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Repeated mild traumatic brain injury triggers
pathology in asymptomauc CI90RF72
transgenic mice

Aydan Kahrlman James Bouley,1 Idil Tuncah Elif 0. Dogan,' Mariana Pereira,”
Thuyvan Luu,? Daryl A. Bosco,! Samer Jaber,* ®Owen M. Peters,” Robert H. Brown Jrt
and ®Nils Henninger"®

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are fatal neurodegenerative diseases that re-
present ends of the spectrum of a single disease. The most common genetic cause of FTD and ALS is a hexanucleotide
repeat expansion in the C9orf72 gene. Although epidemiological data suggest that traumatic brain injury (TBI) repre-
sents a risk factor for FTD and ALS, its role in exacerbating disease onset and course remains unclear.

To explore the interplay between traumatic brain injury and genetic risk in the induction of FTD/ALS pathology we
combined a mild repetitive traumatic brain injury paradigm with an established bacterial artificial chromosome
transgenic C9orf72 (C9BAC) mouse model without an overt motor phenotype or neurodegeneration. We assessed
8-10 week-old littermate COBAC'®'® (n=21), C9BAC'~ (n=20) and non-transgenic (n=21) mice of both sexes for
the presence of behavioural deficits and cerebral histopathology at 12 months after repetitive TBI.

Repetitive TBI did not affect body weight gain, general neurological deficit severity, nor survival over the 12-month
observation period and there was no difference in rotarod performance, object recognition, social interaction and
acoustic characteristics of ultrasonic vocalizations of CO9BAC mice subjected to repetitive TBI versus sham injury.
However, we found that repetitive TBI increased the time to the return of the righting reflex, reduced grip force, al-
tered sociability behaviours and attenuated ultrasonic call emissions during social interactions in C9BAC mice.
Strikingly, we found that repetitive TBI caused widespread microglial activation and reduced neuronal density
that was associated with loss of histological markers of axonal and synaptic integrity as well as profound neuronal
transactive response DNA binding protein 43 kDa mislocalization in the cerebral cortex of COBAC mice at 12 months;
this was not observed in non-transgenic repetitive TBI and C9BAC sham mice.

Our data indicate that repetitive TBI can be an environmental risk factor that is sufficient to trigger FTD/ALS-asso-
ciated neuropathology and behavioural deficits, but not paralysis, in mice carrying a C9orf72 hexanucleotide repeat
expansion.
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Introduction

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS) are devastating, fatal, progressive neurodegenerative dis-
eases that have no effective treatment. FTD comprises a heteroge-
neous group of clinical syndromes that are characterized by
prominent behavioural changes, executive dysfunction or progres-
sive aphasia.’™ While FTD phenotypes are typically characterized
by frontotemporal lobar degeneration, histological features vary.?
FTD is the second most common cause of early-onset (<65 years)
dementia® with a prevalence of ~15/100 000 population in this age
group.* Although the majority of cases have no known cause,
more than 30-50% of affected individuals have a family history of
FTD,>® and 10-15% are secondary to autosomal dominant muta-
tions in one of several FTD-associated genes.” ALS is characterized
by the degeneration of motor neurons in the brain, brainstem and
spinal cord and has a worldwide prevalence of ~5/100 000 popula-
tion.? In ~15% of ALS patients, neurodegeneration is also observed
in the prefrontal and temporal cortex, leading to frontal executive
dysfunction, speech production disorders and concurrent FTD.’

Because of significant clinical and neuropathological overlap,
FTD and ALS represent ends of the spectrum of a single disease.
Indeed, a subset of FTD patients develop features of motor neuron
disease. Most cases of ALS and the most frequent form of FTD share
a pathological hallmark of ubiquitinated inclusions in the cyto-
plasm of neurons that contain transactive response DNA binding
protein 43 kDa (TDP-43); present in ~40-50% of FTD cases.>™* It is
now recognized that the most common genetic cause of FTD and
ALS (c9FTD/ALS) is a hexanucleotide repeat expansion (HRE) in
the chromosome 9 open reading frame 72 (C90rf72) gene and expan-
sion in the gene is always associated with TDP-43 pathology.>®**2
While healthy individuals typically have <30 of these repeats, peo-
ple carrying the mutation can have thousands of repeats.”*® The
exact mechanisms by which these expansions cause neurodegen-
eration are not completely understood. Non-expanded wild-type
C90RF72 interacts with endosomes and is required for normal ves-
icle trafficking, autophagy induction and lysosomal biogenesis in
motor neurons.™ Presence of HRE has been associated with both
impaired transcription, leading to C9ORF72 haploinsufficiency
and reduced neuronal viability’>'® as well as accumulation of
neurotoxic hexanucleotide transcripts and their translation to
poly-dipeptides.’” &

Strikingly, typical pathology has been found to predate disease
onset by up to 15 years and disease onset as well as duration are
highly variable.>”"'® These observations underscore the concept
that environmental stimuli may modulate disease onset and
course. In particular, accumulating epidemiological data suggest
that traumatic brain injury (TBI) represents a risk factor for FTD/
ALS and accelerates disease onset and progression in affected indi-
viduals.?®2* Indeed, in veterans diagnosed with dementia, the
prevalence of TBI history was significantly greater in those with
FTD than in those with other types of dementia.?! After accounting
for pertinent confounders, TBI was associated with an ~4-fold in-
creased risk of FTD.?! Nevertheless, not all studies found such a
link®® and direct evidence that c9FTD/ALS is mediated by TBI or
TBI-related pathology is lacking. Major challenges in unravelling
the potential mechanisms by which TBI could cause FTD/ALS

include the fact that many injury-related consequences take years
to develop, the pathophysiology of TBI is complex and multiple
pathologies overlap between diseases. For example, in both TBI
and c9FTD/ALS, pathology includes widespread neuronal degener-
ation, neuroinflammation, as well as mislocalization and depos-
ition of TDP-43.63° However, the relationship between these
common features in disease progression is poorly understood. It re-
mains to be established whether TBI represents a trigger that could
accelerate pathology in at-risk HRE carriers.

