouse models, we 

have demonstrated that rTBI induces de novo tau pathogenesis and facilitates seeded tau 
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transmission. Moreover, rTBI induced de novo TDP43 pathogenesis that appeared to be 

at least partially dependent on the formation of tau pathology. Last, rTBI was found to 

cause neural tissue degeneration. It appears that rTBI exerts such adverse effects, at least in 

part, through a disruption of axonal microtubules, because treatment with a small-molecule 

microtubule-stabilizing compound led to a partial rescue of these rTBI-induced pathologies, 

neuronal impairment, and dysfunction in the optic tract. This study thus provides a body of 

experimental data to support the causal effect of rTBI on the development of tau pathologies 

and suggests a potential therapeutic strategy of using microtubule-stabilizing agents for 

rTBI-induced neurodegeneration.

On the basis of the data presented here and in previous reports (15, 41), we propose a model 

(fig. S21) in which TBI causes microtubule disruption and axonal damage, facilitating tau to 

be more prone to be transformed into pathology, possibly through increasing local free tau 

concentration because of tau detachment from disrupted microtubules in damaged axons or 

damaging protein quality control machinery because impaired intracellular vesicle transport. 

This could promote pathogenic seed formation and the elongation of tau seeds that have 

been internalized through the process of pathological tau transmission. Thus, repeated TBI 

acting alone or together with other risk factors, such as aging, could facilitate pathological 

tau formation. Last, TBI also could induce TDP43 pathogenesis, which may be partially 

mediated by prior formation of tau pathology.

Given the evidence here of microtubule disruption playing a key role in the formation 

of TBI-induced pathologies, we reason that compounds that promote microtubule 

normalization might improve axonal transport, which is critical for many essential 

intracellular events, including autophagy and lysosome formation (42), and reduce the 

local accumulation of proteins such as APP, BACE1, and tau (43). Moreover, normalizing 

microtubule structure may result in increased microtubule binding by tau, thereby lowering 

the local concentration that could facilitate the formation of tau pathology. Our previous 

studies reported that administration of CNDR51657 decreased Aβ plaque pathology in 

5xFAD mice (39) and tau pathology in PS19 mice (38). Combined with the present 

results, these findings suggest that improving microtubule structure and function could 

lead to a diminution of pathogenesis, tissue damage, and functional abnormalities in 

multiple neurodegenerative diseases, including CTE, AD, and FTLD. We administered 

the first intraperitoneal dose of CNDR51657 30 min after TBI treatment, indicating that 

TBI-mediated axonal damage can be corrected after the initial insult. It is notable that 

in the behavior analyses, CNDR51657 showed some evidence of improving long-term 

spatial memory tests (Fig. 8I). Because rTBI did not invoke motor deficits as measured by 

balance beam or rotarod testing (fig. S20, A and B), there was no opportunity to observe 

a compound-mediated correction in these studies. The rTBI paradigm in this study resulted 

in a mild-to-moderate TBI injury that was intended to recapitulate the damage observed in 

most human rTBI cases, and as a result, the behavioral deficits may have been relatively 

subtle, particularly at 4 to 12 w.p.t. testing time. Thus, the evidence of CNDR51657 causing 

improvements in some behavioral outcomes is consistent with the data showing attenuation 

of pathological measures upon compound treatment of rTBI mice. We also acknowledge that 

the improvements observed in the visual cue-dependent behavior tests may have resulted, in 

part or whole, from a compound-mediated preservation of visual function in the rTBI mice.
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We observed that aging could be an important factor in the development of rTBI-induced 

AD-related pathogenesis, because rTBI induced AT8-positive puncta to a much lower extent 

in young (3 months) (Fig. 7I and fig. S18B) than in aged WT (8 months) mice (Fig. 

6B and fig. S13A). This may reflect an age-dependent impairment in the cellular protein 

quality control system, as has been reported in the literature (44–47). That younger PS19 

or WT mice that received exogenous tau seeds generally showed increases in tau pathology 

at earlier times after rTBI than did sham mice is consistent with the hypothesis that the 

younger mice have an ability to ultimately clear some misfolded tau species.

