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in mice with overt neurodegeneration for only 1 week was 
sufficient to significantly improve motor and behavioral 
deficits, and reduce astrogliosis. Our data suggest that func-
tional deficits in iTDP-43A315T mice are at least in part a 
direct and transient effect of the presence of TDP-43A315T. 
Furthermore, it illustrates the compensatory capacity of 
compromised neurons once transgenic TDP-43 is removed, 
with implications for future treatments.
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Introduction

Frontotemporal lobar degeneration (FTLD) and amyo-
trophic lateral sclerosis (ALS) are both incurable and rap-
idly progressive neurodegenerative diseases of the CNS, 
and represent a disease continuum with shared symptoms, 

Abstract  The nuclear transactive response DNA-binding 
protein 43 (TDP-43) undergoes relocalization to the cyto-
plasm with formation of cytoplasmic deposits in neurons 
in amyotrophic lateral sclerosis (ALS) and frontotemporal 
lobar degeneration (FTLD). Pathogenic mutations in the 
TDP-43-encoding TARDBP gene in familial ALS as well 
as non-mutant human TDP-43 have been utilized to model 
FTD/ALS in cell culture and animals, including mice. Here, 
we report novel A315T mutant TDP-43 transgenic mice, 
iTDP-43A315T, with controlled neuronal over-expression. 
Constitutive expression of human TDP-43A315T resulted in 
pronounced early-onset and progressive neurodegenera-
tion, which was associated with compromised motor per-
formance, spatial memory and disinhibition. Muscle atro-
phy resulted in reduced grip strength. Cortical degeneration 
presented with pronounced astrocyte activation. Using dif-
ferential protein extraction from iTDP-43A315T brains, we 
found cytoplasmic localization, fragmentation, phosphoryl-
ation and ubiquitination and insolubility of TDP-43. Sur-
prisingly, suppression of human TDP-43A315T expression 
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neuropathology and underlying genetics [24]. While mus-
cle weakness is the predominant symptom of ALS, FTLD is 
characterized by behavioral and memory deficits [17]. Neu-
ropathologically, both FTLD and ALS present with patho-
logical deposition of ubiquitinated and aberrantly phospho-
rylated proteins in neurons and, less frequently, other CNS 
cell types [29]. At post-mortem examination, cytoplasmic 
deposits consisting of the nuclear TAR DNA-binding pro-
tein 43 (TDP-43) are found in a large proportion of FTLD 
(FTLD-TDP) and ALS brains [31]. In addition, up to 57 % 
of Alzheimer’s disease (AD) brains show TDP-43 inclu-
sions [27]. Interestingly, not only pathogenic mutations in 
the TDP-43-encoding gene TARDBP, identified in familial 
ALS [28, 40] result in nucleo-cytoplasmic re-localization 
and deposition of TDP-43, but also other familial FTLD-
TDP and ALS-causing mutations lead to TDP-43 pathol-
ogy. These include mutations in GRN, C9ORF72 and other 
genes [2, 7, 9, 33]. Together, this suggests a central role of 
TDP-43 in the pathogenesis of FTLD-TDP, ALS and pos-
sibly other neurodegenerative diseases.

TDP-43 is a nuclear protein with two DNA/RNA bind-
ing domains followed by a glycine-rich domain, which is 
where virtually all pathogenic TARDBP mutations have 
been identified [28, 40]. Nuclear localization is regulated 
by nuclear localization and export sequences within the 
amino-terminal half of the protein [48]. The pathomecha-
nism leading to nucleo-cytoplasmic re-localization of TDP-
43 in FTLD-TDP and ALS remains unknown. Several 
physiological functions have been attributed to TDP-43, 
including RNA transport, alternative mRNA splicing and 
others [4], and loss of these functions may contribute to 
disease [43].

A range of transgenic TDP-43 expressing and Tardbp-
deficient mouse lines have been generated to study the 
pathogenic role of TDP-43 in  vivo [34]. Transgenic lines 
include constitutive expression of non-mutant and mutant 
TDP-43 under control of different promoters [45, 46], as 
well as the usage of inducible promoter systems [5, 8, 21]. 
Both approaches reproduced some neuropathological fea-
tures of FTLD-TDP and ALS, and mice with inducible 
TDP-43 expression showed significant neuronal cell loss. 
While neuropathological changes have been examined in 
the latter models [5, 8, 21], the number of functional stud-
ies is low [24].

Here, we used a second-generation doxycycline-
inducible system to express human TDP-43 carry-
ing the pathogenic A315T mutation in CNS neurons 
in mice (iTDP-43A315T). iTDP-43A315T mice present 
with early functional deficits and pronounced neuro-
degeneration in the presence of a marked astrogliosis. 
Furthermore, we show beneficial effects of short-term 
suppression of TDP-43A315T in mice after the onset of 
neurodegeneration.

Methods

Generation of iTDP‑43A315T mice

A cDNA encoding human TDP-43 was first cloned into 
pBluescript vector where the c.1077G>A nucleotide 
exchange that results in an A315T amino acid switch 
was introduced by site-directed mutagenesis using previ-
ously reported protocols [26]. Correct mutagenesis was 
confirmed by sequencing. The A315T-hTDP43 encod-
ing cDNA was then excised with BamHI and XbaI and 
cloned into the BamHI and XbaI sites of the pTRE-tight 
vector (Clontech, USA). A fragment containing the pTRE-
tight promoter, A315T-hTDP-43 cDNA and a SV40 poly 
A sequence was obtained via XhoI digestion and purified 
for pronuclear injection. The fragment was injected into 
fertilized C57Bl/6 oocytes for the generation of transgenic 
mice [23]. Five founders were identified by PCR, using 
the following primer pair: 5′-ccgatggtatttcaatgggct-3′ and 
5′agagaacgtatgtcgaggtagg-3′. Four founders transmitted the 
transgene to their offspring and four lines showed expres-
sion of hTDP-43 when crossed with a TetOFF line. We 
selected 2 lines, pTRE-TDP-43A315T(6) and pTRE-TDP-
43A315T(13), with comparable expression levels for further 
analysis. mThy1.2-tTA(6) and mThy1.2-tTA(15) mice have 
previously been published by us [10]. Littermates were 
used as controls throughout this study. TDP-43 express-
ing mice were compared to both non-transgenic (wild type) 
and single transgenic (mThy1.2-tTA(6), mThy1.2-tTA(15), 
pTRE-TDP-43A315T(6) or pTRE-TDP-43A315T(13)) controls. 
Mice of both sexes were used throughout the study, show-
ing no gender differences in phenotypes. All animal experi-
ments have been approved by the Animal Care and Ethics 
Committee of the University of New South Wales.

Doxycycline treatment

To suppress transgene expression, mice received doxycy-
cline 1  week prior to commencement of behavioral tests 
and throughout the testing period. Doxycycline was added 
to the standard diet (Cat No. SF11-059; Specialty Feeds, 
Glen Forrest, Australia) at a concentration of 200 mg/kg, as 
previously reported by others and us [10].

Histological analysis

Mice were anesthetized and transcardially perfused with 
phosphate buffered saline. Brains, spinal cords and calf 
muscles were removed and the hemispheres separated. 
One hemisphere of the brain was immersion-fixed in 4 % 
paraformaldehyde for immunohistochemical analysis, and 
the other hemisphere was sub-dissected and snap-frozen in 
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liquid nitrogen for biochemical analysis. Fixed brains were 
processed using an automated system (Excelsior, Thermo, 
USA), embedded in paraffin and sagittally sectioned at 
the level of the mid-hippocampus into 3-μm-thick sec-
tions using a microtome (Thermo, USA). All staining was 
done in Sequenza staining racks for standardization using 
previously reported protocols [41]. The following primary 
antibodies were used: human TDP-43 (60019-2-Ig, Pro-
teintech), mouse TDP-43 (Gift by Prof Virginia Lee [21]), 
pan-TDP-43 (10782-2-AP, Proteintech), laminin (L9393, 
Sigma), POU3F2 (ab94977, Abcam), ubiquitin (MAB1510, 
Millipore), GFAP (G9269 Sigma), IBA-1 (019-19741, 
Wako). Microscopy was performed with an Olympus BX51 
(USA) epi-fluorescence microscope equipped with a DP70 
color camera, or sections were scanned with an Aperio 
Scanscope (USA). Quantification was done on serial sec-
tions using landmark structures as guides as described [42]. 
Alpha-motor neurons were counted on 3 serial cross sec-
tions (covering 150  µm) each at 3 levels of spinal cords. 
The total number of human-specific TDP-43-positive 
cells was counted throughout the sub-regions of the hip-
pocampus. For the cortex, two representative images of the 
pathology in layers II/III and layer V immediately adjacent 
to the hippocampus were taken at 400× magnification and 
the number of positive cells counted. Similarly, GFAP-
positive astrocytes and POU3F2-positive layer V neurons 
were counted in the cortex. Olympus CellSens software 
was used to delineate the regions of interest, and area and 
width measurements automatically calculated. The width 
of the cortex was determined immediately adjacent to the 
hippocampus. All cell counts were converted to density val-
ues (cells/μm2). Muscle fibers were delineated via laminin 
immunoreaction and cross-sectional area quantified via a 
semi-automated approach in ImageJ (NIH). Density distri-
bution curves were generated via kernel density estimation 
function in RStudio.

