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levels, and the prevention of further motor neuron loss. 
rNLS mice back on Dox also showed a significant increase 
in muscle innervation, a rescue of motor impairments, and 
a dramatic extension of lifespan. Thus, the rNLS mice are 
new TDP-43 mouse models that delineate the timeline of 
pathology development, muscle denervation and neuron 
loss in ALS/FTLD-TDP. Importantly, even after neuro-
degeneration and onset of motor dysfunction, removal of 
cytoplasmic TDP-43 and the concomitant return of nuclear 
TDP-43 led to neuron preservation, muscle re-innervation 
and functional recovery.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neu-
rodegenerative disease primarily defined by the presence 
of TAR DNA-binding protein of 43 kDa (TDP-43) pathol-
ogy in the brain and spinal cord [31]. Moreover,  ~50  % 
of frontotemporal lobar degeneration (FTLD) patients 
also develop TDP-43 pathology, with this form of disease 
known as FTLD-TDP [10, 31]. ALS and FTLD-TDP are 
therefore now considered to form a spectrum of disor-
ders [12, 13]. Although only ~10 % of ALS and ~30 % of 
FTLD patients have a family history of disease, the major-
ity of available mouse models rely on gene mutations iden-
tified in these small minority of ALS and FTLD patients. 
For example, mutant human SOD1 mice have been used 
to model ALS for  >20  years and although they appear to 
have a clinical disease course that mirrors human ALS [17], 
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they do not develop robust TDP-43 pathology [36, 41, 45]. 
Furthermore, no disease modifying treatments using the 
SOD1 mice have succeeded in clinical trials [14]. New 
valid mouse models that recapitulate TDP-43 pathology 
are therefore required for investigation of upstream dis-
ease pathogenesis and preclinical testing for both ALS and 
FTLD-TDP.

TDP-43 is a widely expressed and highly conserved 
protein with diverse functions in RNA metabolism, includ-
ing RNA translation, splicing and transport [26]. Although 
primarily located in the nucleus, a small proportion of 
TDP-43 is normally present in the cytoplasm of cells [4, 
47]. However, in postmortem tissue from patients with 
ALS, FTLD-TDP, or both, affected neurons and glia in the 
brain and spinal cord lose nuclear TDP-43 and accumulate 
insoluble phosphorylated TDP-43 in the cytoplasm [31]. 
Multiple attempts have been made to generate transgenic 
mouse models that recapitulate these neuropathological 
features of ALS and FTLD-TDP. For example, expres-
sion of human wild type, ALS-linked mutant, or cytoplas-
mic TDP-43 under the control of broad or brain-specific 
promoters, including PrP, Thy1, and Camk2a, resulted in 
rodent models which recapitulate some, but not all, features 
of ALS/FTLD-TDP [2, 20, 22, 44, 48, 49]. Notably, no or 
only rare TDP-43 inclusions were detected in these models 
and no or only modest loss of spinal cord motor neurons 
occurred. Moreover, many of these animals do not develop 
a progressive ALS-like phenotype, which is a requirement 
for future preclinical testing of ALS therapeutics [29]. In 
addition, since previous rodent models did not successfully 
recapitulate the key features of disease, the timeline for the 
progressive TDP-43 nuclear clearance, cytoplasmic accu-
mulation, muscle denervation and neuron loss in vivo has 
been difficult to define.

Our previous efforts to generate transgenic mouse mod-
els that develop TDP-43 pathology included crossing doxy-
cycline (Dox)-suppressible Camk2a promoter mice with 
transgenic mice expressing TDP-43 in which the nuclear 
localization sequence (NLS) was genetically ablated [22]. 
These mice accumulated cytoplasmic TDP-43 in the brain 
but with little pathological TDP-43 aggregates and did not 
develop an ALS-like phenotype due to lack of expression 
in the spinal cord [22]. To overcome these limitations, we 
generated a second generation of TDP-43 mouse mod-
els with cytoplasmic TDP-43 pathology and a progres-
sive disease course similar to ALS, using newly generated 
mice with Dox-suppressible neurofilament heavy chain 
(NEFH) promoter-driven brain and spinal cord expression. 
Since it remains uncertain if modulating TDP-43 sub-cel-
lular location and pathology is a valid avenue for therapeu-
tic development, we further used these new mouse models 
of ALS/FTLD-TDP to investigate if decreasing cytoplas-
mic hTDP-43 levels, clearance of hTDP-43 pathology and 

return of nuclear mTDP-43 could ameliorate ALS-like phe-
notypes after the onset of neuron loss, muscle denervation 
and motor dysfunction.

Materials and methods

Generation of NEFH‑tTA transgenic mice and bigenic 
rNLS mice

NEFH-tTA transgenic (Tg) mice were generated by injec-
tion of a plasmid with the human NEFH promoter iso-
lated from BAC clone (CHORI: RP11-91J21) to drive 
expression of the tetracycline transactivator (tTA) gene 
[20] (kindly provided by Xu-Gang Xia, Thomas Jeffer-
son University) into the pronucleus of fertilized eggs from 
C57BL/6J × C3HeJ F1 matings (Transgenic and Chimeric 
Mouse Facility of the University of Pennsylvania). Mice 
were maintained on a mixed C57BL/6J × C3HeJ F1 back-
ground. Monogenic NEFH-tTA mice were bred to previ-
ously described tetO-hTDP-43-∆NLS line 4 mice [22], 
which allow expression of K82A/R83A/K84A mutant 
human TDP-43 (hTDP-43∆NLS) and were also maintained 
on a mixed C57BL/6J ×  C3HeJ F1 background, to pro-
duce non-transgenic (nTg), NEFH-tTA monogenic, hTDP-
43∆NLS monogenic and NEFH-tTA  ×  hTDP-43∆NLS 
bigenic mice (referred to as rNLS mice). Similarly, mono-
genic NEFH-tTA mice were bred to previously described 
tetO-hTDP-43-WT line 4 and tetO-hTDP-43-WT line 12 
mice [22]. Seven original NEFH-tTA Tg founders were 
produced but four lines were discontinued. The remaining 
three lines (designated 8, 9B and 43) were studied exten-
sively as described here. Breeding mice and weaned mice 
on Dox were provided with chow containing 200  mg/kg 
Dox (Dox Diet #3888, Bio-Serv). To induce expression 
of hTDP-43∆NLS, mice were switched to standard chow 
lacking Dox (Rodent Diet 20 #5053, PicoLab). To re-sup-
press expression of hTDP-43∆NLS, Rodent Diet 20 was 
replaced with Dox Diet. Genotyping was performed using 
tail DNA [52] as described previously for tetO-hTDP-
43∆NLS mice [22], and with the following primers for 
all three lines of NEFH-tTA mice: NEFH-tTA forward 
(5′-TCCACTTTGAGGGGTCTCTG-3′) and NEFH-tTA 
reverse (5′-AGCATCTCATCACTTCCCTG-3′) [20]. All 
procedures were performed in accordance with the NIH 
Guide for the Care and Use of Experimental Animals and 
studies were approved by the Institutional Animal Care and 
Use Committee of the University of Pennsylvania.

