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Amyotrophic lateral sclerosis (ALS) is a fatal neurological disease
that causes motor neuron degeneration, progressive motor dys-
function, paralysis, and death. Although multiple causes have
been identified for this disease, >95% of ALS cases show aggre-
gation of transactive response DNA binding protein (TDP-43) ac-
companied by its nuclear depletion. Therefore, the TDP-43 pathology
may be a converging point in the pathogenesis that originates from
various initial triggers. The aggregation is thought to result from
TDP-43 misfolding, which could generate cellular toxicity. However,
the aggregation as well as the nudlear depletion could also lead to
a partial loss of TDP-43 function or TDP-43 dysfunction. To investi-
gate the impact of TDP-43 dysfunction, we generated a transgenic
mouse model for a partial loss of TDP-43 function using transgenic
RNAI. These mice show ubiquitous transgene expression and TDP-43
knockdown in both the periphery and the central nervous system
(CNS). Strikingly, these mice develop progressive neurodegeneration
prominently in cortical layer V and spinal ventral horn, motor
dysfunction, paralysis, and death. Furthermore, examination of
splicing patterns of TDP-43 target genes in human ALS revealed
changes consistent with TDP-43 dysfunction. These results suggest
that the CNS, particularly motor neurons, possess a heightened
vulnerability to TDP-43 dysfunction. Additionally, because TDP-43
knockdown predominantly occur in astrocytes in the spinal cord of
these mice, our results suggest that TDP-43 dysfunction in astro-
cytes is an important driver for motor neuron degeneration and
clinical phenotypes of ALS.
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Transactive response DNA binding protein (TDP-43) is a het-
erogeneous nuclear RNA binding protein that functions in
multiprotein/RNA complexes (1-4). It plays roles in regulating
gene expression, including RNA transcription, splicing, trans-
port, and translation (5, 6). Missense mutations in the TDP-43
gene cause TDP-43 aggregation in ~1-5% of familial ALS
(FALS) that comprises ~10% of total ALS cases (7-9). How-
ever, the wild-type protein also forms aggregation in >95% of
ALS, including all of the sporadic and the majority of the familial
cases (6, 10). Additionally, TDP-43 aggregation is observed in
~45% of frontotemporal lobar degeneration (FTLD) cases and
a significant fraction in cases of other neurodegenerative diseases,
including Alzheimer’s disease, Parkinson disease, Huntington
disease, and chronic traumatic brain injury (10, 11). Because
TDP-43 proteinopathy generally accompanies its nuclear de-
pletion, whether a gain of toxicity or a loss of TDP-43 function is
involved in neurodegeneration is under debate (9, 12-14).
Some evidence suggests that TDP-43 causes neurodegeneration
by a gain of toxicity. Overexpression of both mutant and wild-type
TDP-43 can cause neurodegeneration in vitro and in vivo (9, 15),
suggesting that an amplification of wild-type TDP-43 function can
be toxic. Recent studies suggest that TDP-43 levels are elevated in
familial and sporadic ALS cases (16, 17). Furthermore, ALS-
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linked TDP-43 mutants enhance the stability of TDP-43, consistent
with the possibility that TDP-43 mutants mediate their toxicity by
increasing the TDP-43 levels (1, 18). One possible source of
toxicity may be from protein aggregation, as has been suggested
for neurodegenerative diseases in general (19). TDP-43 is prone
to aggregate, and ALS-linked mutants have a further elevated
aggregation propensity (20-22). TDP-43 aggregation has been
observed in some in vitro and in vivo models and is a hallmark in
human ALS and FTLD (19). However, direct evidence that these
TDP-43 aggregates cause neurodegeneration has not yet been
established. Some models show little or no TDP-43 aggregation,
yet neurodegeneration still occurs (23-25). Other studies have
shown no connection between TDP-43 aggregation and de-
generative phenotypes (26, 27).

Some evidence suggests that a loss of TDP-43 function causes
neurodegeneration. TDP-43 is normally enriched in the cell
nucleus. However, in cells with TDP-43 aggregation, TDP-43 is
depleted from the nuclei (10, 28, 29). Because both nuclear
depletion and cytoplasmic aggregation are expected to reduce
the amount of functional TDP-43, dysfunction of TDP-43 is
probable in these cells. Assays of TDP-43 function derived from
human CNS tissue implicate the existence of TDP-43 dysfunction in
both ALS and FTLD (30, 31). The consequences of TDP-43 dys-
function may be serious. In vitro studies have shown that TDP-43
knockdown can cause defects in neuronal morphology and function
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and even cell death (21, 32, 33). Loss-of-function models in inver-
tebrates and zebrafish have shown a wide range of defects, ranging
from embryonic lethality to morphological and functional defects of
the nervous system, vascular system, and muscle degeneration (27,
31, 34-37). In mammalian species, TDP-43 gene deletion leads to
early embryonic lethality (38-41). Knockdown or knockout of TDP-
43 in mammalian cells in vitro and in vivo also causes degenerative
changes and cell death in some cases (21, 33, 38, 42, 43). Thus, the
evidence suggests that TDP-43 dysfunction can lead to cellu-
lar dysfunction, degeneration, and death.

