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Abstract

TDP-43 proteinopathy, initially associated with ALS and FTD, is also found in 30-60% of
Alzheimer's disease (AD) cases and correlates with worsened cognition and neurodegeneration. A
major component of this proteinopathy is depletion of this RNA-binding protein from the nucleus,
which compromises repression of non-conserved cryptic exons in neurodegenerative diseases. To
test whether nuclear depletion of TDP-43 may contribute to the pathogenesis of AD cases with
TDP-43 proteinopathy, we examined the impact of depletion of TDP-43 in populations of neurons
vulnerable in AD, and on neurodegeneration in an AD-linked context. Here, we show that some
populations of pyramidal neurons that are selectively vulnerable in AD are also vulnerable to
TDP-43 depletion in mice, while other forebrain neurons appear spared. Moreover, TDP-43
depletion in forebrain neurons of an AD mouse model exacerbates neurodegeneration, and
correlates with increased prefibrillar oligomeric A and decreased Ap plaque burden. These
findings support a role for nuclear depletion of TDP-43 in the pathogenesis of AD and provide
strong rationale for developing novel therapeutics to alleviate the depletion of TDP-43 and
functional antemortem biomarkers associated with its nuclear loss.
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Introduction

Alzheimer's disease (AD) is the most common age-related dementia and the fifth most
prevalent cause of death in the United States [2]. AD is associated with progressive loss of
synapses, and eventually neurons, beginning in the hippocampus and frontal cortex [43, 52,
62]. While strong evidence supports an essentially linear progression of disease triggered by
AB in familial AD, the evidence in sporadic AD cases supports a more multifactorial
etiology [17, 40, 41]. First, the risk genes associated with sporadic AD are involved in
diverse functions [18], and there is evidence that many have roles in neurodegeneration
independent of AR [20, 31, 63]. Several of these AD risk genes are also implicated in
neurodegenerative diseases with no Ap pathology [20, 25]. Second, 20-40% of cognitively
normal individuals have levels of A and tau pathology that are indistinguishable from cases
with severe clinical symptoms of AD [5, 11]. Together, these data suggest that non-canonical
mechanisms other than A and tau also contribute to neurodegeneration and cognitive
failure in AD.

Interestingly, recent work showed that non-canonical pathologies occur in up to 75% of AD
cases [33, 49], including TDP-43 proteinopathy, a-synuclein “Lewy bodies”, and tau “Pick
bodies” that are associated with neurodegeneration in separately classified diseases [44, 48,
60]. TDP-43 proteinopathy is characterized by cytoplasmic aggregation of the
transactivation response element DNA-binding protein 43 (TDP-43) accompanied by its
nuclear clearance, and was first identified in another neurodegenerative disease spectrum,
ALS-FTD [44]. Notably, TDP-43 proteinopathy is one of the most common non-canonical
pathologies observed in AD cases [3] and is strongly associated with worsened
neurodegeneration and cognition [27]. Previously, we found that TDP-43 is a splicing
repressor of non-conserved cryptic exons and that this function is compromised in ALS-FTD
[36]. Specifically, depletion of TDP-43 leads to incorporation of non-conserved cryptic
exons that usually induce nonsense mediated decay of the associated mRNAs, thereby
altering the proteome of affected cells.

The importance of disease mechanisms related to nuclear depletion of TDP-43 is
underscored by independent studies showing that reducing the aggregation of cytoplasmic
TDP-43 does not prevent its cytotoxicity [37], while simultaneously reintroducing TDP-43
to its nuclear location successfully reverses motor neuron deficits [65]. Importantly, our
group recently found that TDP-43-associated cryptic exons are also incorporated in brains of
AD cases with TDP-43 pathology (Chen et al., in review) suggesting that depletion of
TDP-43 from neurons also contributes to the pathogenesis of AD. If so, neuron populations
vulnerable in AD should also be selectively vulnerable to depletion of TDP-43, and
depletion of TDP-43 should exacerbate neurodegeneration in an AD-linked mammalian
context. To investigate these questions, we employed the tamoxifeninducible CrefR
recombinase system to conditionally ablate 7ap-43in forebrain neurons of mature wild-type
and APP,,/PSIAEY mice, bypassing embryonic lethality caused by developmental loss of
TDP-43 in the brain [9].

In these studies, we draw a distinction between neurodegeneration and neuron loss that we
believe is important for accurate assessment of neurodegenerative processes in mouse
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models. Neurodegeneration and the molecular processes that drive it may be exacerbated in
the absence of frank neuron loss on relatively short time scales such as the life span of the
mouse. For example, though APP,,,/PSIAEImice notoriously do not show neuron loss,
they exhibit significant synaptic and mitochondrial neurodegeneration [12, 68] and these
pathological features are well suited to assess exacerbated neurodegeneration in an AD
context. Here, we show for the first time that TDP-43 depletion in the forebrain selectively
affects populations of pyramidal neurons that are vulnerable in AD, and exacerbates
molecular and morphological neurodegeneration in APP,/PSIAES mice. Interestingly, Ap
plaque burden is reduced in APP/PS1 mice lacking TDP-43, and decreased levels of
presynaptic proteins are instead strongly correlated with prefibril Ap oligomers. Since
depletion of TDP-43 may occur frequently in AD and other neurodegenerative diseases,
these findings provide strong rationale to stratify clinical trials of AB-directed therapeutics
by TDP-43 status, and underscore a need for functional antemortem biomarkers related to
nuclear depletion of TDP-43.

