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TDP-43 is a multifunctional DNA/RNA-binding protein that has
been identified as the major component of the cytoplasmic ubiq-
uitin (+) inclusions (UBIs) in diseased cells of frontotemporal lobar
dementia (FTLD-U) and amyotrophic lateral sclerosis (ALS). Unfor-
tunately, effective drugs for these neurodegenerative diseases are
yet to be developed. We have tested the therapeutic potential
of rapamycin, an inhibitor of the mammalian target of rapamycin
(mTOR) and three other autophagy activators (spermidine, carba-
mazepine, and tamoxifen) in a FTLD-U mouse model with TDP-43
proteinopathies. Rapamycin treatment has been reported to be
beneficial in some animal models of neurodegenerative diseases
but not others. Furthermore, the effects of rapamycin treatment in
FTLD-U have not been investigated. We show that rapamycin treat-
ment effectively rescues the learning/memory impairment of these
mice at 3 mo of age, and it significantly slows down the age-de-
pendent loss of their motor function. These behavioral improve-
ments upon rapamycin treatment are accompanied by a decreased
level of caspase-3 and a reduction of neuron loss in the forebrain of
FTLD-U mice. Furthermore, the number of cells with cytosolic TDP-43
(+) inclusions and the amounts of full-length TDP-43 as well as its
cleavage products (35 kDa and 25 kDa) in the urea-soluble fraction
of the cellular extract are significantly decreased upon rapamycin
treatment. These changes in TDP-43 metabolism are accompanied
by rapamycin-induced decreases in mTOR-regulated phospho-p70
S6 kinase (P-p70) and the p62 protein, as well as increases in the
autophagic marker LC3. Finally, rapamycin as well as spermidine,
carbamazepine, and tamoxifen could also rescue the motor dysfunc-
tion of 7-mo-old FTLD-U mice. These data suggest that autophagy
activation is a potentially useful route for the therapy of neurode-
generative diseases with TDP-43 proteinopathies.

protein aggregation | neuronal apoptosis

TDP-43 is a 43-kDa, ubiquitously expressed protein, well con-
served among eukaryotes (1). This DNA/RNA-binding factor

is predominantly located in the nucleus as a dimer (2), and it has
been implicated in multiple cellular functions, e.g., transcriptional
repression, splicing, and translation (3–6). TDP-43 has also been
identified as the pathological signature protein of a range of neu-
rodegenerative diseases (7). The pathological samples of these
diseases, which have been termed TDP-43 proteinopathies, are
characterized by cytoplasmic and, to a much lesser extent, nuclear
TDP-43-positive (+) and ubiquitinated inclusions (UBIs) con-
taining full-length TDP-43, polyubiquinated TDP-43, phosphory-
lated TDP-43, as well as 35- and 25-kDa carboxy1 fragments of
TDP-43 (for reviews, see refs. 7–11). Of the two major categories
of TDP-43 proteinopathies are frontotemporal lobar degen-
eration with ubiquitin (+) inclusions (FTLD-U) and amyotrophic
lateral sclerosis (ALS). It has been estimated that ∼50% of
FTLD-U and 80–90% of ALS, which has an incidence rate be-
tween 1.5 and 2.5 per 100,000 (12), are signified by TDP-43 (+)
UBIs (7). Furthermore, numerous experimental data have sug-
gested that misregulation of the metabolism of TDP-43, including

the formation of TDP-43 (+) UBIs, plays a causative role in the
pathogenesis (for reviews, see refs. 4, 7, 13). Thus, it would be
logical to identify the potential drugs of FTLD-U and ALS with
TDP-43 proteinopathies, for which there is no effective drug
therapy yet, by targeting either TDP-43 or TDP-43 (+) inclusions.
The molecular machinery of autophagy participates in the re-

