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Abstract

Alzheimer's disease (AD) is the leading cause of dementia in the elderly, characterized clinically
by progressive decline in cognitive function and neuropathologically by the presence of senile
plaques and neuronal loss in the brain. While current drugs for AD are always employed as
symptomatic therapies with variable benefits, there is no treatment to delay its progression or halt
neurodegeneration. TAR DNA-binding protein 43 (TDP-43) proteinopathy has increasingly been
implicated as a prominent histopathological feature of AD and related dementias. Our recent
studies have implicated mitochondria as critical targets of TDP-43 neurotoxicity. Here, we
demonstrate that the suppression of mitochondrial-associated TDP-43 protects against neuronal
loss and behavioral deficits in 5XFAD transgenic mice recapitulating AD-related phenotypes. In
AD patients and 5XFAD mice, the level of TDP-43 is increased in mitochondria, and TDP-43
highly co-localizes with mitochondria in brain neurons exhibiting TDP-43 proteinopathy. Chronic
administration of a TDP-43 mitochondrial localization inhibitory peptide, PM1, significantly
alleviates TDP-43 proteinopathy, mitochondrial abnormalities, microgliosis and even neuronal loss
without effect on amyloid plaque load in 12-month-old 5XFAD mice well after the onset of
symptoms. Additionally, PM1 also improves the cognitive and motor function in 12-month-old
5XFAD mice and completely prevents the onset of mild cognitive impairment in 6-month-old
5XFAD mice. These data indicate that mitochondria-associated TDP-43 is likely involved in AD
pathogenesis and that the inhibitor of mitochondria-associated TDP-43 may be a valuable drug to
treat underlying AD.
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One Sentence Summary: Targeting mitochondrial-associated TDP-43 for the treatment of
Alzheimer's disease.
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1.

memory loss

Introduction

Alzheimer's disease (AD) is the most prevalent form of dementia in the elderly,
characterized by the progressive loss of neurons in brain regions critical for memory and
cognition, along with the pathologic hallmarks, senile plaques (SPs) and neurofibrillary
tangles (NFTs), in which amyloid-p peptide (AB) and tau are the main components,
respectively [1]. Currently, there is no effective treatment for AD. Genetic mutations in TAR
DNA-binding protein 43 (TDP-43) cause amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD), which is the second most common form of early-onset
dementia [2-4]. TDP-43 proteinopathy, usually referred to as cytoplasmic TDP-43
accumulation, is a prominent histopathological feature of degenerating neurons in patients
with ALS or FTD [5, 6]. In fact, increasing evidence indicates that TDP-43 proteinopathy
may represent a key pathological feature in common dementias, including the clinical
syndrome of AD and related dementia syndromes [7-13]. In AD patients, TDP-43 pathology
originates from the amygdala spreading to memory-controlling areas of the cortex (medial
temporal lobe and subsequent neocortex), demonstrating a very distinct pathway, which is
different from the routes taken by SP or NFT progression [11, 14]. More importantly,
TDP-43 proteinopathy is associated with AD-type dementia independent of NFTs and SPs,
and patients with mixed TDP-43, AB, and tau proteinopathies show more severe AD-type
dementia than patients with A and tau proteinopathies alone [8, 15]. Despite an expanding
body of evidence implicating the important role of TDP-43 in AD and related dementia, the
role of TDP-43 proteinopathy in disease progression is largely unknown and little attempt
has been taken to investigate the possibility of targeting TDP-43 for the treatment of these
devastating diseases.

Previous studies have repeatedly showed abnormal mitochondrial morphology [16-18],
transport [17, 18], even function [17, 19, 20] in cells or mice expressing either wild type or
mutant TDP-43, indicating mitochondria as likely targets of TDP-43. This notion is further
supported by evidence showing that TDP-43 or truncated forms of TDP-43 can be present in
either the inside or outside of mitochondria [21-27]. Among these studies, most recent study
and we have independently found that the portion of full-length TDP-43 inside of
mitochondria can bind mitochondria-transcripted messenger RNA (mRNAs) encoding
subunits (ND3/6) of oxidative phosphorylation (OXPHOS) complex | to specifically impair
its assembly and function [21, 27], whereas truncated TDP-43 lacking the M1 mitochondrial
localization sequence [27] is restricted to the inner membrane space and has no effect on
ND3/6 expression or mitochondrial function [21]. We have shown that TDP-43 accumulates
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in mitochondria in ALS and FTD patients, and that the suppression of TDP-43
mitochondrial localization can prevent neuronal death and behavioral deficits in TDP-43
transgenic mice for ALS and FTD [27, 28], defining mitochondria as a critical mediator for
TDP-43 neurotoxicity in diseases. So far, there is few study of TDP-43 in mitochondria in
AD. Here, we examined the localization and expression of TDP-43 in degenerating neurons
in AD patients and 5XFAD transgenic mice recapitulating AD-related phenotypes [29, 30].
To investigate the contribution of mitochondria-associated TDP-43 to AD progression, we
further studied the therapeutic effects of a TDP-43 mitochondrial localization inhibitory
peptide on mitochondria, neurodegeneration, and cognitive function in both aged and young
5XFAD mice.

Materials and methods

2.1. Animals and treatments

2.2.

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.

All aged NTG and 5XFAD female mice (B6SJL-Tg (APPSwFILon,
PSEN1*M146L*L286V) 6799Vas/Mmijax, stock no. 34840-JAX) used in behavioral tests
were born at the same day, directly purchased from the Mutant Mouse Resource & Research
Centers (MMRRC) and maintained at Case Western Reserve University. The cohort of
young NTG and 5XFAD mice was generated and maintained at Case Western Reserve
University, weaned on postnatal day 30 and genotyped by PCR analysis of DNA extracted
from an ear punch. Detailed mouse age and gender information for each experiment is
presented in specific figure legends. cPM and PM1 peptides fused to the C terminus of the
protein transduction domain (YGRKKRRQRRR) of the human immunodeficiency virus
TAT protein to enhance peptide delivery and permeability as described [27, 31] were
obtained from Biomatik (Wilmington, DE). For peptide infusion, mini osmotic pumps (Alzet
model 1004, flow rate of 0.11 pL/hr) were filled with 100 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 instructions. After isoflurane anesthesia, mini osmotic pumps were
implanted subcutaneously in the back of each mouse. After treatment, mice were
transcardially perfused with ice cold PBS and brain tissues were collected.