Mouse phenotype monitoring and behavioral analysis

Mice were weighed and monitored for tremor and clasping 
phenotype three times per week. For observation of tremor, 
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mice were held on their backs in the palm of the observ-
er’s hand gripped gently between thumb and index finger 
and both forelimb and hindlimb movements were observed 
for  ~30  s. The presence of either fast fine tremor at any 
point in this observation period or resting tremor when at 
rest in the home cage was recorded as a positive response. 
Tremor of this nature was never observed in nTg and mono-
genic littermate control mice. For observation of hindlimb 
clasping, mice were suspended by the tail ~30 cm above the 
cage and slowly lowered. The presence of both hindlimbs 
held together within 5  s of being raised and maintained 
for  ~30  s was recorded as a positive response. Persistent 
hindlimb clasping of this nature was never observed in nTg 
and monogenic littermate control mice. Mice were tested 
once weekly for wirehang and rotarod performance. For 
the wirehang test of grip strength, mice were placed on a 
wire cage top and gently flipped to be suspended upside-
down  ~30  cm above a clean cage. The time to fall was 
recorded up to 180  s; if still hanging at the end of a ses-
sion a time of 180 s was recorded. One training session and 
two test sessions were performed each with  >5  min rest 
between sessions, with the final score being the average 
time of the two test sessions. For the rotarod test of motor 
coordination and balance, mice were placed on a rotarod 
apparatus (Model 7650, Ugo Basile) at a speed of 4  rpm 
with acceleration up to 40 rpm over 300 s. The time to fall 
was recorded up to 300 s; if still running at the end of the 
session a time of 300 s was recorded. One training session 
and two test sessions were performed each with >30 min 
rest between sessions, with the final score being the aver-
age time of the two test sessions. Upon signs of movement 
difficulty, mice were provided with moistened chow on 
the cage floor. Disease end stage in mice was defined as 
complete hindlimb paralysis, a loss of >30 % body weight 
from peak weight or the inability to right within 15 s when 
placed on their backs. Generally, rNLS bigenic mice did 
not develop complete hindlimb paralysis or persistent loss 
of righting reflex prior to reaching the weight cut-off for 
end stage using the simple supportive measures reported 
here.

Mouse tissue collection for NMJ and spinal cord motor 
neuron quantification

Mice were deeply anesthetized using ketamine/xylazine 
and intracardially perfused with  ~15  mL room tempera-
ture phosphate-buffered saline (PBS) followed by ~30 mL 
of 10 % formalin. The tibialis anterior (TA) muscles were 
washed in PBS overnight, and spinal cords were post-fixed 
in 10 % formalin overnight and then all were processed for 
cryoprotective embedding. For visualization of neuromus-
cular junctions (NMJs) in whole TA muscles, BTX conju-
gated to AlexaFluor-488 (Invitrogen, Carlsbad, CA, USA) 

1:500 was added with rabbit anti-VAChT 1:16,000 (gift of 
C. Henderson). The percentage of NMJ innervation was 
determined by dividing the total number of areas of overlap 
between VAChT and BTX signals (total number innervated 
endplates) by the number of areas of BTX signal (total 
number of endplates) on consecutive longitudinal 35 μm 
cryosections of muscles. We observed 700–1000 NMJs per 
TA. For the quantification of motor neuron numbers, motor 
neurons were counted in every fifth transverse 20 μm cryo-
sections of the L4 and L5 levels of the spinal cord stained 
for VAChT and a mouse anti-human TDP-43 monoclonal 
antibody (MAb) (0.06 μg/mL, clone 5104, CNDR) [25].

Mouse tissue collection for biochemistry and IHC

Mice were deeply anesthetized using ketamine/xylazine 
and intracardially perfused with PBS as above. Tissue was 
rapidly dissected and weighed and either immediately fro-
zen on dry ice and stored at −80 °C for use in biochemistry 
or post-fixed overnight in 10 % formalin. Post-fixed tissues 
were rinsed in TBS, pH 7.4 (50 mM Tris–HCl and 150 mM 
NaCl), embedded in paraffin, and sectioned at 6 μm. Gen-
erally, each mouse brain was bisected and the left hemi-
sphere was dissected into different regions for biochemistry 
before freezing, and the right hemisphere used for immuno-
histochemistry (IHC) and immunofluorescence (IF).

Human tissue samples

Frozen and formalin-fixed, paraffin-embedded brain and 
spinal cord tissues were from the Center for Neurodegen-
erative Disease Research Brain Bank at the University of 
Pennsylvania. Human tissues were obtained at autopsy and 
processed for neuropathological assessment as described 
previously [43]. Informed consent was obtained in accord-
ance with the University of Pennsylvania Institutional 
Review Board guidelines. Cortical and spinal cord tissues 
of ALS and FTLD patients with a high burden of TDP-43 
pathology (FTLD-TDP) were used in experiments. Human 
tissue for biochemistry was sequentially extracted as 
described previously [37]. The urea-soluble fraction from 
frontal cortex of a 68 year-old female patient with a neuro-
pathological diagnosis of FTLD-TDP was used for immu-
noblotting. Paraffin 6  μm sections of motor cortex and 
lumbar spinal cord from a 66 year-old female patient with 
a neuropathological diagnosis of ALS were used for IHC.

IHC and IF

For IHC and IF on paraffin-embedded sections, sections 
were deparaffinized in xylene and rehydrated through a 
series of decreasing concentration of ethanol. For IHC 
only, sections were incubated in 5  % H2O2 in methanol 
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for 30  min to block endogenous peroxidases. Sections 
for all antibodies except anti-ubiquitin were subjected 
to antigen retrieval by microwaving at 95  °C for 15  min 
in 1 % antigen unmasking solution pH 6.0 (Vector Labo-
ratories). Sections were allowed to cool and then blocked 
in 2 % FBS in 0.1 M Tris and incubated in primary anti-
bodies for ~16 h. Primary antibodies used for IHC and IF 
were a rabbit anti-C-terminal TDP-43 polyclonal antibody 
(PAb) for detection of both human and mouse TDP-43 
(0.15 μg/mL, CNDR C1039) [23], a rabbit anti-N-termi-
nal TDP-43 PAb for detection of both human and mouse 
TDP-43 (0.22 μg/mL, CNDR N1065) [23], a mouse anti-
internal TDP-43 MAb for detection of both human and 
mouse TDP-43 (0.03 μg/mL, clone 5117, CNDR) [25], a 
mouse anti-human TDP-43 MAb (0.06 μg/mL, clone 5104, 
CNDR) [25], a mouse anti-human TDP-43 MAb (0.06 μg/
mL, clone 5123, CNDR) [25], a rabbit anti-mouse TDP-
43 (0.10  μg/mL, CNDR 2340-181, affinity-purified IgG 
raised by immunizing rabbits with a peptide correspond-
ing to amino acids 181-190 of mTDP-43), a rabbit anti-
phospho-S403/404 TDP-43 PAb (1:2000, CosmoBio TIP-
PTD-P05), a rat anti-phospho-S409/410 TDP-43 MAb 
(1:200, TAR5P-1D3, Ascenion, Munich, Germany) [30], a 
rabbit anti-phospho-S409/410 TDP-43 PAb (1:5000, Cos-
moBio TIP-PTD-P01), a rat anti-phospho-NFM + H MAb 
(1:200, clone TA51, CNDR) [42], a mouse anti-ubiquitin 
MAb (1:5000, clone Ubi-1, Millipore 1510), a rabbit anti-
NeuN MAb (1:1000, clone EPR12763, Abcam 177487), 
a rabbit anti-GFAP PAb (1:2000, Dako z0334), a rat anti-
GFAP MAb (1:2000, clone 2.2B10, CNDR) [28], a rabbit 
anti-Iba1 PAb (1:1000, Wako 019-19741), and a rabbit anti-
Olig-2 PAb (1:250, Millipore 9610). For IHC, a Vectastain 
ABC kit was used with biotinylated anti-mouse, anti-rabbit 
or anti-rat secondary antibodies for detection with 0.05 % 
3,3′-diaminobenzidine tetrahydrochloride hydrate (Sigma 
D5637) with 0.003  % H2O2 in 0.1  M phosphate buffer 
pH 7.4. Sections were counterstained with haemotoxylin, 
dehydrated through ethanol and xylenes, and mounted with 
Cytoseal 60 mounting medium (Vector Laboratories). For 
IF, sections were incubated with goat anti-mouse, anti-rab-
bit or anti-rat 488- or 594-conjugated AlexaFluor second-
ary antibodies (1:1000, Molecular Probes) and mounted 
using Fluoromount Gold plus DAPI (Southern Biotech). 
Images were acquired using a Nikon Eclipse Ni inverted 
microscope with DS-Fi2 camera (brightfield) or DS-Qi1Mc 
camera (fluorescence).

