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Associated with Impaired Proteostasis, Neuroinflammation,
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Repetitive mild traumatic brain injury (mTBI) in children and adolescents leads to acute and chronic neurologic sequelae
and is linked to later life neurodegenerative disease. However, the biological mechanisms connecting early life mTBI to neu-
rodegeneration remain unknown. Using an adolescent mouse repetitive closed head injury model that induces progressive
cognitive impairment in males and anxiety in females in the absence of overt histopathology, we examined transcriptional
and translational changes in neurons isolated from sham and injured brain in the chronic phase after injury. At 14months,
single-nuclei RNA sequencing of cortical brain tissue identified disruption of genes associated with neuronal proteostasis and
evidence for disrupted ligand-receptor signaling networks in injured mice. Western blot analysis of isolated neurons showed
evidence of inflammasome activation and downstream IL-1b processing, as previously demonstrated in acute CNS injury
models, and accumulation of misfolded, hyperphosphorylated tau, and changes in expression of proteins suggestive of
impaired translation in males but not in females. At 6months, injured IL-1 receptor 1 (IL-1R1) KO mice, which are protected
from postinjury cognitive deficits, had decreased accumulation of pro-IL-1b and misfolded tau in cortex and cerebellum, sug-
gesting that IL-1R1 is upstream of inflammasome priming (defined as increase in pro-IL-1b) and abnormal tau phosphoryla-
tion. Together, our findings provide evidence for neuronal inflammasome activation and impaired proteostasis as key
mechanisms linking repetitive mTBI in adolescence to later life neurologic dysfunction and neurodegeneration.
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Significance Statement

Repetitive mild closed head injury in adolescent male mice leads to impaired proteostasis, tau phosphorylation, and inflam-
masome activation in neurons later in adulthood through mechanisms involving IL-1 receptor 1. The data are the first to link
repetitive mild traumatic brain injury in adolescence to neurodegeneration and suggest molecular targets and pathways to
prevent neurologic sequelae in the chronic period after injuries.

Introduction
Between 2 million and 3.8 million cases of mild traumatic brain
injury (mTBI), or concussion (defined as symptomatic mTBI
without structural brain damage on routine imaging), are esti-
mated to occur each year in the Unites States (Langlois et al.,
2006; Centers for Disease Control and Prevention, 2011, 2017;
McCrory et al., 2013). Children and adolescents account for over
half of sports-related concussions (Faul et al., 2010; Choe et al.,
2012), and epidemiological studies suggest that the incidence of
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adolescent concussion in the general population is increasing
(Marin et al., 2014; Zhang et al., 2016). Recent data estimate the
incidence of all TBI in children and adolescents at ;1 million
cases per year, with most of these cases being mTBI (Taylor et
al., 2017). A growing body of evidence suggests a greater risk of
neurologic sequelae when mTBI occurs while the brain is still
developing (Field et al., 2003; Giza and Prins, 2006; Hessen et al.,
2007; Levin et al., 2007; Yeates, 2010; Baillargeon et al., 2012;
Yeates et al., 2012; Zuckerman et al., 2012; Harmon et al., 2013;
Kriz et al., 2017). Up to 30% of children and adolescents may suf-
fer from prolonged, debilitating postconcussion symptoms after
even a single mTBI (Barlow et al., 2010; Yeates, 2010; Yeates et
al., 2012; Barlow, 2016; Zemek et al., 2016). While avoiding ath-
letics until clinical symptoms resolve is currently the mainstay of
therapy (Halstead et al., 2010), whether or not this strategy pre-
vents later neurologic sequelae of mTBI is unknown.

Growing awareness of the potential dangers of repeated
mTBI during childhood and adolescence has resulted in rule
changes in youth sports designed to limit the number of head
impacts and hence the likelihood of developing neurodegenera-
tive disease later in life. Epidemiological evidence links moderate
and severe TBI to later development of neurodegenerative dis-
ease, such as Alzheimer’s disease (AD), Parkinson’s disease,
amyotrophic lateral sclerosis, and cognitive dysfunction (Smith
et al., 2013; Gardner and Yaffe, 2015; Rabinowitz et al., 2015),
whereas repetitive mTBI in adults is associated with development
of chronic traumatic encephalopathy (CTE), a neurodegenerative
disease with unique histopathological features (McKee, 2020).
Some epidemiological studies have shown associations between
playing contact sports earlier in childhood with increased risk of
dementia and other neurologic sequelae later in life (Stamm et
al., 2015a,b; Alosco et al., 2018; Schultz et al., 2018), while others
have not (Solomon et al., 2016; Deshpande et al., 2017).
Pathologic studies have shown changes consistent with CTE in
the brains of adult (McKee et al., 2013) and even some adolescent
football players (Tagge et al., 2018). However, the clinical studies
are affected by case selection bias and an unknown incidence of
CTE in the general population; hence, interpretation of the data
is controversial (Smith et al., 2013; Mez et al., 2017; Binney and
Bachynski, 2019; Casper et al., 2019; Stewart et al., 2019). Despite
careful pathologic studies of brains of athletes and soldiers with
CTE (McKee, 2020), the exact cellular and molecular mecha-
nisms linking repetitive mTBI to neurodegeneration remain
poorly defined, in part because the relevant animal models often
fail to develop key histopathological features of human CTE
(Gangolli et al., 2019; Mouzon et al., 2019; Bachstetter et al.,
2020). Moreover, very few studies have examined long-term seque-
lae of mTBI in adolescent mTBI models, with one study showing
increased brain amyloid b deposition at 1 year after repetitive
mTBI in adolescent rats expressing human mutant APP/PS1 trans-
genes (Grant et al., 2018; Wu et al., 2019). To date, mechanistic
studies examining the chronic stages of repetitive mTBI inWT ado-
lescent animal models are lacking (Wu et al., 2019).

To address this gap, we modified an adolescent mouse repeti-
tive closed head injury (CHI) model (Wu et al., 2019) to develop
progressive learning and memory deficits and used single-nuclei
RNA sequencing (snRNA-seq) to identify changes in putative
molecular pathways associated with neurodegeneration. We
identified disruption of gene expression associated with protein
homeostasis (proteostasis), and evidence for mTOR pathway
activation, accumulation of hyperphosphorylated and misfolded
Tau, NLRP1 inflammasome activation and processing of IL-1b ,
the primary substrate of activated inflammasomes, at the protein

level in neurons from injured male mice at 14months after inju-
ries. In brain tissue, microgliosis and accumulation of phospho-
rylated Tau were prevented by IL-1 receptor 1 (IL-1R1) KO.
These data provide direct evidence for mechanisms by which re-
petitive mTBI in adolescence might lead to subsequent develop-
ment of dementia and neurodegenerative disease later in life.

Materials and Methods
Mice. Adolescent (day of life [DOL] 38) male C57/BL6J mice and IL1

receptor 1 knock out (IL1R1�/�) mice (The Jackson Laboratory) were
used for experiments. Mice were housed for 12 h day/night cycles in
laminar flow racks in a temperature-controlled room. Food and water
were given ad libitum. All procedures were approved by the
Massachusetts General Hospital Institutional Animal Care and Use
Committee and performed in accordance with the National Institutes of
Health’s Guide for the care and use of laboratory animals. Studies were
performed according to ARRIVE guidelines, and data were obtained by
investigators blinded to study groups.

CHI model. The CHI model was used as previously described with
minor modifications (Khuman et al., 2011). Mice were anesthetized with
2.5% isoflurane (Anaquest) for 90 s in a 70% N2O/30% O2 Fluotec 3 va-
porizer (Colonial Medical). Mice were placed on a Kimwipe (Kimberly-
Clark) and grasped by the tail, and the head was positioned under a hol-
low tube (diameter 10 mm). A lead cylindrical weight (54 g) was
dropped 46 inches onto the dorsal aspect of the skull directly above the
right (day 1, 3) or left (day 2) ear between the coronal and lambdoid
sutures. The head readily penetrated the Kimwipe following impact in
the anterior-posterior plane. Sham injured mice were subjected to anes-
thesia without weight drop. Injured mice were recovered in room air in
their cages. Three-hit (3HD) mice were injured once daily for 3 consecu-
tive days to model repetitive mTBI that might occur over the span of ado-
lescence in humans, which lasts for 2 weeks in mice (Flurkey et al., 2007).
One-hit (1HD) mice were injured once for the first day and subjected to
anesthesia without weight drop for the following 2 d. Latency to sponta-
neous righting from a supine position was recorded for all mice on day 1.