Behavioral tests

All mice were subjected to a battery of behavioral assessments including motor tasks (open
field test), body coordination tasks (rotarod and footprint test), muscle strength (grip strength
test) and cognitive tasks (Barnes maze test for long-term spatial memory). To avoid
habituation, individual mice were tested for these behavioral tasks on each test day in the
following order: day 1-4 for rotarod and grip strength test, day 5 for open field test and day
6-10 for Barnes maze test. All tests were performed at the Case Behavior Core, with the
investigator blinded to both mouse genotype and treatment group. Before the rotarod testing,
mice received 3 training trials per day for 3 days by placing them on the Rota-Rod (Panlab/
Harvard Apparatus, Holliston, MA) with gradually increased cylinder speeds from 4 rpm to
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12 rpm. On the testing day, the maximal latency to fall off was recorded in the rotarod set to
the accelerating mode (speed increasing from 4 to 40 rpm in 5 minutes). For the muscular
strength measurement, the two forepaws of a mouse were placed on a grid with the two
hindpaws placed on a bar that was connected to a grip strength test meter (Bioseb, Vitrolles,
France) for 5 trials. The single best recorded value was collected for statistical analysis. The
open field test used a 50cm long square plastic apparatus closed with 50cm high walls with
the activity recorded continually for 10 minutes by ANY-maze video tracking software
(Stoelting Co. Wood Dale, IL). The footprint tests were performed using a customized
runway with 50 cm long, 5 cm wide and both sides bordered as we described [27].

The Barnes maze consisted of a white acrylic circular disk 92 cm in diameter with 20
equally spaced holes (5cm in diameter) located 2 cm from the edge of the disk. The maze
was illuminated by two 60W lamps to provide an aversive, bright disk surface. An acrylic
escape box (7 x 7 x 5 cm) could be fitted under any of the holes in the maze. The maze was
raised 30 cm from the floor and rested on a pedestal that enabled it to be rotated 360° on a
horizontal plane. An acrylic start bin with 15 cm diameter and 15 cm height was used. Trials
were recorded using a webcam and analyzed by video tracking software (EthoVision XT,
Noldus, Leesburg, VA). Each trial began with the start bin positioned in the center of the
maze with the mouse placed inside. The mouse remained in the start bin for 30 seconds,
providing a standard starting context for each trial and ensuring that initial orientation of the
mouse in the maze varied randomly from trial to trial. Each mouse was allowed to explore
the maze freely for 2 minutes. After the mouse entered the escape hole, the mouse was left
in the escape box for 90 seconds before being returned to its home cage. If the mouse did not
enter the escape box within 120 seconds, it was gently picked up by the experimenter and
placed over the target hole and allowed to enter the escape box. After each trial, the maze
and escape box were cleaned carefully with a 10% alcohol solution to dissipate odor cues
and provide a standard olfactory context. Five training sessions consisting of two trials each
were run on subsequent days and escape latencies were measured.

2.3. Mitochondrial isolation

Brain tissues were homogenized in IB-1 solution (225 mM mannitol, 75 mM sucrose, 0.5
mM EGTA, and 30 mM Tris-HCI [pH 7.4]), followed by centrifugation at 600 g for 5 min to
remove nuclear contaminants and unbroken cells. The supernatant was further centrifuged at
600 g for 5 min and at 9,000 g for 10 min. The pellet was then washed two times in I1B-2
solution (225 mM mannitol, 75 mM sucrose, and 30 mM Tris-HCI [pH 7.4]) and
resuspended in mitochondria resuspending buffer (MRB) (250 mM mannitol, 5 mM HEPES
[pH 7.4], and 0.5 mM EGTA). The resuspended fraction was overlaid on top of 4 mL Percoll
medium (225 mM mannitol, 25 mM HEPES [pH 7.4], 1 mM EGTA, and 30% Percoll [v/v])
and centrifuged at 95,000 g in a SW50.1 rotor for 30 minutes 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 obtain purified mitochondria.

2.4. Immunoblot, immunocytochemistry, and immunofluorescence

The use of all human tissue samples was approved by the University Hospitals Institutional
Review Board (IRB) for human investigation at the University Hospitals Case Medical
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Center in Cleveland, Ohio. Brain tissues or purified mitochondria were homogenized or
lysed in cell lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM Na,EDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM
NazVOy, 1 pg/ml leupeptin; Cell signaling, Danvers, MA) with 1xprotease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). Proteins were separated by 10% SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane. Following incubation with
primary antibody overnight in 4°C and secondary antibodies at room temperature (RT) for 1
hour, immunoreactivity was detected by enhanced chemiluminescence (ECL) (Millipore
Immobilon). Primary antibodies used in this study are listed in table S1.

Postmortem human tissues obtained from University Hospitals of Cleveland were fixed and
6-pum-thick consecutive sections were prepared as we described before [27] (table S2).
Immunocytochemistry was performed by the peroxidase anti-peroxidase protocol [32].
Taken briefly, paraffin embedded brain tissue sections were first deparaffinized in xylene and
rehydrated in graded ethanol and incubated in Tris Buffered Saline (TBS, 50 mM Tris-HCI
and 150 mM NacCl, pH = 7.6) for 10 minutes before performing antigen retrieval in 1X
antigen decloaker (Biocare) as described previously [27]. Sections were rinsed with distilled
H»0, incubated in TBS for 10 minutes and blocked with 10% normal goat serum (NGS) in
TBS at RT for 30 minutes. Tissue sections were further incubated with primary antibodies in
TBS containing 1% NGS overnight at 4°C and immunostained by the peroxidase-anti-
peroxidase based method as we described [33]. For immunofluorescence staining,
deparaffinized and rehydrated tissue sections were washed briefly three times with distilled
H,0 and antigen retrieval was performed as before [27]. The sections were then blocked
with 10% NGS for 30 minutes at RT and incubated with primary antibodies in PBS
containing 1% NGS overnight at 4°C. After three washes with PBS, the sections were
incubated in 10% NGS for 10 minutes and then with Alexa Fluor conjugated secondary
antibody (Life Technologies, Grand Island, NY) (1:300) for 2 hours at RT in the dark.
Finally, the sections were rinsed three times with PBS, stained with DAPI for nuclei, washed
again with PBS three times, and mounted with Fluoromount-G mounting medium (Southern
Biotech, Birmingham, AL). All sections were blindly examined by two investigators
independently.