To further model TDP-43 dysfunction in vivo, a partial loss of
function in mammalian species is desirable because it mimics the
dysfunction but not a complete loss of function in the diseases.
Additionally, experiments from selective knockout of TDP-43 in
motor neurons have generated contradictory results, and it is not
clear whether a lack of TDP-43 function in motor neuron alone
is sufficient to cause motor neuron death (42, 43). Importantly,
the motor neuron-selective knockout models do not address the
possible contribution of TDP-43 dysfunction in glial cells. Given
the fact that TDP-43 aggregation and nuclear depletion also
occur in glial cells in human patients (10, 28, 29), TDP-43 dys-
function in glial cells may contribute to motor neuron toxicity
and death. To address these questions, we created a transgenic
(Tg) mouse line that expressed an artificial microRNA (amiRNA)
targeting the TDP-43 mRNA (amiR-TDP43) for knockdown. We
demonstrate that the transgene was expressed ubiquitously in both
peripheral and CNS tissues. Strikingly, despite the widespread
TDP-43 knockdown in various tissue and cell types, these mice
predominantly developed age-dependent neurological symptoms,
including hyperactivity, weakness, paralysis, and death. Con-
comitantly, pathological analysis revealed prominent degeneration
of layer V cortical neurons and spinal motor neurons. These data
suggest that motor neurons possess a heightened vulnerability
to TDP-43 dysfunction. Because the transgene was expressed
in both neurons and glia and mediated TDP-43 knockdown,
our data also suggest that TDP-43 dysfunction in glia facilitates
motor neuron degeneration. Finally, to determine whether TDP-43
dysfunction occurs in human ALS, we assayed alternative splicing
of TDP-43-regulated genes and detected changes consistent
with TDP-43 dysfunction. Our results support the hypothesis
that TDP-43 dysfunction in both neurons and glia contributes to
the neurodegeneration in ALS.

Results

Expression of an amiR-TDP43 Leads to ALS Phenotypes in Mice. We
constructed Tg mice that expressed amiR-TDP43 using a Cre—
loxP conditional expression strategy, which would permit tem-
poral and spatial control of TDP-43 knockdown. The construct
(amiR-TDP43u) would initially express GFP, but would switch
to expressing a red fluorescent protein (RFP) and the amiR-
TDP43 upon induction with Cre (44) (SI Appendix, Fig. S14).
However, although widely used in the literature, this strategy
carried a technical artifact and caused microcephaly when we
attempted CNS-restricted induction of RFP and the amiRNA
(45) (SI Appendix, Tables S1 and S2). Our previous studies have
shown that this artifact was derived from tandem integration of
inverted loxP-containing transgene copies into the genome (S/
Appendix, Fig. S1B), which led to aberrant chromosome segre-
gation (SI Appendix, Fig. S1C) and death of proliferating cells
during brain development (45). Because of this artifact, we were
precluded from inducing the transgene expression selectively in
the CNS. To circumvent this problem, we crossed the amiR—
TDP43u mice with a germ-line inducer, CMV-Cre, and con-
verted the conditional-expression Tg mouse lines to the consti-
tutive-expression ones, which expressed RFP and amiR-TDP43
constitutively and ubiquitously in a Cre-independent manner (S
Appendix, Figs. S1D, S2, and S6).
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The converted line (amiR-TDP43i) expressed RFP, but no
GFP, in the brain and spinal cord (SI Appendix, Fig. S2 B-D) and
consistently displayed age-dependent, progressive neurological
phenotypes (Fig. 1). The mice initially behaved similarly to their
nontransgenic (nTg) littermates but then developed head bob-
bing, unsteady gait, and discoordinated movements (Movies S1
and S2). Beginning at 4 wk of age, these mice displayed hy-
peractivity (Fig. 14). However, the hyperactivity was transitory,
peaking at ~5 wk and ending at ~10 wk of age, after which the
mice became progressively weaker and less active compared with
their nTg littermates (Movies S1 and S2 and Fig. 14). Also, from
~5 wk of age, the amiR-TDP43i mice started losing body weight
(Fig. 1B) and showed reduced vertical behaviors (Fig. 1C). These
abnormalities were progressive and eventually led to paralysis
(Fig. 1D and Movies S1 and S2) and death (Fig. 1E). The motor
weakness and paralysis suggested the presence of muscle de-
nervation. Indeed, needle electromyography (EMG) revealed
that the amiR-TDP43i mice developed progressive active de-
nervation of muscles, as indicated by the presence of positive
sharp waves (Fig. 1F and SI Appendix, Table S3). Notably, none
of these abnormalities were observed in the parent, uninduced
line (amiR-TDP43u) that expressed GFP. The amiR-TDP43u
mice showed behavior and survival that were indistinguish-
able from their wild-type littermates, thus indicating that the
phenotypes in the amiR-TDP43i mice were derived from the
transgene induction and not from the transgene insertion into
the mouse genome.