Materials and methods

Mouse model

All mouse experiments complied with regulations of the Animal Care and Use Committee at
Johns Hopkins University School of Medicine in accordance with the laws of the State of
Maryland and the United States of America. We depleted TDP-43 in the forebrains of adult
mice by generating CaMK/la-CrefR: Tap-437/F (cT) mice with /oxPsites flanking 7ap-43
exon 3, allowing tamoxifen-induced recombination in excitatory forebrain neurons at
maturity (Fig. 1a). Mature forebrain depletion of TDP-43 is consistent with the late onset of
AD and regional specificity of neurodegeneration and TDP-43 proteinopathy in patients [4,
21, 28]. It is also necessary for these studies, because constitutive knockout of 7ap-43is
embryonically lethal, and heterozygous knockout does not reduce the levels of TDP-43
protein [9]. CaMK/la-CreER; Tap-45F (cT) mice were generated and bred with the
APPg,/PSIAEI (AP) line (purchased from Jackson Labs) to generate a cohort of
CaMKlla-CreER: Tap-43'F: APPs,,/PSIAEY (CTAP) mice on a C57BL/6J background, as
well as littermate controls (Fig. 1b). In analysis of cT mice, we used equal humbers of male
and female mice (Figs. 1, 2), or females only. For all experiments in Figs. 1 and 2, there
were no differences between males and females, and the results are reported without
reference to sex. For experiments in cTAP mice (Figs. 3, 4), we used females exclusively
because of established phenotypic sex differences in the AP mouse model [6, 35].

Animals were genotyped at weaning, and mice were subsequently housed with one
littermate of each genotype (4 mice/cage) when possible. Oral tamoxifen citrate was
administered to all animals in the feed (Harlan Teklad) at an average 40 mg/kg/day for a 4-
week period beginning at p42-46, and mice were singly housed during this period to monitor
tamoxifen-feed intake. Afterwards, mice were returned to their original cage grouping with
their littermates. No other tests, drug administration, or surgery were performed on these
animals.

Studies were conducted in brain tissue from mice aged 3 to 14 months, collected from >10 L
over 15 months. At designated ages, mice were deeply anesthetized using 200 uL/25 g of
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15% chloral hydrate, then perfused briefly with ice cold PBS. The brains were removed, and
one hemisphere was post-fixed in 4% paraformaldehyde for 24 h, while the other
hemisphere was dissected into regions (cortex, hippocampus, cerebellum) and individually
stored at —80 °C. For electron microscopy, one animal of each genotype was perfused with
4% paraformaldehyde following PBS perfusion. The brains were removed and placed in 4%
paraformaldehyde +2% glutaraldehyde for 18 h. A <3 mms3 region containing the CA1 was
then dissected out and processed for electron microscopy using standard procedures by the
Johns Hopkins School of Medicine Microscope Facility Core.

Immunoblot and ELISA

Hippocampal tissue was homogenized in 10 volumes of ice cold RIPA buffer supplemented
with 1x Protease inhibitor cocktail (Roche) and 1x phosphatase inhibitor (PhosSTOP), then
centrifuged at 12,000x g for 20 min at 4 °C. Alternatively, for ELISA, hippocampal tissue
was homogenized in 8 volumes of 5-M Guanidine HCI, then processed for ELISA using the
Thermo Fisher human AB 42 kit (KHB3441) according to the manufacturer's instructions.
Protein levels in the supernatant were determined using the BCA assay, and 15 pg of protein
was loaded onto 4-12% or 10% Bis—Tris gels (Novex) along with 10 pL SeeBlue Plus 2 pre-
stained protein standard (Thermo Fisher), and transferred to PVDF membrane. Membranes
were probed with antibodies to synaptophysin (1:15,000, Abcam SY38/ab8049], PSD-95
(1:5000, NeuroMab K28/43), gephyrin (1:1000, BD Transduction Labs 610585), -
tubulinlll (1:30,000, Sigma T2200), Cox1 (1:1000, Thermo Scientific PA5-26688), Tecprl
(1:2000, Cell Signaling D6C10), Atg5-12 (1:1000, Cell Signaling D1G9), and Atg7
(1:2500, R&D Systems MABG6608). Band densitometry was quantified using ImageJ
software on unaltered images, and normalized to total protein loaded using ponceau stain,
unless otherwise noted. All samples were run at least twice to confirm that the assay was
consistent and that the observed effect was replicable; each data point represents the average
of two independent blot results for one animal.

To assess the levels of prefibrillar and fibrillar oligomers, we used the conformation specific
antibodies A11 (Invitrogen AHB0052) and OC (Millipore AB2286), respectively [30].
Levels of oligomers were normalized to total AP using the 4G8 antibody (Biolegend
800701). We homogenized cortex tissue in PBS + 1x Halt protease inhibitor (Thermo
Fisher) at 4.5 months of age, when AP mice have visible plaque, but cTAP mice do not.
Homogenates were centrifuged at 100,000x g to isolate soluble oligomers [30], and
supernatant was spotted onto membranes for standard dot blotting procedures.

Immunohistochemistry and immunofluorescence

After fixation, brain hemispheres were transferred to fresh PBS for 24 h, 2x. Hemispheres
were embedded in paraffin, sectioned in 10-um serial sections, then de-paraffinized and
rehydrated. Antigen retrieval was performed in 10 mM sodium citrate by boiling for 5 min,
and then, endogenous peroxidases were inactivated with 0.3% sodium hydroxide for 30 min,
either after antigen retrieval or after application of the primary antibody. Slides were blocked
in 5% or 1.5% normal goat serum with 0.1% triton x-100, or using the mouse on mouse
staining kit (Vector Labs BMK-2202). Primary antibodies used were: 4G8 (1:1000,
BiolLegend 800702), TDP-43 N-terminal (1:500, Proteintech 10782-2-AP), TDP-43 C-
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terminal (1:150, Proteintech 12892-1-AP), SMI-31 (1:2000 IHC/1:1200 IF, Biolegend
smi-31r), and cleaved caspase-3 (Cell Signaling Technology D3E9). Secondary antibodies
were either biotinylated for subsequent avidin binding and diaminobenzidine (DAB)
reaction, or were conjugated to fluorescent epitopes (Alexa Fluor 488, 555, or 564, 1:200).
DNA fragmentation was detected using an in situ TUNEL assay (Trevigen). Hematoxylin,
cresyl violet, or DAPI were used as nuclear counterstains. Brightfield images were taken on
an Olympus brightfield microscope with a ProgRes C14 Plus digital camera and Progres
CapturePro imaging software. Immunofluorescent images were taken on a Zeiss LSM 510
confocal microscope using a 63x oil objective in the Multiphoton Imaging Core of the Johns
Hopkins School of Medicine, Department of Neuroscience. An Argon/2 laser was used for
488-nm detection (transmission 24.8%, gain 541, amplifier offset —0.017), and a DPSS laser
was used for 561-nm detection (transmission 37.8%, gain 621, amplifier offset —0.062).

