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A B S T R A C T

Traumatic brain injury (TBI) has been proposed as a risk factor for neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS). To determine whether TBI might trigger or exacerbate ALS-relevant pa-
thology, we delivered a mild stab-wound injury to the motor cortex of three different ALS mouse models ex-
pressing mutations in SOD1, TDP-43 or FUS and scrutinized the effects on the formation of phospho-TDP-43
(pTDP-43) cytoplasmic granules. Stab-injury induced the formation of cytoplasmic TDP-43 granules in wt ani-
mals, peaking at 3 dpi; a much larger response was seen in mutant TDP-43 mice, whose response peaked at 7 dpi.
The pTDP-43 granules did not colocalize with the stress markers TIAR-1 and FUS but colocalized with FMRP
(35%) and with p62 (65%), suggesting their involvement in transport granules and their clearance by autop-
hagy. A similar, albeit smaller effect, was seen in mutant FUS mice. In the SOD1G93A mouse model, neither
increase in pTDP-43 granules nor in SOD1 aggregates were detected. In all cases, pTDP-43 granules were cleared
and the number of pTDP-43-positive neurons returned to baseline by 40 dpi. Neither injury-related neuronal loss
nor motor performance or survival was significantly different in transgenic mice receiving injury vs sham mice.
Thus, trauma can trigger ALS-related TDP-43 pathology, the extent of which is modulated by ALS-related mu-
tations. However, the pathological findings prove reversible and do not affect disease progression and neuronal
vulnerability.

1. Introduction

Amyotrophic lateral sclerosis is the most common human adult
motor neuron disease, characterized by an onset in the sixth-seventh
decade and a progressive course of 4–5 years on average (Caller et al.,
2015; Couratier et al., 2016). Up to 20 mutated genes are currently
known to be causally linked to the disease (Hübers et al., 2015;
Freischmidt et al., 2015; Brenner et al., 2016; Riva et al., 2016). The
majority of ALS patients does not carry mutations in known ALS-related
genes and it is thought that causative environmental factors contribute
to sporadic ALS, either on their own or, most likely, on the top of a
background of genetic susceptibility (Steinberg et al., 2015; Xi et al.,
2014). Notably, a majority of both sporadic and genetic cases display
aggregates of TDP-43 and FUS, whose mutations are causally linked to

ALS (Neumann et al., 2009; Urwin et al., 2010).
Traumatic brain injury (head trauma in general) has been re-

peatedly (yet controversially) associated with motor neuron disease,
based on epidemiological and neuropathological evidence. High ALS
incidence in professional soccer and football players (Chiò et al., 2005;
Lehman et al., 2012) suggests that subclinical lesions of the grey matter
may be involved in triggering pathogenic cascades related to ALS or
FTD (Wang et al., 2015). Indeed, chronic traumatic encephalopathy, a
degenerative brain disease found in athletes, was associated with TDP-
43 deposition, a hallmark of ALS pathobiochemistry (McKee et al.,
2010; Brettschneider et al., 2013; Brettschneider et al., 2014). In TBI
brain samples, increased immunoreactivity for TDP-43 (but not pa-
thological inclusions) has been established (Johnson et al., 2011).
Traumatic damage (Rosenbohm et al., 2014) or arteriovenous
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malformations (Valavanis et al., 2014) of the primary motor cortex
have also been associated with risk for ALS. According to a case study,
head trauma could also have triggered the appearance of the disease in
only one of two monozygous twins both carriers of the C9ORF72 ex-
pansion but being discordant for clinical phenotype (Xi et al., 2014).
However, the relationship between head trauma and ALS was not ob-
served in a large Swedish cohort (Peters et al., 2013) and previous head
injury did not increase the rate of progression in ALS patients (Fournier
et al., 2015). A meta-analysis of several studies was inconclusive
(Armon and Nelson, 2012). Therefore, it remains controversial whether
traumatic brain injuries, in particular motor cortex injuries, affecting
pre-symptomatic gene-carriers may constitute a triggering factor for
ALS-related pathology and lead to the manifestation of the disease.

In this study, we set out to investigate whether a controlled damage
to primary motor cortex in murine models of ALS (SOD1, TDP-43, FUS),
delivered before the appearance of degenerative symptoms, could
trigger ALS-related pathobiochemisty and lead to an earlier onset or an
accelerated progression of the motor impairment.

2. Materials and methods

2.1. Animals

All procedures were performed in agreement with the local and
national animal welfare legislation, under permit no. 1214 and permit
no. 1222. Transgenic TDP-43G298S mice, transgenic SOD1G93A mice and
FUSΔNLS/+ mice were maintained and genotyped as described (Scekic-
Zahirovic et al., 2016; Gurney et al., 1994). Transgenic TDP-43G298S

mice will be object of a detailed independent publication and were
obtained with the same approach as previously reported (Shan et al.,
2010) using the Thy1 promoter to drive the expression of mutant
human TDP-43. Mice were maintained at 22 °C with a 14/10 h light/
dark cycle and had food and water ad libitum. Mice were regularly
monitored to assess onset and progression of symptoms and were
considered to be at end stage when they were not able to right them-
selves immediately when placed on their side. For histological analysis,
animals were deeply anesthetized with 1 mg/kg body weight ketamine
chlorhydrate and 0.5 mg/kg body weight xylazine, and transcardially
perfused with 4% paraformaldehyde in 0.1 M pH 7.4 phosphate buffer.
After perfusion, the tissue was dissected quickly, post-fixed for 24 h in
4% paraformaldehyde and cryoprotected for 48 h in 30% sucrose in
PBS. Brains were then embedded in tissue tek before cryostat sec-
tioning.