Here we explore the interplay between TBI and genetic risk in
the induction of c9FTD/ALS pathology by combining a mild repeti-
tive TBI (rTBI) paradigm with a previously established bacterial arti-
ficial chromosome transgenic C9orf72 (C9BAC) mouse model.
These mice develop no overt motor phenotype and neurodegenera-
tion.? Our data show that rTBI in 3-month-old CO9BAC mice causes
persistent neuroinflammation and neurodegeneration as well as
behavioural deficits that are not observed in non-transgenic (Ntg)
and sham-operated control mice.

Materials and methods

All mouse experiments were conducted at The University of
Massachusetts Chan Medical School following protocols approved
by the Institutional Animal Care and Use Committee. Mice of both
sexes were used in all experiments [26 (41.3%) females and 37
(58.7%) males]. Overall, the animals’ sex distribution was similar
across studied genotypes [C9BAC hemizygous (CO9BAC®¥"), 55%
male and 45% female; C9BAC homozygous (C9BAC'®*), 50% male
and 50% female; Ntg, 71.4% male and 28.6% female]. Animals were
socially housed in same-sex groups (n=4 per cage) on 12-h light/
dark cycle with food and water ad libitum in a specific pathogen-free
barrier facility. Spontaneously breathing mice (n=63; age 8-10
weeks; 27.1 £ 3.1 g body weight) were randomly subjected to sham
surgery (n=29) versus closed head rTBI (n=34). Brains were re-
moved 52 weeks after rTBI for histological analyses.

This study used a previously described transgenic mouse model
from our laboratory that harbours the human COORF72 HRE expres-
sing ~500 repeat motifs within a truncated human C9orf72 gene
(from exons 1-6).>' Hemizygous mice express three to five copies
of the transgene.*" We previously showed that the truncated hu-
man C9orf72 gene generates three transcript variants of which V1
and V3 carry the repeat expansion. Human-specific probes target-
ing human C9orf72 V1, V2 and V3 mRNAs detected all three tran-
scripts in the C9BAC mice at expression levels relative to their
abundances in human frontal cortex. Further, the total level of
the transgenic human transcripts was comparable to that of the en-
dogenous mouse C9orf72 orthologue transcripts and to levels of ex-
pression of human control and c9FTD/ALS cases.®* Whilst, to our
knowledge, cOFTD/ALS patients (with rare exceptions®?) almost ex-
clusively carry a single expanded allele, we included homozygous
mice to increase the transgene load. With this approach we sought
to increase possible phenotypic penetrance given the short lifespan
of mice, which allows for less time for cumulative pathology to
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develop, as well as assess for any dose effect. For all experiments,
Ntg, hemizygous and homozygous C9ORF72 BAC transgenic mice
were used. Hemizygous COBAC mice (COBAC'™ ") were viable, pro-
ducing progeny at expected Mendelian frequencies. Homozygous
C9BAC (COBAC'®'®) females were not used for breeding due to
high rates of maternal infanticide. Mice were generated either by
crossing hemizygous with homozygous mice (for homozygous
and hemizygous offspring) or by crossing hemizygous mice (for
hemizygous and Ntg offspring).

Animals were anaesthetized with isoflurane (5% for induction, 2%
for surgery, 1.5% for maintenance) in room air. Anaesthesia was
discontinued immediately prior to each impact and sham injury.
Body temperature was monitored continuously with a rectal probe
and maintained at 37.0 £ 0.5°C. To alleviate pain, animals received
1.5 mg/kg subcutaneous buprenorphine (Med-Vet International)
30 min before anaesthesia and every 6h afterwards for 24h.
Additionally, each animal received 5 mg/kg subcutaneous carpro-
fen (Patterson Veterinary) after the start of anaesthesia. A weight
drop device was used to produce rTBI as previously described?®
with the modification that animals were subjected to rTBI or
sham injury once daily for five consecutive days using a 25 g weight.
The weight was freely dropped 15 c¢m to strike a cylindrical polyace-
tal transducer rod (Delrin®, tip diameter 2 mm, 17.4 g) that was
placed with its tip directly on the exposed skull (target 2.5 mm pos-
terior and 2.5 mm lateral from Bregma). The mouse head was not
restrained to allow acceleration upon impact. Following each TBI,
the bone was visually inspected under the operating microscope
and animals with a skull fracture immediately euthanized without
recovering from anaesthesia. The wound was closed with inter-
rupted sutures and the animal returned to its home cage after re-
covery from anaesthesia. Sham animals were anaesthetized,
surgically prepared (including skin incision) and placed under the
impact device with the impactor touching the skull but were not
subjected to head impact.

Animals were perfused under anaesthesia through the ascending
aorta with 50 ml saline and then with ice cold phosphate-buffered
4% paraformaldehyde (PFA) for 10 min. Brains were removed, post-
fixed overnight in the same fixative and then stored in 0.4% PFA at
4°C until further processing. Prior to paraffin embedding brains
were pre-sectioned using a brain matrix. For histological assess-
ment paraffin sections, 10-um thick coronal, were obtained at ap-
proximately Bregma —2.5 mm (impact centre), as described.?® All
histological analyses were performed by an investigator masked
to the animal groups. Immunohistochemistry was performed
against TDP-43 (1:250, Proteintech, Cat. No. 10782-2-AP, RRID:
AB_615042) neuronal nuclei (NeuN, 1:200, Proteintech, Cat. No.
26975-1-AP, RRID: AB_2880708), Beta-III tubulin (Tujl, 1:250,
BioLegend, Cat. No. 801201, RRID: AB_2313773), glial fibrillary acidic
protein (GFAP, 1:250, Agilent, Cat. No. Z0334, RRID: AB_10013382),
ionized calcium binding adaptor molecule 1 (Iba-1, 1:250, Wako,
Cat. No. 019-19741, RRID: AB_839504), microtubule-associated pro-
tein 2 (MAP2, 1:250, Thermo Fisher Scientific, Cat. No. 13-1500,
RRID:AB_2533001), pan-axonal anti-neurofilament marker
(SMI-312, 1:200, BioLegend Cat. No. 837904, RRID: AB_2566782),
postsynaptic density protein 95 (PSD-95, 1:250, Thermo Fisher
Scientific, Cat. No. MA1-045, RRID: AB_325399) and synaptophysin
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(Synaptophysin, 1:250, Millipore Cat. No. AB9272, RRID:
AB_570874). For chromogenic staining, tissue sections labelled
with the primary antibodies (NeuN) were incubated with appropri-
ate biotin-conjugated secondary antibodies followed by avidin-
biotin complex (Vector Laboratories) incubation and treatment
with diaminobenzidine as directed by the manufacturer. For im-
munofluorescence staining tissue sections labelled with the pri-
mary antibodies (TDP-43, NeuN, GFAP, Iba-1, MAP2, SMI-312,
synaptophysin, PSD-95) were incubated in appropriate secondary
antibodies conjugated with Alexa Fluor 488 (1:250, Abcam, Cat.
No. ab150113, RRID: AB_2576208 and Cat. No. ab150077, RRID:
AB_2630356), Alexa Fluor 555 (1:250, Abcam, Cat. No. ab150106,
RRID: AB_2857373) and Alexa Fluor 647 (1:250, Abcam, Cat. No.
ab150075, RRID: AB_2752244 and Cat. No. ab150115, RRID:
AB_2687948). Omitting the primary antibody in a subset of slides
served as negative controls.

