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Motor-Coordinative and Cognitive Dysfunction
Caused by Mutant TDP-43 Could Be Reversed
oy Inhibiting Its Mitochondrial Localization
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Dominant missense mutations in TAR DNA-binding pro-
tein 43 (TDP-43) cause amyotrophic lateral sclerosis (ALS),
and the cytoplasmic accumulation of TDP-43 represents a
pathological hallmark in ALS and frontotemporal lobar degen-
eration (FID). Behavioral investigation of the transgenic
mouse model expressing the disease-causing human TDP-43
M337V mutant (TDP-43™%*7 mice) is encumbered by prema-
ture death in homozygous transgenic mice and a reported lack
of phenotype assessed by tail elevation and footprint in hemi-
zygous transgenic mice. Here, using a battery of motor-coordi-
native and cognitive tests, we report robust motor-coordinative
and cognitive deficits in hemizygous TDP-43"37V mice by
8 months of age. After 12 months of age, cortical neurons are
significantly affected by the mild expression of mutant
TDP-43, characterized by cytoplasmic TDP-43 mislocalization,
mitochondrial dysfunction, and neuronal loss. Compared with
age-matched non-transgenic mice, TDP-43"**"" mice demon-
strate a similar expression of total TDP-43 but higher levels of
TDP-43 in mitochondria. Interestingly, a TDP-43 mitochon-
drial localization inhibitory peptide abolishes cytoplasmic
TDP-43 accumulation, restores mitochondrial function, pre-
vents neuronal loss, and alleviates motor-coordinative and
cognitive deficits in adult hemizygous TDP-43"337V
Thus, this study suggests hemizygous TDP-43"2%"V mice as a
useful animal model to study TDP-43 toxicity and further con-
solidates mitochondrial TDP-43 as a novel therapeutic target
for TDP-43-linked neurodegenerative diseases.

mice.

INTRODUCTION

TAR DNA-binding protein 43 (TDP-43, also named ALSI10) is a
small, ubiquitously expressed RNA/DNA binding protein structurally
resembling the family of RNA-binding protein heterogeneous nuclear
ribonucleoproteins (hnRNPs).! * Like hnRNPs, TDP-43 contains two
tandem RNA recognition motifs, RRM1 and RRM2, that belong to
the widely distributed eukaryotic RNA recognition motif family
(RRM, also referred as RNA binding domain [RBD] or ribonucleo-
protein domain [RNP]).* Although TDP-43 was initially identified
as a transcriptional factor binding TAR DNA sequence motifs of
human immunodeficiency virus type 1 and repressing gene transcrip-
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tion,” subsequent studies have revealed that TDP-43 primarily binds
mRNA and regulates post-transcriptional RNA processing, including
RNA splicing, transportation, and translation.'

The breakthrough regarding TDP-43 research came from studies
revealing that mutations in the TDP-43 gene cause both familial
and sporadic amyotrophic lateral sclerosis (ALS, also called Lou
Gehrig’s disease), the most common of the five motor neuron dis-
eases, characterized by progressive loss of motor neurons in the brain
stem and spinal cord. TDP-43 is the major component of neuronal
inclusions, the histopathological hallmark of both ALS and the
most frequent subtypes of frontotemporal dementia (FTD), consid-
ered the second most common early-onset dementia, characterized
by neuronal loss in the frontal and temporal cortex.>” In fact, cyto-
plasmic TDP-43 accumulation also represents a secondary patholog-
ical feature of other major neurodegenerative diseases, including
Alzheimer’s disease,® Parkinson’s disease,” and Huntington’s dis-
ease.'’ Despite increasing evidence suggesting a critical role of
TDP-43 in disease progression in these various major neurodegener-
ative diseases, the pathogenic mechanisms underlying TDP-43 are
largely unknown.

Multiple transgenic animal models with TDP-43 overexpression or
ablation have been generated to study the mechanisms of TDP-43-
induced neuronal dysfunction in vivo.''?° However, either prema-
ture death before the presence of full behavior impairments or
extremely aggressive disease progression in many of these animal
models make the interpretation of behavioral and neuropatholog-
ical measurements, especially cognitive assessment, difficult. The
TDP-43M337V transgenic (Tg) mouse (i.e., Prnp-TARDBP* M337V;
The Jackson Laboratory, stock no. 017604) expresses the human
TDP-43 M337V mutant under the direction of a mouse prion protein
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promoter.”” According to the initial study, phenotypes including
body tremors, hindlimb clasping, and gait abnormality could only
be observed in homozygous TDP-43M**"Y Tg mice at 1 month of
age (early stages of development) but are absent in hemizygous trans-
genic mice until 12 months of age,'” and the premature sudden death
renders homozygous mice unsuitable for testing cognitive tasks. So
far, motor-coordinative and especially cognitive functions have not
been extensively investigated in this transgenic mouse line. In this
study, we performed a battery of motor-coordinative and cognitive
tests in adult hemizygous TDP-43™**"V Tg mice. Based on our
most recent study identifying mitochondria as critical direct media-
tors for TDP-43-induced neuro'[oxicity,21 we further tested whether
the inhibition of mutant TDP-43 mitochondrial localization could
reverse motor-coordinative and cognitive deficits in aged hemizygous
TDP-43"%*"V Tg mice after disease onset.

RESULTS

Alterations in Motor Coordination, but Not Locomotive Activity,
Muscle Strength, or Sensorimotor Function, in Adult
Hemizygous TDP-43"33"V Mice

We first monitored hemizygous TDP-43 mice by body weight
and commonly used behavioral tests relevant to motor and coordi-
nation function: rotarod and beam walk tests. Hemizygous TDP-
43M337V mice were viable and phenotypically normal at birth and
demonstrated no difference from wild-type (WT) littermates in
feeding, body weight, survival, and hindlimb clasping until
16 months old (currently the oldest available mice; data not shown).
However, at 8 months of age, they exhibited significant impairments
in the performance of rotarod and beam walk tests, manifested by
the decreased ability to stay on the rotarod and longer traverse la-
tencies on beams (F;,; = 8.12, p < 0.01 for rotarod; F, ,; = 11.86,
p < 0.01 for 12-mm square beam; F;,; = 1.21, nonsignificant for
12-mm round beam; F;,;, = 548, p < 0.05 for 9-mm square
beam; Figures 1A and 1B). No difference in the rotarod and beam
walk test was seen between male and female mice (Figures S1A
and S1B). The impaired rotarod and beam-walking performance
was not likely to be caused by muscle weakness because all mice
performed similarly in the grip strength test for both fore- and hin-
dlimbs (F, ,; = 0.69 for forelimbs and 0.38 for hindlimbs, nonsignif-
icant; Figure 1C).

