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Abstract

Modestly increased expression of transactive response DNA binding protein (TDP-43) gene
have been reported in amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD),
and other neuromuscular diseases. However, whether this modest elevation triggers neuro-
degeneration is not known. Although high levels of TDP-43 overexpression have been mod-
eled in mice and shown to cause early death, models with low-level overexpression that
mimic the human condition have not been established. In this study, transgenic mice over-
expressing wild type TDP-43 at less than 60% above the endogenous CNS levels were con-
structed, and their phenotypes analyzed by a variety of techniques, including biochemical,
molecular, histological, behavioral techniques and electromyography. The TDP-43 trans-
gene was expressed in neurons, astrocytes, and oligodendrocytes in the cortex and pre-
dominantly in astrocytes and oligodendrocytes in the spinal cord. The mice developed a
reproducible progressive weakness ending in paralysis in mid-life. Detailed analysis showed
~30% loss of large pyramidal neurons in the layer V motor cortex; in the spinal cord, severe
demyelination was accompanied by oligodendrocyte injury, protein aggregation, astrogliosis
and microgliosis, and elevation of neuroinflammation. Surprisingly, there was no loss of
lower motor neurons in the lumbar spinal cord despite the complete paralysis of the hin-
dlimbs. However, denervation was detected at the neuromuscular junction. These results
demonstrate that low-level TDP-43 overexpression can cause diverse aspects of ALS,
including late-onset and progressive motor dysfunction, neuroinflammation, and
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neurodegeneration. Our findings suggest that persistent modest elevations in TDP-43
expression can lead to ALS and other neurological disorders involving TDP-43 proteinopa-
thy. Because of the predictable and progressive clinical paralytic phenotype, this transgenic
mouse model will be useful in preclinical trial of therapeutics targeting neurological disorders
associated with elevated levels of TDP-43.

Introduction

ALS is a neurodegenerative disease that causes relentless, progressive loss of upper and lower
motor neurons leading to paralysis and death. Approximately 90 percent of ALS are sporadic,
whereas ~10 percent are familial. The mechanism of motor neuron degeneration in ALS is not
yet fully understood. Mutations in many genes can cause or enhance the risk of ALS. These
genes function in multiple cellular mechanisms, including protein homeostasis, RNA process-
ing, inflammation regulation, cytoskeleton dynamics, and intracellular trafficking, thus sug-
gesting that abnormalities in diverse pathways may lead to motor neuron neurodegeneration
in ALS [1, 2].

TDP-43 is an RNA binding protein whose intracellular inclusions are associated with
>97% of ALS cases [3-6]. Present predominantly in the nucleus, TDP-43 regulates many RNA
processes, including transcription, translation, splicing, and transport [7]. In addition, TDP-43
regulates some miRNA processing, participates in stress granule formation [8], and suppresses
cryptic exon expression [9]. TDP-43 function is essential for the survival of many types of cells
in mammals; ubiquitous knockout of TDP-43 results in early embryonic death in mice [10-
13].

Mutations in the TDP-43 gene cause familial ALS [14-16]. These mutations increase the
propensity of TDP-43 to misfold and aggregate [17] but have minimal effects on its mRNA
splicing function or participation in stress granule formation [18-21]. Mutant TDP-43 pro-
teins form insoluble intracellular aggregates in ALS patients [5]. Intriguingly, wild type TDP-
43 protein also forms aggregates in sporadic ALS patients and in a large fraction of familial
ALS that do not have TDP-43 mutations [3-5, 22]. This phenomenon of TDP-43 aggregation,
designated as TDP-43 proteinopathy, is evident in motor neurons and oligodendrocytes [23,
24] and is thought to initiate motor neuron degeneration by both a loss of TDP-43 function
and a gain of toxicity [22, 25, 26].

What drives wild type TDP-43 to proteinopathy is not understood. Several studies have
suggested that modestly elevated levels of TDP-43 expression are associated with TDP-43 pro-
teinopathy in ALS and other diseases such as FID and inclusion body myopathy, Paget’s dis-
ease of the bone and frontotemporal dementia (IBMPFD) [27-30]. ALS-associated TDP-43
mutations stabilize the TDP-43 protein or mRNA [19, 31-33]. TDP-43 levels are increased in
cells with TDP-43 mutations from ALS patients and in mutant TDP-43 knock-in transgenic
animals [15, 34, 35]. Remarkably, the mutant stability is inversely correlated with the disease
onset age in ALS patients; the more stable the mutant, the earlier the disease onset [19]. These
studies raise the question of whether a modestly elevated level of TDP-43 suffices to trigger
progressive motor neuron degeneration and ALS.

To answer this question, a mammalian model with modestly elevated levels of TDP-43
should be informative, as such a model will closely mimic the modestly elevated levels in
human ALS and create an opportunity to observe chronic TDP-43 toxicity. Previous mamma-
lian models with TDP-43 overexpression have shown a wide range of phenotypes, including
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both motor and non-motor symptoms [36]. In general, the high TDP-43-expressing lines die
rapidly after birth. Some of these mice showed TDP-43 intracellular inclusions and mild
motor neuron loss [36]. The low TDP-43 expression lines develop subtle or no motor pheno-
types with only mild cellular and molecular changes during the animal’s lifespan [35-42].
These models notwithstanding, whether a modestly elevated level of TDP-43 within the range
of the increases observed in human ALS can trigger neurodegeneration and ALS phenotypes
remain uncertain.

In this study, we have constructed two TDP-43 transgenic lines with modest levels of TDP-
43 overexpression. Both lines developed motor weakness after ~500 days. The weakness even-
tually progressed to paralysis in a few months. Conversion of one line into homozygotes accel-
erated the disease. The homozygous mice developed paralysis during a period of 300 to 430
days. Detailed analysis showed ~30% motor neuron loss in layer V cortex, oligodendrocyte
degeneration, demyelination, and neuroinflammation, but no motor neuron loss, in the spinal
cord. However, denervation at the neuromuscular junction was detected, indicating the pres-
ence of distal motor axon degeneration. Thus, this mouse model has replicated several key fea-
tures of ALS, including progressive motor dysfunction, paralysis, loss of upper motor neurons,
oligodendrocyte degeneration, loss of myelin and neuroinflammation. These results demon-
strate that a modest elevation of TDP-43 can trigger late-onset neurodegeneration and motor
dysfunction and thus may play a causative role in human ALS and other neuromuscular con-
ditions involving TDP-43 proteinopathy.

Materials and methods
Transgenic mice

A cDNA encoding mouse wild-type TDP-43 and EGFP linked by the internal ribosome entry
site (IRES) was generated by standard PCR using the full-length mouse TDP-43 cDNA and
EGFP as templates. The resulting cONA (mTDP43-IRES-GFP) was cloned into the Xhol site
of the MoPrp.Xho plasmid (ATCC#JHU-2) [43]. After the sequence verification and tests in
cultured cells, the prp-mTDP43-IRES-EGFP construct was linearized by Not1 and injected
into the pronuclei derived from FVB/NJ mice. The founder mice were screened by PCR using
the primers complementary to the GFP and vector DNA sequence: forward TGCTGCTGCC
CGACAACCA and reverse ATAACCCCTCCCCCAGCCTAGA. The positive founders were bred
with wild type FVB/N]J mice, and the offspring were sacrificed and characterized for their
expression of GFP in the CNS. Their brain and spinal cord were examined under a fluores-
cence microscope. The lines were terminated if 3 to 5 animals from the line showed no detect-
able GFP fluorescence. The lines surviving this screen were further analyzed for their GFP
expression levels by immunoblot. Two lines, 19 and 42, were selected for a further screen for
motor phenotypes. Both lines developed incompletely penetrant, late-onset motor dysfunction
and paralysis. Line 19 was successfully converted to a homozygous line and further analyzed in
detail. This line has been deposited at The Jackson Laboratory and will be available as Stock
No. 031609.

Behavioral analysis

Mice were housed in the University of Massachusetts Medical School animal facility managed
by the Department of Animal Medicine. This facility is a specific pathogen-free (SPF) facility.
Each cage housed 1-5 animals ad libitum. The rooms were maintained at 20-22°C and with a
12-12 light-dark cycle. All the behavioral experiments were approved by IACUC and con-
ducted according to University of Massachusetts Medical School policies and procedures
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regulating the use of animals in research and the provisions of the PHS/NIH Guide for the
Care and Use of Laboratory Animals.

Home cage observation. Mice were observed daily on weekdays for their general health
and motor behavior, and their body weights monitored biweekly. The disease stages were
assigned as follows: pre-symptomatic (pre-sym), slightly weak (swk), weak (wk), and paralysis
(par). At the pre-sym stage (usually <10 months), the motor behavior was indistinguishable
from the nTg mice. At the swk stage (at ~10 months), the mice showed slight foot-dragging in
their gait. At the wk stage (~11-14 months), the foot-dragging became readily observable, and
the movement became noticeably slowed. At the paralysis stage, two or more limbs became
paralyzed, and the mouse was incapable of locomotion. The paralysis stage was the endpoint
of the experiment, and the mouse was sacrificed for tissue harvesting.

HomeCageScan. To monitor the mouse behavior in their home cage continuously, we
used the HomeCageScan system as previously described [44, 45]. Briefly, mice were housed
individually in polycarbonate cages with minimal bedding (about 200 ml). A digital video
camera was mounted on one side of the wall. Each mouse was recorded for 24h per week, with
12h daylight and 12h dim red light, and then returned to its cage with its littermates. Video
data were analyzed by HomeCageScan software (Clever Systems, Reston, VA, USA) to quan-
tify travel. Travel measures the overall motor/muscle functions by recording the distance trav-
eled in meters.

Accelerating rotarod. Transgenic animals and age-matched controls were tested for time
on accelerating rotarod from 12 to 72 RPM over three trials with a maximum time of 300s per
trial at different age points. The longest time of three trials on the rotarod was recorded in sec-
onds once the mice fell from the bar.

Grip strength. Transgenic animals and age-matched controls were tested for loss of four-
limb grip strength using a grip strength meter at different time points. Mice were allowed to
grip on a horizontal metal wire grid with four limbs. They were gently pulled back by their
tails with steady force until they release their grip from the grid. Peak tension was recorded
from five consecutive trials.

Immunoblotting

Mice under deep anesthesia were decapitated. The spinal cord, brain, and other tissues were
quickly harvested, snap-frozen in liquid nitrogen, and stored at -80°C. For protein prepara-
tion, frozen tissues were homogenized in a homogenization solution containing 25 mM phos-
phate pH 7.2, 1 mM EGTA, 1% SDS, 0.5% Triton X-100 and protease inhibitor mixture
(Thermo Scientific) and heated at 95°C for 5 min. After clearing by centrifugation, protein
concentration was measured using BCA assay (Pierce, Rockford, IL). The samples were heated
in Laemmli buffer, and equal amounts of protein were loaded and resolved by SDS-PAGE.
After transfer to nitrocellulose membranes, blots were blocked with 5% nonfat dry milk in
PBST (0.25% Triton X-100 in PBS, pH 7.4) for 1 h, and then incubated with primary antibod-
ies overnight at 4°C and then again with horseradish peroxidase-linked secondary antibodies
(GE Healthcare) in PBST with 5% dry milk for 1 hour at RT. The dilutions and source of pri-
mary antibodies were as follows: GFP (Invitrogen G10362, 1:1000), rabbit polyclonal antibody
raised to amino acids 394-414 of human TDP-43 (c-TDP43, custom made, 1:5000), o.-Tubulin
(Sigma,T5168, 1:10000), CNPase (Cell Signaling, #5664s,1:1000), MBP(Abcam,
ab62631,1:1000), MCT1(Abcam, ab90582, 1:1000), NFkB-p65 (Cell signaling, #8242, 1:1000),
and phosphorylated NFkB-p65 (Cell signaling, #3033, 1:1000). Membranes were washed three
times, and proteins were visualized after ECL (Pierce) treatment and detected by the LAS-3000
imaging system (Fujifilm).
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Sedimentation assay

Mouse lumbar spinal cords were homogenized using a handheld polytron for 20 sec in lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 0.5% deoxycholic acid, 1% Triton X-100, 20 mM
NaF, 1 mM Na3;VO,, 5 mM EDTA) with protease inhibitor (1:100 dilution, P8340, Sigma, St
Louis, MO, USA) and phosphatase inhibitor cocktails (Thermo Fisher). The homogenates
(100 uL/sample) were centrifuged at 12,000g at 4°C for 5 min. The supernatants were moved
to new tubes and measured for protein concentration as described above. The pellets were
rinsed 3 times with the lysis buffer and resuspended in 20 pL 1X Laemmli buffer. Ten micro-
grams of protein from the supernatant were mixed with 2X Laemmli buffer. The supernatant
sample and an equivalent volume of pellet sample were heated at 95°C for 5 min, cleared by
centrifugation, and then resolved by SDS-PAGE. The gel was then immunoblotted, as
described above.