Morris Water Maze (MWM). On each day of testing, mice were
acclimatized to the room for at least 30min. Mice were tested in a
MWM task 3weeks (males) or 3months (females) after the last injury
and again in a reverse MWM paradigm at 6 and 12months. The MWM
was performed as previously described with minor modifications
(Mannix et al., 2013). Each mouse was subjected to 7 hidden platform
trials (1 or 2 trials per day). Probe trials were performed 24 h after the
last hidden platform trial by allowing the mice to swim for 30 s with the
platform removed and recording the time spent in the target quadrant.
For each reverse MWM, the platform location was moved to a unique
quadrant and mice were subjected to 4-7 hidden platform trials (1 or 2
trials per day), followed by probe trials.

Rotarod. At 1, 6, and 12 months after injury, mice were subjected to
rotarod testing. Mice were tested for 3 d with three trials per day on an
accelerating rod (0-40 revolutions per minute over 200 s). Time on the
rotarod and maximum speed attained before falling were recorded for
each mouse.

Elevated plus maze. Elevated plus maze testing was performed at 3
(females only), 6, and 12months after injury. The 24-inch-high apparatus
consisted of two 52 inch � 3 inch platforms with a 3 inch � 3 inch square
area at their intersection. The closed arms of the platform had walls 4 inches
high, whereas the open arms had none. Each mouse was placed in the cen-
tral square and video-recorded for 5min. The apparatus was cleaned with
70% ethanol between trials. Video recordings were analyzed by Any Maze
software for mean speed and percent time in closed and open arms.

Open field test. At 1 year after injury, mice were placed in separate
cages secured with metal wiring tops and movements were video-
recorded for 6 h. Any Maze software was used to assess mean speed and
distance traveled.

Porsolt forced swim test. Forced swim tests were performed at
6months or 1 year after injury. The apparatus consisted of a 4 L glass
beaker filled with 2 L of water (25°C). Mice were placed in the water for
5min, and swimming movements were recorded by the Photograph
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Booth program. Latency to freezing/immobility and total freezing time
were experimental endpoints.

Sucrose preference test. The sucrose preference test was performed in
female mice at 1 year after injury based on a two-bottle choice paradigm
(Liu et al., 2018). The whole test, including adaptation, baseline measure-
ment, and testing, was performed over 8 d. Sucrose preference was calcu-
lated as (sucrose water intake/total water intake)� 100%.

Isolation of brain cells by magnetic beads. Mice were transcardially
perfused with PBS, and the brain was removed, digested using a Neural
tissue dissociation kit (Roche Diagnostic), and mechanically dissociated
with a plastic pipette. After centrifugation at 1000 � g (7min), the cell
pellet was resuspended and incubated with myelin removal beads
(Miltenyi Biotec) for 40min on ice. After washing in PBS, Dynabeads
(Thermo Fisher Scientific) conjugated to anti-CD31 (BD Pharmingen)
or anti-CD11b (Biolegend) were added and a magnetic separator was
used to recover the bead-bound cells. Unbound cells were incubated
with anti-ACSA1 beads (Miltenyi Biotec) and separated using LS col-
umns (Miltenyi Biotec). Neurons were isolated using a neuron isolation
kit (Miltenyi Biotec). Isolated cells were frozen at�80°C until processing
for Western blot. The purity of neurons was confirmed by lack of reac-
tivity with antibodies against astrocyte, microglia, endothelial, and peri-
cyte markers.

Western blot. Isolated brain cells were lysed in 1% Triton X-100 lysis
buffer (150 mM NaCl, 20 mM Tris-Cl, pH 7.5, 1% Triton X-100, 1 mM

EDTA, 3 mM NaF, 1 mM B-glycerophosphate, 1 mM sodium orthovana-
date, 5 mM idoacetamide [cysteine protease inhibitor], 2 mM N-ethylma-
leimide [cysteine protease inhibitor], phosphatase and protease inhibitor
cocktails [Thermo Fisher Scientific]). After sonication, samples were
centrifuged at 1000 � g for 10min to precipitate the nuclear fraction,
and the supernatant was transferred to a new tube and spun at 20,000 �
g for 30min at 4°C. Supernatants were collected and diluted in 4�
Laemmli buffer to prepare soluble fractions for Western blot analysis.
Pellets (insoluble fraction) were washed once in a fresh aliquot of lysis
buffer and spun at 20,000 � g for 15min. Following wash, the superna-
tant was discarded and pellets were dissolved in lysis buffer containing 8
M urea. Samples were then added to 4� Laemmli buffer. Both Triton-
soluble fractions and urea-soluble fractions were subjected to Western
blotting as previously described (Khuman et al., 2011). Membranes were
incubated overnight at 4°C with the following primary antibodies: anti-
b -actin antibody (1:10,000, Cell Signaling Technology), anti-AT8
(1:1000, Sigma), anti-tau5 (1:1000, Invitrogen), anti-IL1b (1:1000,
Abcam), anti-caspase1 (1:1000, Novus), anti-NLRP3 (1:1000, Cell Signal
Technology), anti-NLRP1 (1:1000, Invitrogen), and anti-CP13, anti-
MC1, anti-PHF1, and anti-RZ3 (kind gifts from the late Peter Davies,
Feinstein Institute, Manhasset, NY). After incubation with peroxide-
conjugated secondary antibodies (1:5000, Cell Signaling Technology),
visualization was enhanced by ECL (EMD Millipore) detection. The
results were normalized to b -actin. Optical density was assessed
using ImageJ software.

Immunohistochemistry for phospho-tau and b amyloid proteins.
Mice were transcardially perfused with PBS, and brains were postfixed
in 4% PFA for 48 h, cryoprotected in 15% for 24 h, and then 30% su-
crose, frozen at�80°C and cut on a cryostat at 12mm.

AT8 and amyloid b immunohistochemistry. PFA-fixed brain sec-
tions were washed twice with DPBS (without calcium and magnesium)
before undergoing fixation with 95% ethanol (precooled to 4°C) for
10min. Antigen retrieval was performed with a 15 min incubation of
prewarmed (37°C) trypsin (0.25%) before blocking endogenous peroxi-
dase activity with a 10 min incubation in Bloxall endogenous peroxidase
and alkaline phosphatase blocking solution (Vector Laboratories, SP-
6000-100). Sections were blocked in Mouse-on-Mouse IgG Blocking
Reagent (Mouse-on-Mouse Detection Kit, Vector Laboratories, BMK-
2202) for 1 h, followed by a 5 min incubation in Mouse-on-Mouse kit
diluent. Sections were incubated with primary anti-AT8 (Invitrogen
1:250) antibody and anti-amyloid b antibody (Millipore, 1:400) in
Mouse-on-Mouse kit diluent (Vector MOM Kit) for 30min, before
being visualized with the avidin-biotin HRP technique in accordance
with the manufacturer’s instructions. Sections were then mounted with
Vectamount Permanent Mounting Medium (Vector Laboratories, H-

5000). Brightfield images were subsequently obtained using Nikon
Microscope; 200-d-old APP/PS1 double-transgenic mice expressing a
chimeric mouse/human amyloid precursor protein (Mo/HuAPP695swe)
and a mutant human presenilin 1 (PS1-dE9) mice brain sections were
stained together as a positive control for the methods.

MC1 immunohistochemistry. PFA-fixed brain sections were washed
4 times for 5 min each in TBS with 0.25% Triton X-100 before quench-
ing endogenous peroxidase activity with 0.3% H2O2 diluted in 90%
methanol for 30min. Sections were then blocked in 5% milk diluted in
TBS for 1 h before incubating in the primary antibody of paired helical
filaments overnight (MC1, 1:100, diluted in TBS with 5% milk) at 4°C. The
following day, sections were washed 4 times for 5min each in TBS with
0.05% Triton X-100, and then incubated with secondary antibody (goat
anti-mouse IgG1 1:1000) in 20% superblock with 0.05% Triton X-100 in
TBS for 2 h at room temperature. Four more washes were performed fol-
lowed by an hour-long room temperature incubation in streptavidin HRP
(1:1000) diluted in TBS with 0.05% Triton X-100 and 20% Superblock.
After three TBS washes, the primary antibody was visualized with DAB
according to the manufacturer’s instructions (Vector Laboratories, SK-
4100). MC1 Tau antibodies and protocols were generously provided by
Peter Davies (Feinstein Institute for Medical Research, Bronx, NY); 200-d-
old APP/PS1 double-transgenic mice brain sections were used as a positive
control for the staining methods.