To acquire images of all stained sections for subsequent offline
analysis we used a Leica DM6 B microscopy system equipped
with a brightfield DMC5400 colour CMOS camera and an immuno-
fluorescent DFC9000 sCMOS camera.

For quantitative thresholded area measurements of histological
data we used the Analyze Particle tool in Image] as described,*
with the experimenter blinded to the genotype and injury. To deter-
mine the extent of neuronal loss, chromogen stained
NeuN-positive cells were assessed in each coronal section.
Images of 16 non-overlapping regions of interest (ROIs; eight per
hemisphere; 659 x 439 ym, each) covering the dorsal cerebral cortex
were taken at x20 magnification. To assess the impact of rTBI on
axonal integrity, we used fluorescence staining for SMI-312 to
quantify the signal from two ROIs (one per hemisphere; 659 x
439 pm, each). In addition, we manually counted the number of
axon profiles in the mid-section of the ROIs used for thresholded
SMI-312 signal assessment. To determine pre- and postsynaptic
cortical synaptic integrity, we quantified the synaptophysin and
PSD-95 staining signal in two ROIs centred within corresponding
ROIs used for the SMI-312 analysis (one per hemisphere; 333 x
333 um, each) taken at x40 magnification. For GFAP, images of
two ROIs (one per hemisphere; 667 x 667 pm, each) were taken at
%20 magnification. For TDP-43 and Iba-1, images of two ROIs (one
per hemisphere; 211x211 pm, each) centred within the corre-
sponding ROI used for the GFAP analyses were taken at x63 magni-
fication. Stained regions of confocal images were selected by setting
a single common threshold intensity for all images for a particular
staining method.

We used Sholl analysis to describe microglial morphology in the
ipsilateral cortex stained with Iba-1. The number of intersections of
a cell with circles of increasing diameters indicates the degree of
ramification of the cell. One ROI per hemisphere (635.6x
635.6 pm, as taken at x63 magnification) centred within the corre-
sponding ROI used for the axonal analyses was analysed.
Z-stacked confocal images were merged into a single plane image
using the LSM Image Browser software (Carl Zeiss Inc.). Five cells
were selected randomly per image with the following selection cri-
teria: (i) a cell needed to have a visible soma; (ii) a cell should not
overlap with other cells; and (iii) a DAPI-stained nucleus must be
clearly visible within the soma. Using ImageJ, images were con-
verted to 8-bit files and a uniform threshold was applied to all
images. The Neuroanatomy Simple Neurite Tracer plugin was
used to trace processes from the soma.*® Primary paths were
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merged into a shared root and for Sholl and convex hull analyses,
paths were converted to binary skeletons. For Sholl analysis, the
centre of each Sholl radius was placed at the shared root and con-
centric circles were placed 0.2 um apart to detect the number of in-
tersections at each circle. For convex hull analysis, convex hull area
was defined as the area of the smallest convex polygon enclosing
the entire skeleton.

Thereturn of the righting reflex was defined as the time(s) from dis-
continuation of anaesthesia to righting from a supine to prone
position.

The neurological severity score (NSS) was assessed on a scale from
0 (no deficit) to 10 (maximal deficit) prior to rTBI as well as serially
until euthanasia, as described.?®

Motor function was assessed serially from 3 to 15 months of age
(pre-trauma to 52 weeks post-rTBI) using rotarod (Med-Associates
Inc.). Mice were tested three times on 4-40 rpm accelerating rotarod
task with latency to fall for each individual test recorded. The mean
score for each animal was used for statistical analysis.**

Limb grip strength was recorded using a digital force gauge
(Mark-10) fitted with a metal grid. Mice were placed on the grid, al-
lowing either all paws (all-limb grip strength) to grip or forepaws
(forelimb grip strength) only, followed by being gently pulled hori-
zontal to the apparatus until grip was released. Each animal was
tested three times for forelimb or all-limb grip, with peak strength
for each recorded for statistical analysis.*'

Novel object recognition (NOR) was performed 52 weeks after rTBI
using two sample objects with one environment as described
with minor modifications.* First, in the habituation phase, mice
were kept for 10 min in a clean, rectangular cage (26 x 48 x 23 cm)
in a quiet, dimly lit room and then returned to their home cage.
On the following day, two identical objects (Object 1 and Object
1') were introduced at opposite corners (in the long-axis) of the
cage, approximately 2 cm from the sides. For familiarization, the
mice were placed in the cage and allowed to explore the objects
for 10 min with the time required to accumulate at least 20 s of or-
ofacial exploration (whisking or sniffing) recorded by the experi-
menter. At the end of these 10 min, animals were returned to
their home cages for 30 min. For the test phase, two different ob-
jects were placed in the cage at corners, one object (Object 1) being
identical to the previous familiar objects, and one being a novel ob-
ject (Object 2) of similar size but different colour and shape. Mice
were allowed to explore the arena for 5 min in the presence of the
familiar and novel objects. The time spent exploring (i.e. nose with-
in 1 cm from the object and/or touching it with the nose and/or
forepaws) each object was recorded. The role (familiar or novel),
as well as the relative position of the two stimulus objects, was
counterbalanced and randomly permuted for each experimental
animal. After each trial the objects were discarded, and the cage
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cleaned to remove olfactory cues. The total exploration time(s) of
each object was recorded to calculate the preference index separ-
ately for the familiarization and test phase.