Sequential extraction and Western blotting

Using 50–100 mg of tissue for each region, proteins were 
extracted according to solubility as previously described 
[48], into either a modified RIPA buffer (50 mM Tris–Hcl 
(pH 8), 150 mM NaCl, 1 % Triton X, 0.5 % Na-deoxycho-
late, 1  % sodium dodecyl sulfate, 3  mM EDTA and pro-
tease inhibitor (Roche)) or UREA buffer (7 M UREA, 2 M 
thiourea, 4 % Chaps 3 mM Tris, pH 8.5). The protein con-
centration of each sample was determined using the Brad-
ford assay (BioRad). Sequential extraction of nuclear and 
cytosolic proteins was carried out as previously described 
[13]. Protein extracts were analyzed by immunoblotting, as 
previously described [25]. Briefly, between 15 and 60 μg 
of total protein were loaded and separated on 8–10  % 
SDS-PAGE gels. Proteins were then electrophoretically 

transferred onto nitrocellulose membranes (Hybond). These 
membranes were blocked with bovine serum albumin and 
incubated overnight with primary antibodies, pan-TDP-43, 
human TDP-43 (Proteintech), ubiquitin or GAPDH (Mil-
lipore). Horseradish peroxidase-coupled secondary anti-
bodies were used and protein bands were visualized using 
Luminata Crescendo Western HRP Substrate (Millipore) 
and detected using the ChemiDoc MP System (BioRad).

Behavioral, memory and motor testing

Rota‑Rod

Motor performance of mice was determined using a Rota-
Rod (Ugo Basile) in acceleration mode (5–60  rpm) over 
120 s. The longest time each mouse remained on the turn-
ing wheel out of 5 attempts per session was recorded.

Elevated Plus maze

The Elevated Plus maze (Ugo Basile) consisted of two 
open and two closed arms (each 35 cm × 5.5 cm), as well 
as a central platform (5.5  cm ×  5.5  cm), elevated 60  cm 
above the ground. Mice were acclimatized to the room for 
1 h prior to testing, then placed on the center platform fac-
ing an open arm and recorded for 5 min. Videos were ana-
lyzed using the AnyMaze software.

Open field

Mice were placed at the periphery of a 40 cm × 40 cm Per-
spex box in an enclosed cupboard and videoed for 10 min. 
Videos were analyzed using the AnyMaze software, and the 
box divided into an outer and inner zone (inner zone was a 
17.5 cm × 17.5 cm square in the center of the box).

Pole test

To test strength and coordination, mice were placed at the 
apex of a vertical pole (47.5 cm length of dowel, diameter 
0.8  cm) facing upwards. The time taken to turn around, 
descend the pole and reach the ground (with all four paws) 
was measured with a maximum time of 120 s. Mice under-
went 1–2 training sessions prior to the test session, during 
which the average time was taken out of three trials. Mice 
that were unable to descend the pole (slipped or fell) were 
given the maximum time.

Morris water maze

The apparatus consisted of a 1.2-m-diameter tank with a 
40-cm-high Perspex platform (diameter 10  cm), which 
was placed roughly 20 cm from the edge of the wall. The 
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tank was filled to 0.5–1 cm above the surface of the plat-
form and a non-toxic, acrylic-based paint was added to the 
water to obscure the platform. Four signposts with differ-
ent shapes were placed equidistant around the pool as vis-
ual cues. Mice were acclimatized to the room for 1 h prior 
to testing each day. Days 1–5 consisted of an acquisition 
phase, in which mice were placed in the quadrant opposite 
the platform at one of four starting positions and given 60 s 
to locate the hidden platform. Mice that failed to find the 
hidden platform were guided to the escape platform and all 
mice remained on the platform for an additional 60 s before 
being removed from the maze. Mice had four trials per day, 
each starting from a different position, and the order of 
starting positions was altered each day. On the sixth day, 
the platform was removed and the mice were given 30  s 
to explore the pool (probe trial). On the seventh day, the 
platform was placed back in the pool with a flag attached, 
and visual cues were removed from outside of the pool, to 
ensure that all mice had normal vision. Videos were ana-
lyzed using the AnyMaze software.

Grip strength test

A grip strength meter (Chatillon, AMETEK) was used to 
measure the force exerted by the forelimbs of the mouse 
as it was pulled away from a thin metal wire by the tail. 
Mice were placed such that they had a double grip on a 
thin metal wire attached to the meter, and they were pulled 
away from the meter in a horizontal direction until they let 
go, and a peak force (N) was recorded at the moment when 
the mice let go. The highest force from three attempts was 
recorded.

Magnetic resonance imaging (MRI)

Mice were anesthetized and transcardially perfused with 
phosphate buffered saline followed by cold 4 % paraform-
aldehyde (PFA). Brains and tissues were removed and 
post-fixed in 4  % PFA over night. Prior to imaging the 
fixed brains were immersed in 0.2 % v/v Gd-DTPA + 9 g/l 
NaCl/H2O solution for 24–48  h at 21  °C to reduce T1 
relaxation time of the brain tissue. The brains were then 
transferred into a 1.3 mm ID, 2 ml Cryovial (Greiner, Ger-
many) and submersed in Perfluoro-Polyether Fomblin™ 
6Y for susceptibility matching. The Cryovial was then 
mounted on the tip of a plastic tube, which was attached 
to the automatic positioning system of the MRI system. 
High-resolution anatomical imaging of the brain samples 
was performed in a 9.4-T Bruker BioSpec 94/20 Avance 
III micro-imaging system (Bruker, Ettlingen, Germany) 
which was equipped with BGA-12S HP gradients with 
maximum strength 660 mT/m and slew rate 4570 Tm/s and 

a dedicated 15  mm Quadrature Receive/Transmit RF-coil 
(Bruker, Ettlingen, Germany) to optimize MR signal.

For image acquisition, an optimized, isotropic 3D 
Fast Low Angle Shot (FLASH) pulse sequence protocol 
in coronal slice orientation was used with the following 
major parameters: TE = 6 ms, TR = 100 ms, FA = 40°, 
FOV =  15 ×  15 ×  8  mm, matrix =  200 ×  200 ×  106, 
Image Resolution  =  75  μm3 (isotropic), Eff. Spectral 
BW = 51,020 Hz, Total acquisition time with 2 ADC aver-
ages: 1  h and 10  min per specimen. Total brain volume 
and hippocampal volume and segmentation were obtained 
using 3D Slicer software (NIH).

Statistical analysis

All statistical analysis was done using the Graphpad Prism 
6.0 software at Student’s t test and ANOVA (Bonferroni’s 
multiple comparison test). P values of below 0.05 were 
considered significant. All values are presented as mean 
and standard error of the mean.

Results

A315T mutant human TDP‑43 expression in mice

To study the effects of mutant TDP-43 in vivo, we gener-
ated novel transgenic mouse lines with inducible expres-
sion of human TDP-43 carrying the pathogenic A315T 
mutation found in familial ALS. The c.1077G>A mutation 
was introduced into human TDP-43-encoding cDNA by 
site-directed mutagenesis. Mutant TDP-43A315T was then 
cloned into a second-generation tetracycline-responsive 
element promoter plasmid (pTRE-tight) for pronuclear 
injection into C57Bl/6 oocytes [23]. Transgenic F0 off-
spring were identified by PCR and crossed with mThy1.2-
tTA transgenic mice, which drive constitutive expres-
sion from pTRE-tight in neurons, to establish inducible 
iTDP-43A315T lines (Fig.  1a). Four out of five independ-
ent TDP-43A315T lines showed expression of human TDP-
43 in the brain. The two lines, pTRE-TDP-43A315T(6) and 
pTRE-TDP-43A315T(13), were selected for further analy-
sis due to similar high expression levels when crossed 
on the same mThy1.2-tTA lines (Fig.  1b) and Mendelian 
inheritance of the transgene was maintained across gen-
erations. To establish iTDP-43A315T expressing lines, 
both pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) 
were crossed individually with two mThy1.2-tTA lines, 
mThy1.2-tTA(6) and mThy1.2-tTA(15), which differ 
slightly in pattern and levels of tetR expression [10]. Sur-
vival was not affected in iTDP-43A315T lines. Expres-
sion levels of human TDP-43A315T were first assessed by 
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Western blotting in extracts from hippocampus, cortex, 
cerebellum and spinal cords of all four iTDP-43A315T lines 
[mThy1.2-tTA(6)/pTRE-TDP-43A315T(6), mThy1.2-tTA(6)/
pTRE-TDP-43A315T(13), mThy1.2-tTA(15)/pTRE-TDP-
43A315T(6) and mThy1.2-tTA(15)/pTRE-TDP-43A315T(13)] 
and single transgenic mThy1.2-tTA(6), mThy1.2-tTA(15), 
pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) mice 
at 4 weeks of age (Fig.  1c). Expression levels in the hip-
pocampus were comparable in all four iTDP-43A315T lines, 
with 2.0- to 2.1-fold increased TDP-43 levels compared 
to controls. mThy1.2-tTA(6)-driven TDP-43A315T expres-
sion was slightly higher in the cortex of mThy1.2-tTA(6)/
pTRE-TDP-43A315T(6) (2.5-fold increased TDP-43 levels) 