IBA1 immunofluorescence staining. PFA-fixed brain sections were
washed 3 times with DPBS (without calcium and magnesium) before
incubation in DPBS with 10% normal goat serum for 15min. DPBS with
10% normal goat serum was used for overnight primary antibody incu-
bation with IBA1 (Wako, 1:500) at 4°C. The following day, brain sec-
tions were washed 3 times before a 90 min incubation at room
temperature with anti-rabbit IgG-Cy3 conjugated secondary antibody
(1:300; Jackson ImmunoResearch Laboratories). Slides were analyzed
using a Nikon Eclipse Ti-S fluorescence microscope (Micro Video
Instrument) using the appropriate excitation/emission spectra. Sections
were analyzed by a blinded investigator using ImageJ software (National
Institutes of Health). Brain regions assessed were �200 microscopic
fields (1100� 1100 mm) in cortex (n=2 fields/section, four sections per
mouse = 8 fields/mouse), CA1 (12 fields in 4 sections per mouse), den-
tate gyrus (12 fields in 4 sections per mouse), striatum (16 fields in 4 sec-
tions/mouse), and cerebellum (16 fields in 4 sections/mouse). Cell count
data for each mouse were the average of the total brain fields counted.

Single-nuclei RNA sequencing. Frozen brain tissue was thawed in
500 ml buffer HB (0.25 M sucrose, 25 mM KCl, 5 mM MgCl2, 20 mM

Tricine-KOH, pH 7.8, 0.15 mM spermine tetrahydrochloride, 0.5 mM

spermidine trihydrochloride, 1 mM DTT). The tissue was transferred to
a 2 ml Dounce homogenizer; 500 ml 5% IGEPAL CA-630 (Sigma) and 1
ml HB were added to the tissue, and the tissue was homogenized with a
tight pestle 10-15 times. The sample was transferred to a 15 ml tube and
total solution brought to 9 ml with HB. In a Corex tube (Thermo Fisher
Scientific), 1 ml 30% iodixanol was layered on top of 1 ml 40% iodixanol.
The 9 ml sample was layered on top of the iodixanol cushion. The sample
was spun at 10,000� g for 18min; 1 ml of sample at the 30%-40% iodixanol
interface was collected. After counting nuclei with a hemocytometer, the
sample was diluted to 100,000 nuclei/ml with 30% iodixanol (with Rnasin)
and subjected to single nuclear droplet encapsulation with inDrops.

Individual nuclei were captured and barcoded using the inDrops
platform as previously described (Kalish et al., 2021). Briefly, single-cell sus-
pensions were fed into a microfluidic device that packaged the cells with
barcoded hydrogel microspheres and reverse transcriptase/lysis reagents.
After cell encapsulation, primers were photo-released by UV exposure. Two
libraries of ;3000 cells each were collected for each sample. Indexed libra-
ries were pooled and sequenced on a Nextseq 500 (Illumina).

Sequencing data analysis. Sequencing data were aligned to the ge-
nome and processed according to a previously published pipeline
(https://github.com/indrops/indrops). Briefly, this pipeline was used to
build a custom transcriptome from Ensembl GRCm38 genome and
GRCm38.84 annotation using Bowtie 1.1.1, after filtering the annotation
gtf file (gencode.v17.annotation.gtf filtered for feature_type = “gene,”
gene_type = “protein_coding” and gene_status = “KNOWN”). Unique
molecular identifiers (UMIs) were used to link sequence reads back to
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individual captured molecules. All steps of the pipeline were run using
default parameters unless explicitly stated.

Quality control, dimensionality reduction, and clustering of cells. All
cells were combined into a single dataset. All mitochondrial genes were
removed from the dataset. Cells with ,500 or .15,000 UMI counts
were excluded. Cells were then clustered using the Seurat R package. The
data were log-normalized and scaled to 10,000 transcripts per cell.
Variable genes were identified using the following parameters: x.low.
Cutoff = 0.0125, x.high.Cutoff = 3, y.Cutoff = 0.5. We limited the analysis
to the top 30 principal components. Clustering resolution was set to 0.6.
Clusters containing ,100 cells were discarded. The Seurat FindMarkers
function was used to identify genetic markers of cellular subtypes. The
expression of known marker genes was used to assign each cluster to
one of the main cell types. Doublets were removed using Scrublet.
Clusters from each cell type were combined and the Seurat-based clus-
tering repeated to characterize subtype diversity.

Identification of differentially expressed genes. To identify differen-
tially expressed genes by cell type, we performed a differential gene
expression analysis using Monocle2. The analysis was conducted on
each cell type, comparing sham and 3HD samples. The data were mod-
eled and normalized using a negative binomial distribution. Genes
whose false discovery rate (FDR) was ,5% were considered statistically
significant. Receptor-ligand analysis was performed using CellChat (ver-
sion 1.1.3).

Statistical analyses. Data are mean 6 SEM. All data with n=5 or
more per group passed normality tests (Anderson–Darling test and
others). Data with n= 4/group (densitometry) were expected to be nor-
mally distributed. Data were analyzed using GraphPad Prism VII.
MWM hidden and visible platform trials, and rotarod data were ana-
lyzed by two-factor repeated-measures ANOVA (group � time). Other
data were analyzed by unpaired t test or one-way ANOVA depending
on the number of groups. Significance was set at p, 0.05.

Data and software availability. The raw reads of the sequencing data
are submitted to NCBI-GEO. The accession is GSE167942.

Results
We induced mild repetitive CHI in anesthetized male and female
adolescent (DOL 38) mice with a weight drop apparatus (54 g,
46 inch) as previously described (Wu et al., 2019). Mice were
injured once and anesthetized for 3 consecutive days (1HD),
injured once per day for 3 consecutive days (3HD), or subjected
to anesthesia only for 3 days (sham). A total of 150 mice were
used in the studies. None of the mice examined exhibited skull
fractures, contusion, or intraparenchymal brain hemorrhage. On
DOL 38 and at 1 year, body weight in sham and injured mice
was not different in both males (Fig. 1A) and females (Fig. 2A);
however, sham and 3HD females weighed significantly less than
males at DOL 38 (p, 0.0001, t test; Figs. 1A, 2A). Following the
first CHI, time to righting reflex was significantly increased in
injured mice versus sham both in males (936 15.3 s vs 166 0.78
s, p, 0.001, n=19 or 20/group; Fig. 1B) and in females
(636 52.8 s vs 12.86 2.8 s, p, 0.001, n=18/group; Fig. 2B);
however, time to righting reflex did not differ between injured
males and injured females (p=0.14).

Emergence of behavioral deficits after repetitive CHI
We used a battery of behavioral tests to examine the effects of re-
petitive CHI on short- and long-term cognitive and motor out-
come. In the rotarod, a test of striatal-dependent motor learning,
3HDmales performed significantly worse versus sham at 3weeks
and 6months but did not differ from sham at 1 year after injuries
(Fig. 1C). 1HD and shams did not differ in rotarod performance
at any time point examined (Fig. 1C).

In MWM tests, male 3HD mice and sham had similar per-
formance in hidden platform trials at 3weeks and reversal trials

at 1month but were impaired in reversal trials versus sham at
6months and 1 year, with no differences in swim speed at any
time point examined (Fig. 1D,E). Male 3HD mice performed
worse than sham in probe trials at 1 year (Fig. 1F). Male 1HD
mice performed similarly in hidden platform and reversal trials
versus sham, were worse in probe trials at 3weeks, and had simi-
lar probe trial performance versus sham at 1, 6, and 12months
(Fig. 1D–F).

In the elevated plus maze, male injured and sham groups did
not differ in percent time spent in the open arms at 6months or
1 year (Fig. 1G). In the forced swim test, percent time immobile
at 1 year was significantly less in 3HD versus sham but similar
between 1HD and sham (Fig. 1H). In the overnight open field
test, 3HD mice and 1HD mice did not differ from sham at 1 year
(Fig. 1I).