RT-PCR and qRT-PCR

For total RNA extraction, frozen tissues or sorted cells were homogenized in cold TRIzol
reagent (Invitrogen) following the manufacturer’s protocol. RNA was then reverse transcribed
to cDNA using qScript cDNA SuperMix (Quanta BioSciences). For testing candidate splicing
targets, RT-PCR amplification using between 33 and 37 cycles were performed from at least
three nTg mice and three Tg mice. Products were separated on 2% agarose gels and visualized
by staining with ethidium bromide and photographed. For qRT-PCR measurements of candi-
date gene targets, real-time PCR was performed on the cDNA using the primers for the targets.
The PCR cycles were carried out in a Bio-Rad Real-Time PCR system (C1000 Thermal Cycler,
Biorad), and the PCR product was detected using Sybr Green. The levels of target genes were
standardized to the housekeeping gene GAPDH in individual animals and then further nor-
malized to the mean ACT of the wild type mice.

Immunofluorescence and immunohistochemistry

Mice under deep anesthesia were transcardially perfused with cold PBS, followed by 4% para-
formaldehyde in PBS. The perfused mice were then immersed in the same fixative at 4°C for
another 24-48h. After fixation, tissues were immersed in PBS containing 30% sucrose at 4°C
for 2-3 days. Tissues were then frozen in OCT freezing media (Sakura, Torrance, CA) and
stored at -20°C. Frozen sections were cut at 20 um using a cryostat. For immunostaining, sec-
tions were incubated in the blocking solution (5% normal serum in PBS, pH 7.4) for 1 hour at
room temperature (RT) and then incubated with a primary antibody in the blocking solution
overnight at 4°C. The dilutions and source of primary antibodies were as follows: NeuN (Milli-
pore MAB377, 1:200), calbindin (Millipore AB1778, 1:500), GFAP (Abcam Ab7260, 1:1000),
IBA1 (BioCare Medical CP290AB, 1:200), APC (EMD Bioscience OP80-100UG, 1:200), GFP
(Invitrogen G10362, 1:333), ChAT (Millipore AB1044P, 1:200), rabbit polyclonal antibody
raised to amino acids 394-414 of human TDP-43 (custom made), TDP-43 (Encor biotechnol-
ogy MCA-3H8, 1:250), NF-L (Cell Signaling, #2837,1:100), CNPase (Cell Signaling,
#5664s,1:100), MBP(Abcam,ab62631,1:100), NFkB-p65 (Cell Signaling,#8242, 1:100), activated
caspase3 (R&D system, AF835,1:1000). Sections were then washed 3 times for 5 minutes each
and incubated in the appropriate secondary antibody at room temperature for 90 minutes. For
immunofluorescence, the sections were washed 3 times in PBS for 5 minutes each and
mounted with Vectashield mounting medium containing 4,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories) and sealed with nail polish. Images of the brain and spinal cord
sections were taken with a confocal microscope (Leica).
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For quantification of TDP-43 signal intensity in the nucleus and cytoplasm, sections were
double-stained for TDP-43 and cellular markers. After staining, the cells were visualized and
photographed using confocal microscopy. The cells in the ventral horn of the spinal cord were
measured for their fluorescence intensity using the Nikon NIS Elements software. For each
cell, the average fluorescence intensity was calculated. Cells on at least 5 different sections
from each of the three or more mice per genotype were measured.

For immunohistochemistry, sections were washed 3 times in PBS containing 0.25% Tween
20 and then stained following the manufacturer’s instructions for Vectastain ABC kit, Elite
PK-6100 standard ImmPact tm DAB peroxidase Substrate kit SK-4105 (Vector Lab). The sec-
tions were then mounted on slides and dried overnight at 55°C. After soaking in Xylenen 2
times for 2 minutes each, the slides were sealed with Permount (Vector Lab).

Detection of demyelination

To detection of demyelination, mice were fixed by transcardial perfusion using 4% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1M sodium phosphate (pH 7.6). Tissues were further
fixed by soaking in the same fixative at 4°C for 24 hours. Luxol fast blue staining was per-
formed on 10-pm spinal cord or brain paraffin-embedded sections for demyelination.

Visualization and quantification of neurodegeneration

Visualization and quantification of the cortical neurons were carried out as described previ-
ously {Aliaga, 2013 #1266}. Briefly, whole mouse brains were placed in 30% sucrose solution
for 2 days, frozen, and sectioned sagittally at 50 um thickness. Layer V pyramidal neurons
were counted using every ninth section, with a total of nine sections per half brain. Sections
were mounted onto gelatin coated slides and stained with CTIP2 or Cresyl violet. Stereological
counting was performed using Stereo Investigator software (MBF Bioscience, Williston VT).
Counting was performed within the motor area of cortical layer V. Only pyramidal neurons
with a soma greater than 15 um in diameter were included. A single experimenter who was
blinded to the genotype performed all counts.

For visualization of ventral root axons, mice were fixed by transcardial perfusion using 4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1M cacodylate (pH 7.6). Tissues were further
fixed by soaking in the same fixative at 4°C for 24 hours. L4 and L5 roots attached to dorsal
root ganglia were dissected and postfixed with 2% osmium tetroxide in 0.1 M phosphate (pH
7.6), dehydrated in a graded ethanol series, and embedded in Epon-Araldite resin. One-
micron sections were stained with toluidine blue and examined and photographed by light
microscopy.

For quantification of ventral horn motor neurons, lumbar enlargement of the fixed spinal
cords was sectioned on a cryostat at 20pm thickness. Every other section was collected until a
total of ten sections were collected from each spinal cord. The sections were stained with goat
ChAT antibody at 4°C overnight. A secondary donkey anti-goat biotinylated antibody and a
Vectastain ABC and DAB peroxidase Substrate kit (Vector Lab) were used to reveal motor
neurons. Images of the spinal cord sections were taken using a Nikon microscope, and motor
neuron numbers in the ventral horn region were counted manually from each section.

For muscle histology, isopentane in a container was pre-chilled with liquid nitrogen until
the isopentane started to solidify at the bottom of the container. A fresh specimen isolated
from gastrocnemius muscle was placed on a cork disc with a drop of OCT, which kept the
muscle in the desired orientation. The specimen was frozen by immersion into the isopentane
for about 5 seconds and then stored at -20°C. The frozen tissue was sectioned using a cryostat
and stained with Hematoxylin & Eosin (H&E).
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Electromyography

Mice were anesthetized by inhalation of isoflurane. Animals were placed immediately on a
heating pad to maintain their core temperature at 37°C. Measurements were performed using
a Cardinal Synergy electromyography (EMG) machine. A ground self-adhesive gelled surface
electrode was placed over the tail. Potentials were recorded from several sites of the muscles of
all four limbs with a concentric needle electrode (30G) using a gain of 50 uV/division and a
bandpass filter with low and high cut-off frequency settings of 20 and 10,000 Hz, respectively.
The entire recording process took 15-20 minutes per mouse, after which the mice were eutha-
nized by isoflurane overdose or used for tissue collection.

Visualization and quantification of neuromuscular junctions

Animals are euthanized via an overdose of isoflurane, then transcardially perfused with PBS
for 2 minutes, followed by 4% paraformaldehyde for 5 minutes. Gastrocnemius muscles were
dissected out and placed in 1.5% paraformaldehyde for 24 hours at 4°C. The muscles were
then washed with PBS for 30min at 4°C and placed in 25% sucrose overnight at 4°C. Muscles
were embedded in OCT medium, frozen rapidly, and stored at -80°C. Sections were cut at
35nm thickness using a Leica Cryostat, placed on Superfrost Plus slides, and stored at -80°C.
Slides were allowed to defrost for 30 minutes before use. Slides were washed 3 times with PBS
for 5 minutes and then 3 times with 4% Triton X-100 for 5 minutes. Sections were blocked
using 10% donkey serum in PBS for 3.5 hours at room temperature. A primary antibody solu-
tion of Rabbit anti-synaptophysin (ThermoFisher, 1:1000) and rabbit anti-Neuronal class III
Beta-Tubulin (Biolegend, 1:1000) diluted in blocking solution was applied for 24 hours at 4°C.
Slides were washed again with PBS. A secondary antibody solution of Alexa-488nm-labelled
Donkey anti-Rabbit (ThermoFisher, 1:500) and Alexa-555nm o-Bungarotoxin (ThermoFisher,
1:500) diluted in PBS was applied overnight at 4°C in the dark. Slides were imaged on a Nikon
microscope. Neuromuscular junctions were then counted and quantified as innervated or
denervated Based on nerve occupancy of the endplates. Those with>50% occupancy was
counted as innervated and those with <50% were counted as denervated.

Results

Prion promoter drives TDP-43 expression primarily in the CNS and causes
age-dependent, progressive weakness, and paralysis

To determine the effects of an elevated level of TDP-43, we constructed a transgene in which
the mouse prion promoter (Prp) [43] drives the expression of wild type murine TDP-43
cDNA. We employed the authentic TDP-43 sequence to avoid any possible effects of a tag.
GFP was co-expressed from an internal ribosomal entry site (IRES) to monitor the transgene
expression (S1A Fig). The founder lines were screened for their expression of GFP in the CNS.
Two lines (lines 19 and 42) were obtained. Both expressed similar levels of GFP and TDP-43
(S1B Fig). Western blots of tissues from various organs showed that the transgene was pre-
dominantly expressed in the CNS (S1C and S1D Fig). Despite the readily detectable GFP
expression, changes in TDP-43 levels were hardly noticeable in these lines compared with
non-transgenic (nTg) mice (S1B Fig), possibly as a result of TDP-43 autoregulation, as previ-
ously reported [46]. A small cohort from each of the two lines was monitored for up to 750
days. Five of the ten mice from line 19 and four of the five mice from line 42 developed motor
deficits ending in full paralysis (S1E and S1F Fig). The symptomatic mice also showed progres-
sive weight loss towards the paralysis stage (S1G Fig), similar to other animal models for ALS
[36].
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Fig 1. The TDP-43 homozygous transgenic (Tg) mice developed progressive motor phenotypes. (A) An example of
Tg mice with hind limb paralysis (left). The mouse on the right was a non-transgenic (nTg) control. (B) Kaplan-Meier
plot of Tg mice (37 males and 30 females) that are not paralyzed. (C) The bodyweight of the Tg mice peaked at ~9
months of age and then declined until the paralysis stage. The values were averaged from 10 to 21 animals per group
per time point. (D) The home cage average travel velocity within a 24-hour period at various ages. The Tg mice went
through a hyperactive stage before developing weakness and paralysis. (E) The Tg mice developed progressively
weaker 4-limb grip strength after 250 days of age. (F) The Tg mice showed a declining rotarod performance after 200
days of age. Each data point in D, E, and F was an average of 16 animals.

https://doi.org/10.1371/journal.pone.0255710.9001

To facilitate the analysis of these mice, we sought to elevate the gene dosage by making
homozygous lines. We were unable to generate homozygous mice from line 42 but succeeded
from line 19. As anticipated, the homozygous mice developed motor symptoms earlier than
the original hemizygous line and became paralyzed before 400 days (Fig 1A and 1B; S1 Video).
This phenotype was completely penetrant. Males developed paralysis at younger ages (~356
+19 days) than the females (~385+26 days) (Fig 1B). The motor symptoms progressed over
approximately three to five months before ending in paralysis based on several different
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Fig 2. Transgene expression in the CNS of the hemizygous (Hemi.) and homozygous (Homo.) Tg mice. (A) A modest increase of
TDP-43 protein in the frontal cortex (FC), cerebellum (CB), brainstem (BS), cervical (CSC), and lumbar spinal cords (LSC). Each lane
represents one mouse. Notice that the 35-KD proteolytic fragment of TDP-43 was only detected in the transgenic mice but not in nTg
controls. (B) Quantification of TDP-43 protein in (A) in FC and LSC. (C) Quantification of TDP-43 mRNA in FC and LSC. The number
of animals used for FC quantification: nTg, 8; Hemi, 9; Homo, 11. For LSC: nTg, 9; Hemi, 12; Homo, 16. Error bars are standard
deviation. (D) Comparing the alternative splicing patterns in the Tg mice vs. TDP-43 knockdown mice [45]. The PCR primers and the
exon numbers are listed in S1 Table. (E) A sagittal section from a Tg mouse brain and a cross-section from either Tg or nTg mouse
spinal cord were stained for GFP. Notice that the broad GFP staining throughout the Tg brain and spinal cord but not in the nTg. (F)
Western blot showing stable TDP-43 protein levels in lumbar spinal cord in the TDP-43 Tg mice throughout different ages. The arrow
points to the 35-KD fragment that is only present in the Tg mice.

https://doi.org/10.1371/journal.pone.0255710.9002

behavioral measures, including body weight, travel velocity, grip strength, and rotarod perfor-
mance (Fig 1C-1F, S1 Video). Given the accelerated and completely penetrant phenotype, we
focused on these mice for further analysis and referred to the TDP-43 line 19 homozygous
transgenic mice as TDP-43 transgenic (Tg) mice in the following text.