compared to mThy1.2-tTA(6)/pTRE-TDP-43A315T(13), 
mThy1.2-tTA(15)/pTRE-TDP-43A315T(6) and mThy1.2-
tTA(15)/pTRE-TDP-43A315T(13) mice (1.6- to 1.8-fold 
increased TDP-43 levels). Expression levels in spinal 
cords were lowest in mThy1.2-tTA(15)/pTRE-TDP-
43A315T(13) and mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) 
mice [1.5- to 1.7-fold increased TDP-43 levels, compared 
to 2.2-fold in mThy1.2-tTA(15)/pTRE-TDP-43A315T(6) 
and 2.7-fold in mThy1.2-tTA(6)/pTRE-TDP-43A315T(6)], 
and only mThy1.2-tTA(15)/pTRE-TDP-43A315T(6) and 
mThy1.2-tTA(15)/pTRE-TDP-43A315T(13) showed some 
TDP-43A315T expression in the cerebellum (1.2- to 1.4-fold 
increased TDP-43 levels). No human TDP-43 was detected 
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Fig. 1   Transgenic expression of TDP-43A315T in neurons with early-
onset hippocampal atrophy. a Transgenic mice with inducible expres-
sion of TDP-43A315T in neurons (iTDP-43A315T) were generated by 
crossing neuronal inducer lines mThy1.2-tTA with mouse strains har-
boring a TDP-43A315T transgene under the control of the tetracycline-
responsive promoter (pTRE-TDP-43A315T). tTA binds and activates 
constitutive transgene expression in neurons (on). tTA binding to 
pTRE is blocked in the presence of doxycycline (dox) and transcrip-
tion is switched off. b 5 pTRE-TDP-43A315T founder lines (13, 6, 34, 
11, 19) were crossed on mThy1.2-tTA(15) mice to select lines with 
similar expression levels, in cortex (CTX), hippocampus (HIP), cer-
ebellum (CB) and spinal cord (SC), as determined by Western blot-
ting. Lines 13 and 6 were continued. Detection of Gapdh confirmed 
equal loading. ctr  =  control. c Four different iTDP-43A315T lines 
were established by crossing pTRE-TDP-43A315T(6) and pTRE-TDP-
43A315T(13) mice with two different inducer lines, mThy1.2-tTA(6) 
and mThy1.2-tTA(15). Differences in human TDP-43A315T expression 
levels in CTX, HIP, CB and SC were determined Western blotting 
with human TDP-43-specific antibodies (hTDP-43). Total TDP-43 
levels in the 4 iTDP-43A315T lines were compared to single transgenic 
pTRE-TDP-43A315T(6), pTRE-TDP-43A315T(13), mThy1.2-tTA(6) and 
mThy1.2-tTA(15) mice, using antibodies that detect both human and 
mouse TDP-43 (pan-TDP-43). Detection of Gapdh confirmed equal 

loading. d Double immunofluorescence staining with an antibody 
specific to human (hTDP-43, red) and one specific to mouse TDP-
43 (mTDP-43, green) was, apart from rare cells with double labeling 
(closed arrow), predominantly mutually exclusive (open arrows), 
suggesting down-regulation of mTDP-43 in human TDP-43A315T-
expressing cells. While mTDP-43 staining was purely nuclear, some 
hTDP-43 was found in the cytoplasm in addition to a strong nuclear 
signal. Scale bar 50 µm. e Scan of a full sagittal brain section from a 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) mouse stained with hTDP-
43 (brown) illustrated the transgene expression pattern in different 
brain areas. f Comparison of matched sagittal hippocampal sections 
from all 4 different iTDP-43A315T lines and the corresponding single 
transgenic controls at 1 month of age, stained for human TDP-43A315T 
(hTDP-43, brown). Line combinations are indicated in each panel. 
Hippocampal sizes were most evidently reduced in mThy1.2-tTA(6)/
pTRE-TDP-43A315T(6) followed by mThy1.2-tTA(15)/pTRE-TDP-
43A315T(6) and mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) mice. The 
hippocampus in mThy1.2-tTA(15)/pTRE-TDP-43A315T(13) mice was 
nearly normal sized. Scale bar, 250 µm. g Eventually, the hippocam-
pus of mThy1.2-tTA(15)/pTRE-TDP-43A315T(13) mice became also 
atrophic at 3 and more so at 9 months of age, indicating slower pro-
gression of neuronal loss compared to the other iTDP-43A315T lines. 
Scale bar 250 µm
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in pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) 
extracts suggesting absence of leaky expression. Detection 
of pan-TDP-43 (=human TDP-43A315T plus endogenous 
murine TDP-43) showed increased total levels of TDP-43 
in all brain regions (Fig. 1c), while at the individual neu-
ronal level immunofluorescence staining revealed a com-
pensatory down-regulation of endogenous murine TDP-43 
in the presence of transgenic human TDP-43A315T (Fig. 1d), 
consistent with previous reports [21].

Next, we determined the expression pattern of trans-
genic TDP-43A315T in all four lines by immunohistochem-
istry (IHC). Consistent with pan-neuronal tetR expression 
in mThy1.2-tTA mice [10], all four iTDP-43A315T lines 
expressed transgenic TDP-43 in neurons throughout the 
brain, including all neuronal layers of the cortex, neurons 
of the CA1-3 region and dentate gyrus of the hippocampus, 
and spinal cord (Fig. 1e and data not shown). Most impor-
tantly, already at 4  weeks of age three of the four iTDP-
43A315T lines presented with much reduced hippocampal 
sizes, compared to monogenic littermate controls (Fig. 1f). 
This degeneration of the hippocampus was most severe in 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(6) mice and inter-
mediate in mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) and 
mThy1.2-tTA(15)/pTRE-TDP-43A315T(6) animals, while 
the mThy1.2-tTA(15)/pTRE-TDP-43A315T(13) showed no 
overt alteration at 4  weeks of age. The latter line eventu-
ally presented with hippocampal degeneration, in particular 
of the CA1 region, in subsequent months (Fig. 1g). Taken 
together, we have generated new iTDP-43A315T transgenic 
lines with neuronal expression and degeneration.

Functional deficits in iTDP‑43A315T mice

Next, we determined if transgenic TDP-43A315T expression 
in CNS neurons compromised neuronal function, resulting 
in behavioral anomalies and impaired motor performance. 
To assess motor performance, we first subjected 1- and 
3-month-old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13), sin-
gle transgenic pTRE-TDP-43A315T(13) and mThy1.2-tTA(6) 
control, and non-transgenic mice to the pole test paradigm 
(Fig.  2a). While 1-month-old mice showed no deficits, 
3-month-old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) mice 
showed a significant delay in turning at the top and reach-
ing the bottom of a vertical pole, compared to non-trans-
genic and single transgenic pTRE-TDP-43A315T(13) and 
mThy1.2-tTA control mice, suggesting compromised motor 
coordination. Three-month-old mThy1.2-tTA(15)/pTRE-
TDP-43A315T(13) displayed similar motor impairments dur-
ing pole testing (Supplementary Fig. 1). For the subsequent 
detailed analysis of functional and morphological changes 
we focused on the mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) 
line, referred to as iTDP-43A315T. Three, but not 1-month-
old human TDP-43A315T-expressing mice presented with a 

significantly reduced latency to fall off the rotating rod dur-
ing accelerating-mode Rota-Rod testing, further supporting 
progressively impaired motor performance in iTDP-43A315T 
transgenic mice (Fig.  2b). For comparison 1-month-old 
iTDP-43A315T, and 1- and 3-month-old non-transgenic and 
single transgenic pTRE-TDP-43A315T(13) and mThy1.2-
tTA(6) control mice showed a similar latency to fall.