To examine possible sex differences in neurologic outcome,
we subjected female mice at DOL 38 to sham or 3HD and
observed their behavior for up to 1 year. In the rotarod, 3HD
females performed significantly worse than sham at 6months
and 1 year but did not differ from sham at 3months after injuries
(Fig. 2C). MWM performance in female 3HD was similar to
sham at all time points tested for up to 1 year, except that female
3HD had increased time in the target quadrant in probe trials at
3months (Fig. 2D–F). In an elevated plus maze, female 3HD
mice spent significantly less time in the open arm compared with
sham at 3 and 6, but not 12months after injury (Fig. 2G). In a
forced swim test, 3HD female mice spent more time freezing
compared with sham at 1 year (Fig. 2H); however, female shams
and 3HD had similar preference for sucrose in their drinking
water (Fig. 2I), suggesting that motor or motivational deficits
might underlie differences in the forced swim test. Female 3HD
also performed similar to sham in the open field and novel object
recognition test (performed to validate the females’ lack of a phe-
notype in the MWM) at 1 year (Fig. 2J,K). Because female sham
and 3HD groups did not differ with respect to cognitive deficits,
the primary behavioral outcome of the study, we focused the
RNA sequencing analyses on male mice.

snRNA-seq implicates chronic impairment of proteostasis
after 3HD in male adolescent mice
To characterize cell type-specific mechanisms related to impaired
cognition and motor function in the adolescent mouse 3HD
model, we performed snRNA-seq on cortical brain tissue speci-
mens from male sham and 3HD mice. Nuclei were isolated from
frozen parietal cortex tissue and were subjected to single-nuclei
capture and mRNA barcoding using the inDrops platform
(Klein et al., 2015). After quality control filtering, the dataset of
3HD and sham samples contained 34,765 nuclei, detecting on
average 2125 transcripts (UMIs) and 1895 genes per nucleus
(for quality control metrics, see Extended Data Fig. 3-1A,B). We
identified 18 transcriptionally distinct clusters (Fig. 3A), and
we used canonical marker genes to classify nuclei into eight
main cell types: excitatory neurons (Slc17a71), interneurons
(Gad21), claustrum (Nr4a21), oligodendrocytes (Olig11), oli-
godendrocyte precursors (Pdgfra1), astrocytes (Gja11), endo-
thelial cells (Cldn51), and striatum (Gpr881) (Fig. 3B). There
were no differences in the distribution of major cell types
between conditions. To further capture cellular diversity, we sub-
jected major cell types to a second iteration of principal compo-
nent analysis and subclustering. In doing so, we identified nine
layer-specific excitatory subpopulations (Extended Data Fig. 3-
1C), as well as distinct parvalbumin-, somatostatin-, SST-, and
Npy-positive interneurons (Extended Data Fig. 3-1D).

Wu et al. · Inflammation and Neurodegeneration in Adolescent Concussion J. Neurosci., March 23, 2022 • 42(12):2418–2432 • 2421

https://doi.org/10.1523/JNEUROSCI.0682-21.2021.f3-1
https://doi.org/10.1523/JNEUROSCI.0682-21.2021.f3-1
https://doi.org/10.1523/JNEUROSCI.0682-21.2021.f3-1
https://doi.org/10.1523/JNEUROSCI.0682-21.2021.f3-1


We performed differential gene expression analysis within
cell types to explore transcriptional signatures associated with
3HD. Genes with an FDR ,5% were considered statistically sig-
nificant. We identified hundreds of differentially expressed genes
(DEGs) across nearly all cell types with altered expression in the
cortex of mice exposed to 3HD (Fig. 3C). All cell type-specific
differential gene expression results are available in Extended
Data Table 3-2. We used gene ontology analysis to broadly clas-
sify functional modules of genes that are significantly disrupted
by repetitive CHI (all GO results in Extended Data Table 3-3).

In excitatory neurons, we found that DEGs were enriched
for regulators of tau protein kinase activity, stress granule assem-
bly, amyloid precursor protein biosynthesis, and cytoplasmic

translation (Fig. 3D]. We identified increased expression of amy-
loid precursor protein (App) and Tripartite Motif Containing 32
(Trim32), and decreased expression of neprilysin (Mme) in exci-
tatory neurons; these changes have been previously associated
with neurodegeneration (Mohajeri et al., 2004; Farris et al., 2007)
(Fig. 3E). Increased amyloid precursor protein expression is
associated with increased b -amyloid peptide, which dampens
excitatory synaptic transmission through both presynaptic and
postsynaptic mechanisms (Ting et al., 2007). Additionally,
Trim32 encodes an E3 ubiquitin ligase that regulates oxidative
stress-induced cell death and demonstrates increased expression
in human AD (Yokota et al., 2006). Neprilysin (Mme), which was
decreased in the chronic phase after 3HD, is a major amyloid

Figure 1. Physiologic and behavioral sequelae of three daily closed head injuries (3HD) in male mice. A, Body weight before and 1 year after sham and 3HD (one-way ANOVA, Tukey’s test,
n = 10-19/group). B, Time to righting after the first CHI (3HD) or sham (unpaired t test, n= 10-20/group, ****p, 0.0001). C, Rotarod test performance was worse in 3HD versus sham at
3 weeks (two-way repeated-measures ANOVA, F(1,28) = 12.06, p= 0.0017 for group) and 6 months (two-way repeated-measures ANOVA, F(1,28) = 14.7, p= 0.0007 for group) but not at 1 year
(two-way repeated-measures ANOVA, F(1,28) = 4.092, p= 0.0527 for group, n= 11-19/group). Rotarod performance did not differ in 1HD versus sham at 3 weeks (two-way repeated-measures
ANOVA, F(1,19) = 0.0028, p= 0.96 for group), 6 months (two-way repeated-measures ANOVA, F(1,19) = 0.51, p= 0.48 for group), or 1 year (two-way repeated-measures ANOVA, F(1,18) =
0.0036, p= 0.95 for group, n= 10 or 11/group). D, In MWM hidden platform performance, 3HD was similar to sham at 3 weeks (two-way repeated-measures ANOVA, F(1,28) = 1.84, p= 0.19
for group) and 1 month (reversal trial, two-way repeated-measures ANOVA, F(1,28) = 0.7281, p= 0.40 for group). However, 3HD performed worse in reversal trials than sham at 6 months
(two-way repeated-measures ANOVA, F(1,28) = 6.67, p= 0.015 for group) and 1 year (two-way repeated-measures ANOVA, F(1,28) = 11.50, p= 0.0021 for group, n= 11-19/group). Visible plat-
form performance in 3HD differed from sham at 3 weeks (two-way repeated-measures ANOVA, F(1,28) = 6.85, p= 0.014 for group), consistent with a striatal lesion, but not at 1 year (two-way
repeated-measures ANOVA, F(1,28) = 2.45, p= 0.13 for group). 1HD mice performed similarly to sham in hidden platform trials at 3 weeks (two-way repeated-measures ANOVA, F(1,19) = 0.79,
p= 0.39 for group), and in reversal trials at 1 month (two-way repeated-measures ANOVA, F(1,19) = 0.22, p= 0.65 for group), 6 months (two-way repeated-measures ANOVA, F(1,19) = 1.12,
p= 0.30 for group), and 1 year (two-way repeated-measures ANOVA, F(1,18) = 1.97, p= 0.18 for group, n= 11-20/group). 1HD did not differ from sham in visible platform trials at 3 weeks
(two-way repeated-measures ANOVA, F(1,19) = 0.81, p= 0.38 for group) and 1 year (two-way repeated-measures ANOVA, F(1,18) = 0.26, p= 0.62 for group, n= 10 or 11/group). E, Swim speed
did not differ among groups at any time point examined (two-way repeated-measures ANOVA, 3HD vs sham at 3 week hidden: p= 0.38 for group, 3 week visible: p= 0.44 for group, 1 month
reversal: p= 0.38 for group, 6 months reversal: p= 0.60 for group, 1 year reversal: p= 0.21 for group, 1 year visible p= 0.16 for group, n= 11-20/group; 1HD versus sham at 3 week hidden:
p= 0.38 for group, 3 week visible: p= 0.33 for group, 1 month reversal: p= 0.58 for group, 6 months reversal: p= 0.49 for group, 1 year reversal: p= 0.40 for group, 1 year visible p= 0.68
for group, n= 10-11/group). F, Percent time in the target quadrant was decreased in 3HD versus sham at 1 year (p= 0.013, one-way ANOVA, *p= 0.038, t test), but was not different among
groups at 3 weeks (p= 0.77 one-way ANOVA), 1 month (p= 0.07 one-way ANOVA), or 6 months (p= 0.37 one-way ANOVA, n= 11-19/group). G, In elevated plus maze, percent time spent in
the open arm was not different in sham, 1HD, and 3HD groups at 6 months (p= 0.42, one-way ANOVA) and 1 year (p= 0.83, one-way ANOVA, n= 10-19/group). H, Percent time swimming
in a forced swim test was less in 3HD versus sham (p= 0.02 one-way ANOVA, *p= 0.0073 t test, n = 11-19/group), but did not differ between 1HD and sham (p= 0.59 t test, n= 9-11/group)
at 1 year after injury. I, In the open field test, 3HD mice (two-way repeated-measures ANOVA, F(1,28) = 4.05, p= 0.054 for group, n= 10-19/group) and 1HD mice (two-way repeated-measures
ANOVA, F(1,19) = 0.09, p= 0.77 for group, n= 10/group) did not differ from sham at 1 year.
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clearance enzyme and may also affect susceptibility to neurode-
generation after brain injury (Maetzler et al., 2010).