As expected, the increased gene dosage in the homozygous mice increased the expression
of the transgene compared with the hemizygous mice, as shown by the Western blots for TDP-
43 (Fig 2A). The hemizygous mice expressed TDP-43 at ~10% above the nTg level in the spinal
cord and ~20% above in the frontal cortex (Fig 2B). By comparison, the homozygous mice
expressed ~30% above the nTg level in the spinal cord and ~40% above in the frontal cortex
(Fig 2B). Higher levels of mRNA were observed. The hemizygous mice expressed TDP-43 at
~3 and ~4 fold of the nTg levels in the spinal cord and the frontal cortex, respectively. By com-
parison, the homozygous mice expressed ~5 and ~8 fold of the nTg levels in the spinal cord
and the frontal cortex, respectively (Fig 2C).

TDP-43 is a gene-splicing modulator. To determine whether the modest elevation of TDP-
43 level in the Tg mice impacted TDP-43 function, we measured the splicing patterns of some
TDP-43-regulated mRNAs [47, 48]. For comparison, we also examined splicing patterns of the
same target mRNAs in the TDP-43 knockdown (KD) mice [45]. Of the fifteen alternatively
spliced genes that we measured, seven changed in the opposite direction in the TDP-43 Tg
mice compared to the TDP-43 KD mice, with exon exclusion increased the Tg mice but
decreased in the KD mice (Fig 2D, red genes); four genes changed in the same direction, with
exon exclusion enhanced in both the Tg and KD mice (Fig 2D, blue genes); the final four
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Fig 3. The Tg mice expressed transgenes in multiple different cell types in the spinal cord and the brain. In the spinal cord, the
expression was relatively strong in oligodendrocytes (ODC) and astrocytes but weak in microglia and neurons, including motor
neurons. In the frontal cortex (top four rows under the brain label), the transgenes are expressed strongly in ODC, astrocytes, and
neurons (arrows) but weakly in microglia. Sections were double immunostained for GFP and various cellular marks as indicated. The
transgenes were weakly expressed in Purkinje cells compared with the surrounding neuropils in the cerebellum. All panels are in the
same magnification. All animals used are pre-symptomatic and less than 100 days old.

https://doi.org/10.1371/journal.pone.0255710.9003

genes did not change significantly in the Tg mice, but showed increased exon exclusion in the
KD mice (Fig 2D, black genes). Overall, the splicing modulation in our Tg mice was biased
toward exon exclusion, consistent with the gain of TDP-43 function as reported in the litera-
ture [39, 47].

To determine where the transgene is expressed in the CNS, we stained brain and spinal
cord sections for GFP. We observed a broad expression pattern in all regions of the CNS (Fig
2E). The elevated level of expression was also sustained throughout the lifespan of the mice
(Fig 2F). To determine the cell types that express the transgene, we conducted double immu-
nofluorescence staining. In spinal cord, we observed high levels of GFP in oligodendrocytes
and astrocytes, and low levels in microglia and neurons, including motor neurons (Fig 3). In
brain, we observed relatively high levels of GFP in oligodendrocytes, astrocytes and neurons,
and low levels in microglia (Fig 3).

The increased TDP-43 expression may perturb the nuclear and cytoplasmic distribution of
TDP-43. Because such perturbation may impact neurodegeneration [49], we quantified the
nuclear and cytoplasmic TDP-43 staining intensities. TDP-43 was increased in both the
nucleus and cytoplasm in all cell types that we measured (Fig 4B). The overall increase was
larger in glial cells than in neurons. In the nucleus, TDP-43 was up by ~150-220% in glial cells,
compared with up by ~30-50% in neurons (Fig 4B). Likewise, in the cytoplasm, TDP-43 was
increased by ~90-145% in glial cells, compared with an increase of ~80-90% in neurons. Inter-
estingly, the cytoplasmic increase was larger than the nuclear increase in neurons but was
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Fig 4. TDP-43 distribution in glial cells and neurons. (A) Mouse spinal cords were immuno-stained with cellular
markers for oligodendrocytes (APC), astrocytes (GFAP), microglia (IBA1), motor neurons (ChAT), and pan neurons
(NeuN). For TDP-43 staining, images of both regular (Reg.) and long-exposure (Long exp.) are shown. The long-
exposure images were used to visualize the cytoplasmic signal and quantify TDP-43 staining intensity in the cytoplasm.
All images are in the same magnification. (B) Quantification of staining intensity of TDP-43 in the nucleus and
cytoplasm of various cell types show in (A). Each symbol represents measurement from one cell. Each column of
symbols represents measurements from one mouse. The filled symbols represent averages for each genotype. The
changes of averages in percentage in the Tg mice and the statistical p values are shown on the graphs. Student’s t test is
used to obtain the p values. n = 3 for nTg and 5 for Tg mice, respectively.

https://doi.org/10.1371/journal.pone.0255710.9004

smaller in glial cells (Fig 4B), resulting in a decreased cytoplasmic-to-nuclear ratio of TDP-43
in glial cells but an increased ratio in neurons compared with nTg mice (Table 1). Despite the
increase, we did not observe TDP-43 aggregates in any disease stages, even though sedimenta-
tion experiments showed a ~25% increase in the detergent-insoluble TDP-43 and ubiquiti-
nated proteins in the Tg mice at the end disease stage (52 Fig), suggesting a modest increase in
protein aggregation.
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Table 1. Ratio of TDP-43 cytoplasmic levels to the nuclear levels.

Oligodendrocyte Astrocyte Microglia Motor N Neuron
nTg(n=3) 0.226+0.019 0.229+0.091 0.306+0.077 0.135+0.006 0.162+0.008
Tg(n=5) 0.217+0.029 0.158+0.022 0.203+0.036 0.178+0.019 0.203+0.026
% Tg change from nTg -3.8% -31.1% -33.7% 32.7% 25.6%

p (t test) 0.6298 0.2649 0.1326 0.0048 0.0195

Motor N = motor neuron.

https://doi.org/10.1371/journal.pone.0255710.t001

TDP-43 mice develop severe white matter degeneration and
oligodendrocyte injury in the low spinal cord

To determine the pathological basis of the clinical phenotype, we examined the spinal cord
throughout the various disease progression stages in the Tg mice. The most conspicuous path-

ological feature was white matter degeneration. Luxol fast blue staining revealed normal myeli-
nation at age five months, but the staining became slightly pale at eight months. At ten
months, the staining became paler (Fig 5A). At the end-stage (12 months), the staining was
completely lost in the ventral spinal cord (Figs 5A, 5D and S3A), indicating loss of myelin,

A Luxol Fast Blue+Nissle

B GFAP

C

IBA1

Fig 5. The Tg mice developed age-dependent myelin degeneration and gliosis in the spinal cord. (A) Late-onset, progressive
demyelination, (B) astrogliosis and (C) microgliosis in the lumbar spinal cord of the Tg mice. The right panels are magnified views of
boxed areas in the left panels. (D, E, F) Enlarged views of ventral horn stained with Luxol Fast Blue and Cresyl violet, GFAP and Ibal,
respectively. Shown are images representative of five or more animals for each genotype and at each time point.

https://doi.org/10.1371/journal.pone.0255710.g005
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which we confirmed by electron microscopy (S3B Fig). Furthermore, staining for myelin basic
protein (MBP) revealed a dramatic change in the staining pattern compared with the nTg con-
trol. Whereas the nTg spinal cord white matter showed a broad, relatively evenly distributed
staining pattern (S3Ca-S3Cc Fig), the Tg mice showed staining of scattered residual myelin
either individually (S3Cd, S3Ce, S3Cg and S3Ch Fig) or in clusters (S3Cf and S3Ci Fig) among
the lightly stained background, consistent with a loss of myeline. The myelin loss was accom-
panied by increasing astrogliosis (Fig 5B and 5E) and microgliosis (Fig 5C and 5F).

Myelin loss could be associated with injury in oligodendrocytes as a result of TDP-43 over-
expression. Therefore, we doubly stained the spinal cord sections for oligodendrocyte marker
APC and cell death marker activated caspase 3. We found an increasing association of acti-
vated caspase 3 and oligodendrocytes during the progression of the clinical phenotypes (Fig
6A), and a reduction in oligodendrocyte-associated proteins, including CNPase, MBP, and
MCT1 (Fig 6B). Staining of CNPase in the white matter was also broadly lower than the nTg
mice (Fig 6C).

TDP-43 mice show no motor neuron loss but a mild muscle denervation

The progressive clinical motor phenotype suggests the presence of motor neuron injury. By Nissl
staining and choline acetyltransferase (ChAT) staining, we did not observe gross morphological
deviations from the controls (Figs 5D and 7A). Quantification of ChAT-positive neurons in the
ventral horn also did not reveal a significant difference between the Tg mice and the nTg mice
(Fig 7B). To verify this result, we examined and quantified ventral root axon numbers. We did
not observe a significant change in the number of ventral root axons in the Tg mice from the nTg
mice (Fig 7C-7E). Although we could not detect any motor neuron number changes, the Tg mice
might have been at an early stage of motor neuron degeneration, which had not yet been reflected
in the motor neuron numbers. To examine this possibility, we stained for activated caspase 3. We
did not detect an association between the activated caspase 3 with motor neurons, although cas-
pase staining of surrounding cells, possibly glial cells, were increased (Fig 7F).

Despite the preservation of motor neuron cell bodies and their proximal axons, the distal
axons and neuromuscular junction could be affected. To test this possibility, we examined
muscle morphology and physiology. We did not observe muscle fiber atrophy (Fig 8A and
8B). By needle electromyography (EMG), we observed that ~half (3 of 5 homozygotes and 1 of
3 hemizygotes) of the paralyzed mice had a completely normal EMG pattern that was indistin-
guishable from the control nTg mice (Fig 8C1). The other half of the paralyzed mice showed
various degrees of positive sharp waves (PSWs) in different muscles ranging from normal (Fig
8Cl) to single and to multiple PSWs (Fig 8C2 and 8C3). Quantification of endplate nerve
occupancy in the gastrocnemius muscle unveiled an average of ~30% denervation in the para-
lyzed homozygous Tg animals compared with ~10% denervation in the age-comparable con-
trol nTg mice (Fig 8D).