The amiR-TDP43i mice displayed three end-stage pheno-
types: hindlimb paralysis, sudden death, and whole-body paral-
ysis (SI Appendix, Tables S4 and S5). The mice that died with
hindlimb paralysis were mostly males and had a relatively short
lifespan (SI Appendix, Tables S4 and S5). Some developed hin-
dlimb paralysis shortly after weaning. Some survived longer and
went through a period of hyperactivity and weight loss before
hindlimb paralysis (Movie S1 and Fig. 1). The mice with sudden
death were also mostly males, which did not have significant
weight loss but died suddenly and unpredictably. These mice also
had relatively short lifespans (SI Appendix, Tables S4 and S5). A
possible cause of death in these mice was cardiac failure because
many Tg mice had an enlarged heart with TDP-43 knockdown
(81 Appendix, Fig. S3). The mice with whole-body paralysis sur-
vived the longest among the three death phenotypes (SI Ap-
pendix, Table S5). This group had a stereotypic pattern of
progression beginning with hyperactivity (Fig. 14) and weight
loss (Fig. 1B) before becoming totally paralyzed (Movie S2). A
majority of both males and females had this phenotype (SI Ap-
pendix, Table S4). The average lifespan was slightly shorter in the
males than in the females, but the difference was not statistically
significant (Fig. 1E and SI Appendix, Table S5).

As a control, we also generated a line of Tg mice that con-
stitutively expressed a scrambled amiRNA (amiR-SCR) using
the same construct design and the same strategy to convert from
the GFP-expressing parent line to the constitutive RFP-expressing
and amiR-SCR-expressing line (45). Western blot analysis
revealed that these Tg mice expressed a higher level of transgene
than the amiR-TDP43 mice in the CNS (S Appendix, Fig. S44).
However, the amiR-SCR mice did not develop any overt phe-
notypes up to >700 d of age, and there were no measurable
changes in their behavior up to 10 mo of age (SI Appendix, Fig. S4
B and C). Thus, it is unlikely that the expression of RFP and/or an
exogenous miRNA nonspecifically caused the neurological phe-
notypes in the amiR-TDP43i mice. Rather, the phenotypes were
likely linked to amiR-TDP43 expression and TDP-43 knockdown.

The Transgenes RFP and amiR-TDP43 Are Expressed in Multiple
Tissues and in both Neurons and Glia in the CNS. To verify the
TDP-43 knockdown, we first examined the transgene expression.
We stained the mouse brain for the RFP distribution and found that
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Fig. 1. The amiR-TDP43i mice developed progressive neurological phenotypes. (A) The amiR-TDP43i mice went through a hyperactive stage before de-
veloping weakness and paralysis. (B) The body weight of the amiR-TDP43i mice peaked at ~50 d of age and then declined until the end stage of the disease.
The values were averaged from 7 to 39 animals per group. (C) The amiR-TDP43i mice developed weak vertical activities, including rearing and jumping. These
activities peaked at 5 wk of age and became progressively weaker thereafter. (D) An example of an amiR-TDP43i mouse with hindlimb paralysis. The mouse
on the right was an nTg mouse, which was walking past the paralyzed amiR-TDP43i mouse on the left. (F) The amiR-TDP43i mice died prematurely (also see S/
Appendix, Table S5). (F) EMG measurement showed a pattern of muscle denervation, as indicated by the presence of positive sharp waves (PSWs; also see
SI Appendix, Table S3). The data in A and C were obtained by using a home cage scan system (S/ Appendix, S| Materials and Methods) and from 16 nTg and
19 amiR-TDP43i mice. Both sexes were grouped together because there was no obvious difference in the pattern of progression in these behavioral

parameters between the sexes.

the transgene was expressed broadly in the CNS, including fore-
brain, cerebellum, brainstem, and spinal cord (S Appendix, Fig. S5).
Additionally, Western blot analysis for RFP revealed that the
transgene was expressed broadly in all tissues and particularly
strongly in heart, muscle, and liver (SI Appendix, Fig. S6A).
Furthermore, Northern blot analysis revealed similar pattern of
expression for the amiR-TDP43 (SI Appendix, Fig. S6B). How-
ever, the difference in the amiR-TDP43 levels between the pe-
riphery and the CNS was not as wide as in the RFP levels (SI
Appendix, Fig. S6C). Nevertheless, both RFP and amiR-TDP43
were expressed at higher levels in the peripheral tissues than
in the CNS. This contrasts with the predominant neurological
phenotypes in these mice and suggests that the CNS possesses
a heightened vulnerability to the effects of the transgene
expression.