M337V

To further investigate whether the locomotor activity was altered, we
assessed the open field activity of transgenic mice. Compared with
WT mice, 8- to 9-month-old hemizygous TDP-43™%*"" mice showed
a non-significant trend for greater traveling distance and faster mov-
ing speed in the open field test (F;,; = 3.55, p < 0.10 for distance;
Fi,7 = 3.50, p < 0.10 for speed; Figure 1D). No difference in the
time spent in the inner area was noted (F; ,; = 0.05, nonsignificant;
data not shown), indicating unchanged anxiety-related behavior.
We also measured tactile sensory responses in hemizygous TDP-
43M337V mice by sticky paper test. The expression of TDP-433%"V
did not significantly affect the time for mice to make contact and re-
move adhesive tapes (F; »; = 0.02, nonsignificant; Figure 1E), suggest-
ing that the paw sensorimotor function was not altered.
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Coghnitive Deficits in Adult TDP-43"3%7V Tg Mice

Both the beam walk and especially the rotarod tests used to evaluate
motor coordination may also be especially sensitive to brain dysfunc-
tion.>>>* Therefore, the finding of impaired rotarod and beam-
M337V' mice, without
deficits in locomotive activity, muscle strength, or sensorimotor func-
tion, might reflect behavioral alterations stemming from cognitive
deficits in the brain. To test this hypothesis, we conducted a series
of behavioral tests to investigate the cognitive performance in 8- to
9-month-old hemizygous TDP-43*%"V mice. The test battery con-
sisted of a Y maze test for spatial working memory, a T maze test
for short-term spatial memory, an object recognition test for short-

walking performance in hemizygous TDP-43

term and long-term non-spatial memory, and a fear conditioning
test for emotional memory. In the Y maze test, based on the natural
tendency of mice to alternate arms when exploring a novel environ-
ment, all mice exhibited good ambulatory activity with similar explo-
ration rates (data not shown). However, transgenic mice showed a
significantly lower ratio of spontaneous alternations than WT mice
(F127 = 8.92, p < 0.01; Figure 2A), suggesting impaired spatial work-
ing memory. To further assess spatial memory deficits in hemizygous
TDP-43M*37V mice, we performed a T maze test, also based on the
innate preference of mice to explore unfamiliar environment relevant
to visited arms. After the acclimation period, consistent with the
Y maze test, transgenic mice performed significantly worse than
age-matched WT mice (F; ,; = 4.47, p < 0.05; Figure 2B).

In the object recognition test, utilizing the fact that animals will spend
more time exploring a novel object compared with an object they are
familiar with, no significant difference in the total amount of time
spent to sniff and contact each object was evident during the first
probe trial (T1, 50% chance level) for either group of mice (F,; =
0.97, nonsignificant; Figure 2C). However, during the second dissim-
ilar stimulus session (T2, short-term memory) and the third session
24 hr after T2 (T3, long-term memory), hemizygous TDP-43*7V
mice investigated unfamiliar objects significantly less than WT mice
(F1,27=22.73,p <0.01 for T2; F; ,, =10.98, p < 0.01 for T3; Figure 2C),
revealing impaired short-term and long-term non-spatial memory.

In the fear conditioning test, based on mice learning to associate a
neutral tone conditional stimulus (CS) with a mild electrical foot un-
conditional stimulus (US) and show a freezing response, we did not
detect any significant difference between WT and transgenic mice
in the proportion of time spent freezing during habituation and first
three US exposures in the training session (F; 7 = 0.09 for the habit-
uation session; F; ,; = 0.003 for the first US; F, ,, = 2.85 for the second
US; Fy 57 = 1.83 for the third US; all nonsignificant; Figure 2D). Inter-
estingly, in the fourth US exposure, hemizygous TDP-43"3"V
showed significantly lower freezing times compared with WT mice
(F127 = 6.99, p < 0.05). The reduced fear response was indeed main-
tained in the test session 24 hr later to evaluate their learned aversion
for an environment associated with the shock (context-dependent
fear; F),; = 4.94, p < 0.05). Cohorts of mice were also reintroduced
into the contextually altered box (shape, lighting, and odor [vanilla
essence]) for the cue-dependent fear conditioning test. Neither WT

mice
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Figure 1. Sensorimotor Performances of Adult Hemizygous TDP-43"337V Mice

(A) Motor coordination and balance in NTG and hemizygous TDP-43"%3"V mice on the rotarod, manifested as the maximum time that mice could remain on the accelerating
rotating rod. (B) Motor coordination and balance of mice in NTG and hemizygous TDP-43M337V mice, assessed by the latency to traverse each beam. (C) Fore- and hindlimb
strength of NTG and hemizygous TDP-43337Y mice. (D) The distance traveled (meters) and velocity (meters per second) of non-transgenic age-matched littermate controls
(NTG) and transgenic hemizygous TDP-43"33"Y mice recorded continually for 10 min in the open field test. (E) Sensorimotor responses of NTG and hemizygous TDP-43VS37V
mice, measured by the latency to remove a piece of adhesive tape from the hindpaw. All mice are at 8-9 months old. n = 11 for NTG (8 male/3 female) and 18 for TG (10 male/
8 female). Data in the beam walk test were analyzed using two-way ANOVA followed by Bonferroni multiple comparisons, whereas data in other tests were analyzed using

Student’s t test. All data are presented as dots and means + SEM; *p < 0.05, **p < 0.01; ns, non-significant.

nor transgenic mice could recognize the context before addition of the
CS (F, »7 = 2.44, nonsignificant). As expected, CS-elicited freezing re-
sponses were significantly lower in hemizygous TDP-43M337V
than in WT mice (F; 57 = 7.59, p < 0.05). During extinction training
with ten times CS exposure, both WT and transgenic mice displayed
similar weak extinction (data not shown). In this study, no signifi-
cance difference in the cognitive performance between male and fe-
male mice was noted (Figures SIC-S1F). In sum, our results show
that, in addition to impaired motor and coordination function, adult
hemizygous TDP-43™%*"V mice also develop deficits in memory.