2.2. Surgical lesion of the primary motor cortex

Experimental lesion to primary motor cortex was performed with
the stab-injury protocol previously reported (Buffo et al., 2008) in
correspondence with primary motor cortex stereotactic coordinates
(+1, +1, −0.8, Paxinos Mouse Brain Atlas). In brief, 60 days old mice
were anesthetized with an intraperitoneal injection of midazolam
(5 mg/kg of body weight), medetomidine (0.5 mg/kg) and fentanyl
(0.05 mg/kg) and a unilateral craniotomy (diameter of 3 mm) was
performed 1 mm anterior to the bregma and 1 mm to the right of the
midline. For producing a stab-injury, a lancet-shaped knife was inserted
into the primary motor cortex, to a depth of 0.8 mm, and moved 1 mm
in a dorsal direction. The craniotomy was covered with a permanent
cutaneous suture (Vicryl 4–0 (SH-1 plus)). Anesthesia was antagonized
with an intraperitoneal injection of atipamezole (2.5 mg per kg), flu-
mazenil (0.5 mg per kg) and buprenorphine (0.1 mg per kg).

2.3. Weight-drop closed TBI model

The weight-drop TBI model was performed in agreement with
published protocol (Flierl et al., 2009). Briefly, B6SJL wt male mice
aged 80–90 days were pre-treated with buprenorphine (0.1 mg/kg by

subcutaneously injection) and put under sevoflurane anesthesia (2,5%
in 97,5% O2). The scalp skin was incised on the midline to expose the
skull. Animals were then manually positioned in the weight-drop ap-
paratus, as previously described, with the impactor site localized at the
center of the right parietal bone. TBI was delivered by a 333 g impactor
free-falling from a 2 cm distance. After the weight drop, animals were
administered 100% O2 and monitored for the apnea time. Once spon-
taneous breathing was restored, the scalp skin of the anesthetized mice
was stitched with Prolene 6.0 surgical thread and the animals were
transferred to a warmed recovery cage (single-housed) with ad libitum
access to food and water. Additional doses of buprenorphine were ad-
ministered every 12 h for the following 24 h post-injury. To avoid un-
necessary suffering of the mice, their general state was checked reg-
ularly using a score sheet developed for TBI, determining (NSS score)
fixed termination criteria. Effort was made to minimize animal suf-
fering and reduce the number of required animals.

2.4. Behavioral testing

Starting at the age of 3 weeks, male mice were put into the running
wheel cages and handled every day. Motor performance was recorded
every night, during the dark phase for 10 h. Once per week, starting at
the age of 4 weeks, body weight, inverted grid test and grip strength
(forelimbs only and all-four limbs) were assessed for each transgenic
and wild type mouse. Grip strength measurements were done using a
grip strength meter (Bioseb gripmeter, Vitrolles, France). Each mea-
surement was performed in triplicates and data were averaged. The
inverted grid was performed to measure the muscular strength and
motor coordination of the mice (van Putten et al., 2010). The mouse
was placed on the grid and the grid was turned. The time was recorded
from the turning of the grid till the mouse fell down (maximum of 300 s
hanging time).

2.5. Immunohistochemistry

Free floating brain cryosections (40 μm) were prepared and pro-
cessed according to previously published protocols. Primary antibodies
(anti-pTDP-43 [Ser409/410] SIG-39852, Biolegend (1:200); anti TIAR-
1, Santa Cruz biotechnology(1:500); anti-FMRP, Abcam (1:200); anti-
SQSTM1/p62, Abcam (1:100); FUS/TLS, Proteintech (1:100); B8H10
monoclonal antibody misfolded SOD, MediMabs antibodies, (1:500))
diluted in donkey serum 3%/0.1% TritonX-100 in PBS were incubated
overnight at 4 °C. Secondary antibodies (Donkey anti rabbit Alexa Fluor
568, A10042, Life Technologies; donkey anti mouse Alexa Fluor 488,
ab150153, Abcam; donkey anti rat Alexa Flour 488, abcam; all 1:1000)
were incubated for 2 h at room temperature. Slides were mounted using
ProLong® Gold antifade reagent (molecular probes, Life Technologies).
For visualizing neurons in the mouse brain NeuroTrace® 435/455 Blue
Fluorescent Nissl Stain (N21479, Thermo Fischer Scientific) was used.
Images were acquired with a laser scanning microscope (Zeiss 710)
equipped with a Plan-Apochromat 63× oil DIC immersion lens. Images
(more-dimensional stacks) were acquired and analyzed using Zeiss ZEN
2010 software and ImageJ 1.44p. Optical stacks containing 20 optical
sections, each 0.5 μm thick, were collapsed and used for the analysis of
pTDP-43 granules in the cytoplasm. The numbers of pTDP-43+ neurons
(neurons with> 3 pTDP-43 granules in the cytoplasm were considered
positive) were counted and correlated to the total numbers of neuronal
cells. Results are represented as means ± SEM.