In interneurons, differentially expressed genes were enriched
for mediators of lysosomal membrane organization, synaptic
vesicle fusion, neurotransmitter transport, and cytoplasmic
translation (Fig. 3F). Lysosome processing in particular is a criti-
cal component of proteostasis, and deficits in lysosome function
are associated with neurodegenerative disease (Giovedi et al.,
2020). 3HD was associated with decreased expression of the volt-
age-dependent potassium channel subunit Kv3.3 (Kcnc3); muta-
tions in Kcnc3 are associated with neurodevelopmental and
neurodegenerative disorders (Nelson, 2006). 3HD was also asso-
ciated with increased expression of AChE, which is responsible
for terminating neurotransmission by rapid hydrolysis of acetyl-
choline. In AD, there is a loss of cholinergic neurons and an
increase in the activity of AChE (Whitehouse et al., 1982; Apelt
et al., 2002). Finally, we found a .50% decrease in expression of
Scyl2 in 3HD interneurons; Scyl2 is a coated vesicle-associated
kinase that suppresses excitotoxicity and promotes neuronal sur-
vival (Gingras et al., 2015) (Fig. 3G).

Interestingly, across both excitatory and inhibitory neurons,
we found a widespread increase in the expression of numerous

ribosome subunit genes (e.g., Rps29, Rps8; Fig. 3E,G), which is
also consistent with the DEG enrichment for regulators of
mRNA translation. The expression of ribosome subunit genes is
commonly upregulated in the aged brain (Ximerakis et al., 2019).
Moreover, we identified mis-regulation of numerous eukaryotic
translation initiation and elongation factors in excitatory (e.g.,
Eif1, Eif2a, Eif3h, Eif4a1, Eif5a, Eif4a2, Eef1a1/2, Eef1g) and in-
hibitory (Eif4a1, Eif4g3, Eif4h, Eef1g, Eef1a1) neurons (Fig. 3E,
G). These factors are critical to mRNA translation, as they stabi-
lize the formation of the ribosomal preinitiation complex or
assist in the elongation of the nascent polypeptide chain. Protein
synthesis and degradation defects are implicated in the pathoge-
nesis of neurodegeneration; therefore, changes in genes that con-
trol ribosome biogenesis, the translational machinery, and stress
granule assembly may contribute to chronic deficits after 3HD.

Non-neuronal cells, including astrocytes and oligodendrocytes,
have been increasingly recognized for their role in the acute and
chronic recovery from TBI, but their contribution to long-term
neurologic dysfunction after mTBI is poorly understood. We found
that expression of Alcam, a cell adhesion molecule, was increased
.5-fold in 3HD astrocytes. We also identified increased expression
of Atp6v1h and S100a6 in 3HD astrocytes. Atp6v1h encodes a

Figure 2. Physiologic and behavioral sequelae of 3HD in female mice. A, Body weight before and 1 year after sham and 3HD (baseline: p= 0.41; 1 year: p= 0.92, n= 18/group, t test). B,
Time to righting after the first CHI (3HD) or first anesthetic (shams) (***p= 0.0003, n= 18/group, t test). C, Rotarod test performance was worse in 3HD versus sham at 6 months (two-way
repeated-measures ANOVA, F(1,34) = 8.43, p= 0.0065 for group) and 1 year (two-way repeated-measures ANOVA, F(1,34) = 5.23, p= 0.029 for group) but not at 3 months (two-way repeated-
measures ANOVA, F(1,34) = 3.77, p= 0.06 for group) (n= 18/group). D, In the MWM, 3HD performed similar to sham in hidden platform trials at 3 months (two-way repeated-measures
ANOVA, F(1,34) = 0.0045, p= 0.95 for group), and in reversal trials at 6 months (two-way repeated-measures ANOVA, F(1,34) = 1.46, p= 0.23) and 1 year (two-way repeated-measures ANOVA,
F(1,34) = 1.03, p= 0.32 for group). 3HD and sham did not differ in visible platform tests at 3 months (two-way repeated-measures ANOVA, F(1,34) = 1.38, p= 0.25), 6 months (two-way
repeated-measures ANOVA, F(1,34) = 1.67, p= 0.21), and 1 year (two-way repeated-measures ANOVA, F(1,34) = 0.82, p= 0.37 for group) (n= 18/group). E, Swim speed did not differ among
groups at any time point examined (3HD vs sham at 3 months hidden: p= 0.22 for group, 3 months visible: p= 0.31 for group, 6 month reversal: p= 0.20 for group, 6 months visible:
p= 0.24 for group, 1 year reversal p= 0.18, 1 year visible p= 0.48, n= 18/group, two-way repeated-measures ANOVA). F, In probe trials, 3HD performed better than sham at 3 months
(*p= 0.020), and similar to sham at 6 months (p= 0.67) and 1 year (p= 0.94) (n= 18/group, t tests). G, In an elevated plus maze, 3HD spent significantly less time versus sham in the open
arm at 3 months (**p= 0.0066) and 6 months (**p= 0.0021), but not at 1 year (p= 0.14) after injury (n= 18/group, t tests). H, In a forced swim test, 3HD spent more time immobile com-
pared with sham at 1 year (**p= 0.0082) after injury (n= 18/group, t test). I, Sham and 3HD performed similarly in sucrose preference test at 1 year (two-way repeated-measures ANOVA,
F(1,34) = 0.87, p= 0.36, n= 18/group). J, In an open field test, segmented travel distance was not different between sham and 3HD at 1 year (two-way repeated-measures ANOVA,
F(1,33) = 0.18, p= 0.68 for group) (n= 18/group). K, In a novel object recognition test at 1 year, both sham (*p= 0.033) and 3HD (****p= 0.000002) groups spent more time on the novel
object compared with the similar object at 24 h (n= 18/group, t test).
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protein subunit of a vacuolar ATPase involved in clathrin-mediated
endocytosis (Geyer et al., 2002), and the role of Atp6v1h in regu-
lating lysosomal pH has been linked to neurodegeneration
(Colacurcio and Nixon, 2016). S100a6 encodes an EF-hand calcium
binding protein, and increased expression is consistent with astro-
cyte activation and astrogliosis. Elevated S100a6 expression has
been associated with numerous neurodegenerative disorders,
including AD and amyotrophic lateral sclerosis (Hoyaux et al.,
2002; Mori et al., 2010).

Together, snRNA-seq of the cortex at 14months after 3HD
revealed both cell type-specific and shared transcriptomic path-
ways mis-regulated by adolescent brain injury. In particular, we
identified global disruption of genes that control protein homeo-
stasis (proteostasis), including those that mediate mRNA transla-
tion, trafficking, and lysosomal degradation.

Disruption of ligand-receptor signaling networks after 3HD
in adolescent mice
Multicellular coordination of cellular activity is essential for brain
function, and the disruption in signaling homeostasis can have
long-lasting consequences. Recent advances in single-cell sequenc-
ing analysis have enabled the systematic deconstruction of intercel-
lular communication through detailed mapping of ligand-receptor
pairs across cell types. Therefore, we used the R toolkit CellChat
(Jin et al., 2021) to quantitatively map ligand-receptor networks in

our snRNA-seq data of the mouse cortex with the specific objective
of identifying ligand-receptor networks perturbed by adolescent
brain injury. We identified a significant shift in the number and
strength of differential ligand-receptor interactions between the
3HD and sham conditions, particularly between endothelial, neu-
ronal, and glial cell types (Fig. 4A). Most notably, semaphorin
(Sema3) signaling was significantly increased in 3HD compared
with sham (Fig. 4B). Sema3c expression was increased in endothelial
cells after 3HD, while the expression of Sema3 receptors Plxna1 and
Plxna2 was increased in layer 4-6 cortical neurons (Fig. 4C). The
secreted Sema3 proteins and their receptors neuropilins and plexins
have long been studied for their role in repulsive axon guidance, but
they are also critical for the immune response, remyelination, and
revascularization after traumatic brain injury (Mecollari et al.,
2014). Importantly, the related Sema3 family member Sema3a has
been recently shown to direct proteostasis through noncanonical
modulation of the eIF2a pathway and an increase in local transla-
tion (Cagnetta et al., 2019). This represents one signaling node with
chronic perturbation after adolescent brain injury and a possible
upstreammediator of long-term translational misregulation.