It is interesting that we consistently observed oligodendrocyte tau pathogenesis in our 

seeded rTBI model using the pathological tau seeds from four different AD cases, which all 

have glial-like tau pathology in white matter region (fig. S8). It has been recognized that 

changes in white matter are associated with AD onset and progression (48); however, the 

detailed associations and the underlying mechanisms need to be studied further. Whether the 

human white matter pathological tau is an unrecognized unique AD pathological tau strain 

that can induce glial tau pathogenesis, or whether it is a comorbid FTLD–like pathological 

tau strain that is capable of seeding oligodendrocyte tau pathology in WT mice (16, 49), is 

unknown and remains to be studied. It is notable that glial tau pathologies are very common 

in CTE brains (2), so the rTBI-induced oligodendrocyte tau pathology (Fig. 5, G to I, and 

figs. S12, A and E, and S18, C and G) might also result from unique tau species that 

are formed after rTBI and can seed oligodendrocyte tau pathology, or rTBI increased tau 

expression in oligodendrocytes so that they are more prone to tau pathology formation after 

seed uptake. We did not observe oligodendrocyte tau pathology in the optic tracts of WT 

mice that received rTBI without AD-tau injection, which may indicate that the observed 

oligodendrocyte tau pathology was seeded by the human brain–derived pathological tau 

preparation. In this study, we show that TBI can promote oligodendrocyte tau pathology, 

indicating an effect of TBI on tau pathologies in different cell types. This is consistent 

with a recent finding that transmission of oligodendrocyte tau pathology is not affected by 

neuronal tau ablation (49), suggesting that TBI-mediated tau pathology formation may occur 

independently in oligodendrocytes and neurons.

Distinct comorbid pathologies exist extensively in neurodegenerative diseases (34, 50–53). 

In our study, we observed the coexistence of tau and TDP43 pathologies in the optic 

tracts of rTBI-treated mice. The causal mechanism underlying TBI-induced cytoplasmic 

phosphorylated TDP43 accumulation is puzzling, because TDP43 is normally localized 

in the nucleus and is not known to bind microtubules. Previous reports have shown 

that stathmin-2, a microtubule regulator, connects TDP43 to axonal dysfunction (54, 

55). However, whether microtubule disruption itself leads to TDP43 pathogenesis is 

unknown. We found that treatment with CNDR51657 could partially mitigate TBI-induced 

cytoplasmic TDP43 pathogenesis in the optic tracts. Because CNDR51657 treatment also 

lowered tau pathology, which preceded but often colocalized with TDP43 pathology, it is 

possible that the reduction of TBI-induced tau inclusions led to the decrease of TDP43 

aggregates. Consistent with this speculation, other reports have suggested connections 

between TDP43 and tau protein, including the stress granule protein TIA-1 (56).
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Prior studies on the effect of rTBI in WT or tau transgenic mice found relatively little 

tau pathology (25, 57–66), in contrast to the results obtained in our rTBI mouse models. 

Although we could not definitively rule out the possibility that some punctate staining might 

represent degenerating axons or neoantigens instead of tau, it is unlikely based on multiple 

pieces of evidence: (i) Immunostaining with different tau antibodies confirmed the nature 

of pathological tau forms (Fig. 6, A and G, and figs. S13B, S14A, and S16, B and C); (ii) 

sequential biochemical extraction of the optic nerve tissues from the mice with or without 

rTBI treatment showed that insoluble tau was enriched in the TBI-treated group (figs. S13C 

and S14B); (iii) the rTBI-mTauKO mice did not show AT8 puncta immunostaining as was 

observed in rTBI-WT mice (fig. S17J); and (iv) immunostaining with other antibodies, such 

as NFL, TA51 (Figs. 6D and 7D), pTDP43 (fig. S17D), and pSyn (fig. S17H), did not show 

the same pattern. It was very unlikely that rTBI-induced tau pathology in our study was 

confounded by effects of anesthesia or hypothermia (67, 68), because this was controlled 

by using the same surgical conditions for both sham and rTBI treatments. Similarly, we 

minimized other potential confounds by using the same genotype and age of mice with or 

without rTBI treatment. Thus, the more prominent tau pathology observed in our studies 

relative to prior reports likely relates to differences in mouse models and the implementation 

of different TBI paradigms. We found that the optic nerve and the connected optic tract 