mice

The Inhibition of TDP-43 Mitochondrial Localization by PM1
Alleviates Cytoplasmic TDP-43 Accumulation, Mitochondrial
Dysfunction, and Neuronal Loss in the Brains of TDP-43"337V

Tg Mice

We previously characterized the specific amino acid motif that
confers TDP43 mitochondrial localization.”’ The suppression of

TDP-43 mitochondrial localization by either the deletion of motif
M1 (AQFPGACGL), essential for its mitochondrial localization, or
treatment with the M1 motif-based inhibitory peptide PM1 could
block WT or mutant TDP-43-induced mitochondrial dysfunction
and neuronal death in vitro and in mice.>! Here, 11- to 12-month-
old WT and transgenic mice were continuously infused with PM1
or control peptide (cPM) for 6 weeks (1.5 mg/kg/day, subcutaneously
implanted ALZET pumps). Consistent with our previous study,”’
murine TDP-43 (mTDP-43, recognized by a pan-TDP-43 antibody
in WT mice) and human mutant TDP-43 (hTDP-43, recognized by
an antibody specific to human TDP-43 in TDP-43"*"" mice) were
present in highly purified mitochondria isolated from mouse brain
tissues (Figure 3A). We confirmed that PM1 reached the central ner-
vous system and substantially reduced the levels of endogenous
mTDP-43 in mitochondria in the brains of WT mice (data not
shown). Despite similar levels in total lysates, both total TDP-43
(mTDP-43 plus hTDP-43) and hTDP-43 displayed significantly
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Figure 2. Cognitive Performances of Adult Hemizygous TDP-43"337V Mice

(A and B) Spontaneous alternation of NTG and hemizygous TDP-43M337V mice in the Y maze (A) and novelty preference in the T maze (B) test. (C) Preference ratio for an
unfamiliar object of NTG and hemizygous TDP-43337Y mice in the three different sessions of the object recognition test. T1, first 5-min trail session; T2, 1.5-hr-delayed 5-min
dissimilar stimulus session; T3, 24-hr-delayed 5-min third session. (D) Freezing behavior of NTG and hemizygous TDP-43"337Y mice in the trail sessions (habituation without
stimulus, repeated four times with inter-stimulus interval), contextual fear learning, and cue-dependent fear learning in the fear conditioning test. CS, white noise, 80 dB for
30 s; US, an electrical shock of 0.5 mA for 1 s. All mice were 8-9 months old. n = 11 for NTG (8 male/3 female) and 18 for TG (10 male/8 female). Data were analyzed using
Student’s t test or two-way ANOVA followed by Bonferroni multiple comparisons. All data are presented as means + SEM; *p < 0.05, **p < 0.01, **p < 0.001.

reduced expression in the mitochondrial fraction of hemizygous  TDP-43 accumulation in the cytoplasm of cortical neurons selec-
TDP-43"%*"" mice after PM1 treatment (Figure 3A). Inmunohisto-  tively in layers 2 and 3 in hemizygous TDP-43"**"" mice (Figures
chemical analysis of TDP-43 using pan-TDP-43 antibodies found  S2A and S2B). Further double labeling with a specific antibody to
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Figure 3. Inhibition of TDP-43 Mitochondrial Localization, Mitochondrial Dysfunction, and Neuronal Loss in the Brains of Hemizygous TDP-43M33"V Mice
by PM1

11-month-old NTG and hemizygous TDP-43V357V mice were treated with 1.5 mg/kg/day cPM (control peptide for PM1) or PM1 continuously for 6 weeks by subcutaneous
infusion. NTG+cPM, NTG mice treated with cPM; NTG+PM1, NTG mice treated with PM1; TG+cPM, hemizygous TDP-43337V mice treated with cPM; TG+PM1, hemi-
zygous TDP-43Y%7V mice treated with PM1. (A) Representative immunoblot and quantification of exogenous human TDP-43 or total TDP-43 in total lysates and purified
mitochondrial fraction of brains of NTG and TG mice treated with cPM or PM1 peptide. Equal amounts of 10 pg of proteins were loaded. Data are means + SEM of triplicate
experiments. (B) Representative confocal images of Tom20 (green) and TDP-43 (red) in cortical neurons co-stained using specific antibodies against Tom20 and TDP-43,
respectively. Line scan analysis of the co-localization between Tom20 and TDP-43 as white solid lines by Imaged RGB Profile Plot plugin is shown in Figure S2C. (C)
Measurement of OCR/mAxs in synaptic mitochondria in NTG and TG mice that were treated with the indicated peptide (n = 4 mice/group). Synaptosomes were isolated from
mouse brains attached to Seahorse XF24 microplates or 24-well cell culture plates. The OCRs of synaptic mitochondria in synaptosomes were determined directly by

(legend continued on next page)
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the mitochondrial protein TOM20 revealed that mislocalized TDP-
43 highly co-localized with mitochondria (Figure 3B; Figures S2C
and S2D). Interestingly, TDP-43 cytoplasmic accumulation in
TDP-43"%*"V mice disappeared after PM1 peptide infusion, suggest-
ing the prevention of TDP-43 mislocalization by PM1 (Figure 3B;
Figures S2A and S2B).

TDP-43 in mitochondria impairs mitochondrial bioenergetics, and
the inhibition of TDP-43 mitochondrial localization suppresses its
toxicity on mitochondrial function.”' Not surprisingly, the significant
reduction of the mitochondrial membrane potential (mAs) or oxy-
gen consumption rate (OCR) noted in synaptic mitochondria isolated
from brains of hemizygous TDP-43**"" mice was also greatly alle-
viated by PM1 (Figure 3C). PM1 alone did not change the basal levels
of the mAy or OCR, which was consistent with our previous find-
ings.”' Intriguingly, 12-month-old, but not 8-month-old, hemizygous
TDP-43%*"V mice showed loss of cortical neurons most significantly
in cortical layers 2 and 3 (Figures 3D and 3E; Figure S3; 8-month-old
mice not shown), correlating with the TDP-43 mislocalization
observed in these restricted cortical areas. After PM1 treatment, the
neuronal density in cortical layers 2 and 3 in hemizygous TDP-
43M37V mice was comparable with WT mice or WT mice treated
with cPM, indicating the complete prevention of mutant TDP-43
M337V-induced neuronal loss by PM1. No apparent neuronal loss
was seen in the hippocampus, cerebellum, or spinal cord (data not
shown).