To determine if memory formation in iTDP-43A315T 
mice is compromised, we assessed their spatial memory 
abilities using the Morris water maze paradigm. Decreas-
ing latency to escape onto the submerged hidden platform 
over five consecutive testing days suggests normal memory 
formation in non-transgenic and single transgenic pTRE-
TDP-43A315T(13) and mThy1.2-tTA(6) control mice at 1 

Fig. 2   Motor, memory and behavioral deficits in iTDP-43A315T 
mice. a Vertical pole test: while the performance of 1-month-old 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice was 
indistinguishable from single transgenic pTRE-TDP-43A315T(6) and 
pTRE-TDP-43A315T(13) controls (ctr), and non-transgenic (non-tg) 
mice [n = 4 (non-tg), n = 14 (ctr), n = 6 (iTDP-43A315T)], 3-month-
old iTDP-43A315T mice required significantly more time to reach the 
bottom when placed at the top of the pole, as compared to ctr and 
non-tg mice [***, P < 0.001, n =  14 (non-tg), n =  20 (ctr), n =  7 
(iTDP-43A315T)]. b Accelerating Rota-Rod: iTDP-43A315T, ctr and 
non-tg mice performed similarly at 1  month of age, but 3-month-
old iTDP-43A315T mice fell off the rotating rod much earlier than ctr 
and non-tg mice [**, P < 0.01, n = 13 (non-tg), n = 14 (ctr), n = 8 
(iTDP-43A315T)]. c Morris water maze: already at 1  month of age 
memory acquisition was delayed in iTDP-43A315T compared to ctr and 
non-tg mice [n =  4 (non-tg), n =  14 (ctr), n =  6 (iTDP-43A315T)], 
and 3-month-old iTDP-43A315T mice were virtually unable to find the 
submerged escape platform, whereas ctr and non-tg mice presented 
with normal memory acquisition [**, P  <  0.01, n  =  13 (non-tg), 
n = 14 (ctr), n = 8 (iTDP-43A315T)]. Typical swimming traces at test 
day 5 are shown for 3-month-old mice. d Furthermore, iTDP-43A315T 
mice spent significantly less time in the target quadrant (Q1) during 
probe trials, compared to ctr and non-tg mice [**, P < 0.01, 1 month: 
n = 4 (non-tg), n = 14 (ctr), n = 6 (iTDP-43A315T), 3 months: n = 13 
(non-tg), n =  14 (ctr), n =  8 (iTDP-43A315T)]. e Open field: while 
1-month-old iTDP-43A315T, ctr and non-tg mice were similarly active 
[n =  4 (non-tg), n =  14 (ctr), n =  6 (iTDP-43A315T)], 3-month-old 
iTDP-43A315T mice travelled significantly more over 10  min in 
the open field arena compared to ctr and non-tg mice, suggesting 
hyperactivity [***, P < 0.001, n = 13 (non-tg), n = 14 (ctr), n = 9 
(iTDP-43A315T)]. f At the same time, 3-month-old iTDP-43A315T mice 
explored predominantly the periphery of the open field arena and 
spent significantly less time in the center compared to ctr and non-
tg mice [**, P < 0.01, n = 13 (non-tg), n = 14 (ctr), n = 9 (iTDP-
43A315T)]. Typical traces over 10  min are shown for 3-month-old 
mice. Exploration patterns of 1-month-old iTDP-43A315T, ctr and non-
tg mice were indistinguishable [n = 4 (non-tg), n = 14 (ctr), n = 6 
(iTDP-43A315T)]. g Elevated plus maze: one, but more so 3-month-old 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice spent 
significantly less time in the closed and more time in the open arms 
of the EPM compared to single transgenic pTRE-TDP-43A315T(6) 
and pTRE-TDP-43A315T(13) controls (ctr), and non-transgenic mice, 
suggesting reduced anxiety and/or disinhibition [*, P  <  0.05, **, 
P  <  0.01, ***, P  <  0.001, 1  month: n =  4 (non-tg), n =  14 (ctr), 
n = 6 (iTDP-43A315T), 3 months: n = 13 (non-tg), n = 14 (ctr), n = 8 
(iTDP-43A315T)]. h Summary of behavioral, memory and motor defi-
cits in iTDP-43A315T mice presented at 1 and 3 months of age

▸
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and 3 month of age (Fig. 2c). In contrast, already 1-month-
old iTDP-43A315T mice showed a delay in memory acquisi-
tion, and 3-month-old iTDP-43A315T mice completely failed 
to learn, with mice only rarely finding the hidden platform 
even after 5  days despite being guided to the platform at 

the end of each acquisition trial. During probe trials, iTDP-
43A315T mice spent much less time in the target quadrant 
than control mice, further supporting significantly com-
promised memory functions (Fig.  2d). Swim path length 
during the probe trials was comparable for 1-month-old 
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mice [5.6 ± 0.3 m (non-tg), 5.0 ± 0.3 m (ctr), 4.7 ± 0.7 m 
(iTDP-43A315T)], and only slightly reduced for 3-month-old 
iTDP-43A315T mice [7.1 ± 0.1 m (non-tg), 6.9 ± 0.2 m (ctr), 
4.4 ± 0.5 m (iTDP-43A315T)], suggesting that the observed 
deficits were indeed due to memory rather than motor defi-
cits. Furthermore, all mice found the platform rapidly when 
it was equipped with a flag, suggesting normal vision and 
the ability to swim directly to a cued goal in iTDP-43A315T 
and control mice.

When exposed to a novel environment in the open 
field arena, 3-month-old, but not 1-month-old iTDP-
43A315T mice presented with significantly increased dis-
tance travelled and hence higher speed compared to non-
transgenic and single transgenic pTRE-TDP-43A315T(13) 
and mThy1.2-tTA(6) control littermates (Fig.  2e). Fur-
thermore, the exploration pattern of the open field arena 
differed markedly between 3-month-old iTDP-43A315T 
and control mice (Fig.  2f). While 3-month-old control 
mice explored the whole arena during the 10-min test 
period, iTDP-43A315T mice remained close to the edges 
of the arena at virtually all times. Exploration patterns 
of 1-month-old iTDP-43A315T and control mice were 
indistinguishable (Fig.  2f). Hence, despite progressively 
reduced motor coordination, iTDP-43A315T mice developed 
increased activity together with a compromised explora-
tion strategy over time.

Next, we used the elevated plus maze paradigm to 
determine if iTDP-43A315T mice show changes in anxi-
ety behavior. In comparison to non-transgenic and single 
transgenic pTRE-TDP-43A315T(13) and mThy1.2-tTA(6) 
controls, iTDP-43A315T mice spent at 1  month threefold, 
and at 3  months of age fivefold more time in the open 
area (Fig.  2g), suggesting reduced anxiety or disinhibi-
tion. The distance each mouse travelled during trials was 
comparable for 1-month-old mice [5.7  ±  0.5  m (non-
tg), 4.7 ± 0.5 m (ctr), 5.3 ± 1.6 m (iTDP-43A315T)], and 
only slightly reduced for 3-month-old iTDP-43A315T mice 
[4.4 ±  0.3  m (non-tg), 4.2 ±  0.7  m (ctr), 3.7 ±  0.4  m 
(iTDP-43A315T)], suggesting that the observed deficits 
were rather not due to motor deficits. Taken together, 
constitutive neuronal expression of TDP-43A315T in mice 
resulted in progressively compromised motor perfor-
mance, impaired spatial memory acquisition and reten-
tion, increased locomotor activity and disinhibition 
(Fig. 2h).