Brain volume, plaque burden, and neuron counts were assessed using unbiased stereological
methods with Stereo Investigator software. Brain region volumes were estimated using the
Cavalieri probe (counting frame 150 x 150 um, grid spacing 200 pm) in three sections/
animal spaced 360 um apart. Plaque burden was estimated using the Area Fraction
Fractionator probe (counting frame: cortex 300 x 350 um, cerebellum and hippocampus 200
x 250 um, grid spacing 15 um) in three sections/animal spaced 360 um apart. Neuron counts
of hippocampal areas CA3/2, CAl and DG were estimated by counting the number of
neuron nuclei per region in ten sections/animal spaced 150 um apart. As all tissue was cut in
10-um-thin sections, an optical disector method was not used; however, these hippocampal
layers and neuronal nuclei sizes are highly uniform, which minimizes the caveats of using
profile counting.

RNA sequencing functional analysis

RNA sequencing data from the forebrains of 3-month CaMK/la-CrefR, Tdp-437F mice was
obtained from Jeong et al. (in review). To generate a list of the cryptic exon-associated genes
most likely to exert a functional effect in neurons after depletion of TDP-43, those with an
absolute RNA fold change greater than 1.5 were included. Fold changes of lesser magnitude
are unlikely to exert a functional outcome on the cell and were not included. This selection
criterion reduced the list from >100 transcripts to 11 (Table 1). The functional pathways of
the corresponding genes in neurons were determined using GeneCards and verified by a
manual literature search.

Elevated plus maze

The elevated plus maze (San Diego Instruments) test was performed to evaluate levels of
anxiety-like behavior. This maze was made of stainless steel and consisted of two closed
arms measuring 19.5 inches in length x 4 inches in width x 15.5 inches in height and two
open arms measuring 19.5 inches in length x 4 inches in width. These arms were connected
by a 4 x 4-inch platform. Each mouse was placed on the center platform and remained in the
maze for 5 min. Number of visits and time spent in the closed arms and open arms was
measured.
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Y-maze task

The Y-maze has three arms (18.5 inches in length x 2.5 inches in width x 1 inch in height)
radiating at equal angles from a central platform. Mice were place into the end of one arm
and allowed to explore freely for 5 min. The sequence of arm entries was recorded. The
spontaneous alternation behavior was calculated as the number of triads containing entries
into all three arms divided by the maximum possible alternations.

Randomization and blinding

All animals received tamoxifen treatment. No randomization was used to assign animals to
groups for data collection and processing. Rather, animals of each genotype were collected
at the appropriate age in batches containing approximately equal representation of each
genotype. Tissue from each age group was processed in a single batch when possible, or in
multiple batches containing equal numbers of animals from each genotype. During data
collection and analysis, the investigator was blinded to genotype by assigning an unrelated
individual number to each animal at weaning.

Statistical analysis

Sample power calculations were performed using SPSS Sample Power 3.0. To measure
mean differences of at least 25% with an estimated standard deviation of 15%, a per group
sample size of 8 animals has an estimated 87% power. For larger mean differences of at least
40%, a per group sample size of 5 animals has an estimated 96% power. Therefore, for most
statistical analyses, the final sample sizes are 7> 8, and all are 7= 5 mice/group.

Data were collected in Excel (Microsoft) and organized and analyzed with SPSS Statistics
23.0 (IBM) using univariate ANOVA by genotype within each age group. Boxplots show the
median, interquartile range (box) 1.5 interquartile range (whiskers), outliers (O), and
extreme cases (<) of individual variables for each genotype. Normality was validated by
ensuring that the |[skew/standard error skew| <2 for each group, and Welch's test was used if
normality was violated in one or more groups. When dependent variables were found
significant across genotypes, we used Gabriel post hoc test (robust to slightly unequal
sample sizes), or Games-Howell (robust to violations of homogeneity of variances). Post hoc
comparisons are paired with “wt”, unless otherwise specified. Unpaired #tests (two-tailed)
are reported when only two groups are compared. For linear regression analysis, &2 values
and ANOVA significance values are reported. For correlation analysis, Spearman’s rho
values for correlation strength and two-tailed significance values are reported. For all
studies, no data points were removed from analysis.

Figure generation
Figures were generated using SPSS Statistics 23.0 (IBM), Adobe Illustrator, and CorelDraw.
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Results

Certain pyramidal neurons are selectively vulnerable to depletion of TDP-43 in the
forebrain

It has long been recognized that certain large pyramidal neurons of the hippocampus and
frontal cortex are selectively vulnerable to neurodegeneration in AD [43, 53]. To determine
whether these neuronal populations are also more sensitive to depletion of TDP-43, we
depleted TDP-43 in the forebrain (Fig. 1a) and examined the hippocampus and cortical
layers. Administration of tamoxifen in adult cT mice led to depletion of TDP-43 in 80% of
pyramidal neurons in the hippocampus and cortical layers 1I/I11 and IV, and in 40% of
neurons in cortical layers V and VI (Fig. 1b—d). The difference in TDP-43 depletion between
upper and lower cortical layers is consistent with previous work showing that the promoter
used in this study, CaMKl/la, is expressed most strongly in the hippocampus and cortical
layers 11/111 and 1V, with relatively weak expression in layers V and VI (Allen Brain Atlas
experiment 79360274, NCBI accession # NM_009792.1; mouse.brain-map.org).