PM1 Reverses Motor Coordination and Cognitive Deficits in
TDP-43M337V Tg Mice

Considering the protective effect of PM1 peptide treatment on mito-
chondria and neurons, we finally addressed whether the suppression
of TDP-43 mitochondrial localization by PM1 was able to reverse
behavior deficits in hemizygous TDP-43™**"V mice after symptom
onset. 11- to 12-month-old WT or transgenic mice were treated by
PMI1 or ¢PM via continuous subcutaneous infusion for 6 weeks.
We confirmed that there was no significant difference in the rotarod
and beam walk tests between cohorts of transgenic mice for PM1 and
cPM infusion before treatment (p > 0.1 for rotarod, data not shown;
F1,16 = 1.51/0.18/0.01 for 12-mm square/12-mm round/9-mm square
beam walking, nonsignificant; Figure S4). Compared with WT mice
treated with ¢cPM (non-transgenic [NTG]/cPM group), transgenic
mice with ¢cPM infusion (Tg/cPM group), but not transgenic mice
with PM1 infusion (Tg/PM1 group), exhibited significantly impaired
rotarod and beam-walking performance (F,,; = 11.93, p < 0.001 for
rotarod; F,,; = 3.3, p < 0.1 for 12-mm square beam; F,,; = 8.8, p <
0.01 for 12-mm round beam; F, 5; = 9.61, p < 0.01 for 12-mm square
beam; Figures 4A and 4B), indicating improved motor coordination
and balance after PM1 infusion. No difference in grip strength, loco-

Molecular Therapy

motor activities, or tactile sense was noted among all three groups
(F»,21 = 1.803, nonsignificant for the open field test; F,,; = 0.53 and
F,,1 = 0.37, nonsignificant for fore-/hindlimb grip strength; F,,; =
1.368, nonsignificant for the sticky paper test; Figures 4C-4E).
Consistently, in addition to deficits in motor-coordinative function,
significantly impaired memory was also seen in Tg/cPM mice
(Fa21 = 3.92, p < 0.05 for the Y maze; F, 5, = 4.97, p < 0.05 for the
T maze; F,,;, = 1.43/7.22/5.16, p > 0.1/< 0.01/< 0.05 for T1-T3 ses-
sions, respectively, in the novel object recognition test; F,,; = 1.31/
4.35/8.55/3.08/4.19, p > 0.1/< 0.05/< 0.01/< 0.1/< 0.05 for habituation
and first through fourth US exposures during the training session,
respectively, in the fear conditioning test; F,,; = 7.93, p < 0.01 for
context-dependent learning; F,,; = 0.68, nonsignificant, for the no-
cue period in cue-dependent learning; F,,; = 7.84, p < 0.01 for the
cue period in cue-dependent learning; Figures 5A-5D). In contrast,
Tg/PM1 showed greatly restored cognition to the levels of NTG/
cPM mice, indicating that PM1 improved cognitive function in hemi-
zygous TDP-43™%*"V mice. Extinction was not observed in the fear
conditioning test in all groups, probably because the CS stimuli (white
noise) kept inducing freezing in mice (Fg g4 = 1.065, p > 0.1; data not
shown). Taken together, these results indicate that the inhibition of
TDP-43 mitochondrial localization by PM1 is sufficient to reverse
motor coordination dysfunction and cognitive deficits in hemizygous
TDP-43™%*"V mice after symptom onset.

DISCUSSION

Here we used a mutant TDP-43 transgenic mouse model (TDP-
43M337V mijce) to test whether the inhibition of TDP-43 mitochon-
drial localization is sufficient to rescue mutant TDP-43-induced
behavior deficits. We, for the first time, found that the readily avail-
able TDP-43"**"V mice with hemizygous transgene expression
demonstrated robust behavior deficits in adulthood. Consistent
with our most recent study,”’ TDP-43™**"" mice showed signifi-
cantly increased levels of TDP-43 in mitochondria, accompanied by
mitochondrial dysfunction and neuronal loss. Importantly, a specific
inhibitor, PM1, which specifically inhibited TDP-43 mitochondrial
localization without side effects on TDP-43 nuclear targets, reversed
mitochondrial, neuronal, and behavior impairments in TDP-43M337V
mice after disease onset. Thus, our findings suggest that mitochon-
drial TDP-43 could also be a promising therapeutic target for TDP-
43-linked brain diseases.

In this study, we characterized behaviors in the previously generated
transgenic mice expressing human TDP-43 bearing the M337V
mutant. TDP-43™**"Y mice with hemizygous transgene expression
demonstrated significant impairments of motor coordination and
balance and a broad range of memory performances, including
working spatial memory, short-term spatial memory, declarative

Seahorse, whereas mAys was measured by a fluorescence microplate reader after 20 nM tetramethylrhodamine methyl ester (TMRM) loading for 30 min. (D and E)
Representative H&E-stained sections (D) and quantification (E) showing reduced neuronal density in mouse cortex layers 2 and 3 of TG mice with cPM (Tg mice without cPM
treatment showed similar patterns; data not shown). In contrast, TG mice treated with PM1 showed comparable neuronal density and morphology, similar to NTG mice or
NTG mice treated with cPM1 or PM1. All mice were 12-13 months old. n = 5 for NTG, 4 for TG+cPM, and 3 for TG+PM1. Data were analyzed using two-way ANOVA followed

by Bonferroni multiple comparisons. *p < 0.05.
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Figure 4. Improved Motor Coordination Performances of Adult Hemizygous TDP-43"*37V Mice by PM1

11-month-old NTG and hemizygous TDP-43V%57Y mice were treated with 1.5 mg/kg/day cPM (control peptide for PM1) or PM1 continuously for 6 weeks by subcutaneous
infusion. NTG+cPM, NTG mice treated with cPM; TG+cPM, hemizygous TDP-43V337V mice treated with cPM; TG+PM1, hemizygous TDP-43%3"Y mice treated with PM1.
(A-E) Sensorimotor performances of NTG+cPM, TG+cPM, and TG+PM1 mice in the rotarod (A), beam walk (B), fore-/hindlimb strength (C), open field (D), and sticky paper
test (E). All mice were 12-13 months old. n = 7 for NTG+cPM (4 male/3 female), 8 for TG+cPM (4 male/4 female), and 9 for TG+PM1 (5 male/4 female). Data were analyzed
using ANOVA followed by Bonferroni multiple comparisons. All data are presented as dots and means + SEM; *p < 0.05.