Progressive muscle atrophy and weakness 
in iTDP‑43A315T mice

Muscle wasting is a key feature of ALS, resulting from 
degeneration of upper and/or lower motor neurons. IHC 
of spinal cord sections revealed intensive human TDP-43 
staining in anterior horn α-motor neurons of iTDP-43A315T 

mice, with diffuse accumulation of TDP-43A315T in the 
cytoplasm, as shown by staining with human and total 
TDP-43-specific antibodies (Fig. 3a). At 4.5 months of age, 
we found in some iTDP-43A31 α-motor neurons dense cyto-
plasmic TDP-43 staining, possibly resembling inclusions 
(Fig. 3a). Numbers of motor neurons were comparable in 
iTDP-43A315T and control mice at 1 [37.0 ±  2.2 (non-tg), 
35.6  ±  5.8 (ctr), 38.2  ±  4.2 (iTDP-43A315T)/section] 
and 4.5  months of age [34.4 ±  2.8 (non-tg), 31.2 ±  2.4 
(ctr), 30.8  ±  2.4 (iTDP-43A315T]/section). Neverthe-
less, 4.5-month-old iTDP-43A315T mice presented with 
a 22.5 ±  5.8 % and 23.0 ±  5.7 % reduced grip strength, 
compared to single transgenic controls and non-transgenic 
littermates, respectively (Fig. 3b). Therefore, we histologi-
cally assessed the skeletal musculature in iTDP-43A315T 
mice over time. At 1 month of age, muscles of ThyOFF6/
TDP13 and single transgenic controls and non-transgenic 
littermates were histologically similar (Fig.  3c). How-
ever, thereafter, staining of equatorial cross section of 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) calf muscles 
showed progressive degeneration with increased numbers 
of small caliber fibers (Fig. 3c). Muscle fiber size distribu-
tion analysis of laminin-stained equatorial cross sections 
revealed comparable profiles for mThy1.2-tTA(6)/pTRE-
TDP-43A315T(13), single transgenic mThy1.2-tTA(6) and 
pTRE-TDP-43A315T(13) controls and non-transgenic mice 
at 1 month of age (Fig. 3d). At 4.5 months of age, a signifi-
cant difference in the distribution pattern with larger num-
bers of small caliber fibers and reduced mean fiber areas 
in mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) mice compared 
to controls became apparent. Taken together, human TDP-
43A315T expression in motor neurons resulted in progressive 
muscle wasting and weakness in iTDP-43A315T mice.

Progressive hippocampal and cortical degeneration 
in iTDP‑43A315T mice

TDP-43A315T expression caused degeneration in the 
hippocampus in three of our four iTDP-43A315T lines 
[mThy1.2-tTA(6)/pTRE-TDP-43A315T(6), mThy1.2-tTA(6)/
pTRE-TDP-43A315T(13) and mThy1.2-tTA(15)/pTRE-TDP-
43A315T(6)] already at 1 month of age (Fig. 1f), and delayed 
hippocampal degeneration in the final line [mThy1.2-
tTA(15)/pTRE-TDP-43A315T(13)] (Fig. 1g). Magnetic reso-
nance imaging (MRI) of brains from 6-month-old mice 
showed a global forebrain atrophy in mThy1.2-tTA(6)/
pTRE-TDP-43A315T(13) compared to single transgenic 
controls, as suggested by a 21.2  ±  1.7  % reduced total 
brain volume (Fig.  4a). 3D reconstruction illustrates the 
pronounced atrophy of the hippocampus in iTDP-43A315T 
mice, with a 48.8 ± 2.5 % reduced size compared to con-
trols (Fig.  4b). To determine the temporal development 
of hippocampal degeneration, we analyzed brains from 
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2 weeks to 4.5 months of age. Furthermore, we extended 
the analysis to the cortex of iTDP-43A315T mice. At 2 weeks 
of age already, histological analysis of brains revealed that 
the hippocampal structure was smaller in mThy1.2-tTA(6)/
pTRE-TDP-43A315T(13) mice compared to pTRE-TDP-
43A315T(13) littermates (Fig. 4c, d). Till 4.5 months of age, 
the size of the hippocampus does not decrease significantly 
more in iTDP-43A315T mice (Fig. 4d). However, the number 
of TDP-43A315T expressing neurons progressively reduced 
within the CA1 region of the hippocampus, paralleling the 
gradual loss of total CA1 neurons (Fig. 4e). A similar pro-
gressive degeneration of the hippocampus was found in 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(6), mThy1.2-tTA(15)/
pTRE-TDP-43A315T(6) and mThy1.2-tTA(15)/pTRE-TDP-
43A315T(13) brains, although with different temporal pro-
files (data not shown). Non-transgenic and mThy1.2-tTA 

hippocampi were similar to pTRE-TDP-43A315T littermate 
controls at the analyzed time points.

Different from the hippocampus, the cortical width 
was comparable between mThy1.2-tTA(6)/pTRE-TDP-
43A315T(13) and control brains at 2 weeks of age, but progres-
sively reduced in iTDP-43A315T mice over time, compared 
to controls (Fig.  4f, g). While numbers of TDP-43A315T-
expressing neurons in layer V progressively decreased, 
those in layers II/III of the cortex appeared to increase in 
iTDP-43A315T brains (Fig. 4h), the latter likely due to loss of 
dendritic arbors of layer V neurons in layer II/III. Consist-
ent with loss of TDP-43A315T-expressing layer V neurons, 
the number of neurons that stained with POU3F2 [30] was 
reduced progressively in iTDP-43A315T compared to con-
trol mice (Fig. 4i). Staining of layers II and III by POU3F2 
were indistinguishable between iTDP-43A315T and control 
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Fig. 3   Cytoplasmic TDP-43A315T in spinal cord motor neurons 
and progressive muscle atrophy in iTDP-43A315T mice. a Intensive 
staining of human TDP-43A315T (hTDP-43) and total TDP-43 (pan-
TDP-43) in spinal cord α-motor neurons of 1- and 4.5-month-old 
mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice, with 
cytoplasmic TDP-43 accumulation. Inset TDP-43 inclusions in the 
cytoplasm (arrows) of individual α-motor neuron. Scale bars 25 µm. 
b Reduced grip strength in 3-month-old mThy1.2-tTA(6)/pTRE-
TDP-43A315T(13) iTDP-43A315T mice compared to single transgenic 
pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) controls (ctr), 
and non-transgenic mice [**, P < 0.01, n = 13 (non-tg), n = 14 (ctr), 
n  =  8 (iTDP-43A315T)]. c Basal membrane staining with laminin-
specific antibodies (green) showed indistinguishable muscle mor-

phology in 1-month-old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) 
iTDP-43A315T and single transgenic control (ctr) mice. However, at 
4.5  months iTDP-43A315T muscles showed numerous small caliber 
and irregular fibers. Scale bar 50  µm. d Quantification of cross 
sections showed comparable size distribution of muscle fibers at 
1-month-old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T, 
single transgenic pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) 
controls (ctr), and non-transgenic mice. However, at 4.5  months 
of age, muscle fiber size distribution analysis showed a left shift to 
smaller calibers in iTDP-43A315T mice compared to single transgenic 
pTRE-TDP-43A315T(6) and pTRE-TDP-43A315T(13) controls (ctr), and 
non-transgenic littermates, together with a significant reduction of 
mean muscle fiber sizes (**, P < 0.01, n = 6)
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brains, consistent with absence of cell loss in these layers. 
Taken together, there appear to be significant differences in 
how distinct neuronal populations are compromised by the 
presence of TDP-43A315T in hippocampal regions and differ-
ent cortical layers, suggesting selective vulnerability.

Aberrant fragmentation, phosphorylation, 
ubiquitination and insolubility of TDP‑43 
in iTDP‑43A315T mice

Aberrant phosphorylation, ubiquitination, fragmentation, 
nuclear depletion and cytoplasmic deposition of TDP-43 

are hallmarks of ALS and FTD [31]. To date, reproduc-
ing these features of the human disease in transgenic mice 
has been of mixed success [24]. To determine to which 
degree human TDP-43 neuropathology is resembled in 
our iTDP-43A315T mice, we first extracted proteins from 
brains of iTDP-43A315T and single transgenic control mice, 
using RIPA/UREA sequential extractions. We found sig-
nificant amounts of human TDP-43A315T in the detergent-
insoluble fractions obtained from mThy1.2-tTA(6)/pTRE-
TDP-43A315T(13) at 2 weeks, and slightly less at 1, 4.5 and 
6 months of age (Fig. 5a). Detection with pan (mouse and 
human)-specific TDP-43 antibodies illustrated increased 
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levels of TDP-43 in the detergent-soluble fractions of 
iTDP-43A315T compared to control extracts, though deter-
gent-insoluble TDP-43 was only detected in iTDP-43A315T 
mice at 2 weeks of age, likely due to the sensitivity of the 
antibody (Fig. 5a). Hence, the majority of TDP-43 (human 
and endogenous) was solubilized in detergent-containing 
buffers from both iTDP-43A315T and single transgenic con-
trol mice. Similar patterns of detergent-insoluble TDP-43 
were found in mThy1.2-tTA(6)/pTRE-TDP-43A315T(6), 
mThy1.2-tTA(15)/pTRE-TDP-43A315T(6) and mThy1.2-
tTA(15)/pTRE-TDP-43A315T(13) brains (data not shown). 
When over-exposing membranes detected with human 
TDP-43-specific antibodies, we found several lower molec-
ular weight bands in the detergent-insoluble fractions. 
This included TDP-43 fragments of approximately 35, 
20 and 15  kDa, though much less abundant compared to 
the full-length protein (Fig. 5a). Interestingly, detection of 
TDP-43 phosphorylated at serine 409/410 revealed that the 
insoluble fragments are highly phosphorylated, while only 
some phosphorylation of the full-length protein was detect-
able at ~45 kDa (Fig. 5a). Interestingly, the 35 and 15 kDa 

fragments were most prominently phosphorylated at 
2 weeks of age, while phosphorylation of the 20 kDa frag-
ment was only detectable at 1 month of age and increased 
thereafter.