Activation of inflammasome proteins after 3HD in the brain
of adolescent mice
One mechanism by which impaired proteostasis mediates neuro-
degeneration is through aberrant inflammasome activity (Plaza-

Figure 3. Single-cell sequencing of the adult mouse cortex 1 year following repetitive CHI in adolescent mice. A, Uniform manifold approximation and projection (UMAP) of all cells analyzed
by snRNA-seq, with cell types labeled by color (n= 18 clusters). Data from n= 3 mice per group. B, Dot plot displaying marker gene expression across all cell types identified by scRNA-seq.
Genes are displayed on the y axis, and cell types displayed on the x axis. Size of the dots indicates the percentage of cells within a cell type that express the gene. Color of the dot represents
the expression level. C, Strip plot displaying differential gene expression between 3HD and sham conditions. Colored dots represent significant genes (FDR, 0.05). x axis displays select cortical
cell types. Data from n= 3 mice per group. D, GO analysis of differentially expressed genes (FDR, 0.05) between 3HD and sham conditions in excitatory neurons. x axis displays fold enrich-
ment relative to reference gene set. Data from n= 3 mice per group. E, Volcano plot of differential gene expression between 3HD and sham conditions in excitatory neurons. Colored dots rep-
resent statistical significance (FDR, 0.05). Positive log2FC (red dots) indicates higher gene expression in 3HD relative to sham. Negative log2FC (blue dots) indicates higher gene expression in
sham relative to 3HD. Data from n= 3 mice per group. F, GO analysis of differentially expressed genes (FDR, 0.05) between 3HD and sham conditions in inhibitory neurons. x axis displays
fold enrichment relative to reference gene set. Data from n= 3 mice per group. G, Volcano plot of differential gene expression between 3HD and sham conditions in inhibitory neurons.
Colored dots represent statistical significance (FDR, 0.05). Positive log2FC (red dots) indicates higher gene expression in 3HD relative to sham. Negative log2FC (blue dots) indicates higher
gene expression in sham relative to 3HD. Data from n= 3 mice per group.
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Zabala et al., 2017; Sonninen et al., 2020). Inflammasomes are in-
tracellular complexes composed of sensor (NLRP1, 3), adapter
(ASC, AIM), and effector (caspase-1, 11) proteins that initiate
IL-1b and IL-18 processing and activation during an inflamma-
tory response. Given our snRNA-seq data suggesting dysregu-
lated proteostasis after adolescent brain injury, we hypothesized
that 3HD would induce aberrant inflammasome activity in neu-
rons in the chronic period after injuries. We previously reported
cleavage of IL-1b to its active fragment in cerebral endothelium
at 11d after 3HD in adolescent mice (Wu et al., 2019). To deter-
mine whether IL-1b cleavage is dependent on inflammasome
activation, we subjected WT and caspase-1/11 double KO mice
to sham and 3HD and used Western blot to detect IL-1b in en-
dothelial cells isolated by whole-brain immunopanning using
CD31 magnetic beads at 11 d. As expected, processed IL-1b was

detected in WT brain endothelium but not in endothelium of
caspase-1/11 double KO mice (Extended Data Fig. 5-1A), indi-
cating that cleavage and activation of IL-1b in brain endothe-
lium that we previously reported after 3HD (Wu et al., 2019) are
indeed dependent on inflammasome activity.

To examine IL-1b processing in the chronic phase, we iso-
lated CD311 endothelial cells, CD11b1 leukocytes, CD131 peri-
cytes and neurons from brain at 14months after sham and 3HD
in males and isolated neurons in females using immunopanning.
Western blot analyses showed increased cleavage of IL-1b and
caspase-1 and a significant increase in the full-length form of IL-
1b in neurons isolated from brains of male 3HD versus sham
mice (Fig. 5A–E and Extended Data Fig. 5-2A), but IL-1b proc-
essing in neurons did not differ between male 1HD and sham
(Extended Data Fig. 5-1B,C), nor injured 3HD versus sham in

Figure 4. Receptor-ligand analysis of snRNA-seq after 3HD. A, Differential number (left) and strength (right) of receptor-ligand interactions across all cell types. Red lines indicate increased
number or strength of interactions in 3HD versus sham. Blue lines indicate decreased number or strength of interactions in 3HD versus sham. B, Relative receptor-ligand signaling information
flow, identifying pathways with shifts in predicted receptor-ligand interactions. C, Violin plots of genes involved in Sema3 signaling, across cell types (Sema3c, Plxna1, and Plxna2). Red indi-
cates 3HD. Teal indicates sham condition.
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females (Fig. 5A–E), confirming that the IL-1b response in 3HD
mice correlates with cognitive dysfunction. Notably, IL-1b and
caspase-1 cleavage was not readily detected in CD311 cells,
CD11b1 cells, or CD131 cells at 14months. At 14months, expres-
sion of full-length NLRP1 was significantly decreased in neurons
isolated from 3HD versus sham in males but not in females, con-
sistent with activation (Fig. 5A,F). NLRP3 was increased in
CD11b1 cells in males, whereas expression of NLRP3 was not
detected in neurons both in males and females (Fig. 5A,G).

Tau aggregation after 3HD in adolescent mice
Pathologic IL-1b activation may occur upstream or downstream
of aberrant tau hyperphosphorylation, and both events are asso-
ciated with cognitive deficits in AD and tauopathy models
(Collins-Praino and Corrigan, 2017). To evaluate pathologic tau
activation, we examined tau and phospho-tau expression in de-
tergent-soluble (Triton X-100) and insoluble (8 M urea) fractions
from immunopanned CD311, CD11b1, CD131 cells and neu-
rons at 14months after sham and 3HD. No changes in AT8 reac-
tivity between groups were observed in any of the cell types in
the Triton X-100 fractions of male mice, except that injured mice
had significantly less AT8 immunoreactivity in CD311 cells
(Extended Data Fig. 6-1A,B). In males, reactivity with the AT8
antibody was significantly increased in urea-soluble fractions of
3HD neurons versus sham, decreased in CD311 cells, and
unchanged in the CD11b1 and CD131 cells (Fig. 6A,B and
Extended data Fig. 5-2B). However, AT8 immunoreactivity was
not different in female 3HD neurons versus sham in urea-soluble
fraction (Fig. 6A,B). No differences were observed between
groups in expression of total tau (tau5 antibody) in detergent-
soluble or urea-soluble fractions in males or females (Extended
Data Fig. 6-1A,C; Fig. 6A,C). Interestingly, AT8 but not tau5
(total tau) immunoreactivity was increased in the urea fraction
of neurons from 1HD mice (Extended Data Fig. 6-1D-F). CP13
(pSer 202 tau) immunoreactivity was increased in Triton X-100-
soluble fractions but not in the urea fraction, whereas MC1,

specific for phospho-tau tangle conformation (Tau5-15/312-322
tau) and PHF-1 (pSer396/pSer404 tau), each showed increased
reactivity in the urea fraction (but not in Triton X-100-soluble
fractions) in neurons from male 3HD versus sham (Fig. 6D,E;
Extended Data Fig. 6-1G-J). However, females did not show
changes in CP13, MC1, and PHF1 in the urea fraction of isolated
neurons from 3HD versus sham (Fig. 6D,F). These data suggest
that adolescent 3HD induces tau hyperphosphorylation and aggre-
gation in neurons of male mice. However, immunohistochemical
analyses did not detect pathologic tau species in brain sections from
sham or 3HD mice, indicating that the change in cell compartment
of phospho-tau was not detectable by IHCmethods (Extended Data
Fig. 6-2). The tau kinase phospho-CAMKII, a key enzyme media-
ting tau hyperphosphorylation in neurodegenerative diseases, was
also increased in 3HD neurons frommales but not females, suggest-
ing one mechanism of increased phospho-Tau accumulation; how-
ever, no changes were observed in another tau kinase GSK3b in
males or females (Fig. 6G–I). Additionally, no differences were
observed in TDP43 in 3HD and sham males in the urea fraction of
isolated neurons at 14months (Extended Data Fig. 6-1K,L).

Evidence of impaired proteostasis at the protein level in
neurons at 14months after 3HD
In addition to evidence for inflammasome activation and aber-
rant Tau accumulation, we observed increased levels of phos-
pho-S6, indicating activation of the mTOR pathway, as well as
phospho-Akt, an upstream regulator of mTOR signaling, in male
but not female neurons at 14months after 3HD (Fig. 7A–C).
Phospho-EIF2a, which functions to inhibit early steps of protein
synthesis, was also increased in male but not female neurons at
14months (Fig. 7A–C).