2.5. Confocal microscopy, fluorescent microscopy and electron microscopy

Confocal images were captured at RT with a Leica TCS SP8 STED inverted laser-scanning
confocal fluorescence microscope (controlled through LAS X software, Leica). Fluorescent
images from whole brain sections were captured with a Zeiss automated microscope,
Celldiscoverer 7 (controlled by Zen software, Zeiss). Whole brain slides were scanned with
a 20x(0.75) Plan Apochromat dry objective. To visualize TDP-43 mislocalization in 5XFAD
mice, images were captured with a 100x water objective, a standard Z-stack scans were
performed and deconvolution conducted with Zen software.

For regular EM, samples were freshly dissected and processed as previously described [34].
Small pieces of cortical tissue or isolated mitochondria were fixed by immersion in triple
aldehyde-DMSO. After rinsing in distilled water, they were postfixed in ferrocyanide-
reduced osmium tetroxide. Another water rinse was followed by an overnight soak in
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acidified uranyl acetate. After rinsing in distilled water again, the tissue blocks were
dehydrated in ascending concentrations of ethanol, passed through propylene oxide, and
embedded in Poly-Bed resin. Thin sections were sequentially stained with acidified uranyl
acetate followed by a modification of Sato's triple lead stain and examined in an FEI Tecnai
Spirit (T12) with a Gatan US4000 4kx4k CCD.

For immuno-EM, human brain tissue and isolated mitochondria were fixed in 4% wi/v
formaldehyde containing 0.1% w/v glutaraldehyde in 0.1 M HEPES buffer (Electron
Microscopy Sciences, Hatfield, PA) at RT for 45 minutes, then dehydrated in ethanol and
embedded in LR White resin (Polysciences, Inc., Warrington, PA). Immuno-gold labeling
was performed according to the method described by Fujioka et al [35]. Thin sections were
blocked with PBS containing 1% w/v bovine serum albumin (BSA), 1% v/v normal goat
serum and 0.01% v/v Tween 20 (PBGT). Grids were then incubated with antibodies (6E10
and anti-TDP-43) at 1:10-1:30 dilution in PBGT for 12 h at 4 °C. Negative controls
included normal rabbit serum, normal mouse serum, and PBT replaced as the primary
antibody. After washing, grids were incubated for 1.5 hour in 20nm gold-conjugated goat
anti-rabbit 1gG or goat anti-mouse 1gG (British BioCell International, Ted Pella, Inc.,
Redding, CA) diluted 1:20 in PBGT, rinsed with PBS and fixed with glutaraldehyde to
stabilize the gold particles. Gold-labeled thin sections were stained first with 2% acidified
uranyl acetate at 38 °C for 30 minutes, then with the triple lead stain of Sato as modified by
Hanaichi et al [34], then examined in an FEI Tecnai Spirit (T12) with a Gatan US4000
4kx4k CCD. All sections were blindly examined by two investigators independently.

2.6. Thioflavin-S staining and plaque quantification

Paraffin embedded brain tissue sections were deparaffinized and rehydrated before being
processed for Thioflavin-S (Thio-S) staining as described by Schmidt and collaborators [36].
Briefly, sections on slides were incubated in filtered 1% aqueous Thioflavin-S for 8 minutes
at room temperature and were protected from light, then washed with 80% ethanol twice and
95% ethanol once. After three washes with distilled water, slides were coverslipped using
mounting media and allowed to dry in the dark overnight. Whole brain images of 5XFAD
mice treated by PM1 or cPM stained with Thio-S were scanned using the Celldiscoverer 7
with a 20x (0.75) Plan Apochromat dry objective. The color images for plaques were
converted to binary images. Plaque numbers and average size were counted automatically by
Image-Pro Plus 6.0 software after setting the brightness threshold. Plaque load was defined
as total plaque area/special brain area. All sections were blindly analyzed and quantified by
two investigators independently.

2.7. Neuron, microglia, and astrocyte quantification

Digitized images, acquired keeping all the parameters (contrast and brightness) constant,
were transformed into TIFF files and thresholded using Image Pro Plus 6.0 software. Care
was taken to maintain the same threshold in all sections from the same experiment. Neuronal
cell number counts of NeuN positive cells in the cortices and subicula were automatically
performed using Image Pro Plus 6.0 software, and cell numbers were calculated per mm2. In
the hippocampi, cell numbers were manually counted because of neuron density. Microglia
and astrocytes were counted manually after setting the brightness threshold. Quantitative
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comparisons were carried out blindly on sections processed at the same time with the same
batch of solutions. All number/mm? data were finally normalized to cPM treated group.
Detailed mouse age and gender information for each experiment is presented in specific
figure legends.

Blue-native PAGE and In-gel Enzyme Activity Assay of Mitochondrial Complex |

Blue-native gel electrophoresis of mitochondrial OXPHOS complexes was performed with
NativePAGE Bis-Tris Gel system (Life Technologies, Grand Island, NY). 50 pg isolated
mitochondria were resuspended in sample buffer and solubilized with 2% digitonin (Sigma-
Aldrich) for 30 min on ice. Insolubilized pellets were removed by centrifugation for 30 min
at 14,000g. The supernatant was collected, and 5% G-250 sample additive was added.
Samples were loaded to 3-12% precast Bis-Tris gradient gels (Life Technologies, Grand
Island, NYY), followed by electrophoresis with manufacturer’s instructions. The gel strip was
incubated in 20 ml of 20 mM Tris-HCI buffer (pH 7.4) containing 0.2 mg/ml NBT and 0.1
mg/ml NADH, and then developed within 20 min at room temperature. The reactions were
stopped by fixing the gel for 30 min in a solution containing 50% methanol (v/v) and 10%
acetic acid (v/v).

2.9. Dot Blot

Brain tissues or purified mitochondria were homogenized or lysed in cell lysis buffer with
1xprotease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentrations of the
supernatant were measured using a BCA assay and 20 pg of extract was applied to a
nitrocellulose membrane using the Bio-Dot microfiltration apparatus (Bio-rad, Hercules,
CA) following manufacturer’s instructions. After being incubated with 6E10 and HRP-
conjugated secondary antibody, the membrane was visualized using ECL. Ap levels were
quantified using Image J Software.