Depletion of TDP-43 led to progressive age-dependent forebrain atrophy in the
hippocampus, cortex, and corpus callosum (Fig. 2a, b). As expected, the volume of the
cerebellum remained normal (Fig. 2b), since TDP-43 is not depleted in this region. While
TDP-43 has been identified as an essential gene in mammals [9, 56], we found that not all
neurons in the mature mouse forebrain are equally vulnerable to depletion of TDP-43.
Rather, we observed early selective vulnerability in hippocampal CA3/2 (Fig. 2c, d) and
cortical layers 111 and V neurons (Fig. 2e, f) at 3 months of age judged by visual inspection
of degenerative morphology and counting of healthy neurons on CV stained slides. Notably,
cortical layers 111 and V are also selectively vulnerable in AD and their degeneration
correlates with cognitive decline early in the disease [43, 52]. In addition, pathological
accumulation of phosphorylated neurofilament [39] was evident only in layer V neurons
lacking TDP-43 as early as 3 months (Fig. 2g, h) and >50% of layer V neurons degenerated
by 4 months of age [{10) = 7.029, p< 0.001, wt (M =868, SD =78), cT (M= 1385, SD =
137), m wt =5, ct = 7]. Despite these changes in neurofilament, we found no evidence that
tau phosphorylation or aggregation was affected in cT mice up to 9 months of age, either by
immunostaining or immunoblot with the tau phospo-202/205 antibody AT8 (ThermoFisher)
(not shown).

Depletion of TDP-43 leads to cognitive and behavioral abnormalities in cT mice

The cognitive profile for ALS-FTD includes disinhibition [50] and deficits in hippocampal
dependent memory that have been traditionally considered characteristic of Alzheimer's
disease [13, 19, 47]. Therefore, we tested male and female cT and wt mice using the
elevated plus maze and spontaneous alternation in the Y-maze, which assess these
parameters of cognitive function, respectively. We find that cT mice exhibit poor
performance in the spontaneous alternation task in the Y-maze by 6 months of age (Fig. 2i,
middle), indicative of hippocampal dependent memory deficits. Later, by 14 months of age,
cT mice also spend significantly more time in the open arm of the elevated plus maze,
indicating disinhibition or reduced anxiety (Fig. 2i, left). We found no differences between
male and female mice in either task (data not shown). In addition, these differences are not
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associated with any mobility impairment, as the total number of arm entries did not differ
between cT and wt mice even at 14 months of age (Fig. 2i, right). Together, these data
suggest that TDP-43 depletion in the mouse forebrain leads to cognitive deficits analogous
to those seen in ALS-FTD, and to some extent in AD.

Depletion of TDP-43 exacerbates neurodegeneration in the hippocampus of APPgye/
PS1AE9 mice

Previous work has shown that TDP-43 proteinopathy in AD cases correlates strongly with
worsened neurodegeneration and cognition [27]. However, it remains unclear whether
nuclear depletion of TDP-43 exacerbates neurodegeneration in this case, or whether it
merely occurs alongside these deficits. To assess whether nuclear depletion of TDP-43 might
exacerbate neurodegeneration in AD, we crossed CaMK/la-CreER: Tap-43/F (cT) mice
with AD-linked APPq,,o/PSIAEY (AP) mice to generate APPg,/PSIAEY mice lacking
Tap-43in forebrain neurons (cTAP) (Fig. 3a). As noted above, though APPg,,/PSIAEI
mice lack frank neuron loss, they exhibit significant synaptic and mitochondrial
degeneration [12, 68], pathological features that are well suited to assess exacerbated
neurodegeneration in an AD-related context. As expected, the expression of APPg,/
PSIAE9had no additional effect on the rate of 7gp-43excision [Ctx L5 A1,9) =1.872, p=
0.204].

We performed TUNEL staining to label DNA breaks indicative of neurons that have initiated
processes of cell death. Consistent with the pattern of degeneration identified by CV stain
(Fig. 2c—f), TUNEL staining was found in hippocampal CA3 pyramidal neurons and
cerebral cortex layers I1l and VI in cT and cTAP mice at 3 months of age (Fig. 3b, left).
Quantification of TUNEL staining in the CA3 of 8-month mice shows significantly more
TUNEL positive neurons in cT and cTAP mice compared to AP littermates (Fig. 3c).
Though there is a trend of increased TUNEL staining in cTAP mice compared to cT
littermates at this age, it did not reach significance. Notably, the selective degeneration
observed in cT and cTAP mice does not appear to involve caspase-3 as a cell death
executioner [14], as cleaved caspase-3 was not detected in the cell bodies of hippocampal
(Fig. 3b, right) or cortical pyramidal neurons (data not shown) at 3 or 8 months of age.
However, we found numerous cleaved caspase-3 positive punctae in the CAL stratum
radiatum of 8-month-old cTAP mice, while only occasional punctae appear in this region in
cT mice and no staining is evident in AP mice (Fig. 3d). Notably, a large body of evidence
demonstrates that caspase-3 also has roles in synaptic plasticity, learning, and memory when
activated locally at synapses (reviewed in [10, 59]). This body of work suggests that the
caspase-3 staining we observe in the CA1 stratum radiatum may represent an attempted
adaptive response by CA1 neurons, or could be a result of a prolonged degenerative process
of the CA3 Schaffer collateral axon terminals that project to this area.

Further histological and electron microscopic analysis of the CA1 revealed numerous
pyramidal neurons with markedly swollen, empty cytoplasm in cTAP mice compared to
control littermates, suggesting degenerating neurons (Fig. 3c). In addition, some cTAP
animals also showed occasional darkly stained pyknotic cells within the CA1 layer (Fig. 3c,
left, arrow) and severe vacuolation of the stratum radiatum (not shown), while these
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abnormalities were absent from c¢T and AP mice. Exacerbated neurodegeneration in cTAP
mice was further confirmed by morphological analysis, judged by severe swelling and
dystrophy in mitochondria and Golgi/ER, and cytoplasmic discontinuity with loss of
ribosomes (Fig. 3c, middle, right).