moval of long-lived proteins and dysfunctional organelles by in-
ducing the formation of autophagosomes and their fusion with
lysosomes to form the autolysosomes (for reviews see refs. 14–
16). Autophagy is negatively regulated by the mammalian target
of rapamycin (mTOR) (17). Interestingly, whereas TDP-43 is
a substrate of the proteasome as well as autophagy (18, 19), it is
also required for maintenance of the autophagy by stabilization of
the ATG7 mRNA (20). Recent studies have revealed that rapa-
mycin could provide a neuroprotective effect in several neuro-
degenerative disease models, including Huntington disease (21),
Alzheimer’s disease (22, 23), and Parkinson disease (24). Besides
its antiaging and antiinflammation effects, rapamycin seems to
accelerate the removal of aggregation-prone proteins by auto-
phagy induction (25). However, failures of rapamycin as a thera-
peutic drug have also been reported. For instance, instead of
a decrease in pathological features, treatment with rapamycin
increases the cytotoxicity of amyloid-β42 and it shortens the life
span, as observed in other Alzheimer’s disease animal models
(26, 27). Aggravation of neuron deaths in one ALS model study
(28) has also been observed, indicating that the different patho-
logical mechanisms very likely have drastically different responses
to rapamycin treatment.
To test whether rapamycin could be used as an effective

therapeutic drug for neurodegenerative diseases with TDP-43
proteinopathies, we used a FTLD-U mouse model for medical
experimentation. These FTLD-U mice carried a TDP-43 trans-
gene specifically overexpressed in the forebrain under the con-
trol of the Ca2+/calmodulin-dependent kinase II (CamKII)
promoter. At 2 mo of age, they started to exhibit cognition im-
pairment, and motor dysfunction became apparent at the age
of 6 mo (29). Various molecular and cellular abnormalities also
developed along with behavioral phenotypes, which included
down-regulation of several markers of neuronal plasticity, neu-
ronal loss, hippocampal atrophy, etc. Most significantly, TDP-
43 proteinopathies became obvious at 6 mo of age, with the
appearance of polyubiquinated TDP-43 and the 35-kDa and
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25-kDa fragments in the urea-soluble fractions of the cellular
extracts of the forebrain.
In the following, we show that rapamycin as well as three other

autophagy activators could rescue and/or slow down the patho-
genesis of the FTLD-U mice described above, thus pointing to
a therapeutic route for treatment of FTLD-U and possibly dis-
eases with TDP-43 proteinopathies in general.

Results
Rapamycin Rescued the Impairment of Learning/Memory Capabilities
and Alleviated the Progressive Loss of Motor Function in FTLD-U Mice.
For drug treatment, FTLD-U mice were injected with rapamycin
(10 mg/kg) or vehicle three times a week for a period of 4 mo from
the age of 2 mo. During the treatment, the mice were subjected
to the Morris water maze test (30) at the age of 3 mo and to the
rotarod test at the age of 6 mo (Fig. 1A). As shown in Fig. 1B, the
escape latency of TDP-43 transgenic (Tg) mice treated with rapa-
mycin for 1 mo was significantly shorter than of the vehicle-treated

Tg mice. At the same time, the visible platform tasks showed no
differences in swim speed, movement, and visual ability, respec-
tively, among the mice tested (Fig. 1B).
The TDP-43 Tg mice were severely impaired in motor co-

ordination, balance, and grip strength at the age of 6 mo (29).
However, the rotarod performance of the rapamycin-treated
TDP-43 Tg mice at the age of 6 mo was significantly better in
comparison with the vehicle-treated Tg mice (Fig. 1C). To ex-
amine whether rapamycin treatment ameliorated the motor
function of the TDP-43 Tg mice at the age of 6 mo by reducing
motor neuronal loss, Nissl staining of the lumbar spinal cord
section was performed. However, numbers of motor neurons
were similar between the vehicle- and rapamycin-treated Tg
mice (Fig. S1). Overall, the data in Fig. 1 indicated that rapa-
mycin injection could rescue the impairment of learning/memory
capabilities of the TDP-43 Tg mice at the age of 3 mo and it also
significantly slowed down the age-dependent progressive loss of
their motor function.

