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Abstract
Aims: Neuronal cytoplasmic inclusions of TAR-DNA binding protein of 43 kDa (TDP-43) 
are a pathological hallmark of diverse neurodegenerative disorders, yet the processes 
that mediate their formation and their functional significance remain incompletely under-
stood. Both dysfunction in autophagy and neuroinflammation have been linked to TDP-
43 mislocalisation. Here, we investigate TDP-43 proteinopathy in Niemann-Pick type C 
disease (NPC), an autosomal recessive lysosomal storage disease (LSD) distinguished by 
the accumulation of unesterified cholesterol within late endosomes and lysosomes. NPC 
is characterised by neurodegeneration, neuroinflammation and multifocal disruption of 
the autophagy pathway.
Methods: We utilised immunohistochemistry, confocal microscopy, electron microscopy 
and biochemical and gene expression studies to characterise TDP-43 pathology and au-
tophagic substrate accumulation in Npc1-deficient mice.
Results: In the NPC brain, cytoplasmic TDP-43  mislocalisation was independent of 
autophagic substrate accumulation. These pathologies occurred in distinct neuronal 
subtypes, as brainstem cholinergic neurons were more susceptible to TDP-43 mislocali-
sation, whereas glutamatergic neurons exhibited hallmarks of autophagic dysfunction. 
Furthermore, TDP-43 mislocalisation did not co-localise with markers of stress granules 
or progress to ubiquitinated aggregates over months in vivo, indicating a stable, early 
stage in the aggregation process. Neither microgliosis nor neuroinflammation were suf-
ficient to drive TDP-43 proteinopathy in the NPC brain. Notably, cytoplasmic TDP-43 
co-localised with the nuclear import factor importin α, and TDP-43 mislocalised neurons 
demonstrated nuclear membrane abnormalities and disruption of nucleocytoplasmic 
transport.
Conclusion: Our findings highlight the relationship between LSDs and TDP-43 pro-
teinopathy, define its functional importance in NPC by triggering nuclear dysfunction, 
and expand the spectrum of TDP-43 pathology in the diseased brain.
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INTRODUC TION

A pathological hallmark of amyotrophic lateral sclerosis (ALS) 
and frontotemporal degeneration (FTD) is nuclear depletion and 
neuronal cytoplasmic inclusions of TAR-DNA binding protein of 
43 kDa (TDP-43) [1,2]. Although ALS and FTD are biochemically, 
genetically and clinically heterogeneous, pathological TDP-43 cy-
toplasmic inclusions are observed in over 90% of ALS and over 
50% of FTD patients, highlighting its role in disease pathogenesis 
[3].TDP-43 is a nuclear RNA-binding protein that functions in RNA 
processing, including splicing, translation and degradation, and 
its expression levels and localisation are critical for normal cel-
lular function. TDP-43  knockout and overexpression cause neu-
rodegeneration [4–7], and cytoplasmic mislocalisation of TDP-43 
is sufficient to drive neuron death [8]. Despite increased under-
standing of both gain- and loss-of-function pathological mecha-
nisms of TDP-43  mislocalisation [9], the processes that mediate 
the formation of these pathological aggregates remain incom-
pletely understood.

TAR-DNA binding protein of 43 kDa contains a C-terminal low-
complexity domain which renders it aggregation prone [10]. Nearly 
all ALS-associated TDP-43  mutations are concentrated in this re-
gion, but contribute to only 2%–5% of ALS cases [9,10]. Increasingly, 
dysfunction in the clearance of TDP-43 aggregates by autophagy 
has been linked to disease pathogenesis [11–13], and autophagy in-
duction enhances neuronal survival in ALS models [14]. Consistent 
with this idea, multiple ALS- and FTD-associated genes are linked 
to autophagy and the lysosomal pathway [15], including C9ORF72, 
TBK1, UBQLN2, VCP, SQSTM1 and OPTN, and mutations in these 
genes result in TDP-43 pathology [16–21]. Furthermore, mouse 
and patient brains with progranulin mutations that result in FTD 
accumulate TDP-43 cytoplasmic inclusions and exhibit pathological 
hallmarks of the lysosomal storage disease (LSD) neuronal ceroid li-
pofuscinosis [22], highlighting a link between lysosomal dysfunction 
and TDP-43 proteinopathy.