Preparation of mouse brain lysates

Tissues were thawed on ice and then sonicated in 5× v/w 
RIPA buffer (50  mM Tris, 150  mM NaCl, 1  % NP-40, 
5  mM EDTA, 0.5  % sodium deoxycholate, and 0.1  % 
SDS, pH 8.0) containing 1  mM PMSF and protease and 

phosphatase inhibitor cocktails (Sigma). Samples were 
centrifuged at 4  °C, 100,000g for 30  min and the super-
natant taken as the RIPA-soluble fraction. The pellet was 
washed by sonication with RIPA buffer as above. This 
supernatant was discarded and the pellet sonicated in 2× 
v/w urea buffer (7 M urea, 2 M thiourea, 4 % CHAPS, and 
30 mM Tris, pH 8.5) and centrifuged at 22 °C, 100,000g for 
30 min. This supernatant was taken as the RIPA-insoluble/
urea-soluble fraction. Protein concentrations of the RIPA-
soluble fractions were determined using the bicinchoninic 
acid protein assay (Pierce).

Immunoblotting

Twenty micrograms of RIPA-soluble protein and a volume 
equivalent to 7.5-times the amount of the corresponding 
urea-soluble fraction (normalized to non-specific bands 
detected by Ponceau S staining of membranes for urea-
soluble spinal cord samples) were analyzed by 10 or 12 % 
SDS-PAGE with nitrocellulose membrane (Bio-Rad). Anti-
bodies used for immunoblotting were C1039, 5104, 2340-
181, anti-phospho-S403/404 TDP-43 PAb and TAR5P-
1D3, a rabbit anti-neurofilament light chain PAb (1:500, 
phospho-independent NFL, CNDR) [5], a mouse anti-
neurofilament medium chain MAb (1:500, phospho-inde-
pendent NFM, clone RMO44, CNDR) [27] and a mouse 
anti-GAPDH MAb (1:10,000, clone 6C5, Advanced Immu-
nochemical). Signals were detected using goat anti-mouse, 
anti-rabbit or anti-rat IRDye-680 or IRDye-800 conjugated 
secondary PAbs (Li-Cor or Rockland) with imaging using a 
Li-Cor Odyssey imaging system. Band infrared fluorescent 
signals were quantified using Li-Cor Image Studio Version 
2.0.

Measurement of cortical thickness

Cortical thickness was measured from the pial surface to 
the dorsal corpus callosum from images of DAPI-labeled or 
haemotoxylin and eosin-stained brain sections at the level 
of the motor cortex (Bregma 1.10) according to the stand-
ard mouse brain atlas [33].

Statistical analyses and experimental design

Statistical significance between two values was determined 
using a two-tailed t test, analyses of three or more values 
were performed by one-way ANOVA with Bonferroni’s 
post hoc test using Prism 4 (GraphPad). P < 0.05 was con-
sidered statistically significant. All results are presented as 
mean ±  standard error of the mean (SEM) and in figures 
*p  <  0.05, **p  <  0.01, and ***p  <  0.001. The investiga-
tors were blinded for genotype for mouse wirehang and 
rotarod testing, and for NMJ and neuron counts. Mice were 
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randomly allocated to groups for time point analysis and 
for Dox recovery experiments. Both sexes were analyzed. 
Littermate nTg and monogenic animals were used as con-
trols. Littermate control and bigenic groups were matched 
to include equal sexes. Mice were excluded from all anal-
yses when non-neurological disease was present: three 
rNLS8 mice and two rNLS9B mice developed skin lesions/
fighting wounds, one rNLS9B mouse was born microce-
phalic, and one rNLS8 mouse died of unknown cause at 
3 weeks off Dox.

Results

The NEFH promoter drives expression 
of hTDP‑43∆NLS in brain and spinal cord

To drive the expression of hTDP-43 in neurons with large-
caliber axons of the brain and spinal cord, we generated 
lines of mice in which the tetracycline transactivator protein 
(tTA) is expressed under the control of the human NEFH 
promoter [18, 20]. Three NEFH-tTA mouse lines (desig-
nated lines 8, 9B and 43) were crossed with our previously 
developed tetO-hTDP-43∆NLS line 4 mice, in which the 
nuclear localization sequence (NLS) is genetically ablated 
leading to cytoplasmic accumulation of hTDP-43 [22]. 
Therefore, in the resulting NEFH-tTA/tetO-hTDP-43∆NLS 
bigenic animals (designated as ‘regulatable’ or rNLS mice), 
hTDP-43∆NLS expression is controlled by the tTA gene 
product in a doxycycline (Dox)-dependent manner, such 
that hTDP-43∆NLS expression is suppressed in the pres-
ence of Dox (Fig. 1a). rNLS mice used in all experiments 
were bred and maintained in the presence of Dox-contain-
ing chow until approximately 5  weeks of age, when Dox 
was removed to allow hTDP-43∆NLS expression.

rNLS mice showed widespread, high levels of hTDP-
43∆NLS expression in brain and spinal cord as early as 
1  week off Dox, but not in peripheral tissues including 
spleen, kidney and liver (Fig. 1b–e). Line rNLS8 was cho-
sen for the most thorough characterization due to the higher 
percentage of neurons expressing hTDP-43, although 
similar results were also confirmed in lines rNLS9B and 
rNLS43 (Fig.  1c; Fig. S1a). rNLS8 mice expressed full 
length hTDP-43∆NLS in the cytoplasm with frequent 
structures resembling pathological TDP-43 inclusions, as 
detected by antibodies against the N-terminus and C-ter-
minus as well as human specific TDP-43 (Fig.  1f–h). We 
quantified expression in layer V of the motor cortex in 
rNLS8 mice, where greater than 95  % of NeuN-positive 
neurons were positive for hTDP-43 by 1  week off Dox, 
and this level of expression was maintained over time (Fig. 
S1b). Despite NEFH being a neuron-specific promoter, 
unexpectedly 5–10  % of GFAP-positive astrocytes also 

expressed hTDP-43∆NLS, although Iba1-positive micro-
glia and Olig2-positive oligodendrocytes rarely expressed 
the transgene (Fig. 1i; Fig. S1c–e).

Insoluble phosphorylated TDP‑43 accumulates in brain 
and spinal cord of rNLS mice

To confirm the presence of insoluble TDP-43 aggregates 
and to investigate the consequences of mislocalized cyto-
plasmic hTDP-43 in the rNLS mice, brain and spinal cord 
samples were separated into RIPA-soluble and RIPA-
insoluble (urea-soluble) fractions for biochemical analysis. 
hTDP-43∆NLS was robustly detected in the RIPA-solu-
ble protein fraction of cortex of rNLS8 mice after 1 week 
off Dox, with maximal expression  2–4  weeks after Dox 
removal (Fig. 2a). Quantitative analysis revealed total TDP-
43 levels as more than 10-fold higher in rNLS mice at 2–4 
weeks compared to non-transgenic (nTg) and monogenic 
littermates, with a concomitant ~50 % decrease in endog-
enous mTDP-43 levels (Fig.  2a; Fig. S2), indicating the 
previously described phenomenon of auto-regulation of 
endogenous TDP-43 upon TDP-43 over-expression [3, 22].