non-spatial memory, and associative fear learning. Surprisingly,
locomotor activity, muscle strength, and tactile sensory function
remained unchanged in hemizygous TDP-43"**"V mice until
16 months old (the oldest mice studied). Because significant neuronal
loss was only seen in brain neurons but not in spinal cord motor neu-
rons, it appeared that behavior deficits in hemizygous TDP-43"3*7V
mice, including poor rotarod or beam-walking performance, were
likely caused by dysfunction or loss of brain neurons rather than spi-
nal cord motor neurons. Although some studies showed the absence
of dementia in patients bearing the M337V mutation,”** one study
from Kirby et al.”® reported intellectual impairment in a patient
from a family bearing the M337V mutant with very early disease
onset at 2.5 years of age. In fact, some TDP-43 mutations have
been identified in FTD patients without motor neuron disease.”” Of
note, mitochondrial dysfunction was not restricted to cortical neu-
rons and could also be observed in spinal cord motor neurons in
hemizygous TDP-43*3"Y mice (data not shown), suggesting that
cortical neurons and spinal cord motor neurons are both targets of
the TDP-43 M337V mutant. In addition, although premature sudden

death prevented the assessment of cognitive function in previous
studies using mutant TDP-43 transgenic animal models, cortical
neuron degeneration has been consistently observed.'"'*!'?%*®
Therefore, our findings in hemizygous TDP-43337
necessarily contradict previous findings only reporting motor
dysfunction in TDP-43 transgenic mice. Unlike other transgenic
animal models showing increased expression of total TDP-43, the
hemizygous TDP-43"%*"" model does not demonstrate significantly
changed expression of total TDP-43 in the brain and spinal cord,*
indicating very low transgene expression. It is possible, therefore,
that the level of TDP-43 M337V in hemizygous TDP-43™%*"" mice
is insufficient to reach the threshold necessary to cause spinal cord
motor neuronal death, a feature required for the onset of ALS-like
phenotypes such as muscle weakness and paralysis. Nevertheless,
although our results indicate the likely association of brain neurons
with behavior deficits in adult hemizygous TDP-43™%*"V mice, the
appearance of motor neuron loss or ALS-like behaviors in aged or
extremely aged mice could not be ruled out, and future studies are
needed to clarify these aspects.

mice do not
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Figure 5. Improved Cognitive Performances of Adult Hemizygous TDP-43"337V Mice by PM1

11-month-old NTG and hemizygous TDP-43%%7Y mice were treated with 1.5 mg/kg/day cPM (control peptide for PM1) or PM1 continuously for 6 weeks by subcutaneous
infusion. NTG+cPM, NTG mice treated with cPM; TG+cPM, hemizygous TDP-43M337Y mice treated with cPM; TG+PM1, hemizygous TDP-43337 mice treated with PM1.
(A-D) Cognitive performances of NTG+cPM, TG+cPM, and TG+PM1 mice in the Y maze (A), T maze (B), object recognition test (C), and fear conditioning test (D). All mice
were 12-13 months old. n = 7 for NTG+cPM (4 male/3 female), 8 for TG+cPM (4 male/4 female), and 9 for TG+PM1 (5 male/4 female). Data were analyzed using ANOVA
followed by Bonferroni multiple comparisons. All data are presented as means + SEM; *p < 0.05, *p < 0.01, **p < 0.001.
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TDP-43 mislocalization from the nucleus to the cytoplasm is a prom-
inent pathological feature in various major neurodegenerative dis-
eases. Not surprisingly, there has been a great deal of debate about
whether loss of TDP-43 function via nuclear depletion or gain
of neuronal toxicity by cytoplasmic TDP-43 accumulation causes
neurodegeneration. Recent studies demonstrated that nuclear
depletion was not required for TDP-43 neuronal toxicity’>’' and
that cytoplasmic TDP-43 was sufficient to cause neurodegeneration,””
highlighting the critical role of cytoplasmic TDP-43 in disease pro-
gression. In fact, understanding the pathomechanisms of TDP-43,
especially cytoplasmic TDP-43, is the major focus in the fields of
ALS, FTD, and other neurodegenerative diseases linked to TDP-43.
Interestingly, we have recently reported the accumulation of
TDP-43 inside of mitochondria in patients with ALS or FTD and
by ALS-associated mutations.”’ Similar to other TDP-43 mutations,
compared with WT TDP-43, M337V also significantly increased
TDP-43 import into mitochondria in vitro and in vivo (data not
shown). Based on identified motifs essential for TDP-43 mitochon-
drial localization, we designed an inhibitory peptide, PM1, that could
specifically suppress WT or mutant TDP-43 mitochondrial import
without effect on the expression of nuclear, cytosolic, and total
TDP-43.' We showed that PM1 could prevent motor dysfunction
as well as spinal cord motor neuron death in hemizygous TDP-
433 transgenic mice®’ (Prnp-TARDBP*A315T mice, also avail-
able from The Jackson Laboratory, stock no. 010700). Interestingly,
TDP-43**"*T mice also displayed significant loss of brain neurons,
which could be abolished by PM1 treatment.”' Unfortunately, prema-
ture death and gut problems make further assessments of brain-
related cognitive function in this animal model difficult. Compared
with TDP-43**"*" mice, hemizygous TDP-43"**"V mice demon-
strated low transgene expression and the absence of early lethality,
sudden death, or gait loss until at least 16 months of age, which could
not only exclude potential side effects caused by transgene overex-
pression but also allow the full development of phenotypes after
adulthood. In this study, using hemizygous TDP-43"%*"V
an animal model with robust behavior deficits, we showed that

mice as

PMI1 could also greatly alleviate mutant TDP-43-induced motor co-
ordination and cognitive impairments. Thus, this study, together
with our most recent report, strongly suggests that mitochondrial
localization is a critical determinant of TDP-43 neurotoxicity and
that the inhibition of mitochondrial TDP-43 could be a very prom-
ising therapeutic approach for TDP-43-linked brain or spinal cord
diseases.