Rapamycin Reduced the Neuronal Apoptosis via Modulation of the
Caspase-3–Dependent Pathway in FTLD-U Mouse Brains. The TDP-43
Tg mice exhibited a caspase-3–dependent neuronal apoptosis in
the hippocampus and cortex at the age of 6 mo (29). To de-
termine whether the improvement of the spatial learning/mem-
ory capability of TDP-43 Tg mice upon rapamycin treatment was
due to, at least in part, the reduction in neuronal apoptosis, we
examined the expression levels of both the procaspase-3 and
active caspase-3 by Western blot analysis (Fig. 2A). The result
showed that, as previously described (29), amounts of both pro-
and active forms of caspase-3 were increased in the hippocampus
and cortex of TDP-43 Tg mice compared with wild-type (WT)
mice (compare lanes 1 and 3, Fig. 2A). After rapamycin treat-
ment, levels of both pro- and active forms of caspase-3 in the
cortex and hippocampus of TDP-43 Tg mice (compare lanes 3
and 4, Fig. 2A), but not WT mice (compare lanes 1 and 2, Fig.
2A), were significantly decreased. The decrease of active cas-
pase-3 in the rapamycin-treated TDP-43 Tg mouse brains was
confirmed by caspase-3 activity assay and by immunostaining
analysis of the brain sections (Fig. 2 B and C). Significantly, the
decrease of caspase-3 levels after rapamycin treatment was
coupled with an increase in neurons as shown by anti-NeuN
staining (Fig. 2D). In addition, we performed TUNEL assay and
anti-GFAP staining to access possible neuroprotective effects of
rapamycin. The results showed that not only could rapamycin
treatment reduce the number of apoptotic cells, but it also de-
creased astroglial activation/gliosis-induced neurodegeneration
in FTLD-U mouse brains (Fig. S2 A and B). The data of Fig. 2
together with Fig. S2 indicated that rapamycin treatment could
reduce neuronal apoptosis in FTLD-U mice via modulation of
the caspase-3–dependent pathway.

Rapamycin Inhibited Formation of TDP-43 (+) Inclusions and Reduced
Amounts of Abnormally Processed TDP-43 Species in FTLD-U Mouse
Brains. We also examined whether rapamycin treatment had any
effect on mismetabolism of TDP-43 in the forebrain of FTLD-U
mice. As reported previously (29), both cytosolic TDP-43 (+)
UBIs and relatively insoluble forms of TDP-43, including poly-
ubiquitinated TDP-43 and 35-kDa/25-kDa TDP-43 fragments,
accumulated in the forebrains of 6-mo-old FTLD-U mice. As
shown first by Western blotting analysis, rapamycin treatment
did not reduce the amounts of full-length TDP-43 and 35-kDa/
25-kDa fragments in the soluble (RIPA) fraction of total extracts
from the cortex and hippocampus of 6-mo-old FTLD-U mice
(Fig. 3A). On the other hand, expression levels of full-length
TDP-43, polyubiquitinated TDP-43 (***), and the 35-kDa frag-
ment, the latter two of which were mainly detectable in the urea-
soluble fraction of the forebrain extract, were all down-regulated
after 4 mo of rapamycin treatment (Fig. 3B). These data

Fig. 1. Phenotype characterizations of rapamycin-treated FTLD-U mice. (A)
Flowchart of rapamycin treatment of mice. WT and TDP-43 Tg mice were
treated with vehicle or rapamycin as described in Materials and Methods.
Treatment continued from the age of 2 mo to the age of 6 mo. Water maze
tests (I and II) were carried out at the ages of 2 mo and 3 mo, respectively, and
the rotarod test was carried out at the age of 6 mo. (B) Water maze per-
formances of 3-mo-old WT and TDP-43 Tg mice after treatment with rapa-
mycin or vehicle for 1 mo. Note the rescued performance of the Tg mice in
the hidden platform tasks (Left) after treatment with rapamycin (Tg-Rapa) in
comparison with the ones treated with vehicle (Tg-Veh). Visible platform
tasks (Right) of the mice were examined after the hidden platform tasks.
Mixed-design ANOVA on the escape latencies across the day indicates the
significance of comparisons between the sessions (within-subjects factor,
F(3.36, 53.74) = 442.62; P < 0.0001) and the groups (between-subjects factor,
(F(3,16) = 249.4; P < 0.0001). Results in B represent the mean ± SEM of three
independent experiments (n = 10 male mice per group). (C) Rotarod per-
formances of 6-mo-old WT and TDP-43 Tg mice after treatment with rapa-
mycin or vehicle for 4 mo. Note the better performance of the Tg-Rapa mice
than the Tg-Veh mice. Results in C represent the mean ± SEM of three in-
dependent experiments (n = 10 male mice per group). *P < 0.05.
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suggested that rapamycin treatment might also inhibit the pro-
cess of aggregate formation of mismetabolized TDP-43 species.
Indeed, as shown by immunohistochemistry and hematoxylin
staining of the brain sections, the number of forebrain cells with
cytosolic TDP-43 (+) inclusions and TDP-43 depleted nuclei in
6-mo-old FTLD-U mice was greatly reduced after treatment with
rapamycin (Fig. 3C). In contrast to Tg mice (Fig. 3B), the 35-
kDa/25-kDa fragments were barely detectable in the urea-soluble
fraction of the forebrain extract from the WT mice (Fig. S3A).
Furthermore, the forebrain cells of the WT mice contained no
TDP-43 (+) inclusion without or with rapamycin treatment (Fig.
S3B). Overall, the data of Fig. 3 indicated that rapamycin treat-
ment inhibited the formation of TDP-43 (+) inclusions in the