2.6. Statistical procedures

For statistical analysis, one-way ANOVA was used for comparing
mean values that were considered significantly different. Data are
presented as mean ± standard error of the mean (SEM). Graph Prism
software (GraphPad Software Inc.) was used to perform statistical
analysis.
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3. Results

3.1. Focal injury to motor cortex triggers the formation of cytoplasmic
pTDP-43 granules in wild type mice

Phosphorylation and translocation to the cytoplasm of TDP-43 are
thought to be important steps in ALS pathogenesis, and are known to
take place in response to inflammatory stimuli or metabolic stress

(Correia et al., 2015; Dewey et al., 2011). Therefore, we tested if the
experimental injury to the motor cortex in wild type (wt) animals in-
duced translocation of TDP-43 to the cytoplasm and the formation of
phosphorylated, cytoplasmic granules in neurons. To this purpose, we
performed a focal mechanical lesion (or sham surgery) in the primary
motor cortex (Simon et al., 2011; Buffo et al., 2008) and sacrificed
animals 3, 7, 40 and 90 days post injury (dpi) (Fig. 1A, B). Sections
encompassing the site of injury in the motor cortex were

Fig. 1. (A) schematic representation of the surgical lesion to primary motor cortex and stab wound (red line) into layer V (http://www.mbl.org/atlas165/15.html) and analyzed area
(layer V) (B) Schematic representation of the experimental design: stab injury was performed at P60 and animals were sacrificed at 3,7,40 and 90 dpi. (C) Immunostaining for NeuN,
NeuroTrace and pTDP-43, in order to highlight the nucleus, the cytoplasm and pTDP-43 granules, respectively, reveals the cytoplasmic localization of pTDP-43 granules. (D-E) im-
munofluorescence images from layer V neurons of wildtype (WT; B6SJL) mice 3, 7 and 90 dpi. (E) Top panel: pTDP-43 granules in the cytoplasm are marked with arrows; middle panel:
morphology of layer V neurons labeled with NeuroTrace; bottom panel: merged images of layer V neurons with pTDP-43 granules. Scale bar (D) = 20 μm (C,E) = 5 μm. (F) percentage of
pTDP-43+ neurons (layer V neurons that displayed pTDP-43 granules in the cytoplasm); **p < 0.1, ***p < 0.001. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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immunostained with anti-phospho-TDP-43 (together with NeuroTrace®
as neuronal marker). Both at 3 dpi and 7 dpi, the nuclear pool of pTDP-
43 was substantially preserved and only small granules could be de-
tected in the cytoplasm of a subset of neurons (Fig. 1C). In fact, in
control (sham-operated) wild type-mice, about 6% (6.02 ± 1.03%) of
neurons in layer V of motor cortex displayed cytoplasmic pTDP-43+

granules (henceforth “pTDP-43+ neurons”). The number of pTDP-43+

neurons were strongly increased 3 days after injury (22.20 ± 3.39% vs
9.92 ± 2.56% in sham controls; p < 0.01) and declined slightly at the
7 dpi time point (16.60 ± 2.45% vs 7.74 ± 1.53% in sham controls;
p < 0.01; Fig. 1D–F).

Notably, pTDP-43 granules were cleared from layer V neurons with
time and the percentage of neurons displaying such granules declined
to baseline values at 40 dpi (4.55 ± 1.78% of baseline, not shown) and
remained at this level at later time point (90 dpi: 6.48 ± 1.81% of
pTDP-43+ neurons compared to 6% at baseline, p > 0.05; Fig. 2C).

Since a stab-injury TBI is exceedingly rare in human patients (al-
though provides high experimental reproducibility), we investigated if
a similar effect on pTDP-43+ granules was detectable in mild TBI
based on a closed, blunt weight-drop model. Wt mice were subject to a
2-cm weight-drop TBI (according to Flierl et al., 2009) and sacrificed at
3 or 7 dpi. In contrast to stab-injury, major disruptions of the motor
cortex (such as tearing of the cortical ribbon) or blood extravasation
(traumatic hemorrhage) were not observed in the weight-drop model.
Interestingly, neither the number of pTDP-43+ neurons nor the burden
of pTDP-43 granules per neuron were increased in the weight-drop
model (Suppl. Fig. 1), suggesting that a certain degree of tissue dis-
ruption is necessary for the induction of pTDP-43 granules.