Cytoplasmic TDP-43 accumulation, the prominent feature of
ALS and FTD, was recapitulated in cortical neurons of hemizygous
TDP-43"*"V mice. Interestingly, consistent with our previous
study,”' this TDP-43 proteinopathy could also be abolished by PM1
treatment, suggesting TDP-43 mitochondrial accumulation as a likely
pathological event upstream of TDP-43 mislocalization. Cytoplasmic
protein aggregation affects nucleocytoplasmic import and export.*®
Therefore, it might be interesting to test whether TDP-43 mitochon-
drial accumulation also interferes with nuclear transport factors to
regulate nucleocytoplasmic transport. Previously reported mutant

TDP-43 animal models unanimously showed neuronal loss. How-
ever, none of these published studies could exclude the potential
side effect caused by protein overexpression. This concern is indeed
echoed by the fact that overexpression of WT TDP-43 itself is suffi-
cient to cause neuronal dysfunction in mice.'® Hemizygous TDP-
43337V mice exhibit neuronal death as well as phenotypes with un-
altered total TDP-43 expression. Neuronal toxicity in this animal
model should be specifically induced by the mutation but not likely
as a result of human TDP-43 overexpression. It is still unclear how
TDP-43 induces age-dependent
Although previous studies reported possibly different types of
neuronal death caused by TDP-43, neuronal loss was not noticed in
young hemizygous TDP-43*"V mice, and surviving neurons in
adult hemizygous TDP-43™*%"Y mice were cleaved caspase 3-negative
(data not shown), suggesting that apoptosis is not likely to be
involved. As a prominent common feature of ALS and other major
neurodegenerative diseases,”* mitochondrial dysfunction plays a crit-
ical role in almost all types of cell death, including apoptosis and
>3 We found that mitochondrial dysfunction could also
be abolished by PM1 treatment. Thus, mitochondrial dysfunction
observed in TDP-43**" mice is likely the consequence of increased
mitochondrial TDP-43. Nevertheless, although beyond the scope of
the present study, hemizygous TDP-43*7" mice showing robust
neurodegeneration and cognitive deficits could be very useful to
explore the molecular mechanisms underlying mutant TDP-43-
induced mitochondrial dysfunction and neuronal loss in the context
of aging.

mutant neurodegeneration.

necrosis.

In summary, we show robust aged-dependent neurodegeneration and
impairments of motor coordination and balance and cognition in
adult hemizygous TDP-43"%"V mice. This previously developed an-
imal model with unchanged expression of total TDP-43 and readily
available from The Jackson Laboratory might be a very useful model
to study neurodegeneration. Importantly, this study, together with
our previous findings, consistently demonstrates that the inhibition
of TDP-43 mitochondrial localization by PM1 is sufficient to reverse
behavior deficits after symptom onset. Thus, mutant TDP-43 prob-
ably exerts its toxicity via increased localization in mitochondria.
The development of PM1-like inhibitors targeting TDP-43 mitochon-
drial localization may be beneficial in the treatment of TDP-43-linked
neurodegenerative disease.

MATERIALS AND METHODS

Animals and Treatments

Mouse surgery and procedures were performed according to NIH
guidelines and were approved by the Institutional Animal Care and
Use Committee (IACUC) at Case Western Reserve University.
C57BL/6 non-transgenic wild-type C57BL/6 mice (NTG mice) and
C57BL/6-Tg(Prnp-TARDBP*M337V)4Ptrc/] (hnTDP-43"*"V trans-
genic mice, stock no. 017604) were purchased from the The Jackson
Laboratory and maintained at Case Western Reserve University. All
mice were weaned on post-natal day 30 and genotyped by PCR anal-
ysis of DNA extracted from a punched ear. Detailed mouse age and
gender information for each experiment is presented in specific figure
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legends. For peptide infusion, mini osmotic pumps (Alzet model
2006, flow rate of 0.15 uL/hr) were filled with 200 uL PBS containing
cPM or PM1 peptides (0.5 mg/kg/day) followed by pump incubation
in PBS at 37°C overnight according to the manufacturer’s instruc-
tions. When mice were fully anesthetized with avertin, mini osmotic
pumps were implanted subcutaneously at the back of the mouse. Six
weeks after treatment, mice were transcardially perfused with ice-cold
PBS, and brain and spinal cord tissues were collected.

Behavioral Tests

A series of behavioral tests to investigate the sensorimotor and cogni-
tive performances were conducted in mice treated with or without
peptide infusion. The results from two independent but age-matched
cohort groups were combined. The test battery consisted of a motor
task (open field test), body coordination task (rotarod and beam
walk test), muscle strength task (grip strength test), tactile sense
task (sticky paper test), and memory task (Y maze for working mem-
ory, T maze for short-term spatial memory, object recognition for
short-term and long-term non-spatial memory, and fear conditioning
for emotional memory). Individual mice were tested for these behav-
ioral tasks on each test day in the following order: day 1 for the ro-
tarod and grip strength test, day 2 for the open field test and beam
walk test, day 3 for the Y maze, days 4-5 for the sticky paper test
and object recognition test, day 6 for the T maze, and days 7-8 for
the fear conditioning test. All tests were performed at the Case
Behavior Core, with the investigator blinded to both mouse genotype
and treatment group.

Rotarod Test

Rota-Rods (Panlab/Harvard Apparatus) were used to measure motor
coordination and balance. Each mouse first received three trials per
day for 3 days. During the training period, each mouse was placed
on the rotarod, where cylinder speed was gradually increased from
4 rpm to 12 rpm for each trial. On the testing day, the rotarod was
set to accelerating mode (4-40 rpm over 5 min), and maximal latency
to fall off was collected for statistical analysis.

Grip Strength Test

The muscular strength of a mouse was measured by a grip strength
test meter (Bioseb). For the forelimb test, the two forepaws of a mouse
were placed on a bar, and mouse’s tail was pulled back. For the hin-
dlimb test, the two forepaws were placed on a grid that was held by the
examiner’s left hand, and the two hindpaws of the mouse were placed
on a bar that was connected to the machine. The single best recorded
value was used for statistical analysis.