Social motivation and interaction were evaluated at 12 months after
rTBlin the social interaction test as described,>*° with some modifi-
cations. This test quantitatively assessed social behaviour in experi-
mental mice shown toward a standard stimulus mouse in a neutral
territory. Importantly, this test allows for concomitant measurement
of mouse ultrasonic vocalizations (USVs) to assess social and vocal
repertoires simultaneously. The testing arena consisted of a clean
cage (26 x48x 23 cm) divided into two equal-sized compartments
by a wire mesh. The test consisted of three phases: habituation
(Phase A), barrier (Phase B) and interaction (Phase C). After a 5-min
habituation period (Phase A), the experimental mice were exposed
to a same-sex, unfamiliar, 12-week-old, Ntg stimulus mouse that
was introduced behind the wire mesh for 5 min (Phase B). Finally,
the barrier was removed and the mice were allowed to interact for
5 min (Phase C). The number of quarter crossings, rearings and self-
grooming was recorded separately for each phase and the total num-
ber of faecal droppings recorded for Phases A to C combined. During
the barrier phase (Phase B), the time spent at the partition was re-
corded. During direct interaction (Phase C), the number of ap-
proaches (frontal versus nose-to-nose), anogenital investigations
(stimulus-to-experimental versus experimental-to-stimulus) and
close followings (stimulus-to-experimental versus experimental-
to-stimulus) was recorded.

USVs were recorded during the social interaction test using a con-
denser ultrasound microphone positioned above the testing arena
and connected via an UltraSoundGate audio device (Avisoft
Bioacoustics) to a computer. Recordings were analysed offline
with the Avisoft SASLab Pro signal processing software to assess
the test mouse’s USV during Phases A-B and the USVs of the pair
during Phase C. USV were counted and categorized and the dur-
ation, amplitude and peak frequency of each USV measured.

Unless otherwise stated, continuous variables are reported as
mean + standard error of the mean (SEM). Normality of data was ex-
amined using the Shapiro-Wilk test. Between-group comparisons
were conducted by one-way ANOVA with post hoc Holm-$idék or
Tukey test, ANOVA on Ranks with post hoc Dunn’s test, and Fisher
exact test (for USV) with post hoc Bonferroni test. Between-group
comparisons of continuous variables over repeated measurements
(time or ROI) were conducted using longitudinal mixed models.
Time/ROI was treated as a categorical variable. The models in-
cluded group and time/ROI as fixed covariates, as well as the
Group x Time/ROI interactions. When the main effects were signifi-
cant, additional post hoc pairwise comparisons were conducted to
isolate significant groups and time points/ROIs with P-values ad-
justed for multiplicity of testing using the false discovery rate
(FDR). Survival analysis was conducted by Kaplan Meier analysis
and log-rank test. Two-sided significance tests were used and a
two-sided P < 0.05 was considered statistically significant. All stat-
istical analyses were performed using IBM® SPSS® Statistics
Version 26 (IBM®-Armonk, NY).
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Results

Following rTBI, no animal suffered skull fractures, impact seizures,
apnoea or focal motor deficits (limb paresis). The body weight in-
creased after r'TBI in all groups without significant difference be-
tween groups on post hoc testing when compared to Ntg sham
controls (Supplementary Fig. 1A). The time to the return of the
righting reflex was significantly prolonged in C9BAC'™®~ rTBI (P <
0.05), CO9BAC'™* sham (P <0.05) and C9BAC'®*® rTBI (P <0.01) as
compared to Ntg sham animals (Supplementary Fig. 1B). We found
amodest increase in the composite NSS from a median of 1.0 [inter-
quartile range (IQR) 0-1] at baseline to a median of 2.0 (IQR 1-2) at 52
weeks after rTBI that did not differ between groups (Supplementary
Fig. 1C). Finally, post-surgery survival in the C9BAC and Ntg litter-
mates subjected to sham surgery versus rTBI was indistinguishable
(log rank P =0.423, Supplementary Fig. 1D).

C9BAC mice exhibit mildly impaired grip strength
after repetitive TBI

Next, we tested for behavioural abnormalities within the motor
system of the C9BAC mice. Overall, rotarod performance declined
in all tested mice over the study period without any between-group
difference (Fig. 1A). Similarly, in all groups forelimb grip force de-
clined over the study period (Fig. 1B). However, we found that in
C9BAC hemizygous and homozygous mice this decline occurred
immediately following rTBI, resulting in a significantly worse
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forelimb grip force at early time points (up to 16 weeks) when com-
pared to Ntg rTBI (Fig. 1B). When we assessed all-limb grip strength,
we found that in Ntg sham controls the grip force increased over the
study period (Fig. 1C). A similar increase was also observed in Ntg
rTBI and C9BAC sham mice, though grip force remained numerical-
ly lower until the study end point (not significant after post hoc ad-
justment). Conversely, C9BAC rTBI mice had no significant increase
in their all-limb grip force over the study period resulting in a sig-
nificantly lower grip force as compared to Ntg sham (Weeks 20 to
52) and Ntg rTBI (Weeks 40 to 52) after injury (Fig. 1C).

C9BAC mice have impaired recognition memory

Prodromal C9orf72 HRE carriers may display impaired recognition
memory.* To determine the impact of rTBI on recognition memory
in Ntg and C9BAC mice, we used the NOR task. We found that Ntg
mice showed a significant preference towards the novel object
presented during the test phase without a significant difference be-
tween Ntg sham and rTBI mice, indicating the rTBI did not adverse-
ly affect recognition memory at 52 weeks. Conversely, neither
C9BAC*¥~ nor C9BAC'™¥*® mice showed a preference toward the no-
vel object after both sham and rTBI surgery (Fig. 2A and B).