2.10. Statistical Analysis

Statistical analyses were performed with Student’s #test, one-way analysis of variance
(ANOVA) and two-way ANOVA. Detailed information about statistical analysis for each
experiment is presented in specific figure legends. Data are means * s.e.m. n represents
number of neurons or mice per experiment. 2< 0.05 was considered to be statistically
significant.

3. Results

3.1. TDP-43 is augmented in the mitochondria of AD patients and 5XFAD transgenic mice

We first investigated the colocalization of TDP-43 with mitochondria in neurons of human
cortex tissue from AD cases and age-matched normal individuals by double
immunofluorescence staining using antibodies specific to TDP-43 and outer mitochondrial
membrane marker Tom20. Cortical neurons in control cases demonstrated mainly nuclear
TDP-43 localization, yet cortical neurons in the AD cases showed characteristic increased
cytoplasmic TDP-43 (Fig. 1A). Notably, cytoplasmic TDP-43 in AD cortical neurons
significantly colocalized with mitochondria (Fig. 1A). Immuno-electron microscopy
(immuno-EM) analysis of isolated highly purified mitochondria with well-preserved
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membranes from human cortical tissues showed TDP-43 predominantly in the inner
mitochondrial membrane cristae not overlapping with AR labeling in all AD and control
samples (Fig. 1A and Supplementary Fig. 1A, B). Mitochondria from AD cortices
demonstrated greater TDP-43 labeling than those from age-matched controls (Fig. 1B).
Consistently, immunoblot analysis revealed that there was indeed a significantly higher
expression of TDP-43 in purified mitochondria from AD than age-matched controls, while
the levels of TDP-43 in total tissue lysate remained unchanged (Fig. 1C). Significant
cytoplasmic TDP-43 accumulation could be noted selectively in neurons of the subiculum
and cortex but not in the hippocampus CA1 of 9-month-old 5XFAD mice (Supplementary
Fig. 1C), a widely used APP/PS1 transgenic mouse model for AD that demonstrate robust
neurodegeneration and cognitive deficits [29, 30]. Similar to the findings in AD patients,
cytoplasmic TDP-43 highly colocalized with mitochondria in neurons of 5XFAD mice (Fig.
1D and Supplementary Fig. 1D). Whereas all mice displayed comparable expression of total
TDP-43, 5XFAD mice demonstrated significantly higher levels of TDP-43 in purified
mitochondria than age-matched non-transgenic (NTG) littermates (Fig. 1E). As another
feature of TDP-43 proteinopathy, phosphorylated TDP-43 positive inclusions could be
observed in the cytoplasm of both AD patient and 5XFAD mouse, and found greatly
colocalized with mitochondria (Fig. 1F and Supplementary Fig. 1E,F).

3.2. Alleviation of TDP-43 proteinopathy and mitochondrial abnormalities in aged 5XFAD
mice by inhibition of TDP-43 mitochondrial localization

TDP-43 mitochondrial localization depends on its M1 motif, the deletion of which
suppresses its mitochondrial accumulation without significant effect on its half-life,
dimerization, functional binding to MRNA targets, and expression of cytosolic, nuclear, or
total TDP-43 [27]. The synthesized peptide PM1 ( YGRKKRRQRRRAQFPGACGL) in
which the M1 motif was fused to the TAT peptide (GRKKRRQRRR), competitively inhibits
TDP-43 mitochondrial localization and abolishes TDP-43-induced toxicity on mitochondria
and neurons without affecting on total or nuclear TDP-43 expression [27]. We next
determined whether increased expression of TDP-43 in mitochondria in aged 5XFAD mice
after the appearance of TDP-43 proteinopathy and neuronal loss could be reversed by PM1.
10 months old 5XFAD transgenic mice were subcutaneously infused with either PM1 or
control cPM peptide at a dose of 0.5 mg/kg/day continuously for 4 weeks followed by a 2-
week washout period to eliminate the potential effect of the treatment (Fig. 2A). We
confirmed that PM1, as indicated by TAT staining, reached the central nervous system
(Supplementary Fig. 2A) and greatly reduced the levels of mitochondrial TDP-43 in the
brains of 12-month-old 5XFAD mice (Fig. 2B). After PM1 peptide infusion, TDP-43
cytoplasmic accumulation in the subiculum was significantly reduced and TDP-43 was
predominantly restricted to the nucleus (Supplementary Fig. 2B,C). In addition,
phosphorylated TDP-43 positive inclusions were rarely seen in aged 5XFAD mice with PM1
infusion (data now shown), together suggesting that the suppression of TDP-43
mitochondrial localization is sufficient to reverse TDP-43 proteinopathy in 5XFAD mice.

Within mitochondria, TDP-43 binds mitochondria-transcribed mRNAs encoding oxidative
phosphorylation (OXPHOS) complex 1 key subunits, ND3 and ND6, and specifically
impairs their function [27]. ND3 protein level in 5XFAD mice was significantly increased by

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 9

PM1 infusion, compared with cPM (Fig. 2C). There was also a trend of increased levels of
ND6 in PM1 treated mice without affecting any other OXPHOS complex components (Fig.
2C and Supplementary Fig. 2D). Consistent with the protective effect against the reduction
in mitochondrial complex | subunits, PM1 infusion improved both assembly and activity of
mitochondrial complex 1 in 12-month-old 5XFAD mice (Fig. 2D,E). Although PM1 peptide
had no effect on the expression of mitochondrial dynamic regulators such as Drpl, Mff,
OPA1, and Mfn2 (Supplementary Fig. 2E), abnormal dumbbell-shaped mitochondria in the
cortical neurons of 12-month-old 5XFAD mice were largely absent after PM1 treatment
(Fig. 2F), indicating the inhibition of TDP-43 mitochondrial localization can prevent
mitochondrial abnormalities.