Notably, hTDP-43 was readily detected in the RIPA-
insoluble (urea-soluble) fraction from 1 week off Dox with 
a concurrent decrease in mTDP-43 levels, suggesting that 
the decrease in soluble mTDP-43 levels was indeed due to 
auto-regulatory down-regulation of the endogenous mTDP-
43 gene rather than recruitment of mTDP-43 to the insolu-
ble protein fraction (Fig.  2b). Likewise, RIPA-insoluble 
phosphorylated TDP-43 (pTDP-43;  ~45  kDa) was also 
detected in rNLS8 mouse cortex from 2  weeks off Dox, 
which accumulated at high levels from 4  weeks off Dox, 
with both phosphorylated S403/404-TDP-43 (p403/404) 
and S409/410-TDP-43 (p409/410) specific antibodies. 
These findings indicate that accumulation of insoluble 
TDP-43 occurs prior to the phosphorylation of the pro-
tein. In addition, the detection of ~45 kDa pTDP-43 from 
4  weeks accompanied by decreased levels of  ~43  kDa 
TDP-43 after 2 weeks indicates a shift in apparent molecu-
lar mass and accumulation of the TDP-43 phosphorylated 
species, as described previously [53]. The RIPA-insol-
uble  ~25  kDa C-terminal fragments typically found in 
FTLD-TDP patients were not detected in any rNLS mice 
with any of the anti-TDP-43 antibodies used here (Fig. 2b), 
suggesting a biochemical signature more akin to ALS, in 
which TDP-43 C-terminal fragments are less abundant. 
Furthermore, we also detected p403/404 and p409/410 
TDP-43 in the RIPA-insoluble fraction of spinal cord of 
rNLS8, rNLS9B and rNLS43 mice (Fig. 2c; Figs. S3, S4). 
A decrease in both RIPA-soluble and -insoluble h, m and 
h+mTDP-43 with continued robust pTDP-43 levels at later 
time points off Dox in rNLS8 mice suggests potential neu-
ron loss with disease progression.
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In addition to the biochemical signature of pathological 
TDP-43 in rNLS mice, pTDP-43-positive inclusions were 
detected by IHC with both p403/404 and p409/410 anti-
bodies (Fig.  2d–i). Numerous speckled and large pTDP-
43 cytoplasmic inclusions were detected in many brain 
regions, including motor cortex (Fig.  2d, e), spinal cord 
(Fig. 2f, g; Fig. S5a), striatum (Fig. 2h, i), visual, entorhi-
nal, and somatosensory cortex, cerebellum and hippocam-
pus (Fig. S5a) in all rNLS lines, resembling those detected 
in motor cortex and spinal cord of ALS/FTLD-TDP 
patients (Fig. 2j, k) [30]. Rare cytoplasmic pTDP-43-pos-
itive inclusions were detected as early as 1 week off Dox 
in layer V of the motor cortex (Fig. S5b), and the percent-
age of NeuN-positive cells with hTDP-43-positive puncta 
increased over time to approximately 28  % of neurons at 
disease end stage (8–18 weeks off Dox) in rNLS8 mice 

(Fig. S5c), but TDP-43-positive inclusions were detected in 
fewer than 2 % of spinal cord motor neurons. As in ALS 
and FTLD-TDP [31], there was also an accumulation of 
cytoplasmic ubiquitin with pTDP-43-positive inclusions in 
the brains and spinal cords of rNLS mice (Fig. S6).

To further investigate whether or not the TDP-43 
pathology resulted from high levels of cytoplasmic hTDP-
43ΔNLS or was due simply to over-expression of hTDP-
43 driven by the NEFH promoter, we crossed NEFH-tTA 
line 8 mice with previously reported tetO-hTDP-43-WT 
line 4 or line 12 mice [22]. As expected, nuclear hTDP-
43-WT was detected in neurons of the brain and spinal cord 
of bigenic mice from both crosses (n = 7 NEFH-tTA line 
8/tetO-hTDP-43-WT line 4 mice analyzed between 1 week 
and 6 months off Dox, and n = 6 NEFH-tTA line 8/tetO-
hTDP-43-WT line 12 mice analyzed between 2 weeks and 

Fig. 1   Expression of hTDP-43∆NLS in brain and spinal cord of 
rNLS8 and rNLS9B mice. a Schematic for Dox-regulatable expres-
sion of hTDP-43∆NLS in bigenic mice under the control of the 
NEFH promoter. Expression of hTDP-43 and total (h+m) TDP-
43 protein in olfactory bulb (Ob), cerebellum (Cb), hippocampus 
(Hp), brainstem and remainder of the brain (Bs), cortex (Cx), spinal 
cord (Sc), spleen (Sp), kidney (Kd) and liver (Lv) of b  rNLS8 and 
c  rNLS9B mice at 4 weeks off Dox. Approximate molecular weight 
markers in kDa are shown on the left and GAPDH is a loading con-
trol. Representative immunoblots of n = 3. Representative images at 

1 week off Dox show widespread expression of hTDP-43∆NLS in d 
Hp, Cx, and e Sc of rNLS8 mice. IHC in rNLS8 motor cortex show-
ing cytoplasmic TDP-43 inclusions (arrows) detected with both f an 
N-terminal (Nt)-TDP-43 antibody, and g  a C-terminal (Ct)-TDP-43 
antibody, at 2 weeks off Dox. h, i There is widespread hTDP-43 
expression (green) in NeuN+ neurons (red), shown at 4 weeks off 
Dox. Arrowhead in i indicates rare non-neuronal hTDP-43-pos-
itive glial cell, and nuclei are shown by DAPI (blue). Scale bars 
d 500 μm, e 200 μm, f, g 50 μm, h, i 50 μm
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6  months off Dox, Fig. S7). hTDP-43- or pTDP-43-posi-
tive cytoplasmic inclusions were not detected in any of 
the NEFH-tTA/tetO-hTDP-43-WT mice. Extremely rare 
small intranuclear pTDP-43 inclusions were occasionally 
detected, in several brain regions including the motor cor-
tex and striatum but not the spinal cord (Fig. S7). These 

findings indicate that pathology in the rNLS mice is due to 
the combination of high levels of over-expression driven by 
the NEFH promoter and the presence of the cytoplasmic 
targeting of the hTDP-43ΔNLS.

Thus, similar to human FTLD-TDP and ALS cases, 
all three rNLS lines accumulated abundant TDP-43 

Fig. 2   Accumulation of insoluble pTDP-43 over time in brain and 
spinal cord, and formation of pTDP-43 inclusions in rNLS mice. a 
RIPA-soluble hTDP-43∆NLS, mouse (m) TDP-43 and total (h+m) 
TDP-43 in rNLS8 cortex at various time points compared to non-
transgenic (nTg) and monogenic (tTA only) controls at 1 week off 
Dox. Quantification is shown below each representative immunoblot 
with n = 3 mice for nTg, tTa and 1, 2, 4 and 6 weeks off Dox, and 
n =  9 for end stage mice (7–18 weeks); see also Fig. S2. Approxi-
mate molecular weight markers in kDa are shown on the left and 
GAPDH is shown as a loading control. b RIPA-insoluble hTDP-
43∆NLS, mTDP-43 and h+mTDP-43 from 1 week off Dox in 
rNLS8 cortex. Higher molecular weight and phosphorylated (p) TDP-
43 are detected from 2 weeks off Dox. Extract from a human FTLD 

patient is shown as a positive control. Asterisks indicate pTDP-43, 
arrowhead indicates 43  kDa TDP-43, and hash mark indicates 
20–25  kDa C-terminal TDP-43 fragments. c RIPA-insoluble pTDP-
43 in rNLS8 spinal cord from 4 weeks off Dox. Time points of 7–18 
weeks in a–c are disease end stage. pTDP-43 pathology was detected 
with antibodies to both pS409/410- and pS403/404-TDP-43 in rNLS8 
at 4 weeks off Dox in d motor cortex and f spinal cord (Sc), rNLS8 
at 6 weeks off Dox in h striatum, in rNLS9B at 4 weeks off Dox in e 
motor cortex, g Sc, and i striatum, and in the j motor cortex and k Sc 
of human ALS patients. Arrows indicate examples of large cytoplas-
mic inclusions, and asterisks in e and i indicate small pTDP-43-posi-
tive puncta. Scale bar d–k 50 μm
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cytoplasmic inclusions in cortex and spinal cord that cor-
related with the presence of RIPA-insoluble TDP-43. Our 
longitudinal analyses indicate that endogenous mTDP-43 is 
rapidly down-regulated, and the accumulation of insoluble 
TDP-43 occurs prior to robust TDP-43 phosphorylation in 
both brain and spinal cord in rNLS mice.