are selectively vulnerable in both our seeded and nonseeded rTBI-WT mouse models, with 

the development of endogenous tau and TDP43 pathology and associated neurodegeneration 

that correlates with the post-rTBI period. The vulnerability of the optic tract to TBI damage 

has also been reported by others (32, 69, 70), and the underlying mechanisms require further 

study. The TBI paradigm might cause a coup-contrecoup injury so that certain regions 

distant from the site of impact, such as the optic tract, bear more of the shear force damage 

that is thought to play a key role in rTBI-related axonal pathogenesis (71) than do areas 

nearer the impact site, corresponding with a previous report (72). Glaucoma, which is caused 

by elevated eye pressure, shares some similar characteristics to our rTBI findings, including 

damage to the optic nerve (as well as retinal ganglia cells) and the deposition of tau (73, 74). 

In contrast to the optic tract, we did not detect AT8-positive tau pathology in the cortical 

regions and Cc of rTBI-WT mice, where axonal damage was not as obvious as in the optic 

tract.

Although our studies suggest that microtubule dysfunction is likely a key contributor to 

the accumulation and spread of pathologies in TBI/CTE, there are still many unknowns 

regarding the detailed mechanisms of how external brain forces lead to pathologic changes. 

In addition to microtubule disruption, rTBI-induced regional and cellular vulnerability may 

also account for the facilitated pathological tau transmission as shown in rTBI-PFF-PS19 

(fig. S7) and rTBI-AD1-tau-WT mice (fig. S11). Moreover, injury-induced focal ischemia 

(75), hypoxia (76), calcium dysregulation (77–79), glial activation (80–82), and metabolic 

alternation (83–86) may also be involved in the connection between rTBI and protein 

pathogenesis.

Nonetheless, there are limitations to our study. For example, genetic drift in the PS19 mice 

since their first description has been noted (24), and there is sexual dimorphism in the PS19 

model. Although the PS19 mice bred at our institution have developed delayed pathology 

onset over time, we continually examine the PS19 mice and find that, currently, males 
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predictably develop tau pathology starting at around 9 months of age. The differing tau 

pathology outcomes in rTBI-treated older male and female (7 months of age) PS19 mice 

(Fig. 3 and fig. S4A) likely reflect the greater tau expression observed in male than female 

PS19 mice. It is well known that tau protein expression influences tau pathogenesis in vivo 

(87–89) and that gender and age can influence the transgene expression in this model (fig. 

S4B and Fig. 3, E and F), as also reported by other groups who have used the PS19 line from 

the Jackson Laboratory (29–32). To address these known issues, we carefully controlled our 

experimental designs, including the use of the same generation of mice for all treatment 

groups within each study. The effects of rTBI were further validated in the AD-tau seeded 

WT mouse model (Fig. 5 and figs. S12 and S18, C to G), which represents the sporadic 

development of tau pathology independently of transgenes. In addition, the rTBI paradigm 

in this study could induce only punctate tau pathologies in nonseeded WT and APP-KI mice 

and not bona fide NFT pathology up to 9 m.p.t. This suggests that the rTBI protocol may be 

inadequate to induce enough endogenous pathological tau seeds to promote NFT formation, 

and we could overcome this limitation by preseeding WT mice with exogenous tau seeds 

before rTBI (Fig. 5). The absence of NFTs in rTBIWT mice may also reflect the limited 

number of impacts in our model or may require a longer observation post-injury interval to 

manifest. Moreover, it is likely that certain limitations of this model relate to the differences 

in size, architecture, and other risk factors between the mouse and human brain.

Meanwhile, we also acknowledge the potential side effects of preserving microtubules as a 

clinical intervention. It is reported that the doses of microtubule-stabilizing agents used for 

the treatment of cancer could elicit peripheral neuropathy and changes in blood cell division 

that manifest as neutropenia (90). These side effects would need to be monitored if drugs 

of this type were to be used in the treatment of neurodegenerative diseases, such as AD or 

CTE. However, prior studies from our laboratories (38, 91) and others (92) have revealed 

that the doses of microtubule-stabilizing compounds required to provide benefit in mouse 

tauopathy models are much lower than are needed for cancer treatment, and these low doses 

do not result in peripheral neuropathy or neutropenia. Thus, there is reason to believe that 

a therapeutic strategy of treating CTE or AD with microtubule-normalizing agents could be 

done safely.