To determine which CNS cell types express the transgene, we
conducted double immunofluorescence analysis. The RFP was
expressed in various neuronal types, including cortical neurons,
cerebellar Purkinje cells, and spinal cord motor neurons. In ad-
dition, the RFP was expressed abundantly in astrocytes and in
some oligodendrocytes, but not in microglia (SI Appendix, Fig. S7).

amiR-TDP43 Reduces TDP-43 Expression and Function in the CNS.
Next we investigated TDP-43 knockdown by measuring TDP-
43 levels and function. By bulk protein and mRNA measure-
ments, we observed that TDP-43 was knocked down to modest
degrees in the CNS but with large variations among individual
animals (Fig. 2 A-C and SI Appendix, Table S6). These variations
might be caused by a variable number of cells that expressed
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transgene in different individual animals. We therefore sorted
RFP-positive cells using fluorescence-activated cell sorting and
found that only a small percentage of the cells from the cortex
and the spinal cord were sorted as RFP-positive cells (Fig. 2D),
where we detected a robust knockdown of TDP-43 mRNA (Fig.
2F). However, we also detected lower TDP-43 levels in RFP-
negative cell populations (Fig. 2F). This suggested that the cell
sorting could only separate the brightest RFP-positive cells, and
the cells with modest levels of RFP were left with the RFP-
negative cells. To test this possibility, we carried out immuno-
fluorescence staining, which showed that ~30-50% of cells in the
cortex were RFP-positive. These cells showed both neuronal and
astrocytic morphology (Fig. 2F). In the RFP-positive cells, we
detected a decrease in TDP-43 staining intensity compared with
the neighboring RFP-negative cells (Fig. 2G). Thus, TDP-43
knockdown is correlated with the transgene expression.

To determine whether the TDP-43 knockdown compromised
TDP-43 function, we examined changes in alternative splicing in
genes that are regulated by TDP-43 (46-48). By PCR across the
alternatively spiced exons, we detected the changes known to be
caused by TDP-43 knockdown in sorted RFP-positive cells (Fig.
2 H and I). Additionally, we consistently detected the change
in alternative splicing of S6K1 AlyREF-like target (Skar), also
known as polymerase delta interacting protein 3 (Poldip3), in the
CNS homogenates from amiR-TDP43i mice by both RT-PCR
from the total RNA and Western blots of total proteins. Spe-
cifically, the exon 3-excluded isoform was increased in the brain
and spinal cord homogenates (Fig. 27).
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had a similar decrease of ~10% compared with the nTg mice. For values and statistics, see S/ Appendix, Table S6. (C) TDP-43 mRNA was knocked down in
amiR-TDP43i mice (red symbols) compared with nTg mice (black symbols). Each open symbol represents quantitative PCR (QPCR) of the mRNA from a single
animal. The filled symbols represent the average. Error bars are SD. P values are derived by Student t test comparing the amiR-TDP43i with the nTg mice. (D)
The RFP-positive (red area) and RFP-negative (green area) cells were sorted and collected from the cortex or spinal cord of the amiR-TDP43i mice. The average
percentage of RFP-positive cells from the cortex and spinal cord are indicated in the graph. Notice that only low percentage of cells was collected as RFP-
positive cells. The RFP-negative cells were also collected from nTg mice by using the same sorting procedure and were used as control. (E) TDP-43 mRNA levels
in the sorted cells were measured by using gPCR. (F) Double immunofluorescent staining of RFP and TDP-43 in the cortex of amiR-TDP43i mice. Notice that
TDP-43 staining was weaker in RFP-positive cells (arrows) than in the RFP-negative cells (arrowheads). (Scale bars: 10 pm.) (G) TDP-43 staining intensity was
quantified from the cortices stained for RFP and TDP-43. Notice an inverse correlation between the TDP-43 and the RFP staining intensities (in arbitrary units).
The average TDP-43 signal with SDs of the RFP-negative cells (to the left of the dotted line) and the RFP-positive cells (to the right of the dotted line) is shown.
(H) Examples of increased exon inclusion (the increased levels in the upper band) in the TDP-43-regulated genes measured from the total RNA prepared from
the RFP-positive cells from the frontal cortex of amiR-TDP43i mice. PCR was conducted by using the primer pairs against each target gene across the al-
ternatively spliced exon. (/) Examples of increased exon exclusion (the increased levels in the lower band) measured from the same samples as in H. The same
changes were also observed in the sorted cells from the spinal cord. (J) Western blot of the SKAR protein in the spinal cord homogenates. In all of the four
amiR-TDP43i mice (amiR), the lower band that represented the isoform with exon 3 exclusion was increased. The same exact pattern was observed from the
cortical homogenates.

To further characterize the pattern of TDP-43 knockdown in the
spinal cord, we stained spinal cord sections for TDP-43 and choline
acetyltransferase (ChAT) or TDP-43 and GFAP (Fig. 3 A and B).
Nearly all ChAT-positive motor neurons and the GFAP-positive
astrocytes were RFP-positive in the amiR-TDP43i mice (S/
Appendix, Fig. S7). Therefore, we compared the TDP-43 fluo-
rescence intensity in the ChAT- or GFAP-positive cells between
the amiR-TDP43i and nTg mice. We found a significantly low-
ered level of TDP-43 in astrocytes, but not in motor neurons in
the amiR-TDP43i mice (Fig. 3 A-C). The lack of detectable
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knockdown in motor neurons was likely a result of relatively
weak transgene expression in motor neurons compared with the
astrocytes (Fig. 3D). Thus, the transgene expression and TDP-43
knockdown predominantly occur in astrocytes in the spinal cord.