TDP-43 mice show elevated neuroinflammation in their spinal cord

Demyelination and gliosis are commonly associated with neuroinflammation [50]. Therefore,
we examined the state of neuroinflammation in the TDP-43 transgenic mice. We found that
the mRNAs of neuroinflammation-associated genes such as TNF-o. and NF-xB p65 subunit
were increased along with the disease progression (Fig 9A). Furthermore, the p65 protein and
its phosphorylation were also increased in parallel with clinical symptom development in the
Tg mice compared with the nTg mice (Fig 9B). By immunostaining, the increased p65 was
associated with oligodendrocytes (Fig 9C, arrows). These changes suggested the presence of
neuroinflammation in the TDP-43 transgenic mice.
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Fig 6. Oligodendrocyte pathology in TDP-43 mice. (A) Age-dependent and progressively increased activated caspase
3 signals are associated with oligodendrocytes (arrows) in the spinal cord of Tg mice. (B) Reduced myelin protein
levels in the Tg mice with paralysis. M = month, CNPase = 2°,3’-cyclic-nucleotide 3’-phosphodiesterase, MBP = myelin
basic protein, MCT1 = monocarboxylate transporter 1. (C) A reduced staining intensity of CNPase in the paralyzed Tg
mice compared with the nTg mice.

https://doi.org/10.1371/journal.pone.0255710.g006

To further confirm this observation, we examined additional molecular markers for neu-
roinflammation. The expression of NADPH oxidase (NOX), which is involved in inflamma-
tion and oxidative stress, was dramatically increased. The three mRNAs of its subunits,
gp91PPox, p22Phox and p67P°%, were increased by ~600, ~80, and ~9 fold, respectively (Fig
10A-10C). Two genes involved in the production of prostaglandins, the inducible cyclooxy-
genase 2 (COX-2) and hemopoietic prostaglandin D synthase (HPDGS), were increased (Fig
10D and 10E). GLT-1, an astrocytic glutamate transporter, was decreased at the end-stage (Fig
10F). LCN2 and IL-6, two proinflammatory and neurotoxic cytokines, were also highly upre-
gulated (Fig 10G-10I). Although not all the markers that we measured showed an increase (54
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https://doi.org/10.1371/journal.pone.0255710.9007

Fig), the changes in the multiple neuroinflammation-associated markers suggest that the Tg
mice undergo neuroinflammation in the spinal cord.

TDP-43 mice show a mild white matter degeneration in CNS areas beyond
the lumbar spinal cord

Because the TDP-43 transgenic mice expressed an elevated level of TDP-43 in the forebrain
(Figs 2A, 2E and 3), it is possible that the upper motor neuron degeneration could contribute
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Fig 8. Denervation at the neuromuscular junction. (A) Examples of cross-sections of gastrocnemius muscle from
12-month old nTg (left), 10-month old (middle), and 12-month old paralyzed TDP-43 Tg mice (right). (B)
Quantification of muscle fiber cross-section sizes. Muscle sizes from individual animals were averaged. The average
values from four animals were further averaged and depicted. Error bars are standard errors. The p values were
obtained by comparing the nTg with the Tg mice using student t test. (C) Examples of electromyographic (EMG)
traces from an nTg mouse (trace 1) and a paralyzed Tg mouse (trace 2 and 3). (D) Quantification of denervated muscle
endplates. n = 4 in both Tg and nTg groups. Statistical comparison between the Tg and nTg groups was conducted
using Wilcoxon Non-parametric method.

https://doi.org/10.1371/journal.pone.0255710.9008
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Fig 9. Activation of NF-kB pathway in the Tg mice. (A) TNF-o and p65 mRNA levels were dramatically elevated in the symptomatic
Tg mice, and the peak was correlated with paralysis. The value of nTg mice is an average from eight animals with the age range from 102
days to 436 days. The nTg mice did not show an age-dependent change and therefore grouped together. Student t tests with Bonferroni
correction were used to compare between the Tg and the nTg mice at different ages. n = 4-8 at each age for both groups. ** = p < 0.01,
¥ = p < 0.0001. (B) Western blot analysis showed both the phosphorylated p65(S536p) and the overall p65 levels were increased near
symptomatic onset and paralysis stage in the Tg mice. (C) Immunostaining for p65 and markers of glial cells show localization of the
increased p65 in the oligodendrocytes (arrows) but not in astrocytes and microglia in the Tg mice.

https://doi.org/10.1371/journal.pone.0255710.9009

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 16/29


https://doi.org/10.1371/journal.pone.0255710.g008
https://doi.org/10.1371/journal.pone.0255710.g009
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

A phox B phox
800 gpSt * % 100 p22 * % %
600 —e—nTg 80
—o—-Tg 60
400
40
200 20
0 0 =t
C, p67"™ D COX-2
* %% ' *
8 3.0
2.0
% & 1.0
EE 0 0
()
2 B, wpops F . GLT
© * %
o
(n'd

- )
o o
;t(*
© =
13 o
}*
*

0 0
3 5 7 9 11 13 3 5 7 9 11 13
G, LCN2 He o IL-6
30 ** 40 f * %
20 2.0
10 ?i a
0
0 nTg 469 12
3 5 7 9 11 13 Tg age (months)
| 10 months 12 months

nTg TDP43 nTg TDP43 (par)

LCN2 b -~ -— W
TUDUTIN e e e e et <

Fig 10. Age-dependent alterations in the expression of neuroinflammatory markers. (A-C) A dramatic increase in
subunits of NADPH oxidase 2 (Nox2) gp91phox, p22, and p67 mRNA expression in late stages of motor dysfunction

in the Tg mice. (D, E) Increased mRNA expression of prostaglandin-producing enzymes cyclooxygenase 2 (COX-2 or
PTGS2) and hematopoietic prostaglandin D synthase (HPGDS), respectively. (F) Decreased expression of GLT-1
mRNA. (G, I) Increased expression of lipocalin 2 (LCN2) mRNA and protein, respectively. (H) Increased expression of
IL-6 mRNA. Student t tests with Bonferroni correction were used to compare between the Tg and the nTg mice at
different ages in (A-H). n = 3-8 at each age for both Tg and nTg groups. * p < 0.05, ** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0255710.g010
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Fig 11. A survey of demyelination in the CNS. (A) The severity of myelin degeneration showed a caudal to rostral gradient in the CNS,
with the lumbar spinal cord (LSC) being the most severely affected, followed by the cervical spinal cord (CSC), lower brainstem, upper
brainstem, and corpus callosum (cc). py = pyramidal track, cp = cerebellar peduncle, ic = internal capsule and ec = external capsule. (B)
The progression of demyelination in the cervical spinal cord. The panels on the right are enlargements of boxed areas in the panels on
the left. Notice the degree of demyelination is less severe than in the lumbar spinal cord at 12 months old (compare with Fig 5A and also
between LSC and CSC in A of this figure). Shown are images representative of five or more animals for each genotype and at each age
point.

https://doi.org/10.1371/journal.pone.0255710.9011

to the paralysis phenotype. To examine this possibility, we investigated whether there was neu-
rodegeneration in the forebrain. The brain weight in the TDP-43 mice did not differ from
those of the nTg mice (S5 Fig), suggesting no widespread neuronal loss in the brain. Staining
for myelin at different CNS levels showed that demyelination was most severe in the lumbar
spinal cord and became progressively less severe towards the rostral CNS (Fig 11A). The mye-
lin staining was almost absent in the lumbar spinal cord, and paler compared to the nTg mice
in the cervical spinal cord and lower brainstem (Fig 11A). At the level of pons and above, no
apparent difference in the staining was noticeable between the nTg and Tg mice (Fig 11A). At
the cervical spinal cord level, the myelin staining intensity throughout the different ages
showed a late-onset, progressive demyelination (Fig 11B), a pattern similar to the lumbar
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GFAP IBA1

CB IC CC HPC Cortex

BS

Fig 12. Mild but widespread gliosis in the upper brain regions in Tg mice. Staining for GFAP and Ibal in the brain
showed mildly elevated levels of astrogliosis and microgliosis in various regions of the CNS in the Tg mice, including
the cerebral cortex, hippocampus (HPC), corpus callosum (CC), internal capsule (IC), cerebellum (CB) and brainstem
(BS).

https://doi.org/10.1371/journal.pone.0255710.9012

region (Fig 5A) though less severe. These results indicate that the overt demyelination in the
Tg mice is mostly confined to below the brainstem.

We also surveyed gliosis in various regions of the brain in the paralyzed mice. We found
elevated levels of astrogliosis and microgliosis in all regions, including the cerebral cortex, hip-
pocampus, corpus callosum, internal capsule, cerebellum, and brainstem (Fig 12), suggesting
that elevated expression of TDP-43 provokes an inflammatory response by glial cells.

TDP-43 mice develop neuronal loss in the motor cortex

Because TDP-43 was expressed in both neurons and glia in the cortex (Fig 3), we investigated
whether there was a neuronal loss in the motor cortex. Ctip2 staining revealed dramatically
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Cell numbe

nTg Tg(par)

Fig 13. Visualization and quantification of Nissl-stained neurons in the motor cortex. (A) Nissl-stained motor
cortex in nTg and paralyzed Tg mice. (B) Enlarged views of layer V motor cortex. (C) quantification of large (>15 um
in diameter) Nissl-stained neurons in layer V. P value was derived from Student’s t test. n = 4 for nTg and 3 for Tg
mice.

https://doi.org/10.1371/journal.pone.0255710.g013

lowered staining intensity compared with the nTg control (S6A Fig). A quantification of
Ctip2-positive neurons in layer V showed a near 50% loss (S6B Fig). However, because there
was a significant loss of Ctip2 expression in the motor cortex of the paralyzed mice (S6C Fig),
the loss of Ctip2 expression might have caused the lowered neuronal counts. Therefore, we
applied Nissl staining (Fig 13A and 13B) and repeated the quantification of neurons in layer V
cortex. This approach revealed ~30% neuronal loss (Fig 13C). These results indicate that there
is motor neuron loss in layer V of the motor cortex.

Discussion

This study has established a line of TDP-43 transgenic mice that express exogenous TDP-43
protein at modestly elevated levels. Respectively for hemizygous and homozygous mice, the
levels are ~10% and ~30% above the nTg level in the spinal cord and ~20 and ~40% increase
frontal cortex (Fig 2). These levels are comparable with the increase reported in human ALS
and FTD [15, 28, 30, 34]. These TDP-43 mice show several key features of ALS, including late-
onset progressive motor dysfunction ending in paralysis in mid-life, oligodendrocyte injury,
demyelination, neuroinflammation, distal motor axon degeneration in the periphery, and cor-
tical motor neuron loss. Thus, this transgenic mouse model demonstrates the multiple long-
term adverse consequences of low-level TDP-43 overexpression in vivo and demonstrates that
such low-level elevation of TDP-43, as observed in ALS and other neurodegenerative condi-
tions, can trigger neurodegenerative clinical phenotypes.
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How low-level overexpression of TDP-43 causes the late-onset neurotoxicity remains
unknown. Pathological studies have consistently detected various forms of TDP-43 aggregates
in ALS and FTD CNS tissues [51], suggesting an association between TDP-43 aggregation and
the pathogenesis of these diseases. In vitro studies have shown that overexpression of TDP-43
can induce cytoplasmic liquid-liquid phase separation (LLPS), which, upon stress, transform
into permanent aggregates. These aggregates can then draw TDP-43 out of the nucleus and kill
the cell [52, 53]. However, in vivo models have shown divergent results. Some models show
cytoplasmic TDP-43 aggregates either with or without nuclear TDP-43 depletion [37, 54, 55].
Other studies suggest that neither TDP-43 aggregation nor its nuclear depletion is required for
neurodegeneration [39, 56]. Our results present a nuanced picture. Although we did not
observe cytoplasmic aggregates and nuclear depletion in cells, we detected an increase in the
detergent-insoluble TDP-43 and high molecular-weight ubiquitinated protein species (S2 Fig),
suggesting there is TDP-43 protein aggregation, albeit modest, in the TDP-43 mice. These
results suggest that a modest elevation of TDP-43 levels can lead to TDP-43 protein aggrega-
tion, which could contribute to neurodegeneration in the TDP-43 mice.

Previous studies suggest that TDP-43 aggregation and nuclear depletion may lead to gain of
toxicity as well as loss of function that ultimately cause cellular degeneration, including both
neurons and oligodendrocytes [22, 23, 26, 57-61]. Analysis of mRNA splicing in mouse mod-
els has shown that a loss of TDP-43 function increases cryptic exon inclusion, whereas a gain
of TDP-43 function leads to an increase in skiptic exons [9, 39]. Both the increases in the cryp-
tic exon inclusion and the skiptic exons have been observed in human ALS samples, support-
ing the dual gain- and loss-of-function hypothesis [9, 39]. Consistent this hypothesis, both
loss- and gain-of-function mouse models, including the model described in this report, pro-
duce motor neuron degeneration and ALS-like phenotypes [36, 39, 45, 62, 63], suggesting that
each type of these models represent one aspect of the mechanism.