Repetitive CHI induces IL-1R1-dependent mechanisms of
inflammation
Given evidence of inflammasome activation and increased phos-
pho-Tau in injured neurons, we next sought to investigate IL-

Figure 5. Evidence for cell-specific activation of inflammasome proteins after 3HD. A, Representative Western blot and (B–G) densitometry data for IL-1b , caspase-1, NLRP1, and NLRP3 in
immunopanned CD311 endothelial cells, CD11b1 myeloid cells, CD131 pericytes, and negatively selected neurons in sham versus 3HD mice brain at 14 months after injury. Pro IL-1b in
male CD311 p= 0.14, CD11b1, p= 0.93, CD131, p= 0.61, neurons, p= 0.045, in female neurons p= 0.97, t tests; cleaved IL-1b in male neurons, p= 0.018, in female neurons p= 0.34 t
test; pro caspase 1 in male CD311, p= 0.60, CD11b1, p= 0.36; CD131, p= 0.79; neurons, p= 0.13, in female neurons p= 0.68, t tests; cleaved caspase 1 in male neurons p= 0.025; NLRP3
in male CD311, p= 0.54; CD11b1, p= 0.021; CD131, p= 0.048, neurons, p= 0.51, t tests; NLRP1 in male CD311, p= 0.79; CD11b1, p= 0.53; CD131, p= 0.76; neurons, p= 0.048, in
female neurons p= 0.54, t tests (n= 4-6/group).
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1R1-dependent inflammation in 3HD mice. To this end, male and
female IL1R1�/� mice were subjected to sham or 3HD, and behav-
ioral outcomes were compared at 6months followed by Western
blot analysis of brain tissue homogenates. Body weights were not
different between male sham and 3HD IL1R1�/� mice (Fig. 8A). In
the rotarod test, 3HD male IL1R1�/� mice performed significantly
worse than sham (Fig. 8B). However, we did not detect differences
between groups in a forced swim test (Fig. 8C) or MWM (Fig. 8D–
F) in male IL1R1�/� mice. In females, percent time spent in the
open arms in an elevated plus maze did not differ between sham
and 3HD IL1R1�/� mice at 3months after injury (Fig. 8G), whereas
WT 3HD female mice showed significantly decreased time on the
open arms versus sham (Fig. 2G). In addition,Western blot analyses
showed that pro-IL-1b (Fig. 8H–J) was increased in cortex and cer-
ebellum of injured male WT but not IL-1R1�/� mice, and AT8
(Fig. 8K–M) immunoreactivity was increased in cortex of 3HD
maleWT but not IL-1R1�/� mice, suggesting that IL-1R1 regulates
tau phosphorylation and IL-1b accumulation in injured brain dur-
ing the chronic period in male mice.

Discussion
Epidemiological data suggest that repetitive TBI is associated
with neurodegenerative disease. In this study, we elucidate

neuronal mechanisms underlying this phenomenon with a focus
on the adolescent age group (Tagge et al., 2018). We found that
3HD in adolescent mice (38-40d old, approximating brain devel-
opment of an early teenage human) (Flurkey et al., 2007) induced
delayed, progressive cognitive deficits associated with impaired pro-
teostasis, the dynamic processes regulating protein synthesis, fold-
ing, trafficking, and degradation. We found activation of the mTOR
pathway and the inflammasome, as well as upregulation of a Tau ki-
nase and accumulation of hyperphosphorylated, misfolded Tau,
14months after injury (approximating 47years in humans)
(Flurkey et al., 2007). Hyperphosphorylated tau is associated with
neurofibrillary tangles in AD and CTE, and inhibition of tau ki-
nases, such as GSK3b and CDK5, has been a top research strategy
to inhibit pathologic tau accumulation and prevent neurodegenera-
tive diseases (Breen and Krishnan, 2020). Notably, IL-1R1�/� mice
did not accumulate phospho-Tau in injured cerebellum. Given our
prior report that IL-1R1�/� mice are protected from acute postin-
jury cognitive deficits after 3HD (Wu et al., 2019), these results
suggest that IL-1R1 activity may drive cognitive deficits and phos-
pho-tau accumulation, as well as generation of the inactive
pro-form of IL-1b (31 kDa), in a feedforward loop after 3HD in
adolescent mice. Our data provide cell-specific molecular mecha-
nisms by which youth exposure to repetitive mTBI might reduce re-
siliency to neurologic dysfunction later in life (Alosco et al., 2018).

Figure 6. Pathologic tau phosphorylation and aggregation after 3HD. A, Representative Western blots and (B,C) densitometry analyses for phosphorylated-Tau (AT8) and total-Tau (Tau5)
expression in detergent (Triton X-100)-insoluble (8 M urea-soluble) cell fractions from immunopanned CD311, CD11b1, CD131 cells and negatively selected neurons at 14months after sham
and 3HD. pTau expression was increased in neurons from 3HD versus sham in males (p= 0.0039, t test) but not in females (p= 0.76, n= 6/group), decreased in male CD31 versus sham
(p= 0.00026, t test), and unchanged in male CD11b1 (p= 0.85) and male CD131 (p= 0.90) cells versus sham. No change in total tau (detected by Tau5) was observed in any cell types at
14months (males: CD311, p= 0.67; CD11b1, p= 0.43; CD131, p= 0.55; neurons, p= 0.19; n= 4-6/group, females: neurons, p= 0.78, n= 6/group, t tests). D, Representative Western blots
and (E) densitometry analyses of pSer202 tau (CP13), conformation-specific tau (tau5-15/312-322, MC1), and pSer396/pSer404 tau (PHF1) in detergent-insoluble fractions of neurons at
14months showing increased tau5-15/312-322 (p= 0.047) and pSer396/pSer404 tau (p= 0.035) but not pSer202 tau (p= 0.38) versus sham in males (n= 4-6/group, t tests), but no differ-
ence in CP13 (p= 0.35), MC1 (not detected), or PHF1 (p= 0.94) between 3HD versus sham in females (F, n= 6/group, t tests). G–I, Representative Western blot (G) and densitometry analyses
of the tau kinases p-CAMKII and p-GSK-3b in 3HD versus sham in (H) males (p-CAMKII: *p= 0.042; p-GSK-3b : p= 0.35; n= 3-5/group, t tests) and (I) females (p-CAMKII: p= 0.95; p-GSK-
3b : p= 0.5; n= 6/group, t tests) at 14months after injury.
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However, since we did not study an adult comparison group, we
cannot rule out the possibility that these changes may occur inde-
pendent of the age at injury.

We found marked differences in the neurologic and biochem-
ical responses to 3HD in female versus male mice, with female

mice protected from cognitive deficits but uniquely vulnerable to
postinjury anxiety as suggested by reduced time in the open
arms in the elevated plus maze. Female mice also lacked the pro-
tein biochemical abnormalities observed in neurons of 3HD
male mice at 14 months. One possible explanation for these data

Figure 7. Altered expression of proteins involved in proteostasis in neurons at 14months after 3HD. A, Representative Western blots and (B, C) densitometry analyses of phosphorylated and
total AKT, S6, and eIF2a in male (B) and female (C) neurons at 14 months. Male: p-AKT/AKT, *p= 0.030; p-S6/S6, *p= 0.049; p-eIF2a/eIF2a, *p= 0.036, n= 3-5/group, t test. Female: p-AKT/
AKT, p= 0.38; p-S6/S6, p= 0.4; p-eIF2a/eIF2a, p= 0.98, n= 6/group, t test.

Figure 8. Reduced inflammation and tau aggregation after 3HD in mice deficient in IL-1R1. A, Body weight at 6 months after sham and 3HD in male IL1R1�/� mice (p= 0.39, n= 5-10/
group, t test). B, Rotarod test performance was worse in 3HD male IL1R1�/� versus sham at 6 months (two-way repeated-measures ANOVA, F(1,13) = 6.93, p= 0.021 for group, n= 5-10/
group). C, Immobility in the forced swim test was similar between sham and 3HD male IL1R1�/� mice at 6 months (p= 0.74, n= 5-10/group, t test). D, In male IL1R1�/� mice, MWM hidden
and visible platform performance was similar in 3HD and sham at 6 months (two-way repeated-measures ANOVA, hidden: F(1,13) = 3.6, p= 0.08 for group; visible: F(1,13) = 4.26, p= 0.06 for
group; n= 5-10/group). E, Swim speed in the MWM did not differ between sham and 3HD male IL1R1�/� mice (two-way repeated-measures ANOVA, hidden: F(1,13) = 0.01, p= 0.92 for
group; visible: F(1,13) = 0.43, p= 0.52 for group; n= 5-10/group). F, Probe trial performance did not differ between male sham and 3HD IL1R1�/� mice at 6 months (p= 0.14, n= 5-10/group,
t test). G, In an elevated plus maze, 3HD female IL1R1�/� mice performed similar to sham at 3 months after injury (p= 0.86, n= 13-15/group, t test). H, Western blot and (I, J) densitometry
analyses of pro-IL1b expression in homogenates of cortex, hippocampus, and cerebellum at 6 months after injury in male WT and IL1R1�/� mice (n= 3-7/group). Pro-IL1b expression was
increased in 3HD versus sham in cortex and cerebellum in WT (I) but not in IL1R1�/� (J) mice (WT cortex, *p= 0.040; hippocampus, p= 0.068; cerebellum, **p= 0.0023; IL1R1�/� cortex,
p= 0.19; hippocampus, p= 0.40; cerebellum, *p= 0.033; n= 3-7/group, t test). K, Western blot and (L, M) densitometric analyses of AT8 expression in detergent-insoluble (urea-soluble) ho-
mogenates of cortex, hippocampus, and cerebellum showing increased AT8 aggregation in 3HD versus sham in cortex in WT (L) but not in IL1R1�/� (M) mice at 6 months after injury (WT cor-
tex, ***p= 0.00,038; hippocampus p= 0.15; cerebellum, p= 0.68; IL1R1�/� cortex, p= 0.64; hippocampus, ***p, 0.001; cerebellum, *p= 0.047; n= 3-7/group, t test).
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is that the biomechanics of CHI produce less severe injury in
female mice, which weigh significantly less than males. This pos-
sibility is tempered by the finding that righting reflex times were
not different between 3HD males and females and that, like
injured males, injured females had rotarod deficits. Nonetheless,
further studies (with increasing injury severity levels) are needed
to determine whether females are truly resistant to cognitive dys-
function and abnormal proteostasis observed in 3HDmales.