3.3.  Unchanged A plague deposition in aged 5XFAD mice following PM1 administration

To determine whether alleviated TDP-43 proteinopathy and mitochondrial abnormalities in
aged 5XFAD mice were due to decreased AP, we first examined the impact of PM1 on AB
plaque deposition by Thioflavin-S (Thio-S) staining. Although the plaque size was very
similar in the subiculum, cortex, or hippocampus, the plaque load, expressed as the
percentage of total surface of brain tissue covered by A plaques, was particularly high in
the subiculum (Fig. 3A). No significant change in the numbers, size, and load of Thio-S-
positive plaques was noted in 12-month-old 5XFAD mice after PM1 infusion (Fig. 3A),
suggesting that the inhibition of TDP-43 mitochondrial localization has no effect on
fibrillary dense-core plaques. It has been established that A exists as a monomer, and also
as oligomers, protofibrils, and fibrils [37]. Ap oligomers are considered to be more toxic
than fibrillar Ap or SPs [37, 38]. To examine if the alleviated TDP-43 proteinopathy by PM1
was associated with reduced oligomer A, we conducted immunostaining using the
oligomer A specific antibody NU4 as described [39]. Compared to Thio-S, NU4 stained
less AP plaques with markedly decreased size in the subiculum (Fig. 3B). Additionally, in
the cortex and hippocampus, there were more diffusive plaques stained by NU4. Like Thio-
S-positive plaques, the density, size and number of NU4-positive plaques in all brain areas of
PM1-treated 12-month-old 5XFAD mice were comparable to cPM-treated littermates (Fig.
3B). These data are in agreement with the similar plaque deposition or intraneuronal APP/
AP immunoreactivity in all animals stained by 6E10, which recognizes both APP and its
cleavage products (Supplementary Fig. 3A). Further dot blot examination revealed that the
total amount of A remained unchanged in total brain homogenates and purified
mitochondria after PM1 infusion (Supplementary Fig. 3B). Taken together, these results
indicate that the suppression of TDP-43 mitochondrial localization by PM1 does not affect
AP plaque deposition.

3.4. Protection against neuron loss and gliosis in the subiculum of aged 5XFAD mice via

PM1

Since neuronal cell numbers significantly decreased in the subicula and cortical layer 5 of
aged 5XFAD mice, we next determined the effects of PM1 on subiculum neurons in 12-
month-old 5XFAD mice. After PM1 treatment, neuronal cell numbers in the subicula and
cortical layer V of 12-month-old 5XFAD mice were significantly increased by either NeuN
or Nissl staining when compared to cPM treatment (Fig. 4A and Supplementary Fig. 4A).
Neuroinflammation is a prominent pathological feature of AD characterized by the
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proliferation and activation of microglia and astrocytes (i.e., microgliosis and astrogliosis),
which have been reported in 5XFAD mice [40, 41]. To examine the extent of microgliosis
and astrogliosis in aged 5XFAD mice following PM1 administration, we immunostained
activated microglia and astrocytes in the brain of 12-month-old mice with specific antibodies
against ionizing calcium binding adaptor molecule 1 (Ibal) and glial fibrillary acidic protein
(GFAP) respectively. Likely corresponding to high Ap plague deposition and neuronal loss
in the subiculum, aged 5XFAD mice exhibited the predominance of microgliosis and
astrogliosis in this specific brain area (Fig. 4B and Supplementary Fig. 4B). Interestingly,
quantification revealed significantly reduced microgliosis but not astrogliosis in all the
selected brain areas of 12-month-old mice treated by PM1 (Fig. 4B and Supplementary Fig.
4B), suggesting the specific inhibition of microgliosis by suppressing TDP-43 mitochondrial
localization.

3.5. Improved cognitive and motor function in aged 5XFAD mice following PM1
administration

Although 5XFAD mice are viable and phenotypically normal at birth, they begin to show
cognitive deficits at around 4 months old and motor-coordinative deficits at around 5 months
old (Fig. 2A) [42, 43]. We conducted a series of behavioral tests to investigate the cognitive
and motor performances in 12-month-old 5XFAD mice after PM1 treatment. Although
5XFAD mice showed significantly decrease in body weight at 12-month-old compared with
NTG, no differences in brain weight, and skeletal muscle mass were noted in 5XFAD mice
infused with cPM or PM1 (Fig. 5A,B and Supplementary Fig. 5A). PM1-treated aged
5XFAD mice showed similar traveling distance and moving speed in open field tests with
both cPM and NTG mice, indicating that the locomotor activity and anxiety-related behavior
were not altered by peptide treatment (Fig. 5C,D). A Barnes maze task consisting of 5
blocks was further used to assess the cognitive benefits of PM1. Unlike NTG mice showing
a decreased time to enter the escape hole in Block 3 and thereafter compared to Block 1,
cPM-treated 5XFAD mice barely exhibited any difference in time for escape in all trials
(Fig. 5E), indicating severely impaired performance over the trials. After PM1 treatment,
5XFAD mice displayed significantly improved ability to find the escape hole in block 4 and
5 (Fig. 5E), suggesting that the suppression of TDP-43 mitochondrial localization by PM1
enhanced spatial learning of 5XFAD mice. To further test spatial working memory of aged
5XFAD mice, we conducted a Y maze test. Aged 5XFAD mice showed a significantly lower
ratio of spontaneous alternations than NTG mice, suggesting impaired spatial working
memory. Although there was no significant difference, PM1 treatment showed a trend of
improved in spatial working memory (Fig. 5F). Then we assessed the motor and
coordination function of 5XFAD mice by rotarod test before and after treatment. We
confirmed that there was no significant difference in rotarod performance between cohorts of
10-month-old 5XFAD mice for PM1 and cPM infusion before treatment (Supplementary
Fig. 5B). However, compared with mice treated with cPM, 5XFAD mice with PM1 infusion
exhibited a trend of improved motor coordination and balance (Fig. 5G). Consistently,
despite unchanged muscle strength, walking abnormality (decreased stride length) was
significantly alleviated in aged 5XFAD mice after PM1 treatment as indicated by footprint
test (Fig. 5H and Supplementary Fig. 5C).
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3.6. Prevention of cognitive deficits in young 5XFAD mice by PM1

Considering the significant protective effects of PM1 in aged 5XFAD mice, we also
investigated whether PM1 was sufficient to prevent the onset of cognitive impairment
observed in young 5XFAD mice. 3-month-old 5XFAD mice were continuously infused with
either PM1 or control cPM peptide and then a series of behavioral tests were performed after
10 weeks (Fig. 6A). Similar with aged 5XFAD mice, both cPM and PM1-treated 5-month-
old 5XFAD mice showed similar traveling distance and moving speed in open field tests
(Supplementary Fig. 6A,B). Further Barnes maze test were conducted to investigate the
cognitive performance. Although all 6-month-old mice actively explored the maze and
showed reduced escaping time over trials, 5XFAD mice infused with cPM spent
significantly more time finding the escape hole (Fig. 6B). In contrast, young 5XFAD mice
treated with PM1 demonstrated similar performance in all trials compared to age-matched
NTG littermates, therefore suggesting that the inhibition of TDP-43 mitochondrial
localization by PM1 could abolish the decline in spatial learning in young 5XFAD mice.
Although all 5XFAD mice displayed deficits on the rotarod test at 5 months old compared
with NTG littermates, 5XFAD mice treated by PM1 also showed a trend of improved motor
coordination and balance (Supplementary Fig. 6C). In 5XFAD mice, AB plaques first appear
at 2-3 months old and rapidly increases at around 4 months old [41]. AB plague load
measured by Thio-S staining was not significantly different between cPM-treated young
5XFAD mice versus aged-matched 5XFAD littermates treated with PM1 (Fig. 6C). Similar
with aged 5XFAD mice, PM1 could also alleviate microgliosis at 6-month-old compared to
cPM treatment group (Fig. 6D). These findings consistently indicate that the suppression of
TDP-43 mitochondrial localization by PM1 could alleviate Ap toxicity /n vivo.