diseased cells of the FTLD-U mouse brains, likely due to its
capacity for enhancing autophagic clearance, which would de-
grade the abnormally generated TDP-43 species before their
aggregation in the cytosol.

Therapeutic Effects of Rapamycin Were Associated with Activation of
mTOR-Regulated Autophagy in FTLD-U Mouse Brains. To investigate
whether the abolishment of the TDP-43 (+) inclusions in the
forebrains of FTLD-U mice by rapamycin treatment was coupled
with the mTOR-regulated autophagy process, we examined the
levels of several autophagic and mTOR activity markers by im-
munofluorescence staining and/or Western blotting. As shown in
Fig. 4A, the autophagosome marker LC3-positive puncta, which

Fig. 2. Rapamycin effects on caspase-3 expression and neuronal survival in FTLD-U mouse brains. (A) Western blotting analysis of the levels of pro- and active
forms of caspase-3 in the extracts of isolated cortex and hippocampus from 6-mo-old WT and TDP-43 Tg mice treated with rapamycin or vehicle. Blotting
patterns are shown on the Left and the statistical analysis is shown on the Right. Results are representative of the mean ± SEM of three independent
experiments (n = 5 mice per group). *P < 0.05. (B) Measurement of the caspase-3 activities in the extracts from the cortex and hippocampus of TDP-43 Tg mice
treated with rapamycin (Rapa)- or vehicle (Veh) by fluorimetric assay. Histogram represents caspase-3 activities (mean ± SEM) of three independent
experiments (n = 3 mice per group). *P < 0.05. (C) Immunohistostaining analysis of active caspase-3 (Top two panels) in the cortex of 6-mo-old TDP-43 Tg
mouse brains treated with rapamycin (Rapa) or vehicle (Veh) for 4 mo. Quantitative analysis by tissue cytometry using TissueQuest software is shown in the
Middle and the Bottom histograms. (D) Immunohistostaining of NeuN(+) cells in the cortex of 6-mo-old TDP-43 Tg mice treated with rapamycin (Rapa) or
vehicle (Veh) for 4 mo (Top two panels). Quantitative analysis is shown in theMiddle two panels and the Bottom histogram. Results in both C and D represent
the mean ± SEM of three independent experiments (n = 5 mice per group). (Bars, 25 μm.) *P < 0.05.
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represented the presence of autolysosomes, were significantly
elevated in the cortex region of rapamycin-treated FTLD-U mice
compared with vehicle-treated ones (Fig. 4A). During autopha-
gosome formation, LC3-I is processed to LC3-II by lipidation.
Thus, the level of LC3-II would increase during synthesis of the
autophagosome (15). Consistent with the observation in Fig. 4A, we
found that the ratios of LC3-II/LC3-I in the cortex and hippo-
campus regions of rapamycin-treated FTLD-U as well as WT mice
were significantly increased compared with vehicle-treated mice
(Fig. 4 B a and B b), indicating that rapamycin enhanced auto-
phagosome formation and also triggered the latter steps of

autolysosome formation during the autophagy process. In-
terestingly, the level of p62/SQSTM1, an autophagic flux marker
down-regulated along the autophagy pathway (31), in the cortex
and hippocampus of vehicle-treated FTLD-U mouse brain was
higher than that of the vehicle-treated WT mouse brain, in-
dicating an incomplete autophagy in the mouse brain upon
overexpression of TDP-43 (Fig. 4 B a and B c). Upon rapamycin
treatment, however, the levels of p62 in the cortex and hippo-
campus of both FTLD-U and WT mice were reduced (Fig. 4 B
a and B c), suggesting the enhancement of autophagy in the WT
mouse brain and rescue of autophagy in the FTLD-U mouse
brain, respectively. The above observations were indeed the
results of inhibition of the mTOR signaling pathway by rapa-
mycin, as reflected by the reductions in the levels of phospho-p70