We showed previously that depletion of TDP-43 leads to the incorporation of aberrant
cryptic exons, and usually to subsequent degradation of the associated mMRNAs [36]. In
addition, we previously analyzed the effects of cryptic exon incorporation on the
transcriptome in 3-month-old CaMK/la-CrefR: Tap-43F mice compared to controls (Jeong
et al., in review). Here, we harness this resource to investigate the functional pathways of
cryptic exon-associated RNAs most likely to exert a meaningful effect on mature neurons.
We selected cryptic exon-associated RNAs with absolute fold change >1.5, corresponding to
the ~10% most strongly affected in the dataset. We then identified the functional pathways
of these RNAs using the GeneCards database followed by verification with manual literature
searches. Importantly, we identified three pathways strongly implicated in the pathogenesis
of AD that are also affected by cryptic exon incorporation in cT mice: synaptic signaling
[18, 58], mitochondrial function [68, 70], and autophagy [45] (Table 1). Therefore, we
examined the following key components of these three essential pathways to confirm
exacerbated neurodegeneration at the molecular level in the hippocampus of cTAP mice.

Importantly, in mitochondrial function, autophagy, and synaptic signaling, we find evidence
of exacerbated neurodegeneration in the hippocampus of cTAP mice compared to AP and cT
littermates. In mitochondria, we observed a significant loss of Cox1, an essential component
of the electron transport chain, in cTAP mice compared to littermate controls (Fig. 4a, b).
This is consistent with previous findings that TDP-43 regulates mitochondrial dynamics and
that its loss reduces mitochondrial fission [66], as blocking fission experimentally has been
shown to reduce mitochondrial respiration and ATP production [46]. In the autophagy
pathway, we previously reported that 7ecpri, which encodes a protein critical for the fusion
of autophagosomes to lysosomes [8], is a major target of TDP-43 in the brain [Jeong et al. in
review]. As expected, protein levels of Tecprl were reduced in cT and cTAP mice lacking
TDP-43 [3 months: A3,10) = 13.450, ***p=0.001, Gabriel wt vs. cT *p=0.011, wt vs.
CTAP *p=0.016; 8 months: A3,19) = 6.149, ***p = 0.004, Gabriel wt vs. cT **p=0.007,
wt vs. cTAP *p=0.020, blot shown Fig. 4d]. Tecprl binds the Atg5-12 complex [8, 24], and
depletion of Atg5 has been shown to cause neurodegeneration in vivo [16]. Notably, Atg5—
12 was also reduced in cTAP mice compared to littermate controls by 8 months (Fig. 4c, d),
while another essential autophagosome formation factor that is not a Tecprl binding partner
(Atg7) remained unchanged (Fig. 4d, [Welch(3,9.619) = 1.680, p= 0.236]). The apparent
specificity of the Atg5-12 down-regulation suggests that some TDP-43-associated cryptic
exons may impair neuronal function directly. Finally, the pre-synaptic vesicle protein
synaptophysin and the neuron cell body and axonal cytoskeletal marker p-tubulin-111 were
reduced in cTAP mice by 8 months compared to littermate controls (Fig. 4e, f). Interestingly,
CTAP mice did not exhibit significant differences in post-synaptic excitatory (PSD-95) or
inhibitory receptor scaffolds (gephyrin [ A3,20) = 0.458, p=0.715]) by 8 months, though
PSD95 was significantly increased in all transgenic genotypes [Welch(3,9.648) = 40.973, p
< 0.001; Games-Howell AP ***p < 0.001, cT **p=0.002, and cTAP **p = 0.007] (Fig. 4f).
These findings are consistent with observations that presynaptic terminals are initially
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affected in the cases of AD and that this loss correlates with cognitive decline [55, 61].
Together, the significant loss of key markers of the essential neuronal pathways investigated
contribute further evidence of exacerbated neurodegeneration in the hippocampus of double
transgenic AD-linked mutant mice lacking TDP-43 in their forebrain neurons compared to
single transgenic littermate controls. These findings suggest that depletion of TDP-43 does
contribute to neurodegeneration in cases of AD with TDP-43 proteinopathy, and is not
merely a bystander of the degenerative process.

Exacerbated neurodegeneration in APPg,,o/PS1AE9 mice lacking TDP-43 in the forebrain
correlates with increased pre-fibril, but not fibril or plaque AR

Unexpectedly, while depletion of TDP-43 in APPq,,/PSIAEY mice exacerbated
neurodegeneration, it also significantly reduced Ap plaque burden (Fig. 5a, b). In contrast,
the relative level of pre-fibril oligomers was significantly increased compared to fibril
oligomers in forebrain homogenates of cTAP compared to AP mice by 4 months (Fig. 5¢, d).
These data indicate that the exacerbated neurodegeneration occurring in cTAP mice is
independent of AP plaque burden or their fibril oligomer precursors, but is instead
associated with more soluble pre-fibril oligomers. Indeed, we found that the levels of pre-
fibril [Spearman's rho p = -0.697, p=0.025, 7= 10, power = 77%], but not fibril
[Spearman's rho p = —0.406, p = 0.244, n=10] oligomers correlated significantly with lower
synaptophysin levels at 8 months (Fig. 5e, f). Importantly, the total levels of AB42 were
unchanged (Fig. 59), as well as levels of the AB precursor protein (APP) [A1,11) =0.164, p
= 0.694] and its proteolytic enzymes PS1 [A1,6) = 1.540, p=0.261] and BACE1 [HA1,6) =
0.004, p=0.950] in cTAP mice compared to AP littermates. Finally, simple linear regression
for dependence modeling demonstrated that the reduced plaque density was not significantly
explained by the volume loss observed in cTAP mice (Fig. 5h). Together, these findings
indicate that the reduced burden of fibrillar and plaque A is not due to changes in Ap
production, and may instead reflect an important mechanistic effect of TDP-43 depletion on
AP oligomerization dynamics.