In conclusion, in this study, we used multiple mouse models to explore the relationship 

between brain trauma and AD-related brain pathologies. These include both transgenic 

and WT mouse models with or without tau seeding, revealing that rTBI facilitates 

the development of protein pathogenesis, including tau and TDP43. Moreover, not 

only neuronal but also glial tau pathology is exacerbated by rTBI after intracerebral 

administration of exogenous tau seeds. Last, our data highlight the likely role of microtubule 

abnormalities in rTBI and the potential of microtubule-normalizing drugs as promising 

treatments for CTE and related neurodegenerative diseases.

MATERIALS AND METHODS

Study design

The overall objective of this study was to investigate the effects of rTBI on protein 

pathogenesis and neurodegeneration and to explore potential underlying mechanisms. To 
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this aim, different mouse models (including WT tau spreading models, PS19 tau transgenic 

mouse, and APP-KI mouse) were subjected to either rTBI or sham treatments, and tau 

pathogenesis, neurodegeneration, and associated protein pathologies were investigated. 

A brain-penetrant microtubule-stabilizing compound was used to preserve microtubule 

integrity. The rTBI experiments were conducted at the Interdisciplinary Research Center 

on Biology and Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy 

of Sciences, and the Center for Neurodegenerative Disease Research, University of 

Pennsylvania. Immunohistochemical staining was used to probe tau, TDP-43, α-Syn, and 

Aβ pathology in human and mouse brain tissue. The brain sections were imaged by 

a digital slide scanner, and the staining signals by different immunoreactive staining of 

tau or TDP-43 pathologies were quantified using software like HALO (Indica Labs) or 

QuPath software. Blind counts were made of the number of pathological cells, puncta, 

and microtubule density, and quantifications were systematically performed throughout 

the whole mouse brain. Semiquantitative analyses were conducted to create heatmaps 

representing the abundance and distributions of tau pathologies throughout the brain. The 

treatment of CNDR51657 was based on previous publications (38, 39). Open field, balance 

beam, and rotarod tests were used to measure the locomotor ability; light-dark box and 

elevated plus maze were used to measure the stress condition; and Y maze and Barnes 

maze were used to assess cognitive function of the rTBI-treated mice. Different treatments 

were blinded during the behavior tests, and the order of testing mice was randomized. 

The treatments were only revealed during the analysis of the data. The sample size was 

determined by power analysis based on previous studies (15, 16). All experiments were 

repeated with at least three biological replicates. No data points were excluded unless 

specified. Proper statistical analysis methods were performed to examine the differences 

between groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The short-term effect of rTBI in old PS19 mice.
(A) (Left) Tissue sections were stained by immunohistochemistry using an antibody to 

Iba-1. Representative images of the cortex, Cc, hippocampus, and optic tract in sham- 

or rTBI-treated 7-month-old PS19 mice are shown. (Right) Bar graph summarizing the 

corresponding Iba-1 immunostaining from left and right hemispheres in sham- and rTBI-

treated mice 3 and 7 d.p.t. (B) (Left) Representative images of immunohistochemistry 

staining using the TA51 antibody to label phospho-neurofilaments for the same brain areas 

as in (A). Insets are higher-magnified images of optic tracts. (Right) Bar graph summarizing 

the corresponding TA51 immunostaining in sham mice and rTBI mice 3 and 7 d.p.t. (C) 

(Left) Representative images of immunostaining with the anti-APP antibody 22C11 in the 

Cc. (Right) Bar graph summarizing the corresponding 22C11 immunostaining in sham mice 

and rTBI mice 3 and 7 d.p.t. (D) (Left) Representative images of immunostaining with the 

anti-APP antibody 22C11 in the optic tract. White dashed lines indicate the boundary of 

optic tracts. (Right) Bar graph summarizing the corresponding 22C11 immunostaining in 

sham mice and rTBI mice 3 and 7 d.p.t. n = 3 mice per group. Scale bars are indicated in the 

images. One-way analysis of variance (ANOVA) followed by Šidák’s multiple comparisons 

was conducted for the statistical analysis. Data are presented as means ± SEM, with each 