3.2. Cytoplasmic pTDP-43+ granules formation is enhanced in TDP-
43G298S and FUSΔNLS/+ mice

Next, we tested if ALS-related mutations in TDP-43G298S (henceforth
“TDP mice”) or FUSΔNLS/+ (henceforth “FUS mice”) mice may sig-
nificantly affect the formation of cytoplasmic pTDP-43+ granules in
response to traumatic injury.

At baseline, control TDP-43 mice displayed a higher percentage of
pTDP-43+ neurons than control B6SJL-WT mice (18.23 ± 2.42% vs
6.02 ± 1.03% in wt mice; Fig. 2). After the stab injury, TDP-43
transgenic (tg) mice displayed an increase in pTDP-43+ neurons at
3 days compared to baseline (30.65 ± 4.02% vs 18.23 ± 2.42% at
baseline, p < 0.01; when compared to wt littermates,
22.20 ± 3.39%, p > 0.05; Fig. 2A–C) and a further increase at 7 days
after the injury (up to 38.37 ± 4.38% pTDP-43+ neurons), whereas,
pTDP-43+ neurons did not decline in wt mice at 7 dpi
(16.60 ± 2.45%; Fig. 2C). Notably, the burden of pTDP-43+ granules
in each neuron (the percentage of volume occupied by granules in the
cytoplasm) was not larger in the neurons of injured TDP-43 tg mice
when compared to wt mice at any age (not shown).

Interestingly, the percentage of pTDP-43+ neurons declined pro-
gressively, being comparable at 40 dpi (10.82% ± 1.79%) and 90 dpi
with baseline TDP-43 tg mice (still higher than in wt animals:
16.37 ± 2.79% vs 6.48 ± 1.81%; p < 0.001).

On the other hand, the percentage of pTDP-43+ neurons was
comparable in control FUS mice and control C57BL/6 Tac-wt mice
(0.56 ± 0.42% in control FUS mice compared to 1.10 ± 0.53% in
control wt mice; Fig. 4). However, the absolute values of pTDP-43+

neurons in C57BL/6 Tac-wt mice were significantly lower when com-
pared to control wt mice of a different genetic background
(1.10 ± 0.53% in C57BL/6 Tac compared to 6.02 ± 1.03% in

B6SJL). Three days after injury neither FUS mice nor their wt controls
displayed a significant increase in pTDP-43+ neurons. However, at
7 dpi the percentage of pTDP-43+ neurons were slightly increased in wt
mice (1.80 ± 0.72%, as compared to 1.00 ± 0.69% in control mice
and 0.88 ± 0.62% at 3 dpi) but strongly augmented in FUS mice
(3.62 ± 1.31% compared to 0.37 ± 0.37% at 3 dpi; p < 0.05 when
compared to the 7 dpi wt and to 3 dpi wt or FUS). Similar to what is
observed in TDP-43 tg mice, the percentage of pTDP-43+ neurons de-
creased to baseline at the 90 dpi (when it was no longer different from
wt littermates).

3.3. Cytoplasmic pTDP-43+ granules constitute a heterogeneous population
partially colocalizing with RNA binding proteins and autophagy markers

TDP-43 takes part in the composition of several RNA-processing
granules, together with several other RNA-binding proteins. In order to
detail the nature of the pTDP-43 granules, we performed double-im-
munostaining for pTDP-43 and for the RNA-binding proteins TIAR1,
FUS and FMRP or for the autophagy marker p62 in cortical samples
from TDP-43G298S mice at 7 dpi. Interestingly, only 4.25 ± 2.10% of
pTDP-43 granules was also positive for the stress-granules marker
TIAR1 (Fig. 3A,E) and only 6.05 ± 1.35% of pTDP-43 granules was
immunopositive for FUS (Fig. 3D,E). Notably, 39.17 ± 5.46% of
pTDP-43 granules were immunopositive for FMRP (Fig. 3B,E), sug-
gesting that they may belong to the family of transport RNA granules
(Dictenberg et al., 2008; Coyne et al., 2015). However, 58.17 ± 5.37%
of pTDP-43 granules colocalized with the autophagy marker p62
(Fig. 3C,E), implying that, irrespective of their original identity, the
majority of pTDP-43 granules were targeted for autophagy.

Thus, the pTDP-43 granules induced by the stab-injury appear to be
heterogeneous and, for substantial fraction, part of the transport
granules group but not of the stress-granules group; furthermore, they
appear to be undergoing autophagic degradation.

3.4. Enhanced astrocytes and leukocytes response to stab injury in TDP-
43G298S mice

The neuroinflammatory activation is both a hallmark of the pa-
thogenic cascade set in motion by TBI and is a critical component of the
non-cell-autonomous pathways in ALS (Gyoneva et al., 2015; Philips
and Robberecht, 2011). Therefore, we explored if the different induc-
tions of neuronal pTDP-43 pathologies were mirrored in the differential
activation of glial cells (Fig. 2D–E). In wt mice, the stab injury resulted
in the activation of astrocytes (as detected by the increased coverage of
GFAP+ processes) at 7 dpi (287.28 ± 22.49% of baseline, p < 0.001)
but not at 3 dpi (108.30 ± 2.99% of baseline, p > 0.05; Fig. 2D–E).
Surprisingly, in TDP-43G298S mice, the response of astrocytes was al-
ready strongly detectable at 3 dpi (297.40 ± 17.29% of baseline,
p < 0.001) and was significantly larger at 7 dpi (455.30 ± 16.30% of
baseline, p < 0.001; Fig. 2D–E).