An intriguing observation in this study is that different cell types may be responding to
TDP-43 overexpression differently. In oligodendrocytes, TDP-43 overexpression elicited similar
percentage of increases in nucleus and cytoplasm (Fig 4B), thereby maintaining the same cyto-
plasmic-to-nuclear TDP-43 ratio as in the nTg mice (Table 1). In astrocytes and microglia, the
percentages of nuclear increase were approximately twice the cytoplasmic increases (Fig 4B). As
a result, the cytoplasmic-to-nuclear TDP-43 ratios were reduced, though not statistically signifi-
cant (Table 1). By contrast, in motor neurons and non-motor neurons, the percentage of cyto-
plasmic increases was approximate twice the nuclear increases (Fig 4B). Consequently, the ratio
of cytoplasmic-to-nuclear TDP-43 was increased (Table 1). These observations suggest that
neurons, particularly motor neurons, may handle the TDP-43 overexpression differently. It will
be interesting to determine whether this observation can be replicated in other TDP-43 overex-
pression models in future experiments because of the potentially detrimental effects of an
increased TDP-43 level in the cytoplasm, which may define motor neuron vulnerability [49].

Non-cell autonomous mutant toxicity is a well-established phenomenon in motor neuron
degeneration provoked by mutant SOD1 [64]. Expression of mutant SOD1 in glial cells,
including astrocytes, microglia and oligodendrocytes, accelerates motor neuron degeneration
in vivo [65-69]. Glial cells expressing mutant SOD1 can also promote motor neuron degenera-
tion in co-cultures [70-72], possibly by secreting neuroinflammatory factors that are toxic to
motor neurons [66, 70, 71]. Mutant SOD1 expression in oligodendrocytes leads to cellular dys-
function, rendering them incapable of supporting neuronal axons [68, 69]. The evidence
strongly supports the view that the glial expression of mutant SOD1 significantly contributes
to motor neuron degeneration.

However, whether this is the case for TDP-43 is less clear. Astrocyte-specific expression of
mutant TDP-43 in rats induces motor neuron degeneration as the mutant expression in motor
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neurons [73, 74]. However, mutant TDP-43-expressing astrocytes fail to show toxicity in
motor neuron-astrocyte coculture or after being transplanted in rat spinal cord [75, 76]. Our
TDP-43 transgenic mice showed two neurodegeneration patterns, one in the spinal cord and
the other in the frontal cortex. In the spinal cord, the TDP-43 transgene was expressed highly
in glial cells but lowly in neurons (Figs 3 and 4). The primary pathology was oligodendrocyte
injury, demyelination, gliosis, and neuroinflammation (Figs 5, 6, 9-11, and S3). However, no
motor neuron loss was detected (Fig 7). In the motor cortex, the TDP-43 transgene was
expressed in both neurons and glial cells (Fig 3). Approximately 30% of large pyramidal neu-
rons were lost in layer V (Figs 13 and S6). These results suggest that motor neurons can toler-
ate the detrimental effects invoked by modestly elevated levels of TDP-43 in their neighboring
cells so long as the TDP-43 levels in themselves are maintained at relatively low levels. Even so,
the tolerance of motor neurons to the injuries to their neighboring cells and neuroinflamma-
tion is probably limited, as illustrated by the presence of distal motor axon degeneration and
neuromuscular denervation (Fig 8). Because we have to sacrifice the mice at their paralysis
stage, we do not know whether letting the disease progress further will eventually lead to the
loss of the lower motor neurons. In any case, our results are consistent with contributions to
motor neuron toxicity from both cell-autonomous and non-cell-autonomous sources.

A unique feature of our TDP-43 mice, compared with other established TDP-43 mouse
lines, is the development of a fully penetrant progressive disease course (Fig 1, S1 Video). The
phenotype of late-onset, slowly progressing motor dysfunction to complete paralysis is repro-
ducible for over >10 generations of homozygous breeding. This feature contrasts with other
TDP-43 mouse models reported thus far. We note that there is a dose-dependent response to
increased levels of TDP-43. In some reports, excessive expression of TDP-43 (e.g.,>3 fold of
nTg level) causes acute toxicity and rapid demise of the animals. At the other end of the spec-
trum, models that express too little TDP-43 provoke no phenotype or at most mild phenotypes
that require careful measurements to unveil [35-42]. Few transgenic lines developed motor
dysfunction and paralysis but symptoms from the digestive system, highly variant phenotypes
and lifespan (e.g., ~1 to >15 months), and low penetrance complicate the phenotypes (e. g.
~5% transgenic animals) [57, 77-79]. Thus, our TDP-43 mice provide a useful model for in
vivo study of chronic TDP-43 toxicity derived from the modest elevation of TDP-43 levels and
in vivo preclinical tests of experimental drugs targeting chronic TDP-43 toxicity in the CNS.

Conclusions

We established a transgenic mouse model with a modestly elevated TDP-43 level. This model
displays several ALS characteristics, including late-onset and progressive paralytic motor dys-
function ending in paralysis, neuroinflammation, and neurodegeneration. This study demon-
strates that modest elevations in TDP-43 expression can trigger neurodegeneration and
clinical phenotypes of ALS, suggesting that modestly elevated TDP-43 levels in humans could
cause ALS and other neuromuscular disorders involving TDP-43 proteinopathy. Because of
the easily observable, predictable, and progressive clinical paralytic phenotypes, this transgenic
mouse model may be useful in preclinical trials of therapeutics targeting neurological disorders
associated with elevated levels of TDP-43.

Supporting information

S1 Fig. Generation of transgenic mice that overexpress wild-type TDP-43. (A) A cDNA
encoding mouse TDP-43 and EGFP linked by internal ribosome entry site (IRES) were
inserted into the backbone of MoPrp.Xho plasmid to generate the Prp-mouse TDP-43 trans-
gene. The construct was composed of the following elements in linear succession: the Prp
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promoter, mouse wild-type TDP-43, IRES, EGFP gene, and poly A signal. This construct (Prp-
TDP-43) expresses TDP-43 and GFP separately. (B) Western blot showed that the transgene
was expressed in all the CNS regions in transgenic lines 19 and 42. FC, frontal cortex; CSC, cer-
vical spinal cord; LSC, lumbar spinal cord; BS, brainstem; CB, cerebellum. (C) A survey of the
transgene expression in different organs in transgenic line 19 showed that the transgenes were
predominately expressed in CNS. Low levels of expression were also detected in heart (Hrt),
lung (Lg) and kidney (Kdn). Other tissues are muscle (Msl), liver (Lv), and spleen (Spl). (D) A
survey of the transgene expression in different organs in transgenic line 42. Similar to line 19,
the transgenes were predominately expressed in the CNS. The samples in B, C, and D were
prepared from animals between 55 and 65 days old. (E) A mouse at the paralysis stage. Its
limbs were paralyzed, and the mouse lost its local motion capability. (F) Monitoring small
cohorts of mice from lines 19 and 42 showed late-onset paralysis but incomplete penetrance
from both lines up to 750 days. (G) Progressive weight loss in the aged mice of the two trans-
genic lines. The animal numbers are 3 to 4 for line 42, 3 to 5 for line 19, and 3 to 15 for non-
transgenic (nTg) control mice at different age points. For the TDP-43 mice, only animals that
develop paralysis were included in the weight plots. Error bars are standard errors.

JPG)

S2 Fig. Insoluble TDP-43 is increased in TDP-43 Tg mice. (A) Western blot of detergent-sol-
uble and insoluble TDP-43 and ubiquitinated proteins extracted from lumbar spinal cords of
paralyzed Tg mice and age-matched nTg controls. Each lane was loaded with proteins from
one animal. Arrows point to TDP-43 and its 35 KD and 25 KD fragments. Numbers on the
right indicate molecular weights in kD. (B) Relative ratios of band intensity of the pellet over
the supernatant. Bars represent averages of 7 nTg and 8 Tg animals in the TDP-43 quantifica-
tion and of 4 animals in both nTg and Tg groups in the ubiquitin quantification. Student t test
was used to compare between Tg and nTg mice. * indicates p<0.05 and *** p<0.001.

(JPG)

$3 Fig. Widespread demyelination in the spinal cord of the Tg mice. (Aa, e) cortical spinal
track, (Ab, f) lateral funiculus, (Ac, g) ventral funiculus, (Ad, h) anterior commissure. (B) Elec-
tron microscopic images of ventral funiculus from a nTg mouse (left) and a Tg mouse (middle
and right). Notice very few axons were wrapped by myelin in the Tg mice. (C) Immunohis-
tochemistry staining for MBP in spinal cord ventral horn (a, d, g), ventral funiculus (b, e, h),
and anterior commissure (c, f, i).

(TIF)

$4 Fig. Inflammation markers that did not significantly change from the levels of nTg
mice. (A) cyclooxygenase 1 (COX-1 or PTGS1). (B) lipocalin type of prostaglandin synthase
(LPGDS). (C) prostaglandin D2 receptor (DP1). (D) prostaglandin D2 receptor 2 (DP2). (E)
inducible nitric oxide synthase (iNOS). (G) neuronal nitric oxide synthase (nNOS). Student t
tests with Bonferroni correction were used to compare between the Tg and nTg mice at differ-
ent ages. n = 3-8 at each age for both groups. No significance was found (p > 0.05).

(JPG)

S5 Fig. No difference in the brain weight between the Tg and nTg mice (n = 6 in both
groups).
(JPG)

S6 Fig. Visualization and quantification of CTIP2-positive neurons in the motor cortex.
(A) CTIP2 staining of the motor cortex in nTg and paralyzed Tg mice. The boxed areas in
layer V are enlarged in the two panels on the right. Notice a substantial reduction in the CTIP2
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staining intensity in the Tg mice. (B) quantification of CTIP2-positive cells in layer V. (C) Pro-
tein blot of CTIP2 in the motor cortex from nTg and Tg mice at different ages. P-value was
derived from Student’s t test. n = 4 for nTg and 3 for Tg mice.

(JPG)

S1 Table. PCR primers for data shown in Fig 2D.
(JPG)

S1 Video. Tg mice developed progressive motor dysfunction and paralysis. The transgenic
mouse was marked with red ink on its tail. The other mouse in this video was a control nTg
mouse. Notice the Tg mouse goes through stages from hyperactive to final paralysis.

(MP4)

S1 Raw images.
(PDF)

Acknowledgments

The authors are grateful to the support from the core facilities at University of Massachusetts
Medical School, including Transgenic Animal Modeling, Morphology, Electron Microscopy,
Confocal Imaging, and Department of Animal Medicine.

Author Contributions
Conceptualization: Chunxing Yang, Zuoshang Xu.

Formal analysis: Chunxing Yang, Tao Qiao, Jia Yu, Hongyan Wang, Yansu Guo, Johnny Sala-
meh, Jake Metterville, Sepideh Parsi, Zuoshang Xu.

Funding acquisition: Yansu Guo, Robert H. Brown, Huaibin Cai, Zuoshang Xu.

Investigation: Chunxing Yang, Tao Qiao, Jia Yu, Hongyan Wang, Yansu Guo, Johnny Sala-
meh, Jake Metterville, Issa Yusuf, Zuoshang Xu.

Methodology: Chunxing Yang, Tao Qiao, Jia Yu, Hongyan Wang, Yansu Guo, Johnny Sala-
meh, Jake Metterville, Huaibin Cai, Zuoshang Xu.

Project administration: Chunxing Yang, Zuoshang Xu.
Resources: Robert H. Brown, Huaibin Cai, Zuoshang Xu.
Supervision: Robert H. Brown, Huaibin Cai, Zuoshang Xu.

Validation: Chunxing Yang, Tao Qiao, Jia Yu, Hongyan Wang, Yansu Guo, Johnny Salameh,
Jake Metterville, Zuoshang Xu.

Visualization: Chunxing Yang, Tao Qiao, Jia Yu, Hongyan Wang, Yansu Guo, Sepideh Parsi,
Zuoshang Xu.

Writing - original draft: Chunxing Yang, Zuoshang Xu.

Writing - review & editing: Robert H. Brown, Zuoshang Xu.

References

1. Brown RH, Al-Chalabi A. Amyotrophic Lateral Sclerosis. N Engl J Med. 2017; 377(2):162-72. https://
doi.org/10.1056/NEJMra1603471 PMID: 28700839.