Open Field Test

The open field test consisted of a 50-cm-long square plastic apparatus,
closed with 50-cm-high walls, and activity was recorded using ANY-
maze video tracking software (Stoelting). The field was digitally
divided into an inner area (30 x 30 cm) and periphery (10-cm-
wide gallery) using ANY-maze software. Data were collected contin-
ually for 10 min, and the distance traveled (meters), velocity (meters
per second), the time spent immobile (more than 2 s of non-locomo-
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tion), and the time spent in the inner area were all recorded and
scored automatically.

Beam Walk Test

The motor coordination and balance of mice were assessed by
measuring the ability of the mice to traverse a graded series of narrow
beams to reach an enclosed safety platform. The beams consisted
of long strips of wood (50 cm) with a 16-mm round diameter or a
16- or 9-mm square cross-section. During training, the mice were
placed at the start of the 16-mm round beam and trained to traverse
the beam to the enclosed box. After the mice were trained (traversed
the 16-mm round beam in less than 20 s), they received two consec-
utive trials on each of the beams, in each case progressing from the
16-mm round beam or 16-mm square beam to the 9-mm square
beam. Mice were allowed up to 60 s to traverse each beam. The latency
to traverse each beam and the number of times the fore- and hindfeet
slipped off each beam were recorded for each trial.

Y Maze Test

To investigate their short-term special memory, mice were placed in a
Plexiglas Y maze (with arms 60 cm in length) and allowed to explore
the maze freely for 8 min while one of the arms was blocked. The
blocked arm was switched between animals to avoid any arm prefer-
ence bias (counterbalanced). Following an 8-min exploration, mice
were returned to their home cage for 2 hr and then put back in the
Y maze for 5 min, this time with all three arms open. When put in
the Y maze, the mice were recorded using the ANY-maze tracking
system, and the time and frequency in the previously blocked arm
and total number of arm entries were counted.

T Maze Test

To investigate their short-term special memory, mice were placed in a
Plexiglas T maze (with arms 60 cm in length) and allowed to explore
the maze freely for 10 min while one of the arms was blocked. The
blocked arm was switched between animals to avoid any arm prefer-
ence bias (counterbalanced). Following a-10 min exploration, mice
were returned to their home cage for 2 hr and then put back in the
T maze, this time with all three arms open. When put in the
T-maze, the mice were recorded using the ANY-maze tracking system
(Stoelting), and the time and frequency in the previously blocked arm
and total number of arm entries were counted by using video scoring
software.

Object Recognition Test

This task of recognition memory utilizes the fact that animals will
spend more time exploring a novel object compared with an object
they are familiar with. The test apparatus was a regular housing
cage with bedding material. Each mouse was placed in a regular hous-
ing cage for 3 min. Then, two identical objects were placed at the
corner of the housing cage (T1). The mice were allowed to investigate
these objects for 5 min. This session was followed by a 1.5-hr delay
during which the animals were returned to their home cages with
their cagemates. After the delay, the animals performed a 5-min dis-
similar stimulus session (T2, short-term memory). In this session, an



www.moleculartherapy.org

object that was presented in T1 and another object that was unfamil-
iar were placed in the test cages. Then, mice were returned to their
home cages, and, 24 hr later, the third session was performed (T3,
long-term memory). In this 5-min session, an object that was pre-
sented in T1 and T2 and another object that was unfamiliar were
placed in the test cages. The objects were made of hard plastic and/
or metal with apparently different shapes. The total amount of time
spent to sniff and contact each object was recorded and scored using
fully automated ANY-maze video tracking software. The total dis-
tance travel during 5 min and the duration of stay at the far side of
the cage (immobile) were also measured.

Fear Conditioning Test

All animals were placed in a conditioning box (Med Associates) and
trained to associate a tone (white noise, 80 decibels [dB] for 30 s,
CS) with electrical shock (0.5 mA for 1 s, US). This procedure was
repeated four times with 120-s accumulation and a 60-s inter-stim-
ulus-interval. Tone and shock were co-terminated. At the end of
the trial, the animals were taken out and placed back in the box
24 hr later to evaluate their learned aversion for an environment asso-
ciated with the shock (context-dependent fear). To this end, all ani-
mals were placed in the same box in which they were trained for
the duration of 6 min, and freezing behavior in the absence of tone
or aversive stimulus were measured. The animals were then removed,
and the context was changed so that the animals could no longer
recognize the chamber in which they had been trained. Two hours
after the animals were tested for contextual fear conditioning, they
were reintroduced into the now contextually altered box (shape, light-
ing, and odor [vanilla essence]), and freezing behavior was measured
during the first 2 min to verify that the animals did not recognize the
context. After 2 min (no-cue period), the tone (30 s, 5 kHz, 80 dB) was
delivered 10 times without US exposure in 60-s intertone interval
(ISI), and freezing behavior was measured to determine cue-depen-
dent fear conditioning.

Mitochondrial Isolation

Tissue was homogenized in IB-1 solution (225 mM mannitol, 75 mM
sucrose, 0.1 mM EGTA, and 20 mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid [HEPES] [pH 7.4]). Then the homogenate was
centrifuged at 600 x g for 5 min to remove nuclear contaminants
and unbroken cells. The supernatant was again centrifuged at
600 x g for 5 min, followed by centrifugation at 7,000 x g for
10 min. The supernatant was collected as the cytosolic fraction. The pel-
let was washed in IB-2 solution (225 mM mannitol, 75 mM sucrose, and
20 mM HEPES [pH 7.4]), centrifuged at 7,000 x g for 10 min, resus-
pended in IB-2 solution, centrifuged at 10,000 x g for 10 min, and
finally resuspended in mitochondria resuspending buffer (MRB)
(250 mM mannitol, 5 mM HEPES, and 0.5 mM EGTA [pH 7.4]).
The resuspended fraction was overlaid on top of 8 mL Percoll medium
(225 mM mannitol, 25 mM HEPES [pH 7.4], 1 mM EGTA, and 30%
Percoll [v/v]), followed by centrifugation at 95,000 x gin a SW40 rotor
for 30 min at 4°C. The purified mitochondrial fraction was collected
and resuspended in a 10-fold volume of MRB and centrifuged for
10 min at 6,300 % g to collect the pellet as mitochondrial fraction.