Discussion

Previous work established an essential role for TDP-43 in mammalian embryogenesis [34,
56] and vertebrate development [54], as well as diverse roles during adulthood [9] including
neuron survival in the spinal cord [23, 67, 69]. We now show that in adult mammals
depletion of TDP-43 is not equally toxic to all populations of forebrain neurons, and frontal
cortex layers Il and V and hippocampal CA3/2 pyramidal neurons are selectively
vulnerable. This suggests that the mechanisms underlying neuronal death during
development and adulthood are likely to be highly dissimilar, and indicate caution when
applying evidence from constitutive or developmentally based models of TDP-43
dysfunction to the neurodegenerative disease state. Our findings are consistent with studies
in mice expressing human TDP-43 with a mutated nuclear localization sequence in the
forebrain, which showed similar selective vulnerability [22] as well as cognitive and
behavioral deficits [1]. The vulnerability of cortical layer V neurons is particularly striking
given that a lower percentage of these neurons lose TDP-43 after tamoxifen treatment
compared to the upper layers. Therefore, determining whether depletion of TDP-43 is
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associated with similar selective vulnerability patterns in humans may have therapeutic
relevance, and would provide important information about the translational potential and
limitations of various mouse models. However, the design and interpretation of selective
vulnerability studies in human disease may be complicated by the fact that TDP-43
proteinopathy occurs only in a small subset of neurons that appear unequally distributed
throughout hippocampal sub-regions [29, 64]. Therefore, experiments will need to be
carefully devised to asses this question.

Interestingly, the stratum radiatum of the CA1, containing densely packed dendrites of the
pyramidal neurons of this layer, showed strong staining of activated caspase-3 in CTAP mice
at 8 months. The precise subcellular localization of this staining is not identified here. As
CAL neurons are uniquely spared within the hippocampus up to at least 14 months of age,
the staining of caspase-3 in the stratum radiatum containing the dendrites from these neurons
may be indicative of an attempted protective or adaptive response allowing their prolonged
survival compared to other hippocampal pyramidal neurons. This view is consistent with a
large body of evidence that activated caspase-3 has roles in synaptic plasticity and memory
when activated locally at synapses (reviewed in [10, 59]), and that this local activation leads
to adaptive glutamate receptor cleavage under excitotoxic conditions [38]. Alternatively, the
caspase-3 staining could be contained in the synaptic terminals of Schaffer collateral axons
emanating from the degenerated CA3 region [7, 42]. These terminals could be derived from
the residual CA3 pyramidal neurons, since generally about 50% are lost. Interestingly, our
finding that caspase-3 staining was much more pronounced in cTAP than cT mice suggests
that AB and loss of TDP-43 may provoke a common caspase-mediated pathway in the CAL.
Our findings that presynaptic synaptophysin is reduced, while postsynaptic scaffolds
PSD-95 and gephyrin are increased further suggest that an adaptive or reactive mechanism
may indeed be at work. Further study may reveal an adaptive mechanism employed by CA1
neurons which could be exploited to protect other neurons under conditions of abnormal Ap
and loss of nuclear TDP-43.

Together, our findings support a model whereby nuclear depletion of TDP-43 contributes to
the pathogenesis of AD in cases with TDP-43 proteinopathy. We show evidence that key
components of multiple essential neuronal pathways are significantly reduced at the protein
level in the hippocampi of AD-linked mutant mice lacking TDP-43 compared to either AD
mutants or TDP-43 depleted mice alone. In addition, while neurons of the hippocampal CAl
region are spared in TDP-43 depleted or AD-linked mutant mice alone, they show multiple
morphological features of degeneration in mice with both genetic alterations. These findings
strongly support the hypothesis that nuclear depletion of TDP-43 contributes to the
pathogenesis of disease in patients with TDP-43 proteinopathy, rather than being a bystander
in the degenerative process. Importantly, we also find that the number of TUNEL positive
neurons is not significantly different between cT and cTAP mice at 8 months of age, and that
the nuclei of these neurons are not positive for activated caspase-3. This suggests that
although the neurodegenerative process is accelerated and worsened by the presence of
mutant APP, it does not terminate quickly in neuron death. This interpretation is consistent
with the long course of disease in Alzheimer's patients with TDP-43 proteinopathy.
Interestingly, our findings in the autophagy pathway also support the hypothesis that
TDP-43-associated cryptic exons may affect some neuronal functions directly, as
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autophagosome proteins that interact with the cryptic exon-associated Tecprl were reduced,
while those that do not remained unchanged. This suggests that continued studies on the
functional effects of cryptic exons in mature neurons may be of therapeutic relevance. In
addition, our findings provide strong rationale to develop novel therapeutics to alleviate the
depletion of nuclear TDP-43 and to create functional antemortem biomarkers to detect loss
of TDP-43 function.

Our studies also revealed an unexpected interaction between depletion of TDP-43 and A
aggregation. Specifically, depletion of TDP-43 increased soluble prefibril AB oligomers
while reducing plaques and fibril oligomers. As neurodegeneration was also worsened in
these mice, our data are consistent with the view that non-fibrillar soluble forms of Ap,
rather than fibrils and plaques, facilitate neurodegeneration in AD [32, 41]. Indeed, we found
a significant inverse correlation between prefibril AB oligomers and the presynaptic marker
synaptophysin, while fibril AB was uncorrelated. Because the antibodies used to measure
pre-fibril and fibril oligomers in this study have been shown to bind to amyloid oligomers
composed of various proteins including a-synuclein [30], examining whether these other
proteins are similarly affected by the loss of TDP-43 may be of interest. However, in this
study, the overexpression of mutant APP in our mouse model makes it very likely that the
large majority of the signal is due to AB. Given the apparent importance of the
conformational state of AP to its neurodegenerative toxicity, the equilibrium relationship
between different conformational states underscores a great challenge of designing effective
Ap-directed therapeutics [51]. However, interim clinical trial data from the “second
generation” Ap-directed antibodies derived from aged cognitively normal humans, such as
Aducanumab (B11B037), appear promising [57]. Clinico-pathologic studies of aging suggest
that TDP-43 and AB pathology formation are independent events [33] and that nuclear
depletion of TDP-43 may occur in a majority of AD cases [27]. Therefore, our findings
suggest that stratifying AD subjects by the presence of TDP-43 pathology and associated
cryptic exons may empower clinical trials of Ap-directed (and possibly also tau-directed)
therapeutics.