Fig. 3. Rapamycin effects on the solubility and subcellular distribution of
TDP-43 in FTLD-U mouse brains. (A) Western blot analysis of TDP-43 in the
soluble/ RIPA fractions of extracts from the cortex and hippocampus regions
of 6-mo-old WT (Upper set of panels and histogram) and TDP-43 Tg mice
(Lower set of panels and histogram) treated with rapamycin or vehicle. The
RIPA fractions of the extracts were prepared as described in Materials and
Methods and analyzed by Western blotting. Note that rapamycin and vehicle
treatments resulted in similar levels of the different TDP-43 species in either
the WT or the Tg mouse samples. Amounts of the 35-kDa and 25-kDa TDP-43
fragments in the WT extract were too low to be analyzed. (B) Western blot
analysis of TDP-43 in the urea-soluble fractions of brain extracts. The arrow
points to the unmodified form of TDP-43 on the gel. The triangle is an anti–
TDP-43 hybridizing band of unknown origin. ***, represents the gel region
containing high molecular weight, polyubiquitinated TDP-43 species. Result is
representative of three independent experiments. (C) Immunohistochemical
staining of TDP-43 and nuclei of brain sections from TDP-43 Tg mice treated
with rapamycin or vehicle. Sections were immunohistochemically stained for
detection of TDP-43 (brown) and nuclei (blue) as described in Materials and
Methods. TDP-43 (+) inclusions are indicated by white arrows. One cell each
from the two images are further magnified in the Lower Right corners for
better visualization. (Bars, 10 μm.) Quantitative analysis of the relative
numbers of TDP-43 (+) inclusions is shown in the histogram below the photo
panels. Results in A and C represent the mean ± SEM of three independent
experiments (n = 5 mice per group). *P < 0.05.

Fig. 4. Effects of rapamycin treatment on autophagy in the forebrains of
WT and TDP-43 Tg mice. (A, Left) representative immunofluorescence
images of the hippocampus of TDP-43 Tg mice treated with rapamycin/ve-
hicle and costained with anti-LC3 (green)/DAPI (blue). Note the increase of
the LC3 puncta in the rapamycin-treated Tg mouse sample in comparison
with the vehicle-treated one. (Bars, 10 μm.) (Right) Histogram of quantifi-
cation of LC3 immunofluorescence. Result is representative of three in-
dependent experiments (n = 5 sections per group). *P < 0.05. (B) Western
blot analysis of expression levels of LC3, p62, P-p70, and p70 S6 kinase. Levels
of proteins and tubulin control in the extracts of the isolated cortex and
hippocampus from WT and TDP-43 Tg mice with or without rapamycin
treatment were measured by Western blotting. (a) Blot patterns. Compar-
isons among WT and Tg mice treated with rapamycin (Rapa) or vehicle (Veh)
are shown in the histograms for LC3-II normalized with LC3-I (b), p62 nor-
malized with tubulin (c), and P-p70 normalized with p70 (d), respectively. For
all three histograms, the protein levels are first normalized and then com-
pared with WT (Veh) samples. Results represent the mean ± SEM of three
independent experiments (n = 5 mice per group). *P < 0.05.
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S6 kinase (P-p70) in the cortex and hippocampus regions of the
brains of rapamycin-treated FTLD-U as well as WT mice in
comparison with vehicle-treated mice (Fig. 4 B a and B d).