Mice Expressing amiR-TDP43 Develop Neurodegeneration in Layer V
Cortex and Ventral Horn Spinal Cord. Hyperactivity is a common
phenotype in many rodent models of forebrain neurodegeneration
(49-53). Therefore, the hyperactivity of the amiR-TDP43i mice
suggested the presence of neuronal degeneration in the forebrain.
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Fig. 3. TDP-43 was knocked down in astrocytes but not in motor neurons in the spinal cord. (A) Spinal cord sections from Tg and nTg animals were stained for ChAT
and TDP-43. Notice the similar TDP-43 staining intensities in the motor neuron nuclei of the nTg and Tg mice (arrows). (B) Spinal cord sections were stained for GFAP
and TDP-43. Notice the reduced TDP-43 staining intensity in the astrocytic nuclei compared with the nTg ones (arrows). (C) TDP-43 staining intensity was quantified in
the GFAP-positive (Left) and ChAT-positive (Right) cells in the Tg and nTg mice. Each symbol represents the level in a single cell. Each column of symbols represents the
levels from individual cells in one mouse. The averages from each animal were calculated, and the averages of animals from nTg and Tg were further calculated from
the averages of individual animals. The values from Tg and nTg groups were then compared by using Student's t test. (D) Immunohistochemical staining for RFP in the
spinal cord of amiR-TDP43i mice. The ventral horn area (red box) in Left was enlarged in Center, which showed that the overall staining intensity in the motor
neurons (arrows) was lower than in the astrocytes (arrowheads). Right was the same as Center but was counterstained with hematoxylin.

Indeed, we detected a significantly reduced brain mass compared
with controls (Fig. 44) and robust astrogliosis in the deep layer of
the frontal cortex (Fig. 4B). A quantitative analysis of the cortex
using Nissl-stained sections revealed an ~25% loss of large neu-
rons in cortical layer V (Fig. 4 C-E).

The motor weakness and paralysis suggested the presence of
motor neuron degeneration. To confirm this possibility, we ex-
amined the spinal cord of the amiR-TDP43i mice. We observed
abundant astrogliosis and microgliosis in the ventral horn gray
matter (SI Appendix, Fig. S84). Additionally, at the paralysis stage
there was an elevation in the expression of lipocalin 2, a factor that
is induced in reactive astrocytes and is toxic to neurons (54) (SI
Appendix, Fig. S8B). Furthermore, ChAT staining revealed dra-
matic motor neuron loss in the amiR-TDP43i mice (Fig. 5 4 and
B), which showed ~60% fewer motor neurons in the ventral horn
compared with the nTg mice (Fig. 5C). Because TDP-43 knock-
down can lower ChAT expression (46), to rule out the possibility
that a reduced ChAT expression rather than an actual motor
neuron loss accounted for the reduced motor neuron numbers, we
analyzed the spinal cord nerve roots. There was an age-dependent
and selective degeneration of axons in the ventral but not in the
dorsal roots (Fig. 5 D and E). This selectivity was not due to a lack
of transgene expression in neurons in the dorsal root ganglia be-
cause the RFP expression could be readily detected in the dorsal
root ganglia (SI Appendix, Fig. S8C).

A consequence of motor axon degeneration is denervation
atrophy of skeletal muscles and compensatory hypertrophy of
some muscle fibers. Data from our needle EMG measurements
were consistent with the presence of active denervation (Fig. 1F
and SI Appendix, Table S3). To confirm this morphologically, we
examined the skeletal muscle. We noticed necrotic muscle fibers
and fibers with centralized nuclei in some areas of the muscle (S
Appendix, Fig. S8D). These changes were likely caused by the
transgene expression and TDP-43 knockdown in the muscle (S
Appendix, Fig. S8E). Nevertheless, both atrophic and hypertro-
phic muscle fibers that are characteristic of partially denervated
muscle were readily observed (SI Appendix, Fig. S8D), thus
confirming the presence of muscle denervation.

Yang et al.

Evidence for TDP-43 Dysfunction in Human ALS Spinal Cords. Our
data demonstrate that a partial loss of TDP-43 function can
cause neurodegeneration and motor neuron disease phenotypes.
This raises the question of whether TDP-43 dysfunction occurs in
human ALS. To address this question, we selected 11 alterna-
tively spliced genes that are highly regulated by TDP-43 (46, 48)
and measured their changes in human cells after TDP-43
knockdown and overexpression for verification (SI Appendix, Fig.
S9 A-C). We found one gene (REEP6) that did not display any
changes in its alternative splicing under either knockdown or
overexpression conditions. Another gene (EIF4H) increased the
exon-inclusion product after TDP-43 knockdown but did not
change significantly after TDP-43 overexpression. The majority
(7 of 11) displayed changes in opposite directions between the
knockdown and overexpression, indicating that changes in the
alternative splicing of these genes reflect the changes in TDP-43
function (a reduction or an enhancement). Surprisingly, two
genes displayed changes in the same direction after TDP-43
knockdown or overexpression (SI Appendix, Fig. S9C). Based on
these results, we selected the 10 genes whose changes were
verified in these assays and measured their splicing changes in
human ALS and control spinal cords. We found that 6 of 10
genes did not show significant changes (SI Appendix, Fig. SOD).
Among the remaining four genes, one (RWDD1) showed change
consistent with an enhancement in TDP-43 function, two (RAB-
GEF1 and EIF4H) showed changes consistent with a reduction in
TDP-43 function, and one (POLDIP3) showed change consistent
with both enhancement and reduction in TDP-43 function (Fig.
6). These results suggest that TDP-43 functions are altered in
human ALS.