rNLS mice develop progressive cortical atrophy 
and neuromuscular junction denervation followed 
by spinal cord motor neuron loss with dramatic muscle 
atrophy

To sequentially characterize the ALS-like phenotype in the 
rNLS8 mice, we measured changes in cortical thickness, 
brain mass, tibialis anterior (TA) neuromuscular junction 
(NMJ) innervation, motor neuron (MN) number and mus-
cle integrity. rNLS8 mice displayed decreased cortical 
thickness indicative of neuronal degeneration beginning at 
4 weeks off Dox (Fig. 3a–c), which was accompanied by 
astrogliosis in many regions, including layer V of the motor 
cortex (Fig. S8). By disease end stage at 10–18 weeks off 
Dox, rNLS8 mice had significantly smaller brains when 
compared to littermate controls, indicating dramatic brain 
atrophy (Fig. 3d).

To investigate the effect of hTDP-43∆NLS expression 
on innervation of NMJs, we analyzed hindlimb TA mus-
cle using the cholinergic synaptic marker vesicular acetyl-
choline transporter (VAChT) to label motor terminals, and 
fluorophore-conjugated alpha-bungarotoxin (BTX) to mark 
motor endplates. Significant denervation occurred after 
only 4 weeks of transgene expression in rNLS8 mice, and 
by 6 weeks of transgene expression the TA showed massive 
denervation with only 39.6 ± 6.6 % (mean ± SEM, n = 4) 
of NMJs still intact (Fig.  3e–h). Interestingly, axonal die-
back occurred before MN loss, since the number of spinal 
MNs at the lumbar L4-L5 level (innervating hindlimb mus-
cles) were unchanged at this 4 week time point but were 
decreased by ~28 % after 6 weeks off Dox, and by 8 weeks 
off Dox only ~50 % of lumbar MNs remained (Fig. 3i–l). 
Finally, following loss of MNs at disease end stage, there 
was grouped fiber atrophy and centralized nuclei indicative 
of attempted regeneration in muscle, as well as dramatic 
decreases in the mass of isolated TA and gastrocnemius 
muscles (Fig. 3m–p).

rNLS mice develop a progressive motor phenotype 
leading to death

To determine if hTDP-43∆NLS expression also initiated 
motor dysfunction in rNLS mice, we monitored several 
behavioral phenotypes over time. rNLS8 mice developed 
early-onset hindlimb clasping and fine forelimb and/or 
hindlimb tremor (Fig. 4a, b; Video S1), progressive loss of 

grip strength as measured by wirehang test (Fig. 4c), and 
progressive decline in coordinated movement and balance 
as measured by impairment on the accelerating rotarod 
test (Fig.  4d). In addition, rNLS8 mice showed progres-
sively decreasing body mass from a peak at 2 weeks off 
Dox (Fig.  4e), and early death with median survival of 
10.3 weeks off Dox (Fig. 4f). Similar findings of brain and 
muscle atrophy, and progressive motor phenotype, were 
obtained in rNLS9B and rNLS43 mice, albeit with differ-
ences in the time of onset and length of survival (Figs. S9, 
S10). Since males and females of all lines developed con-
sistent pathology and disease, they were both included in 
analyses. Notably, rNLS8 mice had a more protracted dis-
ease course than the rapid progression observed in rNLS9B 
and rNLS43 mice, consistent with their lower spinal cord 
hTDP-43 expression levels (Fig. 1b, c; Fig. S1a).

Thus, the pathology and disease course in rNLS8 mice 
progressed with several ALS-relevant features, including 
early cytoplasmic accumulation of hTDP-43 along with 
down-regulation of endogenous mTDP-43 from 1  week 
off Dox, the formation of cytoplasmic pTDP-43 inclusions 
accompanied by onset of motor symptoms from 2 weeks 
off Dox, brain atrophy, astrogliosis and muscle NMJ den-
ervation at 4 weeks off Dox, which were followed by lower 
spinal cord MN loss and an inability to perform several 
motor tasks from 6 weeks off Dox until disease end stage at 
a median of 10.3 weeks from initial Dox removal (Fig. 5). 
This sequence of events is likely the same for lines rNLS9B 
and rNLS43, although with compressed timing. Therefore, 
these rNLS mice faithfully recapitulate many of the patho-
logical and phenotypic features of ALS.

TDP‑43 pathology is rapidly cleared and nuclear 
mTDP‑43 returns following suppression 
of hTDP‑43∆NLS expression in rNLS mice

Since most patients with ALS and/or FTLD are not diag-
nosed until well into the disease course when neuron loss 
has already occurred, we next asked whether suppression of 
hTDP-43∆NLS expression would eliminate existing TDP-
43 pathology and allow functional recovery even after sig-
nificant motor deficits had developed. We hypothesized that 
this paradigm would allow us to determine whether or not 
therapies which drive clearance of cytoplasmic TDP-43 and 
allow return of nuclear TDP-43 could be clinically relevant, 
and would establish the rNLS mice as a model for future 
preclinical testing of ALS and FTLD-TDP therapeutics.

After 6 weeks of transgene expression, when signifi-
cant TDP-43 pathology was present with overt neuron 
loss and dramatic motor decline (Figs.  2d–i, 3, 4), we 
suppressed hTDP43∆NLS expression by re-introducing 
Dox (Fig. 6a). After only 2 weeks of Dox re-introduction, 
a dramatic decrease in accumulated hTDP-43∆NLS and 
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Fig. 3   rNLS8 mice develop progressive cortical atrophy, muscle den-
ervation, MN loss and muscle atrophy. a, b Representative brain sec-
tions from nTg and rNLS8 mice 18 weeks off Dox at Bregma 1.10, 
stained with haemotoxylin and eosin (H&E). Thickness is measured 
from the edge of the brain section to the white matter below (indi-
cated with a bar). c Measurement of cortical thickness in nTg and 
rNLS8 mice at different ages, n = 3 per time point. d Brain mass of 
rNLS8 mice compared to littermate nTg or tTA monogenic controls 
at disease end stage of 10–18 weeks off Dox, n = 9 per group. e–h 
Representative images and quantification of the overlap of VAChT-
positive motor terminals (red) with acetylcholine receptors stained 
using BTX (green) as an indicator of innervated motor endplates 
in the tibialis anterior (TA) muscle of rNLS8 mice. The TA muscle 
showed marked denervation at 6 and 8 weeks off Dox (f–g, vacated 

NMJs noted with asterisks), n =  4 mice per time point. i–k IF for 
MN marker VAChT (red) with nuclear marker DAPI (blue) revealed 
loss of MNs in the lumbar spinal cord at 6 and 8 weeks off Dox in 
rNLS8 mice. l Quantification of number of VAChT-positive lumbar 
MNs in rNLS8 mice at different times off Dox. n = 4 mice per time 
point. m, n H&E staining of TA muscle showed gross muscle atrophy 
in rNLS8 mice at disease end stage compared to littermate nTg con-
trol. Examples of central nuclei are shown by an arrow and atrophic 
fibers by an asterisk. o, p TA and gastrocnemius muscle masses of 
rNLS8 mice compared to littermate nTg or tTA monogenic con-
trols at disease end stage of 10–18 weeks off Dox, n = 7 per group. 
Scale bars a, b 500 μm, e–g 50 μm, i–k, m–n 100 μm; *p < 0.05, 
**p  <  0.01, ***p  <  0.001 versus control by one-way ANOVA with 
Bonferroni’s post hoc test; ###p < 0.001 by paired two-tailed t test
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pTDP-43 protein was observed in the cortex and spinal 
cord (Fig. 6b–d). Additionally, pTDP-43 pathology was no 
longer detected in the motor cortex or in any other brain 

region, including the thalamus and genu of the corpus 
callosum, of rNLS8 mice after 12+ weeks back on Dox 
(Fig. 6e; Fig. S11a–c).