Autophagy Activation in General Rescued Motor Dysfunction Through
Reduction of Cytosolic TDP-43 (+) Inclusions and Enhancement of
Neuronal Survival. We have also tested the effects of rapamycin
and three other chemical drugs, spermidine, carbamazepine, and
tamoxifen, in the rescue of motor dysfunction of FTLD-U mice.
Of these other three chemicals, tamoxifen was also an inhibitor
of m-TOR, whereas spermidine and carbamazepine activated
autophagy via the mTOR-independent pathway. As shown in
Fig. 5A, treatment of 6-mo-old FTLD-U mice with any of the
four chemicals for 1 mo significantly improved the performance
in rotarod tests. Significantly, the improvement of motor coor-
dination of the mice by treatment with these four drugs was as-
sociated with neuronal protection, as reflected by the increase in
neuron numbers (Fig. 5B) and by reduction of the number of
forebrain cells containing TDP-43 (+) inclusions (Fig. 5C) in
drug-treated mice. Finally, the rescues and neuron protection of
the 7-mo-old FTLD-U mice by the four drugs were indeed ac-
companied by autophagy activation, as indicated by the increase
of LC3-II/LC3-I ratio (Fig. 5 D a and D b) and reduction of the
level of p62/SQSTM1 (Fig. 5 D a and D c). The data of Fig. 5
indicated that autophagy activation through mTOR-dependent
as well as mTOR-independent pathways could also rescue motor
dysfunction of FTLD-U mice.

Discussion
The above study has shown that mTOR inhibition by rapamycin
could recover the learning/memory capability and ameliorate
motor neuron function of TDP-43 Tg mice with pathological
phenotypes of FTLD-U. Furthermore, the phenotypic recoveries
are accompanied by the clearance of TDP-43 (+) UBIs in FTLD-
U mouse brains through autophagy. This therapeutic effect of
rapamycin can also be observed in other models of neurodegen-
erative diseases, such as the improvement of neurodegeneration
and motor dysfunction in fly and mouse models of Huntington
disease (21), reducing of tau-mediated toxicity in transgenic flies
(25), and the rescue of learning/memory deficits in two different
Alzheimer’s disease mouse models (22, 23). In parallel, it has been
found that rapamycin, through the enhancement of autophagy,
could help the clearance of aggregation-prone proteins, including
the mutant huntingtin protein (21), α-synuclein (24, 32), β-amyloid
(23), and the pathological prion protein (33). In great contrast,
however, it has been found that rapamycin treatment could not
rescue the phenotype of an ALS mouse model with transgenic
overexpression of the mutant SOD1 G93A protein (28). Indeed,
induction of the autophagosome formation without parallel en-
hancement of the autophagic flux may result in further accumu-
lation of aggregated protein and trigger more severe cytotoxicity.
Such negative outcomes of the use of rapamycin as a therapeutic
agent have also been found in other Alzheimer’s disease animal
models (26, 27, 34). Thus, autophagy activation by rapamycin and
other autophagy-enhancing drugs may not be generally applicable
for the treatment of different neurodegenerative diseases, and
case-by-case studies should be carried out.
In the case of our FTLD-U mice, rapamycin treatment reduces

the amounts of insoluble TDP-43 species (Fig. 3B) as well as the
formation of TDP-43 (+) inclusions (Fig. 3C) in the forebrain
region of the TDP-43 Tg mice. This was accompanied by a re-
covery of autophagy as indicated by the analysis of different
autophagy markers (Fig. 4). However, the levels of the soluble
nonaggregate forms of the different TDP-43 species were not af-
fected by rapamycin treatment. Our data are consistent with
previous findings in cultured cells showing that neither autophagy
inhibitor 3-MA nor autophagy enhancer rapamycin could alter the
endogenous level of the TDP-43 protein (35). Furthermore, the

full-length TDP-43 and its C-terminal fragments in the insoluble
(urea soluble) fraction accumulated under autophagy inhibition by
3-MA, whereas no significant changes of amounts of TDP-43