Next, we used sequential extractions of cytosolic and 
nuclear proteins to determine cytosolic TDP-43 levels. We 
found low levels of hTDP-43 in the cytoplasm of iTDP-
43A315T brains at all ages analyzed (Fig. 5b). Detection with 
a pan-specific TDP-43 antibody revealed that cytoplasmic 
TDP-43 is most abundant in iTDP-43A315T brains at 2 weeks 
of age, and decreases thereafter. No cytosolic TDP-43 was 
detectable in preparations from single transgenic control 
mice. Detection of nuclear H2AX and non-nuclear Grp78 
confirmed separation of nuclei and cytoplasm.

Finally, we determined protein ubiquitination in deter-
gent-soluble and -insoluble brain extracts of iTDP-43A315T 
and control mice of different ages, and by immunohis-
tochemistry. We found ubiquitin-positive bands in the 
detergent-insoluble fractions at 4.5 and more so 6-month-
old iTDP-43A315T mice, while band intensities in younger 
iTDP-43A315T mice were comparable to controls (Fig. 5c). 
Immunoprecipitation with a human TDP-43-specific anti-
body followed by detection for ubiquitin showed ubiq-
uitination of human TDP-43 in iTDP-43A315T mice at 
6 months of age (Fig.  5d). Consistent with the finding of 
progressively increasing ubiquitination, virtually no ubiq-
uitin staining was found in brains of young iTDP-43A315T 
mice, while at 4.5  months of age neurons in the cortex 
showed mostly nuclear ubiquitin staining, and eventu-
ally comprised both nucleus and cytoplasm of neurons at 
6  months of age (Fig.  5e). No comparable staining was 
observed in control littermate brains across ages. Taken 
together, expression of human TDP-43A315T results in its 
insolubility, fragmentation and aberrant phosphorylation 
and ubiquitination of TDP-43A315T in iTDP-43A315T mice.

Pronounced glial response in the cortex of iTDP‑43A315T 
mice

We next assessed the glial response during progressive 
cortical degeneration induced by TDP-43A315T expres-
sion. Astroglial activation was determined by the pres-
ence and morphology of GFAP-positive cells in cortical 
layers of the motor cortex. In single transgenic control 
littermate brains, GFAP-positive astrocytes are mainly 
found in the corpus callosum and rarely in the neuronal 
layers of the cortex (Fig.  6a). Furthermore, their slim 
morphology suggests resting state astrocytes. In stark 
contrast, we found large numbers of tufted enlarged 
GFAP-positive astrocytes in all neuronal layers of the 
cortex of iTDP-43A315T mice already at 1  month of age 
(Fig. 6a, b). This activation persisted over time together 

Fig. 4   Brain atrophy with neuron and synapse loss in iTDP-43A315T 
mice. a Representative magnetic resonance imaging (MRI) imaging 
of a 6-month-old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-
43A315T mouse and a pTRE-TDP-43A315T(13) littermate control 
(ctr). The total brain volume determined by MRI was reduced by 
21.2 ±  1.7 % in iTDP-43A315T compared to ctr mice (**, P < 0.01, 
n =  3). b 3D reconstruction of the hippocampus from MRI scans 
and volume measurements showed marked atrophy in 6-month-
old mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice 
compared to pTRE-TDP-43A315T(13) littermate controls (ctr)  
(**, P < 0.01, n = 3). c Immunohistochemistry using a human TDP-
43-specific antibody (hTDP-43, brown) of 0.5-, 2- and 4.5-month-old 
(mo) mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice 
and pTRE-TDP-43A315T(13) littermate controls (ctr) showed reduced 
hippocampal sizes in iTDP-43A315T mice, and a progressive loss of 
hTDP-43 positive cells in CA1 (inset). Scale bar 250  µm. d Area 
quantification revealed reduced hippocampal sizes in iTDP-43A315T 
mice at all ages (*, P  < 0.05, n =  3–4), yet no significant progres-
sion of atrophy. e Numbers of CA1 neurons and hTDP-43-positive 
transgenic cells in CA1 progressively declined in iTDP-43A315T mice 
as they get older, as quantified for CA1 (*, P < 0.05, **, P < 0.01, 
n = 3). f Immunohistochemistry using a human TDP-43-specific anti-
body (hTDP-43, brown) of 0.5, 2- and 4.5-month-old (mo) mThy1.2-
tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice and pTRE-TDP-
43A315T(13) littermate controls (ctr) showed progressive reduction of 
the cortical width in iTDP-43A315T mice, but similar density of hTDP-
43 positive cells in layers II/III (inset). Scale bar 250  µm. g Width 
measurements revealed progressive cortical atrophy as iTDP-43A315T 
get older (*, P < 0.05, **, P < 0.01, n = 3–4). h Numbers of hTDP-
43 positive transgenic cells progressively increased in cortical lay-
ers II/III and decreased in layer V in iTDP-43A315T mice as they get 
older (*, P  <  0.05, n =  3). i Immunofluorescence staining with the 
cortical layer II/III/V marker POU3F2 (red) showed similar numbers 
of layer V neurons at 0.5 months (mo), but a marked decrease at 4.5 
mo in mThy1.2-tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T mice 
compared to pTRE-TDP-43A315T(13) littermate controls (ctr), as con-
firmed by quantification (***, P < 0.001, n = 3–4). Scale bar 100 µm

◂



672	 Acta Neuropathol (2015) 130:661–678

1 3

with progressive thinning of the cortex. High-resolution 
analysis showed GFAP-positive tufted astrocytes in close 
proximity to TDP-43A315T-expressing neurons, suggest-
ing activation due to ongoing pathological cellular pro-
cesses (Fig. 6c).

In contrast to the pronounced activation of astrocytes 
together with progressive degeneration of the cortex and 
hippocampus, we did not find indication of microglial 
involvement in the process. Accordingly, staining with 
microglial markers IBA-1 were indistinguishable between 
of iTDP-43A315T and control mice across ages (Supplemen-
tary Fig. 2). Taken together, neuronal expression of TDP-
43A315T results in a substantial and persisting activation of 
astrocytes.

Alleviated functional deficits upon short‑term 
suppression of transgene expression in iTDP‑43A315T 
mice

Functional deficits in iTDP-43A315T mice may result from 
degeneration of distinct brain regions, such as the hip-
pocampus and/or dysfunction of neurons harboring patho-
logical TDP-43. To test this, we switched off TDP-43A315T 
expression for just 1  week in 3-month-old iTDP-43A315T 
mice, by feeding a doxycycline-containing diet, to clear 
soluble TDP-43A315T from neurons and prevent its de novo 
synthesis before subjecting them to the elevated plus maze, 
Morris water maze, open field and Rota-Rod paradigms. 
Directly after completion of the functional tests, all mice 
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TDP-43 (pan-TDP-43) revealed TDP-43 in RIPA-soluble fractions in 
single-transgenic pTRE-TDP-43A315T(13) mice, and in RIPA-soluble 
and RIPA-insoluble (urea) fractions of iTDP-43A315T mice. Long 
exposure of blots detected with hTDP-43 revealed fragments (~35, 
20 and 15  kDa) in RIPA-insoluble (urea) fractions. Antibodies spe-
cific to TDP-43 phosphorylated at Serine 409/410 (p409/410 hTDP-
43) showed marked phosphorylation of TDP-43 fragments, and to a 
lesser degree of intact TDP-43. Gapdh confirmed equal loading. b 
Nuclear (N) and cytosol (C) extraction of iTDP-43A315T and pTRE-
TDP-43A315T(13) brains demonstrated human TDP-43 (hTDP-43) 

predominantly in nuclear, but also in cytoplasmic fractions in iTDP-
43A315T mice. Detection for total (mouse and human) TDP-43 (pan-
TDP-43) revealed more cytoplasmic TDP-43 at 2 weeks than at 1, 4.5 
and 6 months of age in iTDP-43A315T mice. Nuclear H2AX and non-
nuclear Grp78 confirmed extraction purity. c Detection of RIPA (R) 
and urea (U) extracts from iTDP-43A315T and pTRE-TDP-43A315T(13) 
brains showed increased protein ubiquitination at 4.5 and 6 months of 
age in iTDP-43A315T mice. d Immunoprecipitation of human TDP-43 
(hTDP-43) from 6-month-old iTDP-43A315T brains confirmed ubiqui-
tination of TDP-43. e Consistent with progressive ubiquitination in 
aging iTDP-43A315T mice, IHC with antibodies to ubiquitin revealed 
faint staining of neurons (brown) at 1, more intense staining at 4.5, 
and intense pan-neuronal staining at 6  months of age. No staining 
occurred in single transgenic control and non-transgenic mice across 
ages (not shown). Scale bar 50 µm
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were euthanized for tissue collection. Western blot analysis 
of brain extracts and immunofluorescence staining showed 
that short-term administration of doxycycline is sufficient 
to suppress transgene expression completely, and allow 
neurons to clear virtually all human TDP-43A315T (Fig. 7a, 
b). As expected, histological analysis of brains illustrated 
virtual absence of human TDP-43A315T, but a comparable 
degree of brain atrophy (325 (untreated) vs. 319 (dox-
treated) CA1 neurons/mm) in untreated and doxycycline-
treated iTDP-43A315T mice (Fig. 7c). However, immunoflu-
orescence staining showed that the pronounced astrogliosis 
in the cortex of iTDP-43A325T mice was reversed upon sup-
pression of human TDP-43A315T expression (Fig. 7d).