Impaired neuronal proteostasis and spatial learning deficits in
males occurred in the absence of histologically detectable tau tan-
gles or b amyloid plaques. It is possible that 3HD induces a bio-
chemical phase of injury lasting decades in humans until cellular
homeostatic mechanisms fail, leading to cellular and clinical
phases of neurodegenerative disease. In this scenario, dysregula-
tion of neural gene networks that occur during early stages of
repetitive mTBI may be exacerbated by aging, genetic, or envi-
ronmental factors, leading to an irreversible stage of neurodegen-
eration in vulnerable individuals. This theoretical framework has
been hypothesized to underlie vulnerability to sporadic AD (De
Strooper and Karran, 2016; Van Eldik et al., 2016; Meyer et al.,
2019).

Despite a considerable literature associating TBI with pro-
longed neuroinflammation and increased risk for AD, CTE, and
dementia (Faden and Loane, 2015), the exact mechanisms by
which early life TBI leads to later cognitive dysfunction remain
undefined. A growing number of studies suggest an important
contribution of inflammasome signaling to functional outcome
in acute TBI (de Rivero Vaccari et al., 2009, 2016; Adamczak et
al., 2012, 2014; Kerr et al., 2018) and neurodegenerative diseases
(Voet et al., 2019). We detected evidence of inflammasome acti-
vation (cleavage of NLRP1, caspase-1, and IL-1b to active frag-
ments) in neurons at 14months after 3HD, as well as increased
pro-IL-1b in brain tissue at 6months. To our knowledge, our
data are the first to demonstrate neuronal inflammasome activa-
tion at .1 year in a repetitive mTBI rodent model. IL-1b
impairs synaptic transmission (O’Connor and Coogan, 1999),
and genetic deletion of IL-1R1 or caspase-1/11 reduced cognitive
deficits after single and repetitive CHI in adult and adolescent
mice, respectively, suggesting that inflammasome activity con-
tributes to cognitive dysfunction in CHI models (Chung et al.,
2019; Wu et al., 2019).

In mouse familial AD models, NLRP3 inflammasome activa-
tion in microglia plays a key role in impairment of LTP and cog-
nitive dysfunction (Heneka et al., 2013; Dempsey et al., 2017;
Flores et al., 2018). Similarly, antagonism of the NLRP3 inflam-
masome alleviated the detrimental effects of systemic immune
stimulation on LTP and cognitive function in the aging brain
(Dempsey et al., 2017; Flores et al., 2018; Beyer et al., 2020). The
neuronal NLRP1 inflammasome has also been hypothesized to
contribute to AD, as NLRP1 immunoreactivity was upregulated
in brains of AD patients (Yap et al., 2019), and cultured human
neurons activate a NLRP1/caspase-1 inflammasome in AD
(Kaushal et al., 2015). Genetic variants of NLRP1 are associ-
ated with AD risk (Pontillo et al., 2012), and NLRP1 knock-
down rescues cognitive deficits in AD transgenic mice (Tan
et al., 2014). Prolonged overexpression of IL-1b does not
necessarily lead to neuronal cell death, even in Tau trans-
genic mice (Shaftel et al., 2007; Matousek et al., 2012), and
the effects of IL-1b activation at 14 months after 3HD do
not appear overwhelming and may be reversible by pharma-
cological inhibitors. Our results imply that targeting
NLRP1 inflammasomes might be needed to ameliorate cog-
nitive deficits after repetitive mTBI.

In animal studies, direct links between repetitive mTBI and
CTE have remained elusive, in part because no repetitive mTBI
model has recapitulated the unique pathognomonic neuropatho-
logical features of CTE, including accumulation of phospho-tau
in neurons and astrocytes in a perivascular distribution (McKee,
2020). Some groups have reported increased phosphorylated Tau
in the chronic period after repetitive mTBI, whereas others have
not (Bachstetter et al., 2020), even in mice expressing human tau
isoforms (Gangolli et al., 2019; Mouzon et al., 2019). In contrast,
repetitive mTBI accelerated the onset of tau hyperphosphoryla-
tion in the optic tracts of adolescent mice carrying human tau
transgenes predisposed to tau aggregation (Xu et al., 2015). We
detected hyperphosphorylated, misfolded tau in neurons at 1 year
after 3HD; however, we did not detect pathologic tau or b amyloid
in brain tissue sections of 3HD mice. Rather than recapitulating
CTE, our data suggest that repetitive mTBI in adolescents may initi-
ate changes in neuronal proteostasis and inflammation that could
lead to increased risk later in life of a variety of neurodegenerative
diseases which feature protein aggregates (McAlary et al., 2020;
Sonninen et al., 2020).

We found that adolescent mice lacking IL-1R1 had no
increase in phosphorylated Tau in cerebellar brain homogenates
at 6months after 3HD. These data suggest a regulatory role for
IL-1R1 in the pathogenesis of phospho-tau accumulation after
repetitive head injury. IL-1b activates kinases that promote tau
hyperphosphorylation (Collins-Praino and Corrigan, 2017), such
as CAMKII-a, which was increased in neurons at 14months in
the current study. Exposure of mouse brain or neuron-microglia
cocultures to IL-1b increases tau phosphorylation at multiple
sites (Sheng et al., 2000; Li et al., 2003) attributable in part to
increased activity of tau kinases (Cho and Johnson, 2003; Ghosh
et al., 2013), and chronic administration of IL-1R or genetic dele-
tion of NLRP3 or ASC inhibits tau phosphorylation (Kitazawa
et al., 2011) in part by reducing CAMKII a activation and
enhancing tau phosphatase activity (Heneka et al., 2013; Ising
et al., 2019). Neurons cocultured with activated, pro-inflamma-
tory microglia had increased CAMKII-a and pTau, which was
dependent on neuronal IL-1R1 (Ising et al., 2019). Our finding
that IL-1R1�/� prevented increased phospho-Tau levels in cortex
and cerebellum suggests that inflammasome activation drives
Tau phosphorylation in repetitive CHI. On the other hand,
expression of human mutant Tau in mice caused brain inflam-
mation and inhibited the ER stress response (Hull et al., 2020),
suggesting that aberrantly phosphorylated Tau may also contrib-
ute to neuronal IL-1b production and impaired proteostasis in
feedforward loops. Impaired proteostasis itself may also lead
to accumulation of phosphorylated tau, as pharmacological
enhancement of autophagy flux decreases tau1 neurons and
neuronal death in P301S human mutant tau transgenic mice
(Schaeffer et al., 2012). Impaired autophagy increases proinflam-
matory microglia that contribute to neuronal death in neurode-
generative diseases (Plaza-Zabala et al., 2017), and autophagic
elimination of damaged mitochondria attenuates NLRP3 inflam-
masome activation in macrophages (Zhong et al., 2018).
Whether a similar mechanism attenuates NLRP1 inflamma-
somes in neurons is unknown. Further studies are needed to
uncover initiating and propagating mechanisms of inflamma-
some activation, as well as the relationship between IL-1R1 and
impaired proteostasis in repetitive mTBI models.

Future directions
Key differences exist between human and mouse inflamma-
somes. Humans have only a single NLRP1 gene, while mice have
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three NLRP1 isoforms. Similarly, humans have two orthologs for
caspase-11, viz. caspase-4 and caspase-5 (Lamkanfi and Dixit,
2012). More research using human cell types, eventually based
on iPS technology and patient-derived material, will be needed
to translate findings more effectively from rodents to the human
conditions they model. We found that females had several inter-
esting phenotypes after 3HD, including motor learning and anxi-
ety, but not cognitive function phenotypes versus sham. Because
females did not show cognitive deficits at 1 year after 3HD, we
only studied proteostasis pathways in males, but it is likely that
the cellular and molecular consequences of repetitive mTBI differ
in male and female brains, and future studies will be needed to
assess this important question. As with any RNA Seq dataset,
examining more cells would be helpful to more fully interpret
transcriptomic changes in glial and other cell types. Addressing
this question will require further studies enriching for microglia
and astrocytes.
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