Fig. 5. Effects of autophagy activation in the rescue of motor dysfunction of 7-
mo-old CamKII–TDP-43 Tgmice. (A) Rotarod tests of 7-mo-old CamKII–TDP-43 Tg
miceafter treatmentwith rapamycin, spermidine, carbamazepine, tamoxifen, or
vehicle for 1 mo, as described in Materials and Methods. As the control, FVB/
NJNarl-WT mice treated with rapamycin or vehicle at the same age were also
tested.Note the improvement of the rotarodperformanceof the TDP-43 Tgmice
upon treatmentwith each of the four chemicals. Data represent themean± SEM
of three independent experiments (n = 10 mice per group). *P < 0.05. (B)
Quantitative comparison of the relative abundance of NeuN(+) cells in the brain
sections of 7-mo-old TDP-43 Tg mice treated with rapamycin, spermidine, car-
bamazepine, tamoxifen, or vehicle for 1mo. The number of NeuN(+) cells of the
vehicle samples is taken as 100 (n = 5 mice per group). *P < 0.05. (C) Histograms
showing quantitative analysis of the relative numbers of TDP-43 (+) inclusion-
containing cells in the cortex sections from 7=mo-old TDP-43 Tg mice that were
treated with rapamycin, spermidine, carbamazepine, tamoxifen, or vehicle for
1mo. The number of vehicle samples is taken as 100. Results in B and C represent
themean± SEM of three independent experiments (n = 5 mice per group). *P <
0.05. (D)Western blot analysis of expression levels of LC3-I, LC3-II, and p62. Levels
of proteins in the extracts of isolated cortex andhippocampus from7-mo-oldWT
and TDP-43 Tg mice with or without drug treatment were analyzed and com-
pared. (a) Representative Western blot. (b) Histogram comparing the ratios of
LC3-II/LC3-I in different samples. (c) Histogram comparing the ratios of p62/tu-
bulin in different samples. In both b and c, the ratios of WT (Veh) samples were
taken as 100. The altered level of LC3-II and the accumulation of p62 in Tg mice
relative toWTmice indicate the impairment of autophagy, which has also been
observed in a SOD-1 (G93A) Tgmouse model (28). Results represent the mean±
SEM of three independent experiments (n = 5 mice per group). *P < 0.05.
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species in the RIPA soluble fraction could be detected (19). Thus,
our data provide unique in vivo evidence that rapamycin-induced
autophagy could play an active role in the clearance of TDP-43
aggregates and in the reduction of inclusion formation, possibly in
part through binding of the inclusions with p62/SQSTM1 (36) and
subsequent autophagic degradation (37). Finally, the significant
improvements in motor behaviors of the FTLD-U mice and the
increase in neuronal survivability accompanied by reduction of
cytosolic TDP-43 (+) inclusions upon treatment with three other
autophagy activators as well as rapamycin (Fig. 5) indicate that
autophagy induction is likely beneficial in disease mitigation of
TDP-43 proteinopathies. It should be noted that the effect of
rescue of motor function of the mice by treatment with any given
autophagy enhancer at the age of 6 mo likely would not be as
great as treatment starting at an early pathological stage, e.g., 2
mo of age (compare Figs. 5A and 1C), because the neuronal
degeneration is more extensive in the brains of 6-mo-old TDP-43
Tg mice (29). The similar extents in reduction of the number of
forebrain cells with TDP-43 (+) inclusions in FTLD-U mice
upon early and late treatments, respectively, with the drugs (com-
pare Figs. 3C and 5C) suggest that the autophagy activators
could prevent the formation of, as well as remove, the cytosolic
TDP-43 (+) inclusions.
In summary, we have demonstrated that autophagy activation

is an effective route for therapy of TDP-43 Tg mice with FTLD-U
phenotypes. In particular, the elevation of the LC3-I/LC3-II and

reduction of p62 upon rapamycin treatment indicate that the
cells in the forebrain of the mice, despite overexpression of TDP-
43 and formation of the TDP-43 (+) inclusions, still maintain an
autophagy system, albeit impaired, that is responsive to and re-
usable by pharmacological stimuli. The therapeutic effects of
spermidine, carbamazepine, and tamoxifen indeed support this
conclusion. Thus, this study has set the basis for future therapy of
neurodegenerative diseases with TDP-43 proteinopathies by
pharmacologically targeting autophagy.

Materials and Methods
Rapamycin powder (Sirolimus; LC Laboratories) was dissolved in ethanol and
stored at –20 °C in aliquots of the concentration of 50 mg/mL. The working
solution was prepared freshly before use with a final concentration of 1 mg/
mL rapamycin in 2% (vol/vol) ethanol. For the behavioral tests, the WT and
TDP-43 Tg (+/+) male mice of 2 mo of age were injected intraperitoneally
with rapamycin (10 mg/kg) three times a week for a period of 4 mo. The
control animals were injected with PBS (vehicle) in parallel. For more in-
formation about drug treatment and additional experimental details, please
see SI Materials and Methods.
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