The functional analysis showed that while untreated 
iTDP-43A315T mice spent significantly more time in the 
open arms of the elevated plus maze compared to single 

transgenic pTRE-TDP-43A315T(13) and mThy1.2-tTA(6) 
controls, in doxycycline-treated iTDP-43A315T and control 
mice there is no longer a significant difference (Fig.  7e). 
In contrast, memory acquisition of doxycycline-treated 
iTDP-43A315T mice in the Morris water mice was not differ-
ent from untreated iTDP-43A315T mice (Fig.  7f), and defi-
cits in the probe trial presented by untreated iTDP-43A315T 
mice persisted in doxycycline-treated iTDP-43A315T mice, 
although the difference reached no longer significance 
compared to controls (Fig. 7g). Doxycycline-treated iTDP-
43A315T mice managed to stay 56.3 ±  5.9  % (p  <  0.001, 
n = 7) longer on the accelerating Rota-Rod than untreated 
iTDP-43A315T mice (Fig. 7h), despite persisting muscle atro-
phy (Fig. 7i). Finally, the hyperactive phenotype presented 
by iTDP-43A315T mice in the open field, with increased 
travel distance and compromised exploratory patterns, was 
no longer present in doxycycline-treated iTDP-43A315T 
mice (Fig.  7j). Taken together, short-term suppression of 
transgene expression resulted in removal of virtually all 
human TDP-43A315T from neurons, and improved behavio-
ral and motor functions, but persisting memory deficits and 
brain/muscle atrophy in iTDP-43A315T mice (Fig. 7k).

Discussion

In the current study, we present novel human A315T 
mutant TDP-43-expressing iTDP-43A315T lines with con-
trollable transgene expression. iTDP-43A315T mice were 
characterized by early-onset hippocampal and cortical atro-
phy, associated with loss of human TDP-43A315T-express-
ing neurons and reactive astrogliosis. We found cytoplas-
mic localization of TDP-43 as well as detergent-insoluble 
TDP-43 together with the appearance of phosphorylated 
TDP-43 fragments and increased ubiquitination in iTDP-
43A315T brains. This compares to phosphorylation of TDP-
43 fragments, as well as aberrant ubiquitination of TDP-
43, reported in both FTLD-TDP and ALS [15, 22, 31]. 
Functionally, iTDP-43A315T mice present with progressive 
memory deficits, hyperactivity, disinhibition and motor 
impairments. The latter were associated with TDP-43A315T 
expression and deposition in spinal cord α-motor neurons.

TDP-43 levels in our iTDP-43A315T mice were approxi-
mately 1.5- to 2-fold over endogenous levels at 4 weeks of 
age, and progressively increased thereafter. In neurons that 
expressed human mutant TDP-43A315T, endogenous mouse 
TDP-43 expression was suppressed below detection limits, 
suggesting stringent control mechanisms of TDP-43 levels. 
Levels of transgenic TDP-43 markedly differ in previously 
reported lines, with some expressing up to ninefold over 
endogenous levels [21, 46]. For example, Igaz and col-
leagues directly compared expression of non-mutant TDP-
43 and an NLS deletion variant (TDP-43-∆NLS) using 
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(***, P  <  0.001, n =  3). c High-resolution pictures show the typi-
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the same inducible system [21]. While non-mutant TDP-
43 was expressed at low levels (0.4- to 1.7-fold of endog-
enous) associated with a slow progression of neuron loss, 
TDP-43-∆NLS reached 8- to 9-fold endogenous levels 
and similarly rapid hippocampal degeneration as in iTDP-
43A315T mice. No reduced survival was reported for these 
lines [21], as in our iTDP-43A315T mice that have been aged 
over 15 months. However, early death has been reported in 
several TDP-43 transgenic lines [5, 37, 45, 46], often asso-
ciated with very high expression levels [46], particularly 
in the spinal cord [37]. Apart from expression levels, the 

differences in survival between TDP-43 transgenic lines 
may further be attributed to different promoters used for 
expression [21, 37, 46], or genetic backgrounds used [5]. 
Furthermore, reduced survival of mutant TDP-43 trans-
genic mice driven by the prion promoter has been linked to 
bowel paralysis [11, 14, 16].

In 3 of the 4 iTDP-43A315T lines presented here, human 
TDP-43A315T expression in neurons of the hippocam-
pus results in an atrophy that is already apparent 14 days 
after birth, which was the youngest age analyzed. While 
there is no significant reduction in the size after 1  month 
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of age, human TDP-43A315T-expressing neurons contin-
ued to be lost thereafter. The final line, mThy1.2-tTA(15)/
pTRE-TDP-43A315T(13) eventually showed hippocampal 
atrophy after 2  months of age. This early-onset atrophy 
is comparable to that becoming overt 24 and 5 days after 
birth in reported transgenic lines with inducible expression 
of non-mutant human TDP-43 or M337V mutant human 
TDP-43, respectively [5, 8]. Other inducible TDP-43 
lines expressing non-mutant or a ∆NLS variant presented 
with hippocampal degeneration at 3 and 1  month of age, 
respectively [21]. In addition to neuronal loss in the hip-
pocampus, developmental alterations may also contribute 
to the hippocampal changes. However, normal hippocam-
pal size at 1  month of age in mThy1.2-tTA(15)/pTRE-
TDP-43A315T(13) mice and less rapid degeneration than in 
the other iTDP-43A315T mice, suggests that loss of neurons 

rather than defective neurogenesis contribute to the mor-
phological changes. Comparable staining of cells with 
the neuronal precursor marker doublecortin in the dentate 
gyrus and sub-ventricular zone of iTDP-43A315T, single 
transgenic control and wild-type mice further supports this 
(data not shown).

In the cortex, layer V neurons were progressively lost 
in iTDP-43A315T mice, other layers showed no overt loss of 
neurons despite widespread transgene expression. An appar-
ent increase in numbers of TDP-43A315T-expressing cells in 
layers II/III may be due to the loss of synapses from layer 
V neurons and therefore increase of cell density. Previous 
inducible TDP-43 mouse models also report cortical atro-
phy, determined by weight loss of brain tissue [5, 8, 21]. 
Non-mutant human TDP-43 transgenic mice showed neu-
ronal loss of layer V cortical neurons together with reactive 
astrogliosis [46]. Similarly, the degeneration in the cortex of 
iTDP-43A315T mice was paralleled by a pronounced and sus-
tained activation of astrocytes, but not microglia throughout 
all cortical layers. Early-onset reactive astrocytosis has been 
reported in other TDP-43 transgenic mice, while microglial 
activation occurred only at advanced ages [38]. In other 
TDP-43 transgenic mouse models, however, early astrocy-
tosis together with microglial activation has been reported 
[5]. Why astrocyte activation is consistently found in TDP-
43 mouse lines, but onset of microgliosis varies remains to 
be shown, but differences in used promoters and genetic 
backgrounds may contribute. If astrocytosis contributes to 
degeneration or is a result of ongoing pathological processes 
induced by TDP-43A315T expression remains to be shown. 
Here, amelioration of reactive astrocytosis after acute reduc-
tion of TDP-43A315T levels suggests that the activation is 
rather in response to neuronal TDP-43A315T-induced pathol-
ogy. Reactive astrocytes in rats that express mutant TDP-43 
in neurons release Lcn2, which is toxic to neurons [3], sug-
gesting an astrocytic contribution to neurodegeneration in 
disease. Interestingly, induced pluripotent stem cell-derived 
astrocytes from TDP-43 mutation carriers showed TDP-43 
mislocalization and decreased survival, yet no non-cell-
autonomous effects on co-cultured neurons [36]. Taken 
together, loss of hippocampal, cortical layer V, but not layer 
II/III neurons in iTDP-43A315T mice indicates differential 
vulnerability of hippocampal and cortical neurons to trans-
genic TDP-43 expression.