Likewise, microglial activation (as shown by Iba-1 staining) was
markedly increased at 3 dpi in TDP-43G298S mice when compared to wt
mice (159.70 ± 3.28% of baseline in TDP-43 G298S mice, vs
105.4 ± 3.3% in wt littermates, p < 0.01; Fig. 2F–G) but became
comparable at 7 dpi (166.70 ± 3.20% vs 173.35 ± 6.5%, p > 0.05;
Fig. 2F–G).

Finally, we monitored the appearance of CD45+ cells (highlighting
the infiltration of leukocytes). Wt mice displayed a modest increase in
CD45+ cells at 3 and 7 dpi (3 dpi: 0.1 ± 0.04/0.04mm2; 7 dpi:
2.75 ± 0.48/0.04 mm2); on the other hand, TDP-43G298S mice showed

Fig. 2. (A,B) immunofluorescence images from layer V neurons of TDP-43G298S mice, 3, 7, 40 and 90 dpi. (B) Top panel: pTDP-43 granules in the cytoplasm are marked with arrows;
middle panel: morphology of layer V neurons labeled with NeuroTrace; bottom panel: merged images of layer V neurons with pTDP-43 granules. Scale bar (A) = 20 μm (B) = 5 μm. (C)
Percentage of pTDP-43+ neurons in wildtype - (WT; B6SJL) and TDP-43G298S mice (TDP-43). (D–E) Immunostaining for the astrocyte marker GFAP reveals increased gliotic response to
trauma in TDP-43G298S. (F–G) Microglial response to trauma is comparable in WT and TDP-43G298S mice. (HeI) Leukocytes infiltration (CD45+ cells) upon stab injury is strongly
enhanced in TDP-43G298S mice. Scale bar = 20 μm *p < 0.5, ***p < 0.001.
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a four-fold increase in CD45+ cells (compared to wt) at 3 dpi and at
7 dpi (3 dpi: 10.0 ± 1.47/0.04mm2; 7 dpi: 10.5 ± 2.1/0.04mm2;
both p < 0.01 vs wt; Fig. 2HeI).

Thus, the glial and inflammatory reaction to TBI was significantly
more pronounced in TDP-43G298S mice, despite the neuronal-restriction
to the expression of the transgene.

3.5. Cytoplasmic pTDP-43+ granules formation is not increased in low-
copy SOD1G93A transgenic mice

We then proceeded to analyze injury-induced pTDP-43+ granule
formation in the low-copy (i.e., slow progressing) SOD1G93A transgenic
mouse (henceforth, SOD1 mice; Gurney et al., 1994). At baseline, the
number of pTDP-43+ neurons was comparable between control B6SJL-
wt and control SOD1 mice. Surprisingly, mild stab wound TBI did not
lead to an increase of pTDP-43+ neurons in SOD1 mice at any time
point tested, with the values remaining at (or even below) baseline
(Fig. 5).

Notably, we detected a significant effect of the background strain in
the pTDP-43 response after traumatic injury: C57BL/6 Tac (wildtype to
FUS) mice (Suppl. Fig. 2): showed a number of pTDP-43+ neurons at
baseline as well as at 3 and 7 dpi which was significantly larger than
what was observed in B6SJL (wild type to TDP-43 and SOD1; at base-
line, 6.02 ± 1.03% vs 1.10 ± 0.53%, p < 0.001).

Finally, we verified whether, despite not increasing TDP-43 pa-
thology, TBI could trigger the increase of the burden of misfolded SOD1
pathology. To this aim, we immunostained cortical sections spanning
the injury site with the misfolded-SOD1-specific monoclonal antibody
B8H10 (Pickles et al., 2013). Cytoplasmic aggregates positive for

misfolded SOD1 could be detected both in sham and in TBI samples. At
7 dpi, there was no difference in the number of misfSOD1+ neurons and
the burden of misfSOD1 in positive neurons (SOD1 sham vs
SOD1 + TBI: 42.00 ± 5.69% vs 53.68 ± 6.49%). Both sham and TBI
mice displayed a marked increase in the number of misfSOD1+ neurons
at 90 dpi but also at this age also there was no difference between the
two groups (SOD1 sham vs SOD1 + TBI: 85.86 ± 7.29% vs
84.65 ± 3.90%; Fig. 5D–E).

Thus, in the SOD1(G93A) mouse model, TBI did not affect the ap-
pearance of TDP-43 or SOD1 pathology.

3.6. Dose-dependent effect of injury on formation of pTDP-43 granules

Since the pathological consequences of the injury may non-linearly
depend on the extent of the damage, we compared two injury models in
wt and TDP-43 tg mice: a single linear cut in the motor cortex (“simple
injury”) and three parallel cuts, spaced 200 μm, in the same site (ex-
tended injury) (Fig. 6).