2. Hardiman O, Al-Chalabi A, Chio A, Corr EM, Logroscino G, Robberecht W, et al. Amyotrophic lateral
sclerosis. Nat Rev Dis Primers. 2017; 3:17071. https://doi.org/10.1038/nrdp.2017.71 PMID: 28980624.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255710.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255710.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255710.s009
https://doi.org/10.1056/NEJMra1603471
https://doi.org/10.1056/NEJMra1603471
http://www.ncbi.nlm.nih.gov/pubmed/28700839
https://doi.org/10.1038/nrdp.2017.71
http://www.ncbi.nlm.nih.gov/pubmed/28980624
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE

Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Arai T, Hasegawa M, Akiyama H, lkeda K, Nonaka T, Mori H, et al. TDP-43 is a component of ubiquitin-
positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Biochem Biophys Res Commun. 2006; 351(3):602—11. Epub 2006/11/07. S0006-291X(06)02318-7 [pii]
https://doi.org/10.1016/j.bbrc.2006.10.093 PMID: 17084815.

Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT, et al. Ubiquitinated TDP-43
in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science. 2006; 314(5796):130—
3. https://doi.org/10.1126/science.1134108 PMID: 17023659.

Mackenzie IR, Rademakers R, Neumann M. TDP-43 and FUS in amyotrophic lateral sclerosis and fron-
totemporal dementia. Lancet Neurol. 2010; 9(10):995-1007. https://doi.org/10.1016/S1474-4422(10)
70195-2 PMID: 20864052.

Xu Z, Yang C. TDP-43—The key to understanding amyotrophic lateral sclerosis. Rare Diseases. 2014;
2(1):944443. https://doi.org/10.4161/21675511.2014.944443 PMID: 26942097

Ling SC, Polymenidou M, Cleveland DW. Converging mechanisms in ALS and FTD: disrupted RNA
and protein homeostasis. Neuron. 2013; 79(3):416-38. https://doi.org/10.1016/j.neuron.2013.07.033
PMID: 23931993; PubMed Central PMCID: PMC4411085.

Rinchetti P, Rizzuti M, Faravelli |, Corti S. MicroRNA Metabolism and Dysregulation in Amyotrophic Lat-
eral Sclerosis. Mol Neurobiol. 2018; 55(3):2617-30. https://doi.org/10.1007/s12035-017-0537-z PMID:
28421535.

Ling JP, Pletnikova O, Troncoso JC, Wong PC. TDP-43 repression of nonconserved cryptic exons is
compromised in ALS-FTD. Science. 2015; 349(6248):650-5. https://doi.org/10.1126/science.aab0983
PMID: 26250685; PubMed Central PMCID: PMC4825810.

Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P, Herz J, et al. TDP-43 is a developmentally-regu-
lated protein essential for early embryonic development. Journal of Biological Chemistry. 2009; 285
(9):6826—34. https://doi.org/10.1074/jbc.M109.061846 PMID: 20040602

Kraemer BC, Schuck T, Wheeler JM, Robinson LC, Trojanowski JQ, Lee VM, et al. Loss of murine
TDP-43 disrupts motor function and plays an essential role in embryogenesis. Acta Neuropathol. 2010;
119(4):409-19. https://doi.org/10.1007/s00401-010-0659-0 PMID: 20198480.

Wu L-S, Cheng W-C, Hou S-C, Yan Y-T, Jiang S-T, Shen CKJ. TDP-43, a neuro-pathosignature factor,
is essential for early mouse embryogenesis. genesis. 2010; 48(1):56—62. https://doi.org/10.1002/dvg.
20584 PMID: 20014337

Chiang P-M, Ling J, Jeong YH, Price DL, Aja SM, Wong PC. Deletion of TDP-43 down-regulates
Tbc1d1, a gene linked to obesity, and alters body fat metabolism. Proceedings of the National Academy
of Sciences. 2010; 107(37):16320—4. https://doi.org/10.1073/pnas.1002176107 PMID: 20660762

Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B, et al. TDP-43 Mutations in Familial and
Sporadic Amyotrophic Lateral Sclerosis. Science. 2008; 319(5870):1668—72. https://doi.org/10.1126/
science.1154584 PMID: 18309045

Kabashi E, Valdmanis PN, Dion P, Spiegelman D, McConkey BJ, Velde CV, et al. TARDBP mutations
in individuals with sporadic and familial amyotrophic lateral sclerosis. Nat Genet. 2008; 40(5):572—4.
https://doi.org/10.1038/ng.132 PMID: 18372902

Buratti E. Functional Significance of TDP-43 Mutations in Disease. Adv Genet. 2015; 91:1-53. https://
doi.org/10.1016/bs.adgen.2015.07.001 PMID: 26410029.

Johnson BS, Snead D, Lee JJ, McCaffery JM, Shorter J, Gitler AD. TDP-43 Is Intrinsically Aggregation-
prone, and Amyotrophic Lateral Sclerosis-linked Mutations Accelerate Aggregation and Increase Toxic-
ity. J Biol Chem. 2009; 284(30):20329-39. https://doi.org/10.1074/jbc.M109.010264 PMID: 19465477

Budini M, Romano V, Avendano-Vazquez SE, Bembich S, Buratti E, Baralle FE. Role of selected muta-
tions in the Q/N rich region of TDP-43 in EGFP-12xQ/N-induced aggregate formation. Brain Res. 2012;
1462:139-50. https://doi.org/10.1016/j.brainres.2012.02.031 PMID: 22406069.

Watanabe S, Kaneko K, Yamanaka K. Accelerated disease onset with stabilized familial amyotrophic
lateral sclerosis (ALS)-linked mutant TDP-43 proteins. J Biol Chem. 2013; 288(5):3641-54. https://doi.
org/10.1074/jbc.M112.433615 PMID: 23235148.

Bentmann E, Neumann M, Tahirovic S, Rodde R, Dormann D, Haass C. Requirements for stress gran-
ule recruitment of fused in sarcoma (FUS) and TAR DNA-binding protein of 43 kDa (TDP-43). J Biol
Chem. 2012; 287(27):23079-94. https://doi.org/10.1074/jbc.M111.328757 PMID: 22563080; PubMed
Central PMCID: PMC3391091.

McDonald KK, Aulas A, Destroismaisons L, Pickles S, Beleac E, Camu W, et al. TAR DNA-binding pro-
tein 43 (TDP-43) regulates stress granule dynamics via differential regulation of G3BP and TIA-1. Hum
Mol Genet. 2011; 20(7):1400-10. https://doi.org/10.1093/hmg/ddr021 PMID: 21257637.

Lee EB, Lee VMY, Trojanowski JQ. Gains or losses: molecular mechanisms of TDP43-mediated neuro-
degeneration. Nat Rev Neurosci. 2011; 13(1):38-50. https://doi.org/10.1038/nrn3121 PMID: 22127299

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 25/29


https://doi.org/10.1016/j.bbrc.2006.10.093
http://www.ncbi.nlm.nih.gov/pubmed/17084815
https://doi.org/10.1126/science.1134108
http://www.ncbi.nlm.nih.gov/pubmed/17023659
https://doi.org/10.1016/S1474-4422%2810%2970195-2
https://doi.org/10.1016/S1474-4422%2810%2970195-2
http://www.ncbi.nlm.nih.gov/pubmed/20864052
https://doi.org/10.4161/21675511.2014.944443
http://www.ncbi.nlm.nih.gov/pubmed/26942097
https://doi.org/10.1016/j.neuron.2013.07.033
http://www.ncbi.nlm.nih.gov/pubmed/23931993
https://doi.org/10.1007/s12035-017-0537-z
http://www.ncbi.nlm.nih.gov/pubmed/28421535
https://doi.org/10.1126/science.aab0983
http://www.ncbi.nlm.nih.gov/pubmed/26250685
https://doi.org/10.1074/jbc.M109.061846
http://www.ncbi.nlm.nih.gov/pubmed/20040602
https://doi.org/10.1007/s00401-010-0659-0
http://www.ncbi.nlm.nih.gov/pubmed/20198480
https://doi.org/10.1002/dvg.20584
https://doi.org/10.1002/dvg.20584
http://www.ncbi.nlm.nih.gov/pubmed/20014337
https://doi.org/10.1073/pnas.1002176107
http://www.ncbi.nlm.nih.gov/pubmed/20660762
https://doi.org/10.1126/science.1154584
https://doi.org/10.1126/science.1154584
http://www.ncbi.nlm.nih.gov/pubmed/18309045
https://doi.org/10.1038/ng.132
http://www.ncbi.nlm.nih.gov/pubmed/18372902
https://doi.org/10.1016/bs.adgen.2015.07.001
https://doi.org/10.1016/bs.adgen.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26410029
https://doi.org/10.1074/jbc.M109.010264
http://www.ncbi.nlm.nih.gov/pubmed/19465477
https://doi.org/10.1016/j.brainres.2012.02.031
http://www.ncbi.nlm.nih.gov/pubmed/22406069
https://doi.org/10.1074/jbc.M112.433615
https://doi.org/10.1074/jbc.M112.433615
http://www.ncbi.nlm.nih.gov/pubmed/23235148
https://doi.org/10.1074/jbc.M111.328757
http://www.ncbi.nlm.nih.gov/pubmed/22563080
https://doi.org/10.1093/hmg/ddr021
http://www.ncbi.nlm.nih.gov/pubmed/21257637
https://doi.org/10.1038/nrn3121
http://www.ncbi.nlm.nih.gov/pubmed/22127299
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE

Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Brettschneider J, Arai K, Del Tredici K, Toledo JB, Robinson JL, Lee EB, et al. TDP-43 pathology and
neuronal loss in amyotrophic lateral sclerosis spinal cord. Acta Neuropathol. 2014; 128(3):423-37.
https://doi.org/10.1007/s00401-014-1299-6 PMID: 24916269; PubMed Central PMCID: PMC4384652.

Brettschneider J, Del Tredici K, Toledo JB, Robinson JL, Irwin DJ, Grossman M, et al. Stages of pTDP-
43 pathology in amyotrophic lateral sclerosis. Ann Neurol. 2013; 74(1):20-38. https://doi.org/10.1002/
ana.23937 PMID: 23686809.

Halliday G, Bigio E, Cairns N, Neumann M, Mackenzie |1A, Mann DA. Mechanisms of disease in fronto-
temporal lobar degeneration: gain of function versus loss of function effects. Acta Neuropathologica.
2012; 124(3):373-82. https://doi.org/10.1007/s00401-012-1030-4 PMID: 22878865

Xu ZS. Does a loss of TDP-43 function cause neurodegeneration? Mol Neurodegener. 2012; 7:27.
https://doi.org/10.1186/1750-1326-7-27 PMID: 22697423; PubMed Central PMCID: PMC3419078.

Chen-Plotkin AS, Geser F, Plotkin JB, Clark CM, Kwong LK, Yuan W, et al. Variations in the progranulin
gene affect global gene expression in frontotemporal lobar degeneration. Hum Mol Genet. 2008; 17
(10):1349-62. https://doi.org/10.1093/hmg/ddn023 PMID: 18223198; PubMed Central PMCID:
PMC2900863.

Swarup V, Phaneuf D, Dupre N, Petri S, Strong M, Kriz J, et al. Deregulation of TDP-43 in amyotrophic
lateral sclerosis triggers nuclear factor kappaB-mediated pathogenic pathways. J Exp Med. 2011; 208
(12):2429-47. https://doi.org/10.1084/jem.20111313 PMID: 22084410.

Mishra M, Paunesku T, Woloschak GE, Siddique T, Zhu LJ, Lin S, et al. Gene expression analysis of
frontotemporal lobar degeneration of the motor neuron disease type with ubiquitinated inclusions. Acta
Neuropathol. 2007; 114(1):81-94. https://doi.org/10.1007/s00401-007-0240-7 PMID: 17569064.

Weihl CC, Temiz P, Miller SE, Watts G, Smith C, Forman M, et al. TDP-43 accumulation in inclusion
body myopathy muscle suggests a common pathogenic mechanism with frontotemporal dementia. J
Neurol Neurosurg Psychiatry. 2008; 79(10):1186-9. https://doi.org/10.1136/jnnp.2007.131334 PMID:
18796596

Ling SC, Albuquerque CP, Han JS, Lagier-Tourenne C, Tokunaga S, Zhou H, et al. ALS-associated
mutations in TDP-43 increase its stability and promote TDP-43 complexes with FUS/TLS. Proc Natl
Acad SciU S A. 2010; 107(30):13318-23. https://doi.org/10.1073/pnas.1008227107 PMID: 20624952.