Repetitive TBI alters sociability behaviours in COBAC
mice

Patients with c9FTD/ALS may suffer impaired social communica-
tion and interaction.™® To explore the potential impact of C9orf72
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Figure 1 Repetitive TBI causes mild motor impairment in COBAC mice. (A) Significant decline in rotarod performance in all studied groups (P = 0.689 for
group effect, P < 0.001 for time effect, P = 0.976 for Group x Time interaction). Table indicates significant differences to baseline (ref.). (B) Significant early
decline in forelimb grip force after repetitive TBI (rTBI) in COBAC'®~ and CO9BAC'®'8 mice (P < 0.001 for group effect, P < 0.001 for time effect, P = 0.967 for
Group x Time interaction). (C) Absent increase in the all-limb grip force in C9BAC'®~ and C9BAC'®*€ mice after rTBI (P < 0.001 for group effect, P < 0.001
for time effect, P = 0.023 for Group x Time interaction). For clarity in B and C, post hoc pairwise comparisons are only shown for significant differences to
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Figure 2 Novel object recognition and social interaction of mice at 12 months after surgery. (A) During the familiarization phase of the novel object
recognition test, groups spent an equal percentage of time exploring both objects (dashed line indicates chance performance). (B) During the test phase,
both sham operated and rTBI non-transgenic (Ntg) mice spent significantly more time with the novel object. On the contrary, C9BAC hemizygous and
homozygous sham and rTBI mice did not discriminate between familiar and novel objects. Between group comparisons were made by one way ANOVA.
Data are mean + SEM. *P < 0.05 versus Ntg sham, #P < 0.05 versus Ntg rTBL. (C) Compared to Ntg sham controls, COBAC'®'® mice displayed significantly
increased self-grooming behaviour. (D) Increased rearing behaviour in COBAC'®~ and CO9BAC'®'8 mice after rTBI as compared to Ntg sham controls. (E)
After rTBI C9BAC'™®'8 mice showed significantly increased number of faecal droppings when compared to all other groups. Data in A-E were compared
by one-way ANOVA with post hoc Holm-8idak test and presented as mean + SEM. (F) Significantly fewer COBAC'®~ and C9BAC'®/*® mice emitted USV at
52 weeks after rTBI compared to non-transgenic (Ntg) sham controls (P =0.019, Fisher’s exact test with post hoc Bonferroni adjustment). Hatched bars
indicate call presence, open bars indicate call absence. For clarity, only significant results are indicated in the figure.

HRE and rTBI on social dysfunction in our mouse model, we studied
social motivation and interaction of experimental mice (CO9BAC and
wild-type Ntg) with same sex Ntg stimulus mice in a neutral testing
cage. We found that rTBI significantly increased self-grooming in
C9BAC'®*® mice when compared to Ntg sham controls (Fig. 2C). In
addition, rTBI caused increased rearing behaviour in C9BAC'¥~
and C9BAC'®'2 animals (Fig. 2D). Finally, COBAC'®'8 animals sub-
jected to r'TBI showed a greater number of faecal droppings during
the test than all other groups (Fig. 2E). Together, changes in these

behaviours may indicate increased stress-induced anxiety-like
behaviours**~2 in C9BAC'®'8 mice following rTBL

Regarding social parameters, we found no significant difference
between experimental groups in the time spent at the partition
(Supplementary Fig. 2A), frequency of quarter crossings
(Supplementary Fig. 2B) and total number of direct social interac-
tions (i.e. the sum of close followings, frontal approaches,
nose-to-nose and anogenital investigations; Supplementary Fig.
2C). When we stratified the analyses of direct social interaction by
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Figure 3 Repetitive TBI causes extensive neuronal loss at 12 months after injury in COBAC mice. (A) Schematic of the mouse skull denoting the ap-
proximate location of the impact centre over the intact mouse skull (blue circle) as well as (B) relative to the brain section sampled for histological ana-
lysis shown in this figure (dashed line). (C) Loss of NeuN stained neurons in the cerebral cortex of COBAC'™®~ and CO9BAC'®'® mice after rTBI (images were
taken from an area corresponding to the striped square in C). Scale bar = 120 pm. (C) Cartoon depicting the extent of neuronal loss within the concep-
tual framework that the combined risk of rTBI (environmental ‘hit’) and C9orf72 gene mutation (genetic ‘hit’) cause neuronal loss [- risk absent (Ntg
sham mice), + or ++ risk present (CO9BAC'®~ or C9BAC'®*® mice with or without rTBI)]. Data are expressed as % reduction [range 0% (white) to 40%
(red)] relative to the corresponding region of interest in Ntg sham mice (lightning bolt denotes the site of impact delivery). Squares indicate the approxi-
mate ROI used for quantitative analyses shown in D. (D) Significant reduction in the number of NeuN stained neurons at 12 months after rTBI in
C9BAC'®~ and C9BAC'®'® mice, with overall greater neuronal loss in the ipsilateral versus contralateral hemisphere (P <0.001 for group effect, P =
0.014 for left versus right ROI, P =0.005 for Group x ROl interaction). For each genotype, data on the right are from the ipsilateral cortex. Data in the
bar graph are shown as mean + SEM. n = 9-12 per group. *P < 0.05, ***P < 0.001 for between group comparisons; *P < 0.05, *#P < 0.001 for between hemi-

sphere comparisons (post hoc pairwise comparisons FDR adjusted).

the individual parameters, we found no significant between-group
difference in the individual behavioural components of direct so-
cial interaction (Supplementary Fig. 3A-F). No aggression was ob-
served in interactions between experimental and stimulus mice.

Repetitive TBI reduces the emission calls of COBAC
mice during social interactions

Mice emit a diverse repertoire of communicative vocalizations in
the ultrasonic range. USVs have a frequency range between 30
and 110 kHz and serve important communicative functions, for ex-
ample, to establish social contacts with conspecifics.** USVs are in-
creasingly used as a valuable tool to inform on deficits in
communication and sociability in a variety of murine models of
neurological disease including TBI and neurodegenerative condi-
tions.***” To determine potential deficits in social communication
as a result of r'TBI, USVs were simultaneously recorded during the
social interaction test. We observed a highly skewed distribution
of USVs ranging from 0 to 944 with no calls recorded in 19 tests
(32.8%). Not all animals emitted USVs during each phase of the so-
cial interaction test. While there was no difference in the USV
acoustic parameters, including the frequency, amplitude and dur-
ation of the recorded calls between groups (Supplementary Fig.
4A-C), we found that after rTBI, significantly fewer C9BAC®~ and
C9BAC'?'® mice emitted calls compared to Ntg sham controls
(Fig. 2F).