Here, we investigate TDP-43 proteinopathy in Niemann-Pick 
type C disease (NPC), an autosomal recessive LSD characterised by 
the accumulation of unesterified cholesterol in lysosomes and late 
endosomes [23]. Most cases of NPC (~95%) are due to mutations in 
the NPC1 gene [24], although a small subset (~5%) is due to muta-
tions in NPC2. NPC1 and NPC2 function in concert to export choles-
terol from lysosomes [25–28]. Loss-of-function mutations in either 
of these proteins lead to cholesterol accumulation, liver disease, 
severe neurodegeneration and early death, often in childhood [29]. 
Several general principles have emerged that guide our understand-
ing of NPC pathogenesis. The importance of lipid storage in the dis-
ease phenotype is apparent, as reduction of cholesterol storage by 
hydroxypropyl-beta-cyclodextrin dampens neurodegeneration and 
prolongs lifespan in Npc1 mutant mice and cats [30–32]; similarly, pe-
ripheral administration of synthetic HDL nanoparticles to NPC mice 
mobilises cholesterol and rescues liver dysfunction and body weight 
[33]. Lipid storage has also been linked to lysosomal membrane 
permeabilisation in NPC [34–36], highlighting the importance of 

functional lysophagy to mitigate cytotoxicity [36]. Furthermore, the 
significance of neurons in disease has been established. Conditional 
deletion of Npc1 in neurons leads to age-dependent, cell autono-
mous neuron loss without evidence of a critical window for neuro-
nal vulnerability [37] as well as non-cell autonomous dysmyelination 
[38]. Conversely, transgenic over-expression of Npc1 in neurons of 
null mice ameliorates neurodegeneration [39]. Notably, as lysosomal 
function is essential for autophagy, LSDs can also be viewed primar-
ily as ‘autophagy disorders’ [40], and NPC models exhibit multifocal 
disruption of macroautophagy [41–48].

With the association between dysregulated autophagy and 
TDP-43 proteinopathy, we sought to characterise neuronal TDP-43 
pathology in NPC, examine mechanisms that drive TDP-43  mislo-
calisation and explore functional consequences in the NPC brain. 
We show that Npc1−/− neurons accumulate cytoplasmic mislocal-
ised TDP-43. Unexpectedly, this TDP-43 pathology occurs in-
dependently of autophagic substrate accumulation and does not 
progress to ubiquitinated protein aggregates over months in vivo. 
Moreover, we find that alternative factors implicated in TDP-43 
pathology, including microgliosis and neuroinflammation are insuf-
ficient to drive TDP-43  mislocalisation in the NPC brain. We also 
present evidence of nuclear pathology and disruption in nucleocyto-
plasmic transport in Npc1−/− neurons with mislocalised TDP-43. Our 
findings highlight the relationship between TDP-43 pathology and 
LSDs, expand the spectrum of TDP-43 pathology in the diseased 
brain and provide evidence of nuclear dysfunction in an LSD.

MATERIAL S AND METHODS

Primary antibodies (antigen, dilution, vendor)