Finally, our findings indicate that depletion of TDP-43 and pre-fibril Ap interact to
exacerbate neurodegenerative processes, and suggest that further studies investigating the
underlying mechanisms would be worthwhile. In addition, TDP-43 proteinopathy
encompasses both its depletion from the nucleus and its long-term localization to the
cytoplasm in potentially toxic aggregates. Here, we have modeled only the facet of nuclear
depletion to allow isolated investigation of its effects without the potentially confounding
influence of cytoplasmic aggregates. However, future work in models that also recapitulate
aspects of cytoplasmic aggregation may provide additional important insights into the
disease state, such as potential aggregative “cross—seeding” interactions between TDP-43
and Ap [15].
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Fig. 1.
a Gene diagram of CaMK//a-CreFR and Tgp-45F alleles. Administration of tamoxifen

leads to cre-mediated excision of 7ap-43exon 3, and subsequent mMRNA degradation
through nonsense mediated decay (NMD). b TDP-43 N-terminal (red) with hematoxylin
counterstain (b/ue) for representative wt and cT sections at 3 months of age in the
hippocampus. ¢ TDP-43 C-terminal (greern) and NeuN (reqd) staining in the frontal cortex of
representative sections from wt and c¢T mice. Dashed lines mark the boundaries of the
cortical layers, numbered on the left side. Arrowheads indicate some neurons (NeuN, red)
without visible TDP-43 staining. Scale barsb 200 um, ¢ 100 um. d Quantifications of %
neurons (NeuN+) expressing detectable TDP-43 in the hippocampus and the cortical layers
of wt and cT at 3 months of age. TDP-43 is lost in 80% of pyramidal neurons in the
hippocampus and cortex layers 2/3 and 4, and ~40% of pyramidal neurons in cortex layers 5
and 6 (M. wt =6, cT =5)
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Fig. 2.

T[%P—43 LOF leads to selective vulnerability in hippocampal CA3/2 and cortical Layer I1/111
and V neurons, and cognitive and behavioral abnormalities. a, ¢, e Representative cresyl
violet stained slides. a Progressive hippocampal and cortical atrophy in cT mice, with
cortical thinning and severe CA3/2 cell loss (arrows) at indicated ages. b Regional volume in
cT mice is reduced in hippocampus (Hp) [A1,11) = 18.836, ***p = 0.001], cortex (Ctx)
[A1,11) = 46.435, ***p < 0.001], and corpus callosum (CC) [Welch(1,5.505) = 19.470, **p
= 0.001], but not cerebellum (Cb) [A1,11) = 0.066, p = 0.803], compared to wt at 8 months
(m wt =5, ct = 8). ¢ Selective degeneration of CA3/2 neurons in cT mice (some indicated by
arrows) at 4 months, while CA1 and DG are unaffected. d CA3/2 neurons are selectively lost
at 6 months [{10) = 3.428, **p = 0.002; wt (M= 182.42, SD = 54.41), cT (M= 104.62, SD
= 11.37)], followed by the dentate gyrus (DG) at 14 months ({14) = 2.339, *p = 0.035)
while CA1 neurons are unchanged [{14) = 1.843, p=0.087]. (3and 6 m n=6; 14 m n=18).
e CV staining in the cortical layers at 3 months of age. Degenerating neurons (black arrows)
are numerous in layers Il and V of cT mice, in contrast to normal neurons (open arrows).
Insets show magnified healthy (gpen arrows) vs degenerating neurons (black arrows) in
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layer V. f Quantification of morphologically healthy neurons revealed that neurons
degenerate significantly in cortical layers 2/3 and 5, but not 4 and 6 in 3-month-old cT mice
compared to wt. [Layer 2/3 A1,7) = 11.653, p=0.011*; Layer 4 A1,7) = 0.046, p=0.836
NS; Layer 5 A1,7) = 23.399, p=0.002**; Layer 6 A1,7) = 0.354, p=0.570 NS] (wt = 3,
cT = 6). Outliers = O. g Pathologic accumulation of phosphorylated neurofilament (SMI31,
arrows) occurs in layer V neurons in ¢cT mice at 3 months (arrows). Representative image of
N = 6/group. h Co-staining of TDP-43 (yellow) and SMI31 (red) shows neurons with
neurofilament pathology, which are depleted of TDP-43 (arrowheads) at 3 months. Scale
barsa 200 pm, ¢ 50 pm, e 100 um. i Performance of ¢T and wt mice in the elevated plus
maze and the Y-maze. LeftcT mice show increased time in the open arm of the elevated plus
maze by 14 months of age compared to wt littermates [ A1,29) = 18.540, p< 0.001]. Middle
cT mice show significantly reduced spontaneous alternation in the Y-maze by 6 months of
age compared to wt littermates [ A1,26) = 4.536, p = 0.043]. Righttotal number of arm
entries in the Y-maze does not differ between cT and wt mice, even at 14 m [H1,29) =
0.052, p=0.821] (Outliers = O) (3 m and 6 m n= 14/group; 14 m n= 17/group)
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Fig. 3.
Neurodegeneration is accelerated in cTAP mice, and degenerating nuclei are TUNEL+ and