Repetitive TBI causes extensive neuronal loss at 12
months after injury in C9BAC mice

Having established changes in motor performance in the C9BAC
mice exposed to rTBI, we next used histological staining to assess
for a possible impact on cerebral integrity. At 12 months after
rTBI we found a striking loss of neuronal density in the cerebral cor-
tex of C9BAC mice that was not observed in Ntg rTBI and sham mice
(Fig. 3). Loss of NeuN positive cells in CO9BAC mice was most pro-
nounced within the ipsilateral cerebral cortex underlying the im-
pact centre (Bregma -2.5mm), with less neuronal loss in the
contralateral unimpacted hemisphere (Fig. 3C and D). Although
C9BAC'™®™® mice had numerically fewer intact neurons than
C9BAC'™®~ mice, this difference did not reach statistical signifi-
cance. Because neurons may retain their cellular integrity despite
loss of NeuN immunoreactivity under specific conditions (such as
ischaemia), we also used the neuron-specific marker Tujl to con-
firm our findings. Similar to the loss of NeuN immunoreactivity,
we found a significant reduction of Tuj1 staining in COBAC®~ and
C9BAC'™®*® mice after rTBI (Supplementary Fig. 5)

Repetitive TBI accentuates loss of SMI-312 stained
axon profiles at 12 months after injury in COBAC mice

Having established that rTBI accentuates neuronal loss in our mod-
el, we next sought to determine the possible impact on axonal
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integrity as axonal injury and degeneration are pathological hall-
marks of TBI and FTD/ALS.*® While other mouse models expressing
the human C90ORF72 repeat and/or dipeptide repeats showed per-
ipheral axonal loss®***° it was not previously known whether
C9orf72 transgenic mouse models replicate cerebral axon loss or if
TBI accentuates this pathology. We found that 12 months after sur-
gery (age ~15 months) sham operated COBAGC'®~ and C9BAC'¥'s
mice exhibited a significant loss of cortical staining for the pan-
neurofilament marker SMI-312 compared to Ntg controls.
Similarly, there was a significant reduction in the number of
SMI-312 stained axon profiles. This axonal pathology was signifi-
cantly accentuated by rTBI, whereby the reduction in cortical
SMI-312 stained axon profiles was more pronounced in the ipsilat-
eral versus contralateral hemisphere of C9BAC mice (Fig. 4A-C).

Several lines of data indicate that progressive synapse loss and syn-
aptic dysfunction occur in in FTD and ALS>* and mounting evidence
indicates that TBI-induced axonal loss is accompanied by synaptic
pathology.> However, it is presently uncertain whether TBI contri-
butes to persistent synaptopathy in c9FTD/ALS. Thus, we sought to
determine whether rTBI affects synaptic integrity in the cerebral
cortex COBAC mice. We found that 12 months after surgery sham
operated CO9BAC'®~ and COBAC'®'® mice exhibited a significant re-
duction the postsynaptic marker PSD-95 as well as the presynaptic
marker synaptophysin within the cerebral cortex when compared
to Ntg controls. This synaptic pathology was significantly accentu-
ated by rTBI (Fig. 4D and E).

Persistent or irreversible cytoplasmic accumulation of TDP-43 is a
major pathological event in tau-negative cases of FTD'® as well as
in several other TBI-associated degenerative diseases. TDP-43 is a
promiscuous binding protein that interacts with many different
RNA, DNA and protein targets.”>>* Under physiological conditions,
it is mainly localized in the nucleus, but a small proportion of
TDP-43 is located in the cytoplasm, where it binds mature mRNA,
participating in the regulation of the stability, transport translation
and splice surveillance of mRNA. After neuronal injury, TDP-43 is
mislocalized to the cytoplasm.>**® Interestingly, in animal models
of FTD/ALS, TDP-43 mislocalization has been shown to adversely
affects synaptic integrity®® and it is increasingly recognized that
TBI can cause widespread TDP-43 mislocalization.?® In light of our
observation that rTBI accentuated loss of the axonal marker
SMI-312 as well as the synaptic markers PSD-95 and synaptophysin,
we sought to determine whether rTBI caused TDP-43 mislocaliza-
tion in CO9BAC mice. Concurrent with the neuronal loss at 12
months after r'TBI we noted an overall reduction in TDP-43 staining
signal in the cerebral cortex of C9BAC mice that was not present in
Ntg rTBI and C9BAC sham controls (Fig. 5A and B). On a cellular le-
vel, we found that ~80% of all NeuN stained neurons expressed
TDP-43 without a significant difference between the experimental
groups (Fig. 5C). Further, the CO9BAC mice without trauma did not
exhibit neuronal TDP-43 mislocalization at 12 months after sham
procedure (~15 months old), nor did they reveal a change in the
overall number of TDP-43 stained neurons (compared to Ntg con-
trols). Likewise, Ntg rTBI mice showed normal nuclear TDP-43
staining (Fig. 5A and B). In contrast, CO9BAC mice exhibited a

A. Kahriman et al.

prominent loss of nuclear TDP-43 with cytoplasmic mislocalization
and inclusions in both the ipsilateral as well as contralateral cere-
bral cortex at 12 months after rTBI (Fig. 5A and D). Strikingly, the
proportion of cells showing TDP-43 mislocalization in the ipsilat-
eral hemisphere was significantly greater in C9BAC'¥'® versus
C9BAC'®~ mice (44.2 + 8.7% versus 16.7 + 4.6%) (Fig. 5D).

Microglial activation has been found in human c9FTD/ALS post-
mortem brains, as evidenced by altered cell morphology and in-
creased expression of Ibal and CD68 compared to sporadic FTD/
ALS cases.?””?®>7 We found that in our model C9BAC'®~ and
C9BAC'®'® mice had significantly increased Iba-1 staining signal
in the cerebral cortex at 12 months after rTBI that was not observed
in NtgrTBI and sham controls (Fig. 6A and B) without corresponding
astroglial activation (Fig. 6C). Morphological analysis demonstrated
widespread microglial activation in rTBI mice as indicated by the
presence of a hyper-ramified morphology (Fig. 6A), increased con-
vex hull area (Fig. 6D) and increased number of process intersec-
tions per Sholl radius (Fig. 6E).