4. Discussion

Here, our study demonstrates that a peptide inhibitor of mitochondrial TDP-43 administered
late in the course of disease can attenuate the development and progression of brain neuronal
loss and behavioral deficits in the 5XFAD transgenic mouse model for AD. Our previous
study has reported a similar striking rescue effects on brain neurons and cognitive
performance by the suppression of TDP-43 mitochondrial localization in the advanced-stage
of a TDP-43 transgenic mouse model demonstrating FTD-like dementia [28]. Similar to
FTD patients [27], AD patients show significantly increased expression of TDP-43 in
mitochondria. Therefore, our findings suggest that TDP-43 accumulation in mitochondria is
likely a common mechanism underlying neurodegeneration and cognitive decline in AD and
other dementia syndrome, and that an inhibitor of TDP-43 mitochondrial localization may
provide a potential AD drug to treat the underlying disease or delay its progression.

The accumulation of TDP-43 in the cytoplasm or phosphorylated TDP-43 positive inclusion
was largely noted in subicular neurons of 5XFAD mice, correlating with the most significant
neuronal loss and amyloid plaque load in this restricted area. Mislocalized TDP-43 highly
colocalizes within mitochondria. We used PM1, a peptide inhibitor derived from TDP-43, to
specifically reduce its expression in mitochondria. PM1 abolished TDP-43 proteinopathy,
reversed neuronal loss, and reduced neuroinflammation in aged 5XFAD mice well after
symptom onset. As amyloid plaque load was not alleviated or prevented by PM1, our results
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strongly indicate that TDP-43 in mitochondria does not affect AR pathology, but instead
plays an unexpected critical role in mediating Ap neurotoxicity. Brains of 5XFAD mice
exhibited reduced expression of ND3/6, deficiency in mitochondrial complex | activity, and
abnormal mitochondrial morphology, all of which were significantly alleviated by PM1.
Within mitochondria, TDP-43 binds mitochondria-transcribed ND3/6, impairs their
translation and causes mitochondrial dysfunction [27]. Thus, although it is underdetermined
why TDP-43 mislocalizes particularly in subiculum neurons and how mitochondrial-
associated TDP-43 acts on mitochondria in the context of A, this evidence supports the
possible involvement of mitochondrial TDP-43-related mitochondrial dysfunction in the
neuronal loss of 5XFAD mice.

5XFAD mice demonstrated significant impairment in spatial learning and memory.
Interestingly, the subiculum is a component of hippocampus and plays a crucial role in
spatial learning and memory functions [44]. Consistent with the rescue of subiculum
neurons, spatial learning and memory was significantly improved by PM1, indicating that
the cognitive deficit in 5XFAD mice was likely caused by neuronal loss in the subiculum. In
addition to the subiculum, neuronal loss can also be seen selectively in cortical layer 5 but
not in the hippocampus of 5XFAD mice. Although neuronal loss was modest in cortical
layer 5 and only a few cortical neurons displayed mild TDP-43 proteinopathy, PM1
treatment restore the neuron number of aged 5XFAD mice to the NTG level in this area.
Considering the two-week washout period added in this study, long-term or continuous PM1
administration may be necessary for neurogenesis to replenish subiculum neurons to NTG
level. It is conceivable that PM1 could restore subiculum and cortical neurons in 5XFAD
mice via neurogenesis. PM1 alone does not induce neurogenesis in NTG mice, excluding the
possibility of over-neurogenesis. Although the prevention of TDP-43 proteinopathy in
subiculum neurons by PM1 strongly indicates neuroprotective effect, neurogenesis may be
impaired in the subiculum of 5XFAD mice and future studies are needed to clarify the effect
of PML1 on the generation of subiculum neurons from neural stem cells. Although TDP-43
proteinopathy has been reported in neuroinflammatory cells [45], astrocytic or glial TDP-43
pathology was not noted in 5XFAD mice, and PM1 administration in NTG showed no effect
on the basal level of astrocyte and microglia activation, suggesting that PM1 unlikely
primarily acts through the neuroinflammatory mechanism (s).

In addition to mitochondria, TDP-43 could be present in different subcellular organelles.
Also, despite its likely primary function in RNA processing, TDP-43 exhibits diverse roles
in regulating autophagy [46, 47], cell cycle [48, 49], endosomal trafficking [50],
mitochondrial bioenergetics [25, 27] and fat metabolism [51]. Although this study could not
exclude the possibility that TDP-43 may contribute to neuronal loss and cognitive
impairment indirectly from its cytosolic or nuclear localization in 5XFAD mice, nuclear
TDP-43 remained unchanged in 5XFAD mice and cytoplasmic TDP-43 accumulation could
be blocked by the suppression of TDP-43 mitochondrial localization, indicating a critical
role of mitochondrial TDP-43 in mediating Ap-induced TDP-43 proteinopathy. It is still
unclear how PM1 decreased cytosolic localization of TDP-43. Although no study shows the
proteasome-dependent degradation of matrix facing inner mitochondrial membrane (IMM)
proteins, both the ubiquitin proteasome system (UPS) and autophagy pathways have been
implicated in cytosolic TDP-43 clearance [52, 53]. Therefore, it is possible that the reduced
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cytosolic TDP-43 by TDP-43 mitochondrial localization suppression is due to activated UPS
or autophagy. The interplay between mitochondrial TDP-43 and the protein quality control
system in AD needs further detailed investigation.