Gitcho M, Bigio E, Mishra M, Johnson N, Weintraub S, Mesulam M, et al. TARDBP 3’-UTR variant in
autopsy-confirmed frontotemporal lobar degeneration with TDP-43 proteinopathy. Acta Neuropatholo-
gica. 2009; 118(5):633-45. https://doi.org/10.1007/s00401-009-0571-7 PMID: 19618195

Austin JA, Wright GS, Watanabe S, Grossmann JG, Antonyuk SV, Yamanaka K, et al. Disease causing
mutants of TDP-43 nucleic acid binding domains are resistant to aggregation and have increased stabil-
ity and half-life. Proc Natl Acad Sci U S A. 2014; 111(11):4309-14. https://doi.org/10.1073/pnas.
1317317111 PMID: 24591609.

Bilican B, Serio A, Barmada SJ, Nishimura AL, Sullivan GJ, Carrasco M, et al. Mutant induced pluripo-
tent stem cell lines recapitulate aspects of TDP-43 proteinopathies and reveal cell-specific vulnerability.
Proc Natl Acad Sci U S A. 2012; 109(15):5803-8. https://doi.org/10.1073/pnas.1202922109 PMID:
22451909.

White MA, Kim E, Duffy A, Adalbert R, Phillips BU, Peters OM, et al. TDP-43 gains function due to per-
turbed autoregulation in a Tardbp knock-in mouse model of ALS-FTD. Nat Neurosci. 2018; 21(4):552—
63. https://doi.org/10.1038/s41593-018-0113-5 PMID: 29556029; PubMed Central PMCID:
PMC5884423.

Philips T, Rothstein JD. Rodent Models of Amyotrophic Lateral Sclerosis. Curr Protoc Pharmacol.
2015; 69:5 67 1-5 21. https://doi.org/10.1002/0471141755.ph0567s69 PMID: 26344214; PubMed Cen-
tral PMCID: PMC4562058.

Mitchell JC, Constable R, So E, Vance C, Scotter E, Glover L, et al. Wild type human TDP-43 potenti-
ates ALS-linked mutant TDP-43 driven progressive motor and cortical neuron degeneration with patho-
logical features of ALS. Acta Neuropathol Commun. 2015; 3:36. https://doi.org/10.1186/s40478-015-
0212-4 PMID: 26108367; PubMed Central PMCID: PMC4479086.

Stribl C, Samara A, Trumbach D, Peis R, Neumann M, Fuchs H, et al. Mitochondrial dysfunction and
decrease in body weight of a transgenic knock-in mouse model for TDP-43. J Biol Chem. 2014; 289
(15):10769-84. https://doi.org/10.1074/jbc.M113.515940 PMID: 24515116.

Fratta P, Sivakumar P, Humphrey J, Lo K, Ricketts T, Oliveira H, et al. Mice with endogenous TDP-43
mutations exhibit gain of splicing function and characteristics of amyotrophic lateral sclerosis. EMBO J.
2018; 37(11). https://doi.org/10.15252/embj.201798684 PMID: 29764981; PubMed Central PMCID:
PMC5983119.

Nishino K, Watanabe S, Shijie J, Murata Y, Oiwa K, Komine O, et al. Mice deficient in the C-terminal
domain of TAR DNA-binding protein 43 develop age-dependent motor dysfunction associated with

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 26/29


https://doi.org/10.1007/s00401-014-1299-6
http://www.ncbi.nlm.nih.gov/pubmed/24916269
https://doi.org/10.1002/ana.23937
https://doi.org/10.1002/ana.23937
http://www.ncbi.nlm.nih.gov/pubmed/23686809
https://doi.org/10.1007/s00401-012-1030-4
http://www.ncbi.nlm.nih.gov/pubmed/22878865
https://doi.org/10.1186/1750-1326-7-27
http://www.ncbi.nlm.nih.gov/pubmed/22697423
https://doi.org/10.1093/hmg/ddn023
http://www.ncbi.nlm.nih.gov/pubmed/18223198
https://doi.org/10.1084/jem.20111313
http://www.ncbi.nlm.nih.gov/pubmed/22084410
https://doi.org/10.1007/s00401-007-0240-7
http://www.ncbi.nlm.nih.gov/pubmed/17569064
https://doi.org/10.1136/jnnp.2007.131334
http://www.ncbi.nlm.nih.gov/pubmed/18796596
https://doi.org/10.1073/pnas.1008227107
http://www.ncbi.nlm.nih.gov/pubmed/20624952
https://doi.org/10.1007/s00401-009-0571-7
http://www.ncbi.nlm.nih.gov/pubmed/19618195
https://doi.org/10.1073/pnas.1317317111
https://doi.org/10.1073/pnas.1317317111
http://www.ncbi.nlm.nih.gov/pubmed/24591609
https://doi.org/10.1073/pnas.1202922109
http://www.ncbi.nlm.nih.gov/pubmed/22451909
https://doi.org/10.1038/s41593-018-0113-5
http://www.ncbi.nlm.nih.gov/pubmed/29556029
https://doi.org/10.1002/0471141755.ph0567s69
http://www.ncbi.nlm.nih.gov/pubmed/26344214
https://doi.org/10.1186/s40478-015-0212-4
https://doi.org/10.1186/s40478-015-0212-4
http://www.ncbi.nlm.nih.gov/pubmed/26108367
https://doi.org/10.1074/jbc.M113.515940
http://www.ncbi.nlm.nih.gov/pubmed/24515116
https://doi.org/10.15252/embj.201798684
http://www.ncbi.nlm.nih.gov/pubmed/29764981
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE

Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

impaired Notch1-Akt signaling pathway. Acta Neuropathol Commun. 2019; 7(1):118. https://doi.org/10.
1186/s40478-019-0776-5 PMID: 31345270; PubMed Central PMCID: PMC6657153.

Gordon D, Dafinca R, Scaber J, Alegre-Abarrategui J, Farrimond L, Scott C, et al. Single-copy expres-
sion of an amyotrophic lateral sclerosis-linked TDP-43 mutation (M337V) in BAC transgenic mice leads
to altered stress granule dynamics and progressive motor dysfunction. Neurobiol Dis. 2019; 121:148—
62. https://doi.org/10.1016/j.nbd.2018.09.024 PMID: 30290270.

Ebstein SY, Yagudayeva |, Shneider NA. Mutant TDP-43 Causes Early-Stage Dose-Dependent Motor
Neuron Degeneration in a TARDBP Knockin Mouse Model of ALS. Cell Rep. 2019; 26(2):364—73 e4.
https://doi.org/10.1016/j.celrep.2018.12.045 PMID: 30625319.

Borchelt DR, Davis J, Fischer M, Lee MK, Slunt HH, Ratovitsky T, et al. A vector for expressing foreign
genes in the brains and hearts of transgenic mice. Genet Anal. 1996; 13(6):159-63. https://doi.org/10.
1016/s1050-3862(96)00167-2 PMID: 9117892

Yang C, Danielson EW, Qiao T, Metterville J, Brown RH Jr., Landers JE, et al. Mutant PFN1 causes
ALS phenotypes and progressive motor neuron degeneration in mice by a gain of toxicity. Proc Natl
Acad Sci U S A. 2016. hitps://doi.org/10.1073/pnas.1605964113 PMID: 27681617

Yang C, Wang H, Qiao T, Yang B, Aliaga L, Qiu L, et al. Partial loss of TDP-43 function causes pheno-
types of amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A. 2014; 111(12):E1121-9. https://doi.
org/10.1073/pnas.1322641111 PMID: 24616503.

Budini M, Buratti E. TDP-43 autoregulation: implications for disease. J Mol Neurosci. 2011; 45(3):473—
9. https://doi.org/10.1007/s12031-011-9573-8 PMID: 21681666.

Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran J, Liang TY, et al. Long pre-mRNA
depletion and RNA missplicing contribute to neuronal vulnerability from loss of TDP-43. Nat Neurosci.
2011; 14(4):459-68. Epub 2011/03/02. nn.2779 [pii] https://doi.org/10.1038/nn.2779 PMID: 21358643;
PubMed Central PMCID: PMC3094729.

Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M, Kayikci M, et al. Characterizing the RNA targets
and position-dependent splicing regulation by TDP-43. Nat Neurosci. 2011; 14(4):452—8. https://doi.
org/10.1038/nn.2778 PMID: 21358640.

Suk TR, Rousseaux MWC. The role of TDP-43 mislocalization in amyotrophic lateral sclerosis. Mol
Neurodegener. 2020; 15(1):45. https://doi.org/10.1186/s13024-020-00397-1 PMID: 32799899;
PubMed Central PMCID: PMC7429473.

Varas R, Ortiz FC. Neuroinflammation in Demyelinating Diseases: Oxidative Stress as a Modulator of
Glial Cross-Talk. Curr Pharm Des. 2019; 25(45):4755-62. https://doi.org/10.2174/
1381612825666191216125725 PMID: 31840603.

Neumann M, Kwong L, Lee E, Kremmer E, Flatley A, Xu Y, et al. Phosphorylation of S409/410 of TDP-
43 is a consistent feature in all sporadic and familial forms of TDP-43 proteinopathies. Acta Neuropatho-
logica. 2009. https://doi.org/10.1007/s00401-008-0477-9 PMID: 19125255

Gasset-Rosa F, Lu S, Yu H, Chen C, Melamed Z, Guo L, et al. Cytoplasmic TDP-43 De-mixing Indepen-
dent of Stress Granules Drives Inhibition of Nuclear Import, Loss of Nuclear TDP-43, and Cell Death.
Neuron. 2019; 102(2):339-57 e7. https://doi.org/10.1016/j.neuron.2019.02.038 PMID: 30853299;
PubMed Central PMCID: PMC6548321.

Wolozin B. The Evolution of Phase-Separated TDP-43 in Stress. Neuron. 2019; 102(2):265—7. https://
doi.org/10.1016/j.neuron.2019.03.041 PMID: 30998893; PubMed Central PMCID: PMC6816464.

Wils H, Kleinberger G, Janssens J, Pereson S, Joris G, Cuijt |, et al. TDP-43 transgenic mice develop
spastic paralysis and neuronal inclusions characteristic of ALS and frontotemporal lobar degeneration.
Proceedings of the National Academy of Sciences. 2010; 107(8):3858—63. https://doi.org/10.1073/
pnas.0912417107 PMID: 20133711

Stallings NR, Puttaparthi K, Luther CM, Burns DK, Elliott JL. Progressive motor weakness in transgenic
mice expressing human TDP-43. Neurobiol Dis. 2010; 40(2):404—14. https://doi.org/10.1016/j.nbd.
2010.06.017 PMID: 20621187.

Arnold ES, Ling SC, Huelga SC, Lagier-Tourenne C, Polymenidou M, Ditsworth D, et al. ALS-linked
TDP-43 mutations produce aberrant RNA splicing and adult-onset motor neuron disease without aggre-
gation or loss of nuclear TDP-43. Proc Natl Acad Sci U S A. 2013; 110(8):E736—45. https://doi.org/10.
1073/pnas.1222809110 PMID: 23382207.

Guo Y, Wang Q, Zhang K, An T, Shi P, Li Z, et al. HO-1 induction in motor cortex and intestinal dysfunc-
tion in TDP-43 A315T transgenic mice. Brain Res. 2012; 1460:88-95. https://doi.org/10.1016/j.
brainres.2012.04.003 PMID: 22578468.