In wt mice, the extended injury caused a significant increase in the
percentage of pTDP-43+ neurons at the 3 dpi (up to 31.56 ± 3.15%
vs. 22.20 ± 3.39% in simple injury and at the 7 dpi (34.22 ± 3.54%
vs. 16.60 ± 2.45% in simple injury) time points. At 90 days, the per-
centage of pTDP-43+ neurons were similar in both wt groups (ex-
tended: 11.39 ± 2.24% vs simple: 6.48 ± 1.81%), reaching baseline
levels.

However, when simple and extended injury models were applied to
the TDP-43 tg mice, the extended injury did not cause any further in-
crease in the percentage of pTDP-43+ neurons at 3 days after injury
compared to the simple injury (30.31 ± 2.65% vs simple

Fig. 3. Colocalization of pTDP-43 granules with stress granules markers TIAR1 (A), FUS (D), transport granules FMRP (B) and autophagy structures p62 (C) reveals that although only 5%
(quantification in E) of pTDP-43 granules are stress granules, a large fraction (about 35%) belongs to the transport granules group and that the majority (65%) may be involved in
autophagic degradation. Scale bar = 5 μm.
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30.65 ± 4.02%). On the other hand, at 7 dpi, extended injury TDP-43
tg mice displayed a significant increase (up to 53.01 ± 2.91%, vs
38.37 ± 4.38% in the simple injury group) in the percentage of neu-
rons displaying cytoplasmic pTDP-43+ granules. Finally, at 90 dpi, the
percentage of pTDP-43+ neurons in TDP-43 tg mice which underwent
simple injury or extended injury was almost equal (simple
16.37 ± 2.79% vs extended 10.93 ± 2.42%). The burden of pTDP-
43+ granules in each positive neuron was comparable between the
extended injury group and the simple injury group at all time points
analyzed, indicating that a more severe lesion increases only the
number of affected neurons but not the amount of cytoplasmic pTDP-43
granules.

3.7. Neuronal viability and long-term motor performance after stab injury is
not worsened in ALS mouse models

The severity of the injury (stab size and location) was highly re-
producible in all mice that underwent stab wound injury. The overall
number of cortical neurons in a volume of interest located in layer V,
medial to the injury, was not significantly lower, at 3, 7 or 90 dpi, in
TDP-43, FUS or SOD1 mice when compared to control or to the cor-
responding wt mice (Suppl. Fig. 3 and data not shown), implying that
the different mutations, although pathogenic for the development of
ALS/FTD, did not increase the vulnerability to traumatic injury.

Finally, we examined the long-term consequences of traumatic
brain injury in the context of different genetic backgrounds and mu-
tation status. Despite the prominent response in terms of pTDP-43+

granule formation, neither acute nor long-term effects on motor per-
formance were detected in both wt strains or in the TDP-43 or in the
SOD1 transgenic line (because of the lack of TBI effect on TDP-43 and
SOD1 mice, of the limited effect on pTDP-43 granules in the FUS mice
and given the absence of overt phenotype in this line, as shown in
Supplementary Fig. 5, a full analysis any of the effect of TBI on FUS

mice motor performance was not performed in order to avoid un-
necessary suffering of experimental animals, according to current reg-
ulation). In particular, the progression of the impairment of grip
strength and motor activity in the running-wheel test were comparable
between control and TBI-mice, although transgenic mouse lines dis-
played differences in baseline performance as well as a progressive
worsening (whose speed and extent was not affected by the traumatic
lesion, either). In line with these observations, overall body weight
profiles, disease onset and progression were not affected by the trau-
matic lesion in wt or in any of the transgenic lines (Suppl. Fig. 4).
Likewise, survival of SOD1 and TDP-43 mice was not influenced by the
traumatic lesion (data not shown).

4. Discussion

The pathogenesis of neurodegenerative conditions seems to be de-
termined by the interaction of the genetic basis with a number of dis-
parate environmental factors. Even though the number of genes asso-
ciated with ALS is continuously growing, there is renewed attention to
the non-genetic events that may trigger, accelerate or complicate the
pathogenic process of ALS (Al-Chalabi and Pearce, 2015). It has been
hypothesized that ALS onset may result from a multi-step chain of pa-
thogenic events with up to 6 independent events (Al-Chalabi et al.,
2014). However, the nature of the non-genetic events and how they
interact with the genetic mutations remains elusive.