Fig. 4   Expression of hTDP-43∆NLS results in dramatic motor 
impairments, weight loss, and death in rNLS8 mice. Onset of a 
hindlimb clasping, b tremor, and progressive declines in c wirehang 
and d rotarod performance in rNLS8 mice, n = 10 controls, n = 14 
bigenic. e rNLS8 mice also showed significant weight loss relative to 

controls beginning 3 weeks after Dox removal, n = 19 per group. f 
Kaplan–Meier survival curve for rNLS8 mice and littermate controls 
shows a marked decrease in survival time in rNLS8 mice, n = 19 per 
group

Fig. 5   Schematic showing the 
time course of major neurode-
generative events in the rNLS8 
mouse model of ALS/FTLD-
TDP. The earliest events are the 
accumulation of cytoplasmic 
hTDP-43 and down-regulation 
of mTDP-43. Next, mice begin 
to show motor impairments 
including clasping, tremor, and 
impairments in motor tasks, and 
in some cells hTDP-43 begins 
to aggregate and becomes 
phosphorylated at pathological 
sites. By 4 weeks after initiation 
of hTDP-43ΔNLS expression, 
there is a significant brain atro-
phy and marked axonal dieback 
from hindlimb muscle. Cell loss 
and axonal dieback, and their 
functional consequences, con-
tinue to progress until disease 
end stage
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As has been seen with previous TDP-43 transgenic 
mice [22], over-expression of hTDP-43∆NLS caused a 
loss of normal nuclear mTDP-43 protein (Fig.  7a; Fig. 
S11d). However, when mice were re-introduced to Dox at 
6 weeks, nuclear mTDP-43 returned (Fig.  7a; Fig. S11d) 
and levels of mTDP-43 detected biochemically were signif-
icantly increased as early as 2 weeks back on Dox (Fig. 7b, 
c). Furthermore, re-introduction of Dox led to clearance of 

cytoplasmic TDP-43 (Fig. S11a, d) and diminished astro-
gliosis (Fig. S11e). Thus, suppression of hTDP-43∆NLS 
transgene expression resulted in elimination of cytoplasmic 
TDP-43, clearance of pTDP-43 pathology and return of 
endogenous mTDP-43 to the nucleus. Similar to our pre-
vious findings [22], we also detected a decrease in neuro-
filament light (NFL) chain but not neurofilament medium 
(NFM) chain protein in the cortex of rNLS8 mice at 6 

Fig. 6   Soluble and insoluble TDP-43 are rapidly cleared from 
brain and spinal cord of rNLS8 mice upon re-introduction of Dox. 
a Schematic of experimental design. b, c Levels of hTDP-43 and 
h+mTDP-43 in RIPA-soluble (R) and RIPA-insoluble/urea-soluble 
(U) protein fractions of rNLS8 mouse cortex and spinal cord at 6 
weeks and at subsequent time points back on Dox (+Dox), with tetO-
hTDP-43-∆NLS monogenic (Mono) littermate control. p403/404-
TDP-43 and p409/410-TDP-43 were rapidly eliminated from the U 

fraction. Approximate molecular weight markers in kDa are shown 
on the left and GAPDH is the loading control. d hTDP-43 was elimi-
nated from spinal cord MNs in rNLS8 mice +Dox, and e p409/410-
TDP-43 inclusions were detected in the motor cortex in rNLS8 mice 
at 6 weeks, but were not detected in rNLS8 mice +Dox (images of 
6 weeks off Dox +18 weeks back on Dox are shown). Scale bars 
d 100 μm, e 50 μm
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weeks off Dox (Fig.  7d–f). Although NFL levels showed 
some increase upon re-introduction of Dox, these remained 
significantly decreased compared to controls after 18–32 
weeks back on Dox (Fig. 7d–f). Furthermore, double labe-
ling IF of pTDP-43 with phospho-NFM and neurofilament 
heavy chain proteins showed little or no co-localization of 
NF proteins with TDP-43 pathology in the cortex and spi-
nal cord of rNLS8 mice, suggesting that mislocalization of 
NF proteins is not involved in driving neuronal death (Fig. 
S12).

rNLS mice functionally recover 
following hTDP‑43∆NLS transgene suppression

We next asked whether clearing hTDP-43∆NLS would 
lead to symptom alleviation and functional recovery in 
mice with overt ALS-like motor impairments. Remarkably, 
mice that had expressed hTDP-43∆NLS for 6 weeks, with 

associated pTDP-43 pathology, neuron loss and motor dys-
function, showed a rapid functional improvement as early 
as 2 weeks back on Dox, with partial recovery of hindlimb 
clasping phenotype and rapid weight gain (Fig. 8a, b; Video 
S1).

Importantly, rNLS8 mice at 8 weeks off Dox had signifi-
cantly fewer lumbar spinal cord MNs compared to those at 
6 weeks off Dox (Fig.  3l), however there was no statisti-
cally significant difference in MN numbers between mice 
at 6 weeks off Dox and mice at 12–18 weeks back on Dox 
(Fig.  8c), suggesting prevention of continued MN loss in 
mice back on Dox. Likewise, there was no significant dif-
ference in motor cortex cortical thickness in rNLS8 mice at 
6 weeks off Dox compared to rNLS8 mice back on Dox for 
12–32 weeks (Fig. S11f, g). Indeed, despite the significant 
muscle denervation and even with the ~25 % reduction in 
the total number of MNs at the TA-innervation L4 level of 
the spinal cord (Fig. 3h), we detected a significantly higher 

Fig. 7   Endogenous nuclear 
mTDP-43 rapidly returns in 
cortex of rNLS8 mice upon re-
introduction of Dox. a Nuclear 
mTDP-43 levels in rNLS8 
mice at 6 weeks off Dox and 
after Dox re-introduction (+18 
weeks Dox shown), compared 
to tetO-hTDP-43-∆NLS mono-
genic (Mono) littermate control. 
b, c Endogenous mTDP-43 
levels are decreased in rNLS8 
mice at 6 weeks off Dox, but are 
significantly increased by +2 
weeks Dox; ***p < 0.001 ver-
sus control by one-way ANOVA 
with Bonferroni’s post hoc test, 
n = 3 per group. d–f Levels 
of NFL protein, but not NFM, 
are significantly decreased in 
rNLS8 mice at 6 weeks off Dox. 
Representative immunoblots 
are shown; **p < 0.01 and 
***p < 0.001 versus control by 
one-way ANOVA with Bonfer-
roni’s post hoc test, n = 3 per 
group, +Dox indicates +18–32 
weeks back on Dox. Scale bar 
a 50 μm
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percentage of innervated NMJs in mice back on Dox, sug-
gesting that the remaining MNs were able to re-innervate 
the vacated TA motor endplates following suppression of 
hTDP-43∆NLS expression (Fig. 8d, e).

rNLS8 mice also displayed a remarkable return of grip 
strength and improvement in performance in the rotarod 
test beginning as early as 1 week back on Dox (Fig.  8f, 
g). Finally, although rNLS8 mice had a median survival of 
10.3 weeks off Dox and a maximum lifespan of 18 weeks, 

rNLS8 mice returned to Dox at 6 weeks showed a dramatic 
extension of lifespan (Fig.  8h). Of n =  14 mice returned 
to Dox at 6 weeks, three were killed for early analysis, 
whereas 11 mice lived up to or past the maximum rNLS8 
lifespan without sign of disease progression (Fig. 8h).