symbol representing a mouse.
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Fig. 2. The long-term effect of rTBI on tau pathogenesis in young male PS19 mice.
(A) Brain sections were stained by immunohistochemistry using the AT8 antibody to 

phosphorylated tau. Representative images of caudal hippocampal regions (Hpx) of the 

young 3-month-old sham-treated (left) and rTBI-treated (right) PS19 mice at different time 

points after treatment are shown. Insets are magnifications of indicated black squares; scale 

bars are indicated in the images. (B) Quantification of AT8-positive cells in (A). n = 3 to 7 

mice per group. Two-way ANOVA was used to evaluate the rTBI effects. Data are presented 

as means ± SEM, with each symbol representing a mouse.
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Fig. 3. The long-term effect of rTBI on tau pathogenesis in older male PS19 mice.
(A) Brain sections were stained by immunohistochemistry using the AT8 antibody to 

phosphorylated tau. Representative images of caudal hippocampal regions of 7-month-old 

sham (left) and rTBI (right) PS19 mice at different time points after treatment are shown. 

(B) Number of AT8-labeled cells in the hippocampus (Hpx). (C) Brain sections were stained 

by immunohistochemistry using the MC1 antibody to misfolded tau. Representative images 

of caudal hippocampal regions of 7-month-old sham-treated (left) and rTBI-treated (right) 

PS19 mice at different time points after treatment are shown. Insets are magnifications of 
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indicated black squares; scale bars are indicated in the images. (D) Number of MC1-labeled 

cells in the hippocampus. (E) Representative immunoblots of the sequential extraction 

from brain tissues at different ages of male PS19 mice. K9JA is a pan-tau antibody, and 

PHF-1 is an anti-phosphorylated tau antibody (pSer396/Ser404). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the loading control. Equal proportions of homogenate 

were analyzed for each sample, with a 25-fold greater amount of the corresponding sarkosyl-

insoluble fraction loaded relative to the soluble fraction. (F) Quantification of relative 

insoluble total tau (left) and insoluble phosphorylated tau (right). n = 4 to 8 mice per group. 

Data are presented as means ± SEM, with each symbol representing a mouse. Two-way 

ANOVA followed by Šidák’s multiple comparison tests was used to evaluate the rTBI 

effects within each time point in (B) and (D). One-way ANOVA (Kruskal-Wallis test) 

followed by Dunn’s tests was used in (F).
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Fig. 4. rTBI accelerated tau pathogenesis in young PS19 mice preinoculated with synthetic tau 
PFFs.
(A) Brain sections were stained by immunohistochemistry using the AT8 antibody to 

phosphorylated tau. Representative images of dorsal hippocampal regions of 3-month-old 

sham-treated (left) or rTBI-treated (right) PS19 mice unilaterally preinoculated with PBS or 

synthetic tau PFFs at different time points after treatment are shown. Scale bars are indicated 

in the images. (B) Quantification of AT8-positive cells in the ipsilateral and contralateral 

hippocampal regions (Hpx) of each mouse as shown in (A). (C) Quantification of MC1-
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positive cells in the ipsilateral and contralateral hippocampal regions of each sham or rTBI 

mouse preinoculated with PBS or tau PFFs at different time points after treatment. Data are 

presented as means ± SEM, and scatter plots are used, with each scatter symbol representing 

a mouse. n = 3 to 6 mice per group. Two-way ANOVA followed by Fisher’s least significant 

difference (LSD) tests was conducted for statistical analysis. (D) Anatomical distribution of 

pathology scores derived from MC1 immunostaining in sham-treated (left) or rTBI-treated 

(right) 3-month-old PS19 mice preinoculated with synthetic tau PFFs. Average pathology 

scores were used for the heatmap.
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Fig. 5. rTBI accelerated tau pathogenesis in young WT mice preinoculated with human AD 
brain–derived pathological tau.
(A) Western blots of pathological tau extracted from 4 AD and 1 normal control (N.C.) 

cases, with antibodies: K9JA to pan-tau, PHF-1 to phosphorylated tau, RD3 to 3R (3-repeat) 

isoform–specific tau, and RD4 to 4R (4-repeat) isoform–specific tau. (B) Brain sections 

were stained by immunohistochemistry using the AT8 antibody to phosphorylated tau. 