Cascella R, Capitini C, Fani G, Dobson CM, Cecchi C, Chiti F. Quantification of the Relative Contribu-
tions of Loss-of-function and Gain-of-function Mechanisms in TAR DNA-binding Protein 43 (TDP-43)
Proteinopathies. J Biol Chem. 2016; 291(37):19437—48. https://doi.org/10.1074/jbc.M116.737726
PMID: 27445339; PubMed Central PMCID: PMC5016682.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 27/29


https://doi.org/10.1186/s40478-019-0776-5
https://doi.org/10.1186/s40478-019-0776-5
http://www.ncbi.nlm.nih.gov/pubmed/31345270
https://doi.org/10.1016/j.nbd.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30290270
https://doi.org/10.1016/j.celrep.2018.12.045
http://www.ncbi.nlm.nih.gov/pubmed/30625319
https://doi.org/10.1016/s1050-3862%2896%2900167-2
https://doi.org/10.1016/s1050-3862%2896%2900167-2
http://www.ncbi.nlm.nih.gov/pubmed/9117892
https://doi.org/10.1073/pnas.1605964113
http://www.ncbi.nlm.nih.gov/pubmed/27681617
https://doi.org/10.1073/pnas.1322641111
https://doi.org/10.1073/pnas.1322641111
http://www.ncbi.nlm.nih.gov/pubmed/24616503
https://doi.org/10.1007/s12031-011-9573-8
http://www.ncbi.nlm.nih.gov/pubmed/21681666
https://doi.org/10.1038/nn.2779
http://www.ncbi.nlm.nih.gov/pubmed/21358643
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
http://www.ncbi.nlm.nih.gov/pubmed/21358640
https://doi.org/10.1186/s13024-020-00397-1
http://www.ncbi.nlm.nih.gov/pubmed/32799899
https://doi.org/10.2174/1381612825666191216125725
https://doi.org/10.2174/1381612825666191216125725
http://www.ncbi.nlm.nih.gov/pubmed/31840603
https://doi.org/10.1007/s00401-008-0477-9
http://www.ncbi.nlm.nih.gov/pubmed/19125255
https://doi.org/10.1016/j.neuron.2019.02.038
http://www.ncbi.nlm.nih.gov/pubmed/30853299
https://doi.org/10.1016/j.neuron.2019.03.041
https://doi.org/10.1016/j.neuron.2019.03.041
http://www.ncbi.nlm.nih.gov/pubmed/30998893
https://doi.org/10.1073/pnas.0912417107
https://doi.org/10.1073/pnas.0912417107
http://www.ncbi.nlm.nih.gov/pubmed/20133711
https://doi.org/10.1016/j.nbd.2010.06.017
https://doi.org/10.1016/j.nbd.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20621187
https://doi.org/10.1073/pnas.1222809110
https://doi.org/10.1073/pnas.1222809110
http://www.ncbi.nlm.nih.gov/pubmed/23382207
https://doi.org/10.1016/j.brainres.2012.04.003
https://doi.org/10.1016/j.brainres.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22578468
https://doi.org/10.1074/jbc.M116.737726
http://www.ncbi.nlm.nih.gov/pubmed/27445339
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE

Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Rohan Z, Matej R, Rusina R, Kovacs GG. Oligodendroglial response in the spinal cord in TDP-43 protei-
nopathy with motor neuron involvement. Neurodegener Dis. 2013; 14(3):117-24. https://doi.org/10.
1159/000362929 PMID: 25115814.

Neumann M, Kwong LK, Truax AC, Vanmassenhove B, Kretzschmar HA, Van Deerlin VM, et al. TDP-
43-positive white matter pathology in frontotemporal lobar degeneration with ubiquitin-positive inclu-
sions. J Neuropathol Exp Neurol. 2007; 66(3):177-83. https://doi.org/10.1097/01.jnen.0000248554.
45456.58 PMID: 17356379.

Koyama A, Sugai A, Kato T, Ishihara T, Shiga A, Toyoshima Y, et al. Increased cytoplasmic TARDBP
mRNA in affected spinal motor neurons in ALS caused by abnormal autoregulation of TDP-43. Nucleic
Acids Res. 2016; 44(12):5820-36. https://doi.org/10.1093/nar/gkw499 PMID: 27257061; PubMed Cen-
tral PMCID: PMC4937342.

Wu L-S, Cheng W-C, Shen CK. Targeted Depletion of TDP-43 Expression in the Spinal Cord Motor
Neurons Leads to the Development of Amyotrophic Lateral Sclerosis (ALS)-like Phenotypes in Mice.
Journal of Biological Chemistry. 2012. https://doi.org/10.1074/jbc.M112.359000 PMID: 22718760

Donde A, Sun M, Ling JP, Braunstein KE, Pang B, Wen X, et al. Splicing repression is a major function
of TDP-43 in motor neurons. Acta Neuropathol. 2019; 138(5):813—26. https://doi.org/10.1007/s00401-
019-02042-8 PMID: 31332509; PubMed Central PMCID: PMC6802294.

lieva H, Polymenidou M, Cleveland DW. Non-cell autonomous toxicity in neurodegenerative disorders:
ALS and beyond. The Journal of Cell Biology. 2009; 187(6):761-72. https://doi.org/10.1083/jcb.
200908164 PMID: 19951898

Boillee S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins NA, Kassiotis G, et al. Onset and progres-
sion in inherited ALS determined by motor neurons and microglia. Science. 2006; 312(5778):1389-92.
https://doi.org/10.1126/science.1123511 PMID: 16741123.

Beers DR, Henkel JS, Xiao Q, Zhao W, Wang J, Yen AA, et al. Wild-type microglia extend survival in
PU.1 knockout mice with familial amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A. 2006; 103
(43):16021-6. https://doi.org/10.1073/pnas.0607423103 PMID: 17043238; PubMed Central PMCID:
PMC1613228.

Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N, Yamashita H, Gutmann DH, et al. Astrocytes as
determinants of disease progression in inherited amyotrophic lateral sclerosis. Nat Neurosci. 2008; 11
(3):251-3. https://doi.org/10.1038/nn2047 PMID: 18246065; PubMed Central PMCID: PMC3137510.

Kang SH, Fukaya M, Yang JK, Rothstein JD, Bergles DE. NG2+ CNS glial progenitors remain commit-
ted to the oligodendrocyte lineage in postnatal life and following neurodegeneration. Neuron. 2010; 68
(4):668-81. https://doi.org/10.1016/j.neuron.2010.09.009 PMID: 21092857.

Papadeas ST, Kraig SE, O’Banion C, Lepore AC, Maragakis NJ. Astrocytes carrying the superoxide
dismutase 1 (SOD1G93A) mutation induce wild-type motor neuron degeneration in vivo. Proc Natl
Acad SciU S A. 2011; 108(43):17803-8. https://doi.org/10.1073/pnas.1103141108 PMID: 21969586;
PubMed Central PMCID: PMC3203804.

Di Giorgio FP, Carrasco MA, Siao MC, Maniatis T, Eggan K. Non-cell autonomous effect of glia on
motor neurons in an embryonic stem cell-based ALS model. Nat Neurosci. 2007; 10(5):608—14. https://
doi.org/10.1038/nn1885 PMID: 17435754.

Nagai M, Re DB, Nagata T, Chalazonitis A, Jessell TM, Wichterle H, et al. Astrocytes expressing ALS-
linked mutated SOD1 release factors selectively toxic to motor neurons. Nat Neurosci. 2007; 10
(5):615—-22. https://doi.org/10.1038/nn1876 PMID: 17435755; PubMed Central PMCID: PMC3799799.

Liao B, Zhao W, Beers DR, Henkel JS, Appel SH. Transformation from a neuroprotective to a neurotoxic
microglial phenotype in a mouse model of ALS. Exp Neurol. 2012; 237(1):147-52. https://doi.org/10.
1016/j.expneurol.2012.06.011 PMID: 22735487; PubMed Central PMCID: PMC4126417.

Huang C, Tong J, Bi F, Zhou H, Xia XG. Mutant TDP-43 in motor neurons promotes the onset and pro-
gression of ALS in rats. J Clin Invest. 2012; 122(1):107-18. https://doi.org/10.1172/JCI59130 PMID:
221562083.

Tong J, Huang C, Bi F, Wu Q, Huang B, Liu X, et al. Expression of ALS-linked TDP-43 mutant in astro-

cytes causes non-cell-autonomous motor neuron death in rats. Embo J. 2013; 32(13):1917-26. https:/
doi.org/10.1038/emboj.2013.122 PMID: 23714777.

Haidet-Phillips AM, Gross SK, Williams T, Tuteja A, Sherman A, Ko M, et al. Altered astrocytic expres-
sion of TDP-43 does not influence motor neuron survival. Exp Neurol. 2013; 250:250-9. https://doi.org/
10.1016/j.expneurol.2013.10.004 PMID: 24120466.

Serio A, Bilican B, Barmada SJ, Ando DM, Zhao C, Siller R, et al. Astrocyte pathology and the absence
of non-cell autonomy in an induced pluripotent stem cell model of TDP-43 proteinopathy. Proc Natl
Acad Sci U S A. 2013; 110(12):4697—-702. https://doi.org/10.1073/pnas.1300398110 PMID: 23401527.

Esmaeili MA, Panahi M, Yadav S, Hennings L, Kiaei M. Premature death of TDP-43 (A315T) transgenic
mice due to gastrointestinal complications prior to development of full neurological symptoms of

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 28/29


https://doi.org/10.1159/000362929
https://doi.org/10.1159/000362929
http://www.ncbi.nlm.nih.gov/pubmed/25115814
https://doi.org/10.1097/01.jnen.0000248554.45456.58
https://doi.org/10.1097/01.jnen.0000248554.45456.58
http://www.ncbi.nlm.nih.gov/pubmed/17356379
https://doi.org/10.1093/nar/gkw499
http://www.ncbi.nlm.nih.gov/pubmed/27257061
https://doi.org/10.1074/jbc.M112.359000
http://www.ncbi.nlm.nih.gov/pubmed/22718760
https://doi.org/10.1007/s00401-019-02042-8
https://doi.org/10.1007/s00401-019-02042-8
http://www.ncbi.nlm.nih.gov/pubmed/31332509
https://doi.org/10.1083/jcb.200908164
https://doi.org/10.1083/jcb.200908164
http://www.ncbi.nlm.nih.gov/pubmed/19951898
https://doi.org/10.1126/science.1123511
http://www.ncbi.nlm.nih.gov/pubmed/16741123
https://doi.org/10.1073/pnas.0607423103
http://www.ncbi.nlm.nih.gov/pubmed/17043238
https://doi.org/10.1038/nn2047
http://www.ncbi.nlm.nih.gov/pubmed/18246065
https://doi.org/10.1016/j.neuron.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21092857
https://doi.org/10.1073/pnas.1103141108
http://www.ncbi.nlm.nih.gov/pubmed/21969586
https://doi.org/10.1038/nn1885
https://doi.org/10.1038/nn1885
http://www.ncbi.nlm.nih.gov/pubmed/17435754
https://doi.org/10.1038/nn1876
http://www.ncbi.nlm.nih.gov/pubmed/17435755
https://doi.org/10.1016/j.expneurol.2012.06.011
https://doi.org/10.1016/j.expneurol.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22735487
https://doi.org/10.1172/JCI59130
http://www.ncbi.nlm.nih.gov/pubmed/22156203
https://doi.org/10.1038/emboj.2013.122
https://doi.org/10.1038/emboj.2013.122
http://www.ncbi.nlm.nih.gov/pubmed/23714777
https://doi.org/10.1016/j.expneurol.2013.10.004
https://doi.org/10.1016/j.expneurol.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24120466
https://doi.org/10.1073/pnas.1300398110
http://www.ncbi.nlm.nih.gov/pubmed/23401527
https://doi.org/10.1371/journal.pone.0255710

PLOS ONE Low-level TDP-43 overexpression causes late-onset neurodegeneration in mice

amyotrophic lateral sclerosis. Int J Exp Pathol. 2013; 94(1):56—64. https://doi.org/10.1111/iep.12006
PMID: 23317354; PubMed Central PMCID: PMC3575874.

78. Hatzipetros T, Bogdanik LP, Tassinari VR, Kidd JD, Moreno AJ, Davis C, et al. C57BL/6J congenic Prp-
TDP43A315T mice develop progressive neurodegeneration in the myenteric plexus of the colon without
exhibiting key features of ALS. Brain Res. 2014; 1584:59-72. https://doi.org/10.1016/j.brainres.2013.
10.013 PMID: 24141148.

79. Janssens J, Wils H, Kleinberger G, Joris G, Cuijt I, Ceuterick-de Groote C, et al. Overexpression of
ALS-associated p.M337V human TDP-43 in mice worsens disease features compared to wild-type
human TDP-43 mice. Mol Neurobiol. 2013; 48(1):22-35. https://doi.org/10.1007/s12035-013-8427-5
PMID: 23475610; PubMed Central PMCID: PMC3718993.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255710  February 3, 2022 29/29


https://doi.org/10.1111/iep.12006
http://www.ncbi.nlm.nih.gov/pubmed/23317354
https://doi.org/10.1016/j.brainres.2013.10.013
https://doi.org/10.1016/j.brainres.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24141148
https://doi.org/10.1007/s12035-013-8427-5
http://www.ncbi.nlm.nih.gov/pubmed/23475610
https://doi.org/10.1371/journal.pone.0255710