Discussion

TDP-43 aggregation accompanied by its nuclear depletion is
involved in >95% of ALS and 40% of FTLD cases (6, 10). In
some ALS cases, TDP-43 proteinopathy and nuclear depletion
are caused by mutations in the TDP-43 gene (7, 8). Although
these are rare (<1%) FALS cases, the presence of the same kind
of TDP-43 pathology in these FALS cases and the more common
cases—including the majority of FALS cases with non-TDP-43
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Fig. 4. The amiR-TDP43i mice developed cortical neuronal degeneration. (A)
The brain weight in the amiR-TDP43i mice was significantly lower than the
control nTg mice starting from the HA (hyperactive) stage. Eleven or more
mice in each group were averaged and compared. (B) Astrogliosis developed
in the deep layer of the cortex (arrows) in the amiR-TDP43i mice compared
with the nTg control. The sections were stained for GFAP. (C) Loss of layer V
long projecting neurons in the cortex of amiR-TDP43i mice. (D) Higher
magnification of layer V in the nTg and amiR-TDP43i mice showing a reduced
number of large neurons in the amiR-TDP43i mice. (E) Approximately 25% of
large neurons were lost in the amiR-TDP43i mice (n = 3 in each group).

mutations and the sporadic cases (55-57)—suggests that these
ALS populations share the same pathogenic pathway, albeit the
origination of the pathogenesis differs. However, the significance
of neither the aggregation nor the nuclear depletion is known.
Although the aggregation is postulated to generate cellular
toxicity, the aggregation with its accompanying nuclear depletion
of TDP-43 could also decrease the functional TDP-43, thus
causing a partial loss of TDP-43 function. This raises the ques-
tion of whether a partial loss of TDP-43 function causes motor
neuron degeneration and ALS. We have addressed this question
by knocking down TDP-43 using RNAI in the amiR-TDP43i Tg
mouse model. Our studies have unequivocally demonstrated that
this model had a partial loss of TDP-43 function (Figs. 2 and 3)
and developed motor neuron degeneration and ALS symptoms
(Figs. 1, 4, and 5).

Did the partial loss of TDP-43 cause motor neuron de-
generation and ALS symptoms in the amiR-TDP43i model? To
answer this question, we need to consider several possible
sources of artifacts. First, the motor neuron degeneration might
be caused by disruption of a vital endogenous gene from the
transgene insertion. This possibility has been ruled out because
the uninduced transgene amiR-TDP43u that was inserted into
the same genomic location did not cause the disease. Second, the
motor neuron degeneration might be caused by overexpression
of exogenous miRNA, which overwhelmed the endogenous
miRNA processing machinery and thereby interfered with the
endogenous miRNA generation, or evoked off-target silencing of
other genes (58, 59). The best approach to rule out these pos-
sibilities is a rescue experiment, in which a TDP-43 gene that
contains silent mutations in the amiR-TDP43 target region and
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is resistant to the RNAi mediated by the amiR-TDP43 is over-
expressed to compensate for the lost TDP-43. However, this
approach is impractical for several reasons. Overexpression of
wild-type TDP-43 can generate toxicity and motor neuron de-
generation (15). Even if Tg lines with low levels of overexpression
may be obtained and thereby the neurodegeneration avoided, it
would be difficult to know whether the expression level is suffi-
cient for the rescue, and it would be impossible to guarantee that
TDP-43 is overexpressed in the same cells where the amiR-TDP43
is expressed. Notwithstanding the absence of the rescue experi-
ment, it is unlikely that a nonspecific effect caused the motor
neuron degeneration and ALS phenotype because such an effect
is observed only in extremely high levels of siRNA or shRNA
expression conditions (58, 59). In the amiR-TDP43i mice, the
amiR-TDP43 was produced at extremely modest levels in the
CNS. By deep sequencing of the total miRNA from the cortices
of three amiR-TDP43i mice, we found that the amiR-TDP43
comprised <1% of the highest endogenous miRNA reads and
<0.1% of the total endogenous miRNA reads. Additionally,
the mice expressing a scrambled amiRNA, the amiR-SCRi
mice, did not develop any overt phenotypes (SI Appendix, Fig.
S4). Therefore, it is likely that knockdown of TDP-43 caused
motor neuron degeneration and ALS phenotype in the amiR-
TDP43i mice.