Unlike TDP-43 in ALS or FTD mitochondria [27], TDP-43 in AD mitochondria tends to
form “clusters” in cristae. Ap and TDP-43 did not co-localize in mitochondria by immuno-
EM (Supplementary Fig. 1B). Therefore, it is unlikely that Ap regulates TDP-43
mitochondrial localization through direct interaction. The expression of total TDP-43
remains unchanged in AD patients and 5XFAD mice, indicating unlikely no alterations of
global protein translation or turnover of TDP-43. As there is no export pathway(s) for
proteins localized in mitochondria, the increased mitochondrial TDP-43 in AD or 5XFAD
mice should be caused by increased import, impaired clearance or both. There are more than
10 putative proteases (mitoproteases) located in the matrix of mammalian mitochondria.
LONP1 has been reported as a mitoprotease degrading TDP-43 within mitochondria [54,
55]. Mitoprotease PreP has been implicated in Ap clearance within mitochondria [56],
which may also indirectly regulate mitochondrial TDP-43 degradation. Additionally, like
many mitochondrial proteins [57], the import of TDP-43 depends on mitochondrial
membrane potential (mAvy) [27]. Although our previous studies showed that mAy was
reduced by A, the detailed mechanisms by which TDP-43 is imported across mitochondrial
outer and inner membrane remain largely unknown [58, 59]. The partial reduction of mAy
by Ap might affect, but is unlikely completely to abolish TDP-43 import in the context of
AB. Considering that molecular chaperones are usually needed to unfold protein before and
during import [60], it could be anticipated that the degradation of mitochondrial TDP-43 or
the import of TDP-43 into mitochondria should depend on multiple factors including, but
not limited to, LONP1, PreP, mAy and chaperones. Although it is unlikely that LONP1 or
other factors regulate mitochondrial function specifically through mitochondrial TDP-43,
future studies will be needed to test the necessity and sufficiency of LONP1 or these factors
for mitochondrial TDP-43 clearance in AD.

The most recent study and we independently reported the presence of full-length TDP-43
inside of mitochondria using biochemical, genetic and immunostaining approaches [21, 27].
In this study, by immuno-EM, we consistently demonstrated strong TDP-43
immunoreactivity inside of mitochondria largely associated with cristae. Unlike a previous
study reporting increased truncated TDP-43 in isolated total mitochondria from APP/PS1
transgenic mice lacking robust neurodegeneration [23], we did not note the accumulation of
truncated TDP-43 in mitochondria from 5XFAD mice. Noteworthily, truncated TDP-43 does
not containing M1 mitochondrial localization sequence [27] and has been reported to be
restricted in the intermembrane space without any functional impact on ND3/6 expression or
mitochondrial function [21]. Therefore, we do not anticipate the involvement of truncated
TDP-43 in neuronal loss and behavioral deficits in 5XFAD mice. Nevertheless, based on the
remarkable protective effects of PM1 on A toxicity on neurons in 5XFAD mice, our study
strongly suggests an important role of mitochondria-associated TDP-43 in mediating Ap
toxicity. Of note, despite increasing evidence suggesting mitochondria as targets of TDP-43
[21-27], there are considerable discrepancies as to its exact sub-mitochondrial localization
and its interaction with different mitochondrial function/pathways. To resolve controversy
and further investigate the role of mitochondria-associated TDP-43 in AD and other
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neurodegenerative diseases, novel approaches may be needed to test whether mitochondria-
associated TDP-43 or TDP-43 fragments synergically mediate AP toxicity on mitochondria
and neurons through multiple pathways involving but not limited to bioenergetics,
mitochondrial dynamics and ER/mitochondria tethering.

5. Conclusions

In summary, the present study provides timely information for understanding the role of
TDP-43 proteinopathy, and especially mitochondrial-associated TDP-43 in AD. In addition
to mitochondrial dysfunction [61], TDP-43 proteinopathy is a common prominent
pathological feature in various major neurodegenerative diseases including AD and related
dementias. We believe that in our investigation of mitochondrial TDP-43, its interaction with
AD-related neuropathologies and its contribution to neuronal loss and cognitive decline in
5XFAD mice for AD are of broad significance in the field of neurodegeneration. More
importantly, PM1 is sufficient to prevent neuron loss and improve cognitive impairment well
after symptom onset, suggesting that targeting TDP-43 mitochondrial localization can be a
novel therapeutic approach with potentially disease-modifying, rather than symptomatic
benefits.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Mitochondria-associated TDP-43 is increased in AD patients and transgenic
mice for AD
. The suppression of mitochondria-associated TDP-43 prevents mitochondrial

abnormalities in transgenic mice for AD

. The suppression of mitochondria-associated TDP-43 alleviates neuronal loss
in transgenic mice for AD

. The suppression of mitochondria-associated TDP-43 improves the cognitive
and motor function in transgenic mice for AD
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Fig. 1. TDP-43 colocalizes with and accumulates in mitochondria in the brains of AD patients
and 5XFAD mice.

(A) Representative images of TOM20 and TDP-43 in human cortical neurons from AD or
age-matched healthy individuals. Right, line scan analysis along the solid white lines
depicted in the merged images to the left. (B) Immuno-EM of TDP-43 in mitochondria from
age-matched healthy control and AD cortex. Red arrowheads, immunogold-labeled TDP-43.
Right, quantification using thin EM sections with 50nm thickness (n = 8 mitochondria in
control, 9 mitochondria in AD). (C) Representative immunoblot and quantification of
TDP-43 levels in sub-mitochondria fractions prepared from age-matched controls (n = 5) or
AD cortex (n = 5). (D) Representative images of VDAC1 and TDP-43 in the subiculum
neurons of NTG and 5XFAD mice. Right, line scan analysis along the solid white lines
depicted in the merged images to the left. (E) Representative immunoblot and quantification
of TDP-43 in sub-mitochondrial fractions prepared from the brain of NTG (n = 3) and
5XFAD mice (n = 3). (F) Representative images and quantification of neurons with
cytoplasmic pTDP-43-positive inclusions in different brain areas of NTG (n = 5) and
5XFAD mice (n = 10) at 9 months old. Red arrowheads, neurons with cytoplasmic
pTDP-43-positive inclusions. Data are means + s.e.m., representative of triplicate
independent experiments. Student’s #test. *£< 0.05, **P< 0.01, ***P< 0.001.
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Fig. 2. Inhibition of TDP-43 mitochondrial localization and mitochondrial dysfunction in the
brains of 5XFAD mice by PM1.