Representative images of Cc of 3-month-old WT mice unilaterally inoculated with control 

lysate or human AD brain–derived pathological tau (AD1-tau) at different time points after 

sham (left) or rTBI (right) treatment are shown. Dashed white lines indicate the Cc area 

used for quantification. The black arrows indicate the regions for measuring the Cc thickness 

as shown in fig. S9B. Insets show higher magnification of Cc. (C) Quantification of AT8-
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positive area in the Cc regions of the mice as shown in (B). (D) Brain sections were stained 

by immunohistochemistry using the AT8 antibody. Representative images of hippocampus 

(Hpx) and entorhinal cortex (Ent) of 3-month-old sham-treated (left) or rTBI-treated (right) 

WT mice unilaterally preinoculated with AD1-tau at 3 months post-treatment (m.p.t.) are 

shown. (E and F) Respective quantification of the AT8-positive NFT-like tau pathologies in 

the ipsilateral and contralateral sides of Hpx or cortices (Ctx) of 3-month-old sham-treated 

(left) or rTBI-treated (right) WT mice unilaterally preinoculated with AD1-tau at different 

time points after treatment. (G) Brain sections were stained by immunohistochemistry and 

immunofluorescence using the AT8 antibody and Oligo 2 antibody to oligodendrocyte 

nucleus. Representative images of Cc of 3-month-old sham-treated (top) or rTBI-treated 

(bottom) WT mice unilaterally inoculated with AD1-tau at 9 m.p.t. are shown. (H) 

Quantification of AT8-positive oligodendrocyte in the ipsilateral and contralateral sides of 

Cc of 3-month-old WT mice unilaterally inoculated with AD1-tau at different time points 

after rTBI or sham treatment (I) Quantification of AT8-positive oligodendrocytes in the 

fimbria (Fim) for the same treatment groups as in (H). n = 4 to 10 mice per group. Two-way 

ANOVA followed by Fisher’s LSD tests was conducted for statistical analysis. Data are 

presented as means ± SEM, with each symbol representing a mouse.
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Fig. 6. rTBI alone induced punctate tau deposits in the optic tracts of WT mice.
(A) Sections were stained by immunohistochemistry using the AT8 antibody to 

phosphorylated tau. Representative images of optic tracts in 8-month-old sham-treated 

(left) or rTBI-treated (right) WT mice at 9 m.p.t. are shown. (B) Quantification of the 

AT8-positive tau puncta in the optic tracts of sham-treated (left) or rTBI-treated (right) WT 

mice at different time points after treatment. One-m.p.t. cohort mice started to receive the 

treatment at 3 months of age, whereas 3- and 9-m.p.t. cohort mice started to receive the 

treatment at 8 months of age. (C) Quantification of the optic tract thickness of the same mice 
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as shown in (B). (D) Sections were stained by immunohistochemistry using the NFL1/2 

antibody to neurofilament light chain (NFL) or the TA51 antibody to phosphorylated 

neurofilament heavy and middle chain (pNFH/M). Representative images of the optic tracts 

in 8-month-old sham-treated (left) or rTBI-treated (right) WT mice at 9 m.p.t. are shown. 

(E and F) Respective quantification of NFL1/2- or TA51-positive axons in the optic tracts 

of the same mice as shown in (B). (G) Sections were stained by immunohistochemistry 

using the AT8 antibody. Representative images of the optic tracts in the 3-month-old 

sham-treated (left) or rTBI-treated (right) WT mice unilaterally preinoculated with human 

AD brain–derived pathological tau AD1-tau at 9 m.p.t. are shown. (H) Quantifications of 

AT8-positive tau puncta in the ipsilateral and contralateral optic tracts of the 3-month-old 

sham-treated (left) or rTBI-treated (right) WT mice unilaterally preinoculated with AD1-tau 

at different time points after treatment. (I) Quantification of the thickness of the ipsilateral 

and contralateral optic tracts of the same mice as shown in (H). (J and K) Quantifications of 

NFL1/2- or TA51-positive axons in the ipsilateral and contralateral optic tracts of the same 

mice as shown in (H). n = 3 to 10 mice per group. Scale bars are indicated in each image. 

Two-way ANOVA followed by Fisher’s LSD tests were used to evaluate the rTBI effects. 