caspase-3 negative, while adaptive activation of caspase-3 is observed locally at synapses of
the CAL. a Breeding strategy for generating CaMK/la-CreR: Tap-43'F; APPs,,o/PSIAE9
mice and littermate controls. (#) Indicates the Mendelian frequency of pups from each litter
expected to carry the genotype of interest. b: a—FTUNEL staining for DNA fragmentation
(hatched arrows) is absent from AP (b: &, @), detectable in cT (b: b, €), and most prominent
in cTAP mice (b: ¢, # in degenerating regions of the hippocampus (CA3) and frontal cortex
(layer V) at 3 months of age. TUNEL positive cells (hatched arrows) show brown nuclear
labeling and attritional morphology. Neurons in the CA3 and cortex of AP mice were devoid
of labeling (open arrows) and appeared morphologically healthy. b: g—/ Cleaved caspase-3
immunoreactivity (brown-red) was accumulated in the striatum radiatum (sr) of CA1 but not
in the stratum pyramidal layer (sp) of cTAP mice (b: /) at 8 months of age. Immunoreactivity
was less conspicuous in ¢T mice (b: /) and was not detected in AP mice (b: g). Cleaved
caspase-3 immunoreactivity appeared as punctate synaptic terminal-like staining (hatched
arrows in b: A, /). All sections were counterstained with cresyl violet. Scale bars 135 um. ¢
The number of TUNEL stained neurons/mm? increased significantly in ¢T and cTAP mice
compared to AP littermates [A1,14) = 27.23, p< 0.001; Gabriel AP vs. cT **p=0.002, AP
vs. CTAP ***p< 0.001, cT vs. cTAP NS p=0.131]. d Leftrepresentative images of
neurodegeneration in each genotype by H + E stain at 8 months (V= 6/group). Numerous
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CAZ1 pyramidal neurons show pale staining cytoplasm in cTAP mice (/eft, boxeqd), in contrast
to normal cytoplasm of AP and most cT neurons. Occasional darkly stained pyknotic cells
(arrow) are also visible in cTAP mice. Scale bars 100 um. Middle and Right electron
micrographs from CA1 pyramidal neurons at 6 months show sparsely populated and
discontinuous cytoplasm with loss of electron dense ribosomes (right, boxed areas) in cTAP
mice, compared to cT and AP littermates. Dystrophic organelles, including mitochondria
(middle, red, right, arrowheads), and Golgi/smooth ER (middle, green) are most severe in
the cTAP mouse. Dystrophic neurites (pink) only occasionally contain lysosomes (b/ack).
Scale bars2 pm. N 1/group
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Fig. 4.

Depletion of TDP-43 accelerates loss of key neuronal proteins in the hippocampus of
APP/PSI mice. a Mitochondrial Cox1 is reduced in cTAP mice [A3,26) = 3.044, p=0.047,
Gabriel *p=0.033], but not AP (Gabriel p=0.462) or cT (Gabriel p=0.397), compared to
wit littermates at 4 months. a Representative blot of Cox1 is shown at 4 months. ¢ Atg5-12 is
reduced in 8-month cTAP mice compared to AP [A3,20) = 11.902, p< 0.001; Gabriel ***p
< 0.001] and cT (Gabriel *p=0.016). Outliers (O). d Representative blots of Atg5-12,
Tecprl, and Atg7 are shown at 8 months. e Synaptophysin (Syp) is reduced in 8 month cTAP
mice compared to AP [A3,20) = 8.860, p= 0.001; Gabriel **p=0.003) and cT (Gabriel *p
= 0.048). p-Tubulin-111 is reduced in 8-month cTAP mice [A3,20) = 5.640, p = 0.006;
Gabriel **p=0.007], but not AP (Gabriel p=10.290) or cT (Gabriel p=0.952) compared to
wt. f Representative blots of synaptic and axonal markers shown at 8 months. b—d A: 4 m;
wt=9, AP =11, cT/cTAP=10; 8 m: wt=5; AP=6; cT=7,cTAP =6
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Fig. 5.

Forebrain depletion of TDP-43 increases relative levels of prefibril Ap oligomers, while
reducing AP plaques and fibril oligomers. a Representative images of 4G8 stained plaques
in AP and cTAP mice at 8 months. The reduction in plaque burden in cTAP compared to AP
mice is obvious by visual inspection. Scale bars 200 um. b Plaque burden is significantly
reduced in the forebrains (cortex and hippocampus) of cTAP mice compared to AP
littermates at 4 months [A1,16) = 10.756, **p = 0.005] and 8 months [A1,18) = 30.329,
***p<0.001]. (3 m, 4 m n=9/group; 8 m AP =9, cTAP = 11). (Outliers = O). c
Representative dot blots of pre-fibril (A11) and fibril (OC) oligomers soluble in PBS after
centrifuging at 100,00xg. d Relative levels of prefibril oligomers (A11:0C) were
significantly increased in cTAP mice at 4 months [A1,10) = 6.626, *p = 0.028] (n= 6/
group). e Pre-fibril oligomers (Al11, normalized to total Ap (4G8)) correlated inversely with
synaptophysin (Syp) [Spearman's rho p = —0.697, *p = 0.025, n= 10, power (1-B) = 77%]
in 4-month-old mice. f Fibril oligomers (OC, normalized to total AB (4G8)) did not
correlate with synaptophysin levels (Syp) [Spearman's rho p = —0.406, NS p= 0.244, n=10]
in 4-month-old mice. g Levels of total AB42 were not changed in the forebrain of cTAP
mice at 4 months [Welch(1,18.987) = 2.584, p=0.124] (AP = 11, cTAP = 10). (Outliers =
O, extreme cases = ). h Scatter plot of plaque area fraction vs. volume in the forebrain.
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Linear regression analysis revealed that volume loss does not contribute significantly to
plaque area fraction (/2 = 0.106; ANOVA A1,29) = 3.425, p=0.074; n=31)
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Functional pathways of TDP-43-associated RNAs most likely to exert a meaningful effect on neurons

Table 1

Gene RNA fold change (TDPKO vs. ctrl)  Pathway

Cacnalb -2.5 Synaptic

Dlg3 -2.7 Synaptic

Pitonm3  -2.4 Synaptic

Ralgps2  —2.6 Synaptic

Vps13d  -2.4 Synaptic

Mrps6 -1.6 Mitochondrial

Tecprl -4 Autophagy

Crem -2.5 General signaling
Brmsil  -2.1 Transcription/translation
Celf5 -2.4 Transcription/translation
Abr -2.9 Unclear

Page 26

RNAs were selected if their absolute value fold change >1.5 in TDP-43 KO brains compared to control. Pathways in bold have been strongly
implicated in the early pathogenesis of AD. The RNA sequencing data were generated from 3-month cT mice [26], and the associated functional
pathways in neurons were identified using GeneCards and confirmed by the manual literature search
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