Previous studies attempted to model loss of TDP-43 function
by deletion of TDP-43 gene specifically in motor neurons (42,
43). Wu et al. reported that motor neuron-selective TDP-43
knockouts driven by HB9-Cre developed weakness and pre-
mature death (43). However, the evidence for motor neuron
degeneration driving the phenotype was equivocal. The data did
not clearly differentiate motor neuron atrophy or loss of ChAT
expression from motor neuron death. Indeed, Iguchi et al. se-
lectively deleted the TDP-43 gene from motor neurons using
a VAChT-Cre driver (42). They observed motor neuron atrophy
and dysfunction, but no motor neuron loss and premature death
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Fig. 5. Loss of spinal motor neurons in the amiR-TDP43i mice. (A and B)
ChAT staining revealed dramatic loss of motor neurons in the ventral horn of
the amiR-TDP43i mice. (C) Quantification of ChAT-positive cells in the spinal
cord sections. ChAT-positive cells in the ventral horn were counted in 8-10
sections from the lumbar L4-5 levels of each animal. The average number per
section was calculated from each animal. The numbers from four amiR-
TDP43i and eight nTg controls were further averaged and shown here. Error
bars represent SD. (D) The motor axons in the ventral root were normal in
prehyperactive (pre-HA) and hyperactive (HA) stages but were degenerating
in the paralysis stage. In contrast, the sensory axons in the dorsal root remain
normal throughout all stages. (E) High magnification of the boxed area in
the dorsal and ventral root in at the paralysis stage revealed axon de-
generation in the ventral but not in the dorsal roots.
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Fig. 6. Changes in alternative splicing detected in human ALS spinal cords.
Three genes, Poldip3, Rabgef1, and Eif4h, changed in a pattern that is con-
sistent with reduced TDP-43 function in ALS spinal cords. One gene, RWDD1,
changed in a pattern that is opposite to the pattern induced by TDP-43
knockdown. V1, the exon-included variant; V2, the exon-excluded variant.

of the animals. Compared with these motor neuron-specific
TDP-43 knockout mice, the amiR-TDP43i mice appeared to
have developed more devastating motor neuron loss and clinical
phenotypes (Figs. 1-5). This severe level of motor neuron loss
in the knockdown mice cannot be explained by the degree of
TDP-43 loss in the motor neurons because motor neurons com-
pletely lack TDP-43 in the knockout mice but have apparently
normal levels in the amiR-TDP43i mice (Fig. 3). Instead, the
reduced levels of TDP-43 function in astrocytes may play a key
role (Fig. 3). Thus, our data, in conjunction with the data from
Iguchi et al., suggest that TDP-43 dysfunction in glial cells plays
a critical role in driving motor neuron death.

This conclusion is consistent with the strengthening notion
that glia participate in driving motor neuron degeneration in
ALS. Expression of mutant Cu/Zn superoxide dismutase (SOD1),
the first identified ALS-causing gene mutation, in both motor
neurons and glia, which include astrocytes and oligodendrocytes,
drive motor neuron degeneration and ALS phenotype in the
mutant SOD1 Tg mice (60, 61). Mutant SOD1 expression in
astrocytes causes these cells to produce and secrete toxic factors
that kill motor neurons (54, 62, 63). Transplanting astrocytes that
express mutant SOD1 in wild-type animals causes motor neuron
death (64). Recent evidence also supports an important role of
astrocytes in TDP-43-mediated motor neuron toxicity. Over-
expression of mutant TDP-43 in astrocytes causes motor neuron
degeneration in vivo (65). Although mutant TDP-43 expression
in motor neurons is sufficient to induce motor neuron death
(66), astrocytes participate in this process by responding to sig-
nals from motor neurons and producing and secreting neurotoxic
factor lipocalin 2 (54), which was also elevated in the amiR—
TDP43i mice (SI Appendix, Fig. S8B). The demonstration that
astrocytes derived from neural stem cells from sporadic ALS
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patients, but not those from normal controls, mediated motor
neuron toxicity suggests that astrocytes participate in pathogen-
esis of ALS (67). Notably, TDP-43 aggregates in both motor
neurons and glial cells are a general hallmark in sporadic ALS (28,
29, 68-70). Together, our results suggest that TDP-43 dysfunction
in glial cells contributes to motor neuron degeneration in ALS.

In the amiR-TDP43i mice, TDP-43 was knocked down in
muscles, and there was muscle degeneration in addition to
changes typical of denervation atrophy (SI Appendix, Fig. S8D).
Therefore, it is possible that the muscle degeneration contrib-
uted to motor neuron dysfunction and degeneration. It has been
reported that muscle degeneration can cause denervation and
some degenerative changes in motor neurons, including axon
terminal degeneration and microgliosis in the spinal cord (71—
73). However, most studies also demonstrate that muscle de-
generation is not a primary driver for motor neuron death to the
degree observed in ALS (71, 72, 74, 75). Although one study
suggested that mutant SOD1 expressed in muscles could drive
motor neuron loss (73), the evidence was equivocal and in-
consistent with the conclusions of other studies. Thus, although
the muscle degeneration might have contributed to the de-
nervation and the overall neuromuscular phenotype, it is unlikely
the driver for the motor neuron death in the CNS in amiR-
TDP43i mice.