Data are presented as means ± SEM, with each symbol representing a mouse.
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Fig. 7. Chronic CNDR51657 treatment alleviated microtubule disruption and tau accumulation 
in the optic tracts of rTBI-treated WT mice.
(A) Schematic of the experimental paradigm. CNDR51657 (3 mg/kg, intraperitoneally) 

or vehicle was administered after each rTBI session and then twice weekly for up to 24 

weeks. Mice were sacrificed at three different time points. Note that the 3-w.p.t. and 3-m.p.t. 

mice were at 3 months of age, whereas the 6-m.p.t. mice were at 8 months of age, when 

receiving sham or rTBI treatment. (B) Representative transmission electron microscopy 

images of microtubules in the optic nerves of sham- or rTBI-treated WT mice 3 w.p.t. 

Zhao et al. Page 31

Sci Transl Med. Author manuscript; available in PMC 2024 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mice received either vehicle (Veh.) or CNDR51657 (C5) as indicated in (A). The ring-like 

structures indicated by black arrows in the higher-magnification images are microtubules. 

(C) Quantification of the microtubule density in the optic nerves as shown in (B). (D) 

Sections were stained by immunohistochemistry using the NFL1/2 antibody to NFL or the 

TA51 antibody to phosphorylated pNFH/M. Representative images of the optic tracts of 

WT mice at 6 m.p.t. along with the vehicle (left) or CNDR51657 (right) administration 

are shown. (E and F) Respective quantification of NFL- or TA51-positive axons in the 

optic tracts of mice that were administered either vehicle (left) or CNDR51657 (right) at 

3 and 6 m.p.t. (G) Sections stained by immunohistochemistry using the AT8 antibody to 

phosphorylated tau. Representative images of optic tracts of WT mice at 6 m.p.t. along 

with the vehicle (left) and CNDR51657 (right) administration are shown. (H) Quantification 

of optic tract thickness at 3 and 6 m.p.t. (I) Quantification of AT8-positive puncta in the 

optic tracts of the mice at 3 and 6 m.p.t. n = 3 to 7 mice per group. Two-way ANOVA 

followed by Fisher’s LSD multiple comparisons was conducted to analyze the effect of 

CNDR51657. Data are presented as means ± SEM, with each symbol representing a mouse. 

The representative images of 3 m.p.t. mice are shown in fig. S18 (A and B).
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Fig. 8. Chronic CNDR51657 treatment improved visual and cognitive function in rTBI-treated 
WT mice.
(A) Sections containing the primary visual cortex (V1) were stained with a c-Fos antibody. 

Representative images of WT mice at 3 months after sham and rTBI treatment are shown. 

Animals were treated for 3 months with either vehicle (Veh.) or CDNR-51657 (C5). Insets 

show lower-magnification images of the V1 cortex. Dashed lines indicate V1 layer 4. (B) 

Differences in the number of c-Fos–positive neurons between ipsilateral and contralateral 

V1 are plotted as discrimination index. (C) (Top) Heatmaps of normalized calcium signals 
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recorded from the dLGN in response to light stimulation (at time 0). (Bottom) Ca2+ activity 

averaged across trials. (D) Quantification of the area under curve (AUC) of the Ca2+ signals 

after light stimulation (0 to 7 s) in dLGN as shown in (C). (E) Open field test was 

performed at 4 weeks after sham or rTBI treatments (w.p.t.). Mouse total distance (left) 

and the frequency to reach the central area (right) are presented. (F) Light-dark box test was 

performed at 4 w.p.t. The percentage of time spent in the dark chamber is summarized. (G) 

Elevated plus maze was performed at 9 w.p.t. The total distance traveled (left) and the total 

time spent in the open arm (right) are presented. (H) Y maze was performed at 10 w.p.t. 

The spontaneous alternations of arm exploration are plotted. (I) Barnes maze was performed 

at 12 w.p.t. The presented data show the latency to find the chamber platform during the 

acquisition phase (left), the number of head pokes (middle), and the time to find the target 

hole (right). n = 4 to 12 mice per group. Two-way or mixed-model ANOVA followed by 

Fisher’s LSD tests was conducted for statistical analysis. Data are presented as means ± 

SEM, with each symbol representing a mouse. n.s., not significant.
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