Brain trauma is considered as a risk factor for several neurodegen-
erative conditions. In fact, remote trauma increases the risk of
Alzheimer's disease (Schofield et al., 1997) and lowers the age of onset
of the disease (Nemetz et al., 1999). Similar effects have been described
in Parkinson's disease (Goldman et al., 2006) and in Frontotemporal
Dementia (Kalkonde et al., 2012). In ALS, traumatic brain injury may
be involved as modifier of the onset or of the progression of the disease
(Xi et al., 2014; Peters et al., 2013; Rosenbohm et al., 2014; Lehman

Fig. 4. Delayed appearance of pTDP-43 granules in FUSΔNLS/+ mice (A–B) Immunofluorescence images from layer V neurons of, 3, 7 and 90 dpi show that pTDP-43 granules only appear
at 7 dpi but not at 3 dpi in mutant FUS mice. Scale bar = 5 μm. *p < 0.5. (C) immunofluorescence image of TDP-43 granules outside the nucleus at higher magnification (FUSΔNLS/+

7 dpi), Scale bar = 2 μm.
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et al., 2012; Armon and Nelson, 2012). Furthermore, since TDP-43
proteinopathy has been hypothesized to propagate across neuronal
networks (Braak et al., 2013), trauma-initiated ALS pathobiochemistry
may actually act as a seed for disease initiation.

In order to elucidate the interaction between traumatic lesion of the
motor cortex and specific vulnerability genotypes in shaping the ap-
pearance of ALS-related pathobiochemistry, we performed a highly
reproducible, limited stab wound injury in the motor cortex of different
strains of wt mice and mice carrying pathogenic mutations in TDP-43,
FUS or SOD1.

As relevant readout, we analyzed the appearance of cytoplasmic
granules of phosphorylated TDP-43 in neurons, which are related to the
hallmark pathology of ALS and may be an intermediate step of the
propagation itself in the “physical propagation” model (Braak et al.,

2013). Notably, these granules do not seem to be part of stress granules,
but, at least for a fraction, take part in complexes with the transport-
granules protein FMRP. TDP-43/FMRP complexes have been previously
reported (Majumder et al., 2016) to be involved in the repression of the
translation of several cytoskeletal and synaptic proteins mRNA; there-
fore, the formation and the later clearance of the p-TDP-43 granules
may be part of the cytoskeletal remodeling and regeneration that takes
places after injury.

In the stab-injury model, the appearance of pTDP-43 granules was
transient, going back to baseline after 40 dpi, implying that irrespective
of the presence of genetic mutations in the TDP-43 molecule itself or in
other ALS-related genes, the presence of cytoplasmic pTDP-43 granules
is not an irreversible feature.

Interestingly, the kinetics of TDP-43 granules accumulation were

Fig. 5. (A) immunofluorescence images from layer V neurons of SOD1G93A mice, 3, 7 and 90 dpi. No pTDP-43 granule appears in the SOD1G93A mice upon stab injury to motor cortex. (B)
Corresponding WT littermates shown upregulation of pTDP-43 granules upon trauma. Scale bar = 5 μm. (C) percentage of pTDP-43+ neurons in wildtype - (WT; B6SJL) and SOD1G93A

mice (SOD).
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distinct in mice expressing wt TDP-43, mutant TDP-43 or mutant FUS.
Mutant TDP-43 mice continued accumulating TDP-43 granules at 7 dpi
whereas in wt TDP-43 mice the number of TDP-43 granules peaked at
3 dpi and were already declining at 7 dpi. Wt TDP-43 is normally
cleared by the proteasome and by the autophagic pathway, with the
latter being responsible of the degradation of aggregated TDP-43
(Scotter et al., 2014). In fact, the majority of pTDP-43 granules induced
by the stab-injury was colocalized with the autophagy marker p62.
Thus, it is conceivable that mutant TDP-43 mice, an imbalance between
granule formation (mutant TDP-43 is, in fact, prone to aggregation; Guo
et al., 2011) and clearance (which is itself regulated by TDP-43; Ying
et al., 2016) may contribute to the continuing build-up of pTDP-43
granules at 7 dpi.

Furthermore, inflammation induces cytoplasmic TDP-43 transloca-
tion (Correia et al., 2015) and the enhanced astrocyte and leukocyte
response observed in the mutant TDP-43 mice upon TBI may further
increase the burden of pTDP-43 granules in neurons. Of note, in the
mutant TDP-43 used for the present study, TDP-43G298S was driven by
the Thy1 promoter and therefore its expression was limited to neurons;
thus, we hypothesize that the astrocyte phenotype is non-cell-autono-
mous and driven by pathogenic events unfolding in neurons. Although
the role of TDP-43 in neuro-glial interaction in TBI has not been ex-
tensively investigated, TDP-43 has been reported to be essential for the

processing of IL-6 and IL-10 and depletion of TDP-43 reduces IL-6 and
IL-10 levels (Lee et al., 2015). Therefore, it is conceivable that mutant
TDP-43 may enhance the neuroinflammatory response to trauma.

In mutant FUS mice, pTDP-43 granules only appear at 7 dpi (in a
significantly larger number than in wt littermates). While the delayed
appearance of pTDP-43 granules appears to be an effect of the back-
ground of the mice (C57BL/6 Tac in FUS mice vs B6SJL in SOD1 and
TDP-43 mice), the effect of FUS on the autophagic pathway (Soo et al.,
2015) may be involved in increasing the burden of pTDP-43 granules
compared to wt littermates.