Human TDP-43A315T expression and brain atrophy in 
iTDP-43A315T mice was associated with progressive func-
tional deficits in different behavioral and motor test para-
digms. Accordingly, 1-month-old iTDP-43A315T mice 
presented without motor impairments and only mild behav-
ioral deficits in the elevated plus maze, while memory was 
already significantly compromised. However, at 3 months 
of age their memory acquisition became even worse in 
the Morris water maze, their motor performance impaired 

Fig. 7   Short-term suppression of transgenic TDP-43A315T expres-
sion reduced reactive astrocytosis and improved motor, memory and 
behavioral deficits of iTDP-43A315T mice. a 3-month-old mThy1.2-
tTA(6)/pTRE-TDP-43A315T(13) iTDP-43A315T and single transgenic 
control mice were treated for 7 days with doxycycline. Western blot-
ting showed virtually complete absence of human TDP-43A315T 
from cortical and hippocampal brain extracts of doxycycline-treated 
iTDP-43A315T mice, resulting in control-like total levels of total TDP-
43 (pan-TDP-43). Detection of Gapdh confirmed equal loading. b 
Double immunofluorescence staining confirmed absence of trans-
genic human TDP-43A315T (hTDP-43, red) in doxycycline-treated 
(+dox) iTDP-43A315T mice, and re-expression of mouse TDP-43 
(mTDP-43, green) in all neurons, as compared to untreated (−dox) 
iTDP-43A315T mice. Nuclei were stained with DAPI (blue). Scale bar 
50 µm. c Hippocampal atrophy was comparable in untreated (−dox) 
and doxycycline-treated (+dox) iTDP-43A315T mice, with absence of 
human TDP-43 (hTDP-43) staining in the latter. Scale bar 250 µm. 
d Immunofluorescence staining showed reduction of GFAP-positive 
astrocytes (green) together with reduction of human TDP-43 (hTDP-
43, red) in the cortex of doxycycline-treated (+dox) compared to 
untreated (−dox) iTDP-43A315T mice. Scale bar 50  µm. e Elevated 
plus maze: While untreated (−dox) iTDP-43A315T mice spent sig-
nificantly less time in the closed and more time in the open arms of 
the EPM compared to single transgenic controls (ctr), there were no 
longer significant differences between doxycycline-treated (+dox) 
iTDP-43A315T and ctr mice [***, P < 0.001, **, P < 0.01, n = 9 (dox-
treated ctr and iTDP-43A315T)]. For all functional assessments (e–h), 
dox-treated mice were compared to untreated ctr and iTDP-43A315T 
with constitutive transgene expression presented in Fig.  2. f Morris 
water maze: memory acquisition indicated by the latency to find the 
submerged platform was similarly impaired in untreated (−dox) and 
doxycycline-treated (+dox) iTDP-43A315T mice, compared to single 
transgenic controls (ctr). g However, the impairments were no longer 
significant in doxycycline-treated (+dox) iTDP-43A315T mice in the 
probe trial, which was different from untreated (−dox) iTDP-43A315T 
mice [**, P  <  0.01, n  =  7 (dox-treated ctr and iTDP-43A315T)]. h 
Accelerating Rota-Rod: motor deficits were improved in doxycy-
cline-treated (+dox) compared to untreated (−dox) iTDP-43A315T 
mice [***, P  <  0.001, n =  7 (dox-treated ctr and iTDP-43A315T)]. i 
Open field: distance travelled and time in the inner zone reverted back 
to control (ctr) levels in doxycycline-treated (+dox) iTDP-43A315T 
mice, different from the pronounced deficits of untreated (−dox) 
iTDP-43A315T mice [**, P < 0.01, ***, P < 0.001, n = 7 (dox-treated 
ctr and iTDP-43A315T)]

◂
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on the Rota-Rod, they were hyperactive in the open field, 
showed more reduced anxiety or disinhibition on the ele-
vated plus maze and presented with reduced grip strength 
and muscle atrophy. In particular, the functional motor 
impairments and the muscular deficits associated with 
TDP-43A315T expression in spinal cord α-motor neurons 
relate to the clinical presentation of ALS. The behavioral 
changes, including disinhibition, stereotypic behavior and 
executive deficits, on the other hand, are main clinical fea-
tures of behavioral variant FTD (bvFTD), which is associ-
ated with TDP-43 neuropathology in approximately 30 % 
of cases [6, 35]. Disinhibition in the elevated plus maze 
and hyperactivity with compromised exploration strategy 
in the open field as displayed by iTDP-43A315T mice may 
resemble similarities to the clinical features of bvFTD. 
However, direct comparison of functional deficits between 
mouse models and human disease should be made care-
fully, and may rather reflect surrogate readout of function-
ally compromised neurons [24]. Earlier mutant human 
TDP-43 transgenic mice and rats present with memory def-
icits [1, 38, 39], similar to those seen in our iTDP-43A315T 
mice with severe hippocampal atrophy. Memory deficits in 
bvFTD can be as severe as in AD [12, 18], and may pre-
sent with hippocampal atrophy as in AD [19]. This hip-
pocampal atrophy is predominantly in bvFTD with TDP-43 
neuropathology [19]. Furthermore, TDP-43 pathology is 
found in 57 % of AD cases [27], 46 % of individuals with 
age-related dementia [47], and TDP-43 may contribute to 
memory deficits in mild cognitive impairment (MCI) and 
AD via the NF-κB pathway [32]. In summary, rather than 
being a pure ALS or FTD model, iTDP-43A315T mice model 
aspects of the clinical presentations of the ALS-FTD dis-
ease continuum in humans [24].

Interestingly, we found a partial recovery of functional 
deficits when suppressing de novo TDP-43A315T synthesis 
for only 1  week, despite marked neurodegeneration and 
muscle atrophy. One explanation for the improvements 
after suppressing TDP-43A315T expression is that the pres-
ence of aberrant TDP-43 inhibits the regenerative com-
petence of compromised neurons. Alternatively, aberrant 
TDP-43 directly interferes with functional processes 
required for their proper function. In both cases, remov-
ing transgenic TDP-43 allows the remaining neurons to 
increase functionality and compensate for lost function. 
Recovery of endogenous murine TDP-43 expression 
after switching off human TDP-43A315T expression may 
contribute to functional improvements. The failure of 
iTDP-43A315T mice to improve memory deficits and the 
limited capacity to rescue impaired motor functions after 
switching off transgenic TDP-43A315T expression is likely 
due to the already advanced atrophy of the hippocam-
pus and musculature at the time treatment commenced. 
Conversely, the marked reversal of disinhibition/reduced 

anxiety in the elevated plus maze and hyperactivity in 
the open field suggests that these deficits result rather 
from function impairment of neurons by iTDP-43A315T 
rather than neurodegeneration. Similarly, short-term sup-
pression of transgenic expression of a TDP-43 variant 
that was artificially located to the cytoplasm by delet-
ing the nuclear localization sequence (∆NLS) resulted 
in reversal of distinct functional deficits in young mice 
[1]. Once neurodegeneration was overt, suppression of 
transgenic TDP-43∆NLS expression did not improve 
functional deficits [1]. Similarly, memory deficits in 
our iTDP-43A315T mice did not recover when transgenic 
TDP-43 was removed. Consistent with improved motor 
performance of iTDP-43A315T mice after TDP-43 sup-
pression, partial recovery of muscle function over time 
following switching off transgenic TDP-43 expression 
has previously been reported in rats [20]. A new induc-
ible ∆NLS-TDP-43 mouse model with brain atrophy and 
motor impairments, published during the revision of our 
study, presented early death that was prevented by sup-
pression of transgene expression [44]. In summary, our 
data support that even at advanced stages of degenera-
tion, reducing pathological TDP-43 could be therapeuti-
cally beneficial. This may encourage the development of 
TDP-43-targeted treatments.

Taken together, we developed a novel transgenic mouse 
model that replicates aspects of human FTLD-TDP and 
ALS. Pronounced brain atrophy was accompanied by 
functional deficits that were partially reversible by acute 
reduction of TDP-43A315T using the doxycycline-sup-
pressible promoter system. This suggests that functional 
deficits are mediated at least in part directly by the pres-
ence of aberrant TDP-43. Therefore, iTDP-43A315T mice 
are a suitable platform for investigating molecular dis-
ease mechanisms. Furthermore, the inducible transgene 
expression system allows for different temporal scenarios 
of TDP-43A315T expression; for example, future studies 
should investigate iTDP-43A315T mice in which transgene 
expression was suppressed until after weaning to allow 
brain maturation before the transgene is expressed [24]. 
Similar studies in other inducible TDP-43 transgenic 
lines have shown differences in neuropathology when the 
transgene was activated in the adult brain, warranting fur-
ther studies [1, 5].
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