Synaptosome Isolation and Mitochondrial Respiration Assay
Synaptosomes were isolated from mouse cortices as reported previ-
ously.””® Briefly, cortex tissue was rapidly removed and homogenized
in ice-cold sucrose medium (320 mM sucrose, 1 mM EDTA, 0.25 mM
DTT (pH 7.4). The homogenate was then centrifuged at 1,000 x g for
10 min at 4°C. The supernatant was carefully layered on top of a
discontinuous Percoll gradient (3-mL layers of 3%, 10%, and 23%
Percoll in sucrose medium) in a centrifuge tube and centrifuged at
32,500 x g for 10 min at 4°C. Synaptosomes were collected as the
band between 10% and 23% Percoll. The collected solution was diluted
into ionic medium (20 mM HEPES, 10 mM D-glucose, 1.2 mM
Na,HPO,, 1 mM MgCl,, 5 mM NaHCOs3, 5 mM KCl, and 140 mM
NaCl [pH. 7.4]). After centrifugation at 15,000 x g for 15 min at 4°C
to remove Percoll, pellets were resuspended in ionic medium. The
cell culture plates were coated with polyethyleneimine (1:15,000 dilu-
tion from a 50% solution, Sigma-Aldrich) overnight and washed with
distilled water. The synaptosomes were attached to plates by centrifu-
gation at 3,000 x gat4°C for 30 min and placed on ice for further mea-
surement. The mitochondrial respiration assay protocol consisted of
repeated cycles of 3-min mixing, 2-min waiting, and 3-min measure-
ment periods. The basal OCR was measured three times by Seahorse
XF-24 (Seahorse Bioscience). Protein concentrations for each well
were measured to confirm the similar amount of synaptosomes.

Immunoblot, Immunocytochemistry, and Immunofluorescence
Analysis

Tissues or the cellular fraction were homogenized or lysed in radio-
immunoprecipitation assay (RIPA) buffer (Abcam) with 1x protease
inhibitor cocktail (Cell Signaling Technology). Proteins were sepa-
rated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride
(PVDF) membrane. Following incubation with primary antibody
overnight in a cold room and secondary antibodies at room temper-
ature (RT) for 1 hr, immunoreactivity was detected by enhanced
chemiluminescence (ECL) (Millipore Immobilon). The primary anti-
bodies used included the following: rabbit TDP-43 antibody (Protein-
tech), mouse human TDP-43 antibody (Abnova), COX VI (Abcam),
and GAPDH/Calnexin (Cell Signaling). Immunocytochemistry was
performed by the peroxidase anti-peroxidase protocol.”® For immu-
nofluorescent staining, deparaffinized and re-hydrated tissue sections
without H,O, treatment were washed briefly three times with distilled
H,0 and placed in 1 x antigen decloaker (Biocare). The sections were
then subjected to antigen retrieval under pressure using Biocare’s de-
cloaking chamber by heating to125°C for 10 s and cooling to 90°C for
30 s, followed by heating to 22 psi at 128°C and cooling to 0 psi at
94°C. After the temperature decreased to 30°C, the sections were
gradually rinsed with distilled H,O five times. The sections were
then blocked with 10% normal goat serum (NGS) for 30 min at RT
and incubated with primary antibodies in PBS containing 1% NGS
overnight at 4°C. After three washes with PBS, the sections were incu-
bated in 10% NGS for 10 min and then with Alexa Fluor-conjugated
secondary antibody (Life Technologies, 1:300) for 2 hr at RT in the
dark. Finally, the sections were rinsed three times with PBS, stained
with DAPI, washed again with PBS three times, and mounted with
Fluoromount-G mounting medium (Southern Biotech).
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Statistical Analysis

Statistical analysis was performed by ANOVA with Bonferroni
correction or Student’s t test (for two sets of data only). p < 0.05
was considered to be statistically significant.
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Supplemental Figure 1. Comparison of motor coordination and balance and cognitive
performances between female and male NTG and TG mice (related to Figure 1). (a, b) Motor
coordination and balance in female and male NTG and hemizygous TDP-43"*"V mice assessed
by rotarod (a) and beam-walking tests (b). (c—f) Cognitive performances of female and male
NTG and hemizygous TDP-43"**"V mice evaluated by Y maze (c), T maze (d), novel object
recognition (e) and fear conditioning tests (e). All mice are at 8-9 month old. n= 11 for NTG (8
male/3 female) and 18 for TG (10 male/8 female). Data analyzed using two-way ANOVA
followed by Bonferroni multiple comparisons. All data presented as means = SEM; ns: non-
significant.
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Supplemental Figure 2. (a, b) Representative images (a) and quantification (b) of percentage
of neurons with only nuclear TDP-43 staining or neurons with both nuclear and significant
cytoplasmic TDP-43 in cortical layers II/lll of 11 month old hemizygous TDP-43"**"Y mice treated
with cPM or PM1 (Related to Figure 3b). Neurons were stained by a pan-TDP-43 antibody. (c)
Line scan analysis of TDP-43 and Tom20 by Image J RGB Profile Plot plugin, based on white
solid lines shown in merged images of Figure 3b. The line-scan analysis was performed by
Image J RGB Profile Plot plugin using lines with “2” width. (d) Quantification of degree of co-
localization between cytoplasmic TDP-43 and Tom20 in cortical neurons from indicated mice by
Manders's coefficient (% of both red and green signal co-localize; range from 0-1) that is
independent of fluorescence intensity. A Mander's coefficient greater than 0.5 is considered
significant co-localization (“0"means non-overlapping while “1” indicates complete overlapping).
Data analyzed using two-way ANOVA followed by Bonferroni multiple comparisons. All data
presented as means + SEM; *p<0.05.
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Supplemental Figure 3. Representative images of immunohistochemistry on cortical layers |-V
with a specific antibody against neuronal marker NeuN in 11 month old NTG and hemizygous
TDP-43"¥*"Y mice treated with 1.5 mg/kg/day cPM (control peptide for PM1) or PM1
continuously for 6 weeks by subcutaneous infusion. NTG: non-transgenic wild type mice;
TG+cPM: hemizygous TDP-43Y%*"Y mice treated with cPM; TG+PM1: hemizygous TDP-
43" mice treated with PM1.
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Supplemental Figure 4. Motor coordination and balance of mice in two groups of hemizygous
TDP-43"**"Y mice assessed by the latency to traverse each beam.
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