(A) Schematic model of the progression of the AD-like pathology in 5XFAD mice. Ap
accumulation in 5XFAD mice starts at 2 months of age and the first memory and behavioral
deficits in 5XFAD mice appear at about 4 months of age. The obvious neuronal loss in the
subiculum occurs at about 9 months of age. 10-month-old 5XFAD mice were treated with
PM1 or control peptide cPM (0.5 mg/kg/day continuously, mini osmotic pumps) for 4
weeks. Followed by a two-week washout period, the behavioral tests, quantification of
amyloid plaques, and glial reactivity in brain slices were performed. (B) Representative
immunoblot and quantification of TDP-43 level in mitochondrial fractions prepared from the
brain of NTG (n = 6) and 5XFAD mice treated with PM1 (n = 6) or cPM (n = 6). (C)
Representative immunoblot and quantification of OXPHOS complex subunits in
mitochondrial fractions prepared from the brain of NTG (n = 5) and 5XFAD mice treated
with PM1 (n = 5) or cPM (n = 5). (D) Representative immunaoblot and quantification of
OXPHOS complex assembly in mitochondrial fractions prepared from the brain of NTG (n
=5) and 5XFAD mice treated with PM1 (n = 5) or cPM (n = 5). (E) In-gel assay of NADH
dehydrogenase activity in mitochondrial fractions prepared from the brain of NTG (n=3) and
5XFAD mice treated with PM1 (n = 5) or cPM (n = 5). (F) EM analysis and quantification
of mitochondrial morphology change in cortical neurons of NTG (n = 7 neurons) and
5XFAD mice treated with PM1 (n = 6 neurons) or cPM (n = 6 neurons). Data are means +
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s.e.m., representative of triplicate independent experiments. One-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. *~ < 0.05, **F<0.01.
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Fig. 3. Blocking TDP-43 mitochondrial accumulation does not modulate Ap plaque deposition in
aged 5XFAD mice.

(A) Representative images of dense core plaques (Thio-S) in the subiculum, cortex, and
hippocampus of 5XFAD mice treated with PM1 or cPM. Lower panel showed quantification
of number, load, and average area of Thio-S positive plaques in the subiculum, cortex, and
hippocampus of PM1 (n = 8) or cPM1 (n = 7) treated 5XFAD mice. (B) Representative
images of plaques stained with NU4 antibody in the subiculum, cortex, and hippocampus of
5XFAD mice treated with PM1 or cPM. Data are means * s.e.m., representative of triplicate
independent experiments. Student’s #test.
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Fig. 4. PM1 prevents neuronal loss and microgliosis in aged 5XFAD mice.
(A) Representative images and quantification of immunohistochemistry staining of NeuN in

the subiculum and cortex of NTG (n = 7) and 5XFAD mice treated with PM1 (n = 9) or cPM
(n =9). (B) Representative images and quantification of immunohistochemistry staining of
Ibal in the selected brain areas of NTG (n = 7) and 5XFAD mice treated with PM1 (n = 8)
or cPML1 (n = 9). Data are means + s.e.m., representative of triplicate independent
experiments. One-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. *£< 0.05, **P<0.01, ***£<0.001, ****p<0.0001.
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Fig. 5. PM1 improves cognitive and motor function in aged 5XFAD mice.
(A and B), Body weight and brain weight of NTG (n = 12) and 5XFAD mice treated with

c¢PM (n=9) and PM1 (n = 9). (C and D) The distance traveled and velocity of NTG (n = 12)
and 5XFAD mice treated with cPM (n = 9) or PM1 (n = 9), recorded continually for 10 min
in open field tests. (E) Representative track plots of NTG and 5XFAD mice treated with
PM1 or cPM in the second trial at day 5. Right, representative Barnes maze performance of
NTG (n = 11) and 5XFAD mice treated with cPM (n = 9) or PM1 (n = 9) over 5 days of
successive testing (two trials/day). (F) Performance in the Y-maze paradigm of NTG (n =
11) and 5XFAD mice treated with cPM (n = 9) or PM1 (n = 9). (G) Rotarod performance of
NTG (n = 10) and 5XFAD mice treated with cPM (n = 9) or PM1 (n = 9), shown as the
maximum time that mice remained on the accelerating rotating rod. (H) Footprint
performance and stride length quantification of NTG (n = 11) or 5XFAD mice treated with
c¢PM (n =7) or PM1 (n = 8). Arrow shows the walking direction. Data are means + s.e.m.,
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One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test (a, b,
¢, d, f, g, h), or two-way ANOVA followed by Bonferroni multiple comparisons (g). *P<
0.05, **P<0.01. Ind, ***F< 0.001, NTG vs 5XFAD+cPM; #£< 0.05, ##£< 0.01, 5XFAD
+CcPM vs 5XFAD+PML1.
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Fig. 6. Prevention of cognitive deficits in young 5XFAD mice by PM1.
(A) Schematic model of disease progression and PM1 treatment proposal in young 5XFAD

mice. The first memory and behavioral deficits in 5XFAD mice appear at about 4 months of
age. 3-month-old 5XFAD mice were treated with PM1 or control peptide cPM (0.5
mg/kg/day continuously, mini osmotic pumps) for 10 weeks. The behavioral tests were
performed at 5 months of age. (B) Representative track plots of NTG and 5XFAD mice
treated with PM1 or cPM in the second trial at day 5. Right, representative Barnes maze
performance of NTG (n = 21) and 5XFAD mice treated with PM1 (n = 11) or cPM (n = 10)
over 5 days of successive testing (two trials/day). (C) Representative images of dense core
plaques (Thio-S) in the selected brain areas of 5XFAD mice treated with PM1 (n = 4) or
cPM (n = 4). (D) Representative images and quantification of immunohistochemistry
staining of Ibal in the selected brain areas of NTG (n = 7) and 5XFAD mice treated with
PM1 (n =8) or cPM1 (n = 9). Data are means + s.e.m., two-way ANOVA followed by
Bonferroni multiple comparisons (b), Student t-test(c), or one-way analysis of variance
(ANQVA) followed by Tukey’s multiple comparison test (d), or. **P < 0.01, ***P < 0.001.
In b, ***A< 0.001, NTG vs 5XFAD+cPM; #P< 0.05, ##P<0.01, 5XFAD+cPM vs 5XFAD
+PM1.
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