In addition to the phenotypic recovery in rNLS8 mice 
returned to Dox at 6 weeks, we also observed a similar 
functional recovery in rNLS9B mice returned to Dox at 
the time point of disease when these mice had lost 25  % 

Fig. 8   Suppression of hTDP-43∆NLS expression rescues motor 
phenotypes and restores lifespan in rNLS8 mice. a Hindlimb splay-
ing phenotype of nTg control, rNLS8 mouse after 6 weeks of hTDP-
43∆NLS expression and rNLS8 mouse back on Dox after 6 weeks of 
hTDP-43∆NLS expression (+Dox, 2 weeks back on Dox shown). b 
Weight loss reached a nadir at 6 weeks in rNLS8 mice back on Dox 
(n = 11 rNLS8 +Dox and n = 8 littermate nTg/monogenic controls). 
c MN number in lumbar SC, and d, e analysis of NMJ innervation 
in rNLS8 mice after 6 weeks of hTDP-43∆NLS expression and at 
3–4  months back on Dox (n =  3–4 per group), *p  <  0.05 versus 6 
weeks off Dox, image shows rNLS8 mouse at 6 weeks off Dox +12 

weeks back on Dox. f Wirehang performance of rNLS8 mice back 
on Dox at 6 weeks, p < 0.001 from 3 weeks back on Dox versus 6 
weeks off Dox, and g rotarod performance of rNLS8 mice back on 
Dox at 6 weeks, p < 0.05 at 1 week back on Dox and p < 0.001 from 
2 weeks back on Dox versus 6 weeks off Dox, by repeated measures 
ANOVA with Bonferroni’s post hoc test, n = 8. h Survival in rNLS8 
mice back on Dox at 6 weeks (rNLS8 +Dox—blue line, n = 14, lit-
termate nTg/monogenic controls—black line, n = 11) and in rNLS8 
off Dox (rNLS8—dotted red line, n = 19, also included in Fig. 4f). 
Triangles/circles indicate censored animals either killed for analysis 
or remaining alive
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of peak body weight (5.0–6.0 weeks off Dox). Similar 
to rNLS8 mice, rNLS9B mice back on Dox showed no 
change in MN number and a significantly higher percent-
age of innervated NMJs (Fig. S13a,b). In addition, although 
3 mice progressed rapidly to disease end stage, 12 of 15 
rNLS9B mice back on Dox showed a partial recovery of 
hindlimb clasping phenotype, improvement in the wirehang 
test, progressive weight gain, and extended survival (Fig. 
S13c–f). Notably, although 3 of the 12 recovered rNLS9B 
mice were killed for analysis after 4 months back on Dox, 
the 9 remaining recovered rNLS9B mice remained alive 
without progression of disease at between 5 and 8 months 
back on Dox, far past when all 17 of the rNLS9B littermate 
mice which were not returned to Dox had succumbed to 
disease (Fig. S13f).

Discussion

Our newly generated rNLS mice faithfully recapitulate 
many of the pathological features of ALS and FTLD-TDP. 
The previous development of numerous TDP-43 in  vivo 
models has largely failed to recapitulate the combined key 
features of TDP-43 pathology including neuron loss, mus-
cle denervation/atrophy and a progressive motor phenotype 
leading to premature death. The major reasons for our suc-
cess include the use of the NEFH promoter to direct hTDP-
43∆NLS expression not only to brain but also to spinal 
cord, accounting for the spinal motor neuron loss and 
muscle denervation leading to a more robust ALS-like phe-
notype. Our results also indicate that the NEFH promoter 
drives higher levels of expression than the Camk2a pro-
moter (>10 fold versus 8 fold, respectively, in the cortex), 
which in turn increased hTDP-43 and resulted in the accu-
mulation of abundant pathological pTDP-43 detected by 
both biochemical and histological methods [22]. Although 
high levels of over-expression of TDP-43 artificially tar-
geted to the cytoplasm produces a model which diverges 
from the circumstances in human disease, given that the 
initial upstream initiation of disease has been hypothesized 
to require multiple pathogenic ‘hits’ [26, 34], this strategy 
has nevertheless allowed us to overcome the need for such 
multiple triggers and resulted in the most disease-relevant 
TDP-43 model produced to date. Moreover, our strategy 
of targeting hTDP-43 to the cytoplasm, the location of 
accumulation in human disease, instead of to the nucleus, 
allowed for higher hTDP-43∆NLS accumulation before 
the onset of neurotoxicity and brought about pathology 
more reminiscent of ALS/FTLD-TDP than was seen with 
expression of nuclear hTDP-43-WT.

It should be noted that although TDP-43 pathology 
accumulates in both brain and spinal cord in the rNLS 
mice, testing of cognitive function relevant to FTLD-TDP 

phenotypes is confounded by the early and robust progres-
sive motor impairment. However, the common pathology 
in ALS and FTLD-TDP indicate that these diseases are 
syndromic variants of neurodegenerative TDP-43 pro-
teinopathies, and suggest that our results could be gener-
alized to both diseases. Indeed, our data provide insights 
into the role of neuron loss and TDP-43 phosphorylation 
in disease pathogenesis. Specifically, the motor pheno-
types in the rNLS8 mice, which begin with hindlimb clasp-
ing, are detected at 1–2.5 weeks off Dox (Fig. 4a), prior to 
the detection of overt brain atrophy, NMJ denervation and 
neuron loss, thereby suggesting that the initial dysfunction 
seen in these animals is not due to simple neuron death 
but instead by an earlier disruption to neuronal function. 
Despite high levels of hTDP-43∆NLS expression from 1 
week off Dox, pTDP-43 is biochemically detected at robust 
levels only after 4 weeks off Dox in rNLS8 mice, at the 
point when overt cell loss and muscle denervation begins, 
suggesting that phosphorylation of TDP-43 may be a sig-
nal in an attempt to clear the accumulated insoluble pro-
tein. Notably, although both clearance of TDP-43 pathol-
ogy from the rNLS8 mice and recovery of motor function 
occurred rapidly following suppression of hTDP-43∆NLS 
expression, the halting of MN loss cannot be attributed to 
the removal of inclusions alone, since although they were 
readily detected, large pTDP-43 inclusions were observed 
in only a minority of MNs. Despite this, up to 50  % of 
MNs were lost by 8 weeks off Dox (Fig. 3l), indicating that 
although expressing cytoplasmic hTDP-43, most MNs that 
degenerated did not contain pTDP-43 inclusions. These 
findings suggest that large pTDP-43 inclusions, despite 
being hallmarks of disease, are not necessarily the cause 
of neuronal demise. Rather, our findings indicate a com-
plex cascade of events leading to disease development and 
progression to death. It will be interesting to delineate the 
identity of the surviving neurons that allow for muscle re-
innervation and recovery. Furthermore, it will be important 
to identify the molecular determinants of those neurons that 
succumb early in disease versus those that survive and are 
able to functionally recover following hTDP-43∆TDP-43 
suppression.