Discussion

The environmental factors that could increase susceptibility to
FTD/ALS are poorly understood. Several epidemiological studies
have linked a history of TBI to FTD/ALS, particularly in individuals
with a history of repeated injuries.?®* Nevertheless, not all studies
found such a link and some reported that the association between
ALS and TBI was strongest among individuals with head injury
within a year from ALS onset, raising concerns of potential reverse
causation (e.g. a fall-related TBI was caused by weakness in undiag-
nosed ALS).>>*® We now show for the first time that mild rTBI
causes profound neuronal and axonal loss and neuroinflammation,
with accompanying TDP-43 mislocalization and behavioural defi-
cits in asymptomatic transgenic mice that harbour a portion of
the human C9orf72 gene with an expanded GGGGCC repeat motif
at 1 year after injury. This is an important observation because
these pathologies are common features in both TBI and most cases
of FTD/ALS?*2%%% yet, experimental evidence for a direct link has
been lacking.

Intriguing insight into the potential links between extrinsic in-
jury and FTD/ALS stem from observations using a Drosophila trau-
ma model. Wild-type flies exposed to trauma were shown to have
a reduced lifespan and to develop cerebral vacuolar lesions as
well as stress granules that are associated with an early accumula-
tion of the TDP-43 homologue TBPH that subsides by 24 h after in-
jury.®°%? Flies overexpressing mutations in FUS or C9orf72 in
neurons that were exposed to this trauma exhibited increased mor-
tality, exaggerated locomotor deficits and increased formation of
ubiquitinated and Ref(2)P-positive (p62) stress granules in the
brain.®® To what extent these observations extend to mammalian
TBI, specifically in the context of FTD/ALS-associated gene deficits,
is unknown. In particular, these fly studies did not examine
whether the used injury paradigm causes neuronal and axonal
10ss.%%%? It remains to be shown whether injury can indeed accen-
tuate TDP-43 pathology and neurodegeneration in individuals
with an at-risk genetic background of FTD/ALS.*°

Some studies have examined the potential impact of TBI on dis-
ease progression in rodent models of ALS that overexpress mutant,
human G93A-superoxide dismutase-1 (hSOD1%9%4).63¢” While a
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Figure 4 Repetitive TBI accentuates axonal and synaptic loss at 12 months in C9BAC mice. (A) Representative photomicrographs showing SMI-312,
PSD-95 and synaptophysin staining signal from the ipsilateral cerebral cortex (square box in inset). Scale bars = 100 pm. Reduced cortical axonal density
in C9BAC mice that is accentuated by rTBI as indicated by (B) attenuated SMI-312 staining signal (P < 0.001 for group effect, P < 0.001 for left versus right
ROI, P =0.010 for Group x ROI interaction) as well as (C) reduced number of SMI-312 stained axons profiles (P <0.001 for group effect, P =0.003 for left
versus right ROI, P = 0.345 for Group x ROl interaction). RTBI accentuates synaptic loss in COBAC mice as indicated by a reduction in the (D) postsynaptic
marker PSD-95 (P < 0.001 for group effect, P =0.008 for left versus right ROI, P =0.055 for Group x ROl interaction) and (E) presynaptic marker synapto-
physin (P < 0.001 for group effect, P =0.004 for left versus right ROI, P =0.940 for Group x ROl interaction). Bar-pairs denote left (contralateral) and right
(hatched, ipsilateral) ROL Data are mean + SEM. n=9-12 per group. *P <0.05, **P <0.01, **P < 0.001 for between group comparisons; P < 0.01, *#p <
0.001 for between hemisphere comparisons (all post hoc pairwise comparisons FDR adjusted).
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Figure 5 Repetitive TBI causes neuronal TDP-43 mislocalization and accumulation at 12 months in COBAC mice. (A) Representative photomicrographs
showing TDP-43 staining signal from the ipsilateral cerebral cortex. Nuclear localization of TDP-43 in C9BAC sham and non-transgenic (Ntg) rTBI mice
(long arrow) at 12 months after rTBL Nuclear loss and inclusions of cytoplasmatic localized neuronal TDP-43 in CO9BAC'®~ and C9BAC'®*€ mice (short
arrows). Scale bars = 70 pm. (B) Quantified TDP-43 signal from ROIs corresponding to those used for NeuN staining shows a significant reduction in
signal intensity of TDP-43 in both the ipsilateral injured (hatched bars) and contralateral non-injured cortex underlying the impact centre at 12 months
after rTBIin CO9BAC'"®~ and C9BAC'™®'8 mice (P < 0.001 for group effect, P = 0.659 for left versus right ROI, P = 0.976 for Group x ROl interaction). (C) Similar
percentage of all NeuN stained neurons expressing TDP-43 between the experimental groups (P =0.606 for group effect, P =0.208 for left versus right
ROI, P=0.532 for Group x ROI interaction). (D) Significantly increased proportion of neurons exhibiting TDP-43 mislocalization in C9BAC'®~ and
C9BAC'®'€ mice that is not observed in Ntg rTBI and sham controls (P < 0.001 for group effect, P = 0.816 for left versus right RO, P = 0.691 for Group x
ROI interaction). Data are mean + SEM. n=9-12 per group. *P < 0.05, **P < 0.01, **P < 0.001 for between group comparisons (post hoc pairwise compari-
sons FDR adjusted).
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single TBI did not affect disease onset or mortality in adult FTD/ALS risk genotype, providing support for the notion that rTBI
hSOD1%%** rats and mice,®*® earlier onset of motor deficits and is sufficient to exaggerate long-term phenotypes and neuropathol-
overall decreased survival were observed in neonate (P7) ogy associated with FTD/ALS-causing genes in the mammalian
hSOD1%°*# mice after a single closed skull TBL®” Conversely, repeti- brain. We found that rTBI caused persistent microglial activation
tive mild closed skull TBI was associated with a faster decline in in our C9BAC model, suggesting that microglia are unable to return
body weight®® and earlier onset of motor deficits®® in adult to their homeostatic state after a relatively mild exogenous injury.
hSOD1%9%4 rats. However, these studies have several limitations. This is an important observation because it is now evident that
Although murine hSOD1%°** models have been instrumental in de- neurodegeneration at least partially reflects adverse interactions
fining the pathobiology of ALS, the hSOD1%°*# mutation is a com- with non-neuronal cells such as microglia.”® Indeed, limited data
paratively rare ALS mutation in humans.®® Accordingly, it is indicate that glial activation may precede neurodegeneration in
uncertain to what extent the observed interaction between TBI FTD/ALS, including TDP-43 mislocalization and accumulation.”’
and hSOD1%%*# pathology translates to other FTD/ALS-associated For example, disease-causing mutations in microglia promote
gene mutations, which encode proteins implicated in a wide range TDP-43 aggregation and cell death, suggesting that TDP-43 protei-
of cellular processes that may drive neurodegeneration through a nopathy and neurodegeneration in FTD are interlinked with chron-
different mechanism than the hSOD1%%*# mutation. More import- ic microglial activation.”* Microglial activation has been found in
ant, not all of the above murine hSOD1%°*4 models conducted de- FTD/ALS patients,?” 2>’ but the contribution to different disease
tailed histopathological analyses after TBI, none demonstrated processes is currently not well delineated. Finally, persistent or ir-
that TBI accentuated cortical neuropathology when compared to reversible cytoplasmic accumulation of TDP-43 is a major patho-
Ntg TBI animals.5*%° In those cases, it is possible that the described logical event in tau-negative cases of FTD'® and a direct relation
TBI-related behavioural dysfunction and mortality were driven by between TDP-43 and axon biology has recently been defined
non-specific mechanisms. For example, TBI may result in weight through the important observation that TDP-43 is essential for
loss that adversely impacts functional performance and increases the normal splicing and function of stathmin-2.>7* Intriguingly,
mortality without affecting neuropathology.®® the magnitude of TDP-43 and synaptic marker staining loss in