Given the broad expression of the amiR-TDP43 (S Appendix,
Figs. S5 and S6), it is striking that the predominant phenotype in
the amiR-TDP43i mice is neurological (Fig. 1) and the pre-
dominant neuronal loss is concentrated in the large neurons with
long projecting axons—i.e., the cortical layer V pyramidal neu-
rons and spinal cord motor neurons (Figs. 4 and 5). Therefore,
the key phenotypes and pathology in the amiR-TDP43i mice
have replicated the core features of ALS, thus suggesting that the
large neurons in the motor system of the CNS possess a height-
ened vulnerability to TDP-43 dysfunction relative to other cell
types and that TDP-43 dysfunction plays a role in ALS.

Therefore, to explore whether TDP-43 dysfunction exists in
humans, we evaluated TDP-43 function by measuring alternative
splicing changes in the TDP-43-regulated genes. We have detected
changes that are consistent with both an enhancement in TDP-43
function in some genes and a decrease in TDP-43 function in
others (Fig. 6). These findings suggest that TDP-43 function is
altered in ALS. However, why most of the TDP-43 target genes
remain unchanged, and those changed are simultaneously in the
direction of an enhancement and a decrease in TDP-43 function,
remains a conundrum. The fact that most of the target genes re-
main unchanged indicates that the signal for TDP-43 dysfunction
is small. A possible scenario that results in a small overall
change in TDP-43 function could be that the TDP-43 dysfunc-
tion develops gradually, and at each point in time only a minority
of the cell populations has ongoing TDP-43 dysfunction. The
observation that the human ALS tissue simultaneously display
signals for an increase and a decrease of TDP-43 function could
be a reflection of a complex state of TDP-43 function in ALS. It
has been well established that the TDP-43 level is normally
maintained constant by an autoregulatory mechanism (46, 76),
and the observed alterations in alternative splicing may reflect
a state of TDP-43 deregulation and dysfunction, which could
have a major role in motor neuron degeneration and ALS phe-
notypes. Indeed it has been reported that TDP-43 levels in hu-
man ALS is modestly elevated (16, 77). Because TDP-43
functions in multiprotein/RNA complexes, an elevation in the
TDP-43 level could disrupt the stoichiometry among the com-
ponents in the complex, thereby causing dysfunction of the TDP-
43 complexes (13). However, it remains to be investigated how
functions of TDP-43 complexes change under modestly but
persistently elevated TDP-43 levels. In complex tissues such as
the CNS, the functional changes measured from total spinal cord
RNA reflect averages from different cell populations, which
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could also vary at different stages of neurodegeneration. The
complexity of this condition could thereby produce varied
changes in alternative splicing. For example, an elevated TDP-43
level in one cell population might enhance, whereas in another
might inhibit, its normal function. It may also be possible that an
elevated TDP-43 level initially enhances its function, but when
the elevation exceeds a certain threshold at a late disease stage,
an inhibition develops. Therefore, our results call for further
investigation on the alterations in the TDP-43 levels and func-
tion in model systems for ALS and in human ALS tissues.

Materials and Methods

Tg Mice. The transgene amiR-TDP43u was built by using our published
method (78). The preamiR-TDP43b sequence (21) was inserted into the
pCAG-GFP/RFP-miRint-KX (78) (Addgene no. 19818). This transgene was
a conditional construct that initially expressed GFP, but in the presence of
Cre, the GFP sequence would be excised and the CAG promoter would
drive expression of RFP and the amiR-TDP43 (S/ Appendix, Fig. S1A). The Tg
lines were created and screened as described (45). An artifact associated
with multiple transgene integration into the mouse genome precluded
a selective induction of transgene expression in the CNS (45) (S/ Appendix,
Fig. S1 B and C). Therefore, a GFP-expressing Tg line was converted to
a line that constitutively and ubiquitously expressed RFP and amiR-TDP43
(SI Appendix, Figs. S1D and S2). As a control, a Tg line that constitutively
expressed RFP and a scrambled amiRNA that does not target any known
mouse genes (amiR-SCR) was also established. See details in S/ Appendix, SI
Materials and Methods. The preinduction parent Tg line (amiR-TDP43u
or CAG-loxp-EGFP/3xpA-loxp-RFP-amiR-TDP43 mice) will be available from
The Jackson Laboratory as stock no. 017919. The post-induction line (amiR-
TDP43i mice) will be available from The Jackson Laboratory as stock
no. 017934.

Behavioral Analysis and EMG. All mice were maintained at the University of
Massachusetts Medical School animal facility according to the guidelines set
forth by the Institutional Animal Care and Use Committee (IACUC), and all
animal procedures were approved by the IACUC. The mice were maintained
in pathogen-free environment and on a 12-h light-dark cycle. The Tg mice
were monitored daily for their appearance and motor activity. They were
weighed once or twice weekly. Their motor behavior was monitored at
different disease stages by using an automated video monitoring system.
Their muscle activity was monitored by EMG. See details in S/ Appendix, SI
Materials and Methods.
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