Another key question that remains to be addressed is the 
contribution of loss of nuclear TDP-43 versus the accumu-
lation of cytoplasmic TDP-43 pathology, which are both 
seen in rNLS mice, to the development of disease. Com-
plete knockout of TDP-43 in mice is embryonic lethal [24, 
40, 50], and ubiquitous inducible post-natal Cre recombi-
nase-mediated deletion of TDP-43 in mice causes altera-
tions in fat metabolism and death within 9  days [11]. In 
addition, the targeted depletion of TDP-43 from spinal cord 
motor neurons using an HB9 promoter-driven Cre-Lox 
system caused progressive motor phenotypes with motor 
neuron loss [51]. These studies highlight the importance 
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of maintaining TDP-43 levels for neuronal viability and 
animal survival, and suggest that loss of normal nuclear 
TDP-43 function is detrimental to motor neurons and can 
cause ALS/FTLD phenotypes. However, loss of func-
tion is unlikely to be the sole cause of neurodegeneration 
because over-expression of wild-type TDP-43 resulted in 
elevated levels of nuclear TDP-43 but also caused disease 
phenotypes and neuron death in  vivo [22, 49]. Thus, no 
single mechanism may be responsible for the full gamut of 
pathology and dysfunction in ALS/FTLD-TDP. To address 
this more specifically, future studies should distinguish the 
contributions to pathogenesis of a toxic gain of function 
or a loss of normal function by employing transgenic ani-
mals with genetic ablation of auto-regulatory sequences in 
the TDP-43 3′UTR to investigate the effect of cytoplasmic 
accumulation of TDP-43 separate from nuclear depletion.

Interestingly, in all three lines of NEFH-tTA mice ana-
lyzed, a small minority of astrocytes was found to express 
the hTDP-43ΔNLS transgene (Fig. 1; Fig. S1). The reason 
for this unexpected non-neuronal expression from the neu-
ronal-specific NEFH promoter remains unclear, although 
this result is unlikely to be caused by the random chro-
mosomal site of transgene insertion due to each line being 
derived from individual founder mice. However, since this 
is the first report of the use of the human NEFH promoter 
in transgenic mice, we speculate that there may be differ-
ences in the transcriptional recognition of the promoter in 
mouse compared to human. Regardless, the NEFH-tTA 
mice showed high levels of Dox-suppressible expression in 
neurons of the brain and spinal cord, and therefore offer a 
new model system to allow further investigation not only of 
TDP-43 but also other proteins involved in neurodegenera-
tive diseases.

Recently, the role of cell-to-cell transmission and prop-
agation of misfolded proteins through the central nervous 
system (CNS) has suggested a novel mechanism for neu-
rodegenerative disease progression [15, 16, 19, 21, 38]. 
For example, misfolded tau and α-synuclein induce disease 
spread in vivo and cause pathology reminiscent of Alzhei-
mer’s and Parkinson’s diseases, respectively [15, 16, 19, 21, 
38]. Isolated pathological TDP-43 from ALS and FTLD-
TDP patient tissue was also shown to seed aggregation of 
endogenous TDP-43 following direct transduction of cul-
tured cells [32]. Furthermore, post mortem studies of TDP-
43 pathology in ALS and FTLD-TDP patients demonstrate 
a progressive sequential spread of TDP-43 pathology in 
brain and spinal cord, suggesting focal initiation of disease 
with subsequent involvement of interconnected brain and 
spinal cord regions [7–9]. Our findings here in the rNLS 
mice indicate that intracellular TDP-43 pathology can be 
rapidly cleared in vivo, which halts further neurodegenera-
tion, thus suggesting that the presence of intracellular path-
ological TDP-43 is insufficient for cell-to-cell spread and 

propagation of disease pathology throughout the neuraxis 
in the absence of continued cytoplasmic TDP-43 accumu-
lation. It is possible, however, that in the extended disease 
course of human patients minute quantities of transmitted 
pathological TDP-43 may lead to amplification of disease 
over time. Further studies will be required in order to delin-
eate the contribution of spreading of pathology in ALS and 
FTLD-TDP.

No effective therapy currently exists for either ALS or 
FTLD-TDP, and the most exciting aspect of this study is 
the demonstration of functional recovery following sup-
pression of cytoplasmic TDP-43 expression even after the 
time point when TDP-43 pathology has formed, nuclear 
TDP-43 has decreased and neurodegeneration has begun. 
Although these findings in the rNLS mice cannot be 
directly applied to human ALS/FTLD-TDP therapy due 
to the reliance on an artificial genetic system in which 
transgene transcription can be rapidly prevented, they 
nevertheless show that functional recovery from TDP-
43-related disease progression is possible after symptom 
onset in  vivo. TDP-43 is an RNA/DNA binding protein 
that regulates its own expression via a direct auto-reg-
ulatory mechanism involving binding of TDP-43 to the 
3′UTR of its own transcript [3, 22, 35]. For this rea-
son, over-expression of exogenous TDP-43 (lacking the 
3′UTR required for auto-regulation) causes down-regu-
lation of endogenous TDP-43, and in the case of over-
expression of cytoplasmically targeted hTDP-43 in rNLS 
mice, this leads to a loss of nuclear mTDP-43 (Fig.  2a; 
Fig. S11a, d) [22]. Therefore, in rNLS mice returned to 
Dox, suppression of cytoplasmic hTDP-43 expression 
would release the auto-regulatory inhibition of mTDP-
43 transcription, leading to the return of nuclear mTDP-
43 by renormalization of homeostatic TDP-43 expres-
sion. We cannot distinguish whether the clearance of 
cytoplasmic TDP-43 or the return of nuclear TDP-43 is 
responsible for the dramatic recovery seen, and indeed 
the combination of both phenomena may be required for 
this effect. However, accumulation of cytoplasmic TDP-
43 occurs only in disease and directly leads to a decrease 
in nuclear TDP-43 levels. We therefore hypothesize that 
clearance of cytoplasmic TDP-43, which allows for the 
return of normal nuclear TDP-43, could be a therapeu-
tic strategy for ALS and FTLD-TDP, even when disease 
is very advanced. Aggregated TDP-43 is cleared primar-
ily by autophagy in cell culture [39], and thus autophagy 
is a likely mechanism by which the rapid clearance of 
hTDP-43ΔNLS occurs following transgene suppression. 
Indeed, small molecule enhancers of autophagy have 
shown promise in previous TDP-43 cell and mouse mod-
els [6, 46], suggesting that modulation of degradation 
may be one avenue for removal of insoluble and patho-
logical TDP-43.
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Previous attempts to delineate the effects of reversibil-
ity of phenotype due to hTDP-43 expression in vivo have 
produced conflicting results, likely due at least in part to 
the shortcomings of the previously available models. 
For example, although clearance of cytoplasmic hTDP-
43∆NLS from the brain of Camk2a-tTA/tetO-hTDP-
43∆NLS mice, which develop some forebrain neuron loss 
but lack a degenerative motor phenotype, allows for behav-
ioral recovery when mice are returned to Dox at a young 
age, older mice showed no recovery at 2 weeks post Dox 
re-introduction [1]. Furthermore, NEFH-tTA/tetO-hTDP-
43M337V rats showed a partial recovery of motor function 
and extension of lifespan upon transgene suppression, but 
due to the expression of primarily nuclear-localized mutant 
TDP-43M337V and the development of a very rapid disease 
course without notable TDP-43 accumulation or overt neu-
ron loss in these animals, longitudinal analysis is difficult 
and their relevance to human disease is unclear [20]. Our 
findings now show marked muscle re-innervation in rNLS 
mice returned to Dox, likely as a result of axonal sprouting, 
even after significant neuron loss and muscle denervation 
had occurred (Fig. 8d, e). Thus, suppression of continued 
cytoplasmic hTDP-43 expression prevents further neuron 
loss, and surviving motor neurons can re-innervate muscle 
leading to functional recovery.

We here report new rNLS mouse models which for the 
first time recapitulate cytoplasmic TDP-43 pathology remi-
niscent of ALS and FTLD-TDP in brain and spinal cord, 
accompanied by a progressive neurodegenerative ALS-like 
phenotype. Our findings indicate that in symptomatic rNLS 
mice, clearance of cytoplasmic TDP-43 and normalization of 
nuclear TDP-43 levels prevents continued neurodegeneration 
and allows for muscle re-innervation, leading to functional 
recovery and dramatic extension of lifespan. Our results 
therefore highlight the exquisite ability of the CNS to recover 
from disease-associated dysfunction even at advanced stages 
of disease in new models of ALS/FTLD-TDP.
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