We now show that the interaction between multiple mild head C9BAC mice was similar in both hemispheres at 1 year. In contrast,
injuries dramatically enhances the initiation of a neurodegenera- the extent of neuronal and axonal loss was significantly greater in

tive process over an extended follow-up time in mice with an the injured hemisphere. This suggests that TDP-43 and synaptic
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Figure 6 Persistent microglial activation in COBAC mice at 12 months after repetitive TBI. (A) Representative photomicrographs of Iba-1 stained micro-
glia with corresponding outline used for Sholl analysis. (B) At 12 months after rTBI, C9BAC mice exhibited a significant increase in the number of Iba-1
stained cells in both the ipsilateral injured (hatched bars) and contralateral non-injured cortex underlying the impact centre (P < 0.001 for group effect,
P =0.471 for left versus right ROI, P =0.870 for Group x ROI interaction) without (C) corresponding astroglial activation (P < 0.124 for group effect, P=
0.429 for left versus right ROI, P = 0.404 for Group x ROI interaction). (D) Sholl analysis conducted in the ipsilateral cortex (highlighted by blue square
in top diagram) indicated significant enlargement and (E) ramification of microglia of CO9BAC mice after rTBI. Scale bar = 10 pm. Data are mean +
SEM. n=9-12 per group except n=4 per sham groups and n =6 per for TBI groups for Sholl analysis. *P < 0.05, **P < 0.01, ***P < 0.001 for between group
comparisons in B-D and versus Ntg rTBI in E (post hoc pairwise comparisons were adjusted using Tukey’s test in D and the FDR in B, C and E). For clarity,

only significant results are indicated in the figure.

pathology precede neuronal and axonal degeneration. Our model is
well suited to further dissect the specific links between microglial
activation, TDP-43 mislocalization and neuronal degeneration after
rTBI in murine HRE carriers.

In addition to the striking rTBI-induced neuropathology, injured
C9BAC miice displayed significant behavioural alterations. Specifically,
r'TBI caused a reduction in limb function, altered sociability behaviours
that have been associated with increased stress and anxiety-like beha-
viours,***? as well as reduced USV emissions at 12 months, findings
that were not present in uninjured control C9BAC mice. Interestingly,
these observations are consistent with the reported motor deficits
and anxiety-like behaviour described in a different COBAC mouse mod-
el containing the full-length C9orf72 gene with substantial flanking se-
quence to drive expression of sense and antisense transcripts.*
Nevertheless, one limitation of our study is that we lack human data.

While murine models may mimic many important aspects of human
disease, they cannot fully replicate the full clinical and pathological
spectrum of cOFTD/ALS. Further, although we found that injured
C9BAC mice displayed behaviours that mimic some of the phenotypes
observed in human c9FTD/ALS," %" a direct extrapolation of murine
behavioural dysfunction to the human condition is not possible.
Moreover, further study is required to both determine whether rTBI pro-
motes the formation of RNA foci and toxic aggregates of
repeat-associated non-AUG (RAN) translated poly-dipeptides as well
as to resolve their relation to neuropathology and behavioural dysfunc-
tion in this model. A better understanding of these relationships may
aid the development of novel therapeutic approaches aimed at blocking
C9orf72 HRE associated pathology. While such treatments might pri-
marily target c9FTD/ALS’>” it is conceivable that they could also be uti-
lized to more broadly treat TBL. As above, TDP-43 proteinopathy is
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common in TBI and several TBI-associated neurodegenerative diseases
including cO9FTD/ALS and thought to represent an important driver of
neurodegeneration. Indeed, alleviating TDP-43 pathology reduced
neuronal loss in mice carrying a C9orf72 HRE’” and blocking calpain-2
in Ntg mice subjected to rTBI resulted in attenuation of both TDP-43
pathology and axonal loss’® suggesting that targeting TDP-43 pathology
could reduce neuronal injury after TBI.

In summary, our data support the concept that rTBI is sufficient
to trigger FTD/ALS-like neuropathology and behavioural deficits in
mice carrying a C9orf72 HRE. Our model provides an important tool
both to further dissect the molecular mechanisms by which rTBI
drives pathology in this complex disease and to test potential
therapeutic strategies for both c9FTD/ALS as well as TBI.

Data availability

All relevant data are included within this manuscript and the
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