Surprisingly, SOD1 transgenic mice did not show any increase in
pTDP-43+ neurons in response to stab wound injury. Although this
finding is in line with the lack (or very late appearance) of pTDP-43
inclusions in SOD1 transgenic mice (Turner et al., 2008; Shan et al.,
2009; Thomsen et al., 2014) or in human patients carrying mutations in
the SOD1 gene (Mackenzie et al., 2007), it points out to a possible
fundamental difference in TDP-43 biology in the context of SOD1 mu-
tations. In particular, our findings are compatible with the recent evi-
dence that mutant SOD1 may directly interfere with and delay the
formation of stress granules (in which TDP-43 is a constituent) by se-
questering fundamental GTPases and RNA-binding proteins (Gal et al.,
2016).

Neuronal cell loss was not amplified by ALS-related genetic muta-
tions, nor was the progression of disease in the TDP-43 and SOD1 mice
influenced by the motor cortex lesion. Thus, cortical lesions can induce
a limited and transient increase in cytoplasmic pTDP-43 levels in the
form of granules, but this effect is neither intrinsically toxic to neurons
nor affects the overall disease course.

With due caution, extrapolation of such findings to humans would
imply that in patients at a genetic risk for ALS, a single, moderate
trauma of the motor cortex may set in motion an initial translocation of
TDP-43 to the cytoplasm which may revert to baseline unless additional
factors affect it. Therefore, isolated brain trauma or neurosurgical
procedures (such as diagnostic biopsies or therapeutic procedures) may
confer only a small additional risk to these patients. An additional
limitation of the present study is the detection of pTDP-43 granules only
in the stab-injury model but not in the weight-drop TBI model. Thus, it
is possible that pTDP-43 granules may appear only in case of significant
disruption of the tissue, e.g. in case of extensive lesion to axons and
dendrites. In fact, axotomy has been reported to be a substantial trigger
for TDP-43 translocation after peripheral nerve injury (Moisse et al.,
2009).

These findings suggest that the severity of the trauma, and the de-
gree of tissue damage, may be modifiers of the potential link between
TBI and ALS, and therefore these factors should be considered in the
design of clinical studies on the subject. Furthermore, our data are in
line with the clinical evidence which suggest that repeated trauma may
be a severe risk factor in ALS than isolated traumatic events (Chen
et al., 2007; Chiò et al., 2005). Since this study was limited to a single
injury (although different severities were explored), caution should be
used in extrapolating our observations to the effects of repeated
traumas.

According to the propagation hypothesis, the effect of such “in-
itiating lesion” may be higher in humans, who have monosynaptic
connections between upper and lower motor neurons (whereas murine
nervous systems largely lack such connections) that may provide a
faster diffusion pathway for TDP-43 (Braak et al., 2013; Braak et al.,
2016).

In a multi-event model, large population of affected neurons may be
more at risk for additional disruptive events that may prevent the
proper degradation of cytoplasmic TDP-43 granules. Thus, it is con-
ceivable that acquired or genetic defects in autophagy (Freischmidt
et al., 2015; Ciura et al., 2016) may worsen the cytoplasmic translo-
cation of pTDP-43 by slowing down or preventing its degradation. In
this framework, the pTDP-43 granules induced by trauma, may act as
initiating lesions, enhanced by the presence of genetic risk factors

Fig. 6. (A–B) More severe lesion to motor cortex results in a larger number of neurons
displaying pTDP-43 granules but not in a different kinetic of granules appearance com-
pared to mild injury. Scale bar = 5 μm.
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leading to dysfunction of other cellular pathways (TDP-43 itself, FUS,
and autophagy).

Of note, inflammatory reaction following trauma may be an im-
portant regulator of this initiating step. In fact, inflammatory stimuli
are sufficient to induce TDP-43 translocation to the cytoplasm (Correia
et al., 2015). Loss-of-function mutations in the anti-inflammatory factor
progranulin are linked to TDP-43-associated frontal cortical degenera-
tion although additional genetic or environmental risk factors are
thought to play a major role in determining their expressivity and pe-
netrance (Petkau and Leavitt, 2014).

Thus, although a lesion in the motor cortex may trigger the tem-
porary formation of a pool of neurons displaying cytoplasmic pTDP-43
granules (in all genotypes but mutant SOD1), this is not enough to
produce long-term granules or overt degeneration, even in presence of
ALS-related mutations in TDP-43, FUS or SOD1. In fact, no additional
loss of layer V neurons was detected in the ALS-related line (compared
to wt) and no difference in the rate of progression of motor impairment
has been detected. Although a more subtle effect on MN loss cannot be
discounted, the use of a behavioral, rather than histological criteria to
define disease progression provides a direct assessment of the relevance
of these data to human patients (while allowing the implementation of
“3R” rules for animal experimentation). Thus, a multi-event model of
ALS pathogenesis (Al-Chalabi and Hardiman, 2013; Al-Chalabi and
Pearce, 2015) may be better suited to account for the interaction of
genetic and environmental factors in the pathogenesis of ALS.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2017.09.011.
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