Neurofilament, 1:200, Millipore MAB5266; Neurofilament, 1:1000, 
Abcam ab8135; NeuN, 1:500, Millipore ABN78; NeuN, 1:500, 
Millipore ABN90; Synapsin-1, 1:200, Cell Signaling D12G5; GFAP, 
1:500, Dako Z0334; Tom20, 1:500, Santa Cruz Biotechnology 
Inc. sc-11415; Ubiquitin, 1:400, Cell Signaling 3933S; phospho-
Ubiquitin (Ser65), 1:100, Millipore ABS1513-I; SQSTM1, 1:500, 
Abnova H00008878-MO1; LC3B, 1:500, Novus NB100-2220; TDP-
43, 1:500, Proteintech 10782-2-AP; karyopherin α2, 1:150, Santa 
Cruz Biotechnology Inc. sc-55538; TDP43 Phospho (Ser409/410), 
1:100 Biolegend 829901; TIA-1, 1:200, Abcam ab40693; G3BP1, 
1:500 Proteintech 103057-2-AP; Nup62, 1:500 BD 610497; Lamin 
B1, 1:1000, abcam ab16048; LMP2, 1:1000, abcam ab3328; Iba1, 
1:500, Wako 019-19741; Iba1, 1:100 abcam ab5076, LMP7, 1:500, 
abcam ab3329; PSMB10, 1:1000, abcam ab183506; β-Actin, 
1:2000, Sigma-Aldrich A5441; Vinculin, 1:2000, Sigma-Aldrich 
V9131; p62/SQSTM1, 1:1000, Sigma-Aldrich P0067; VDAC1, 
1:500, abcam ab14734; VGLUT1, 1:500, Synaptic Systems 135303; 
VGAT cytoplasmic domain, 1:100, Synaptic Systems 131008; cho-
line acetyltransferase (ChAT), 1:100, Sigma-Aldrich AB144P; FUS, 
1:500, Sigma-Aldrich HPA008784; hnRNPA2/B1, 1:500, Santa Cruz 
Biotechnology Inc. sc-374053.
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Secondary antibodies

Alexa FluorTM 594 donkey anti-goat IgG (H+L), 1:500, Invitrogen 
A11058; Alexa FluorTM 594 Fab’2 fragment of goat anti-rabbit IgG 
(H+L), 1:500, Invitrogen A11072; Alexa FluorTM 594 Fab’2 fragment 
of goat anti-mouse IgG (H+L), 1:500, Invitrogen A11020; Alexa 
FluorTM 488 goat anti-rabbit IgG (H+L), 1:500, Invitrogen A11008; 
Alexa FluorTM 594 goat anti-guinea pig IgG (H+L), Invitrogen A1076; 
Alexa FluorTM 488  goat anti-mouse IgG (H+L), Invitrogen A11029; 
Alexa FluorTM 488 rabbit anti-mouse IgG (H+L), 1:500, Invitrogen 
A11059; Alexa Fluor 488TM Tyramide SuperBoostTM Kit, goat anti-
mouse IgG, Invitrogen B40941; Goat anti-mouse IgG (H+L)-HRP 
conjugate, 1:2000, Bio-Rad 170-6516; Goat anti-rabbit IgG (H+L)-
HRP conjugate, 1:2000, Bio-Rad 170-6515.

Mice

Npc1nih Balb/cJ mice were obtained from Jackson Laboratories 
(#003092) and backcrossed to C57BL6/J (≥10  generations). Npc1−/− 
mice were F1  hybrids between Npc1+/− mice on the C57BL6/J and 
Balb/cJ backgrounds, respectively, to restore the Mendelian fre-
quency of the Npc1−/− genotype [41]. Npc1flox/flox were generated as 
previously described [49]. Syn1-Cre mice were obtained from Jackson 
Laboratories (#003474) and backcrossed to C57BL6/J (≥10  genera-
tions). Npc1-I1061T mice [50] were a gift from Daniel Ory (Washington 
University in St Louis) and backcrossed to C57BL/6 (≥10 generations).

Western blot

For tissue preparation, mice were perfused with saline before tissue 
was collected and flash frozen in liquid nitrogen. Tissue was homog-
enised and sonicated in RIPA buffer (Teknova) with complete pro-
tease inhibitor (Thermo Scientific 11836153001) and 0.625  mg/ml 
N-ethylmaleimide (Sigma E3876). Protein concentrations were deter-
mined by DCTM-protein assay (Bio-Rad) and normalised. For prepa-
ration of soluble and insoluble fractions, total lysates were spun at 
20,000 × g for 10 min. The supernatant was run as the soluble frac-
tion, and the pellet was resuspended and run as the insoluble frac-
tion. Proteins were separated on NuPAGETM 4%–12% Bis-Tris Protein 
Gels (Thermo Scientific NP0336BOX) and transferred to Immobilon-P 
0.45  μm PVDF (Merck Millipore). Immunoreactivity was detected 
with ECL (Thermo Scientific) or SuperSignalTM West Pico PLUS 
Chemiluminscent Substrate (Thermo Scientific) and an iBright (Thermo 
Fisher Scientific). Quantification was performed using Image Studio. 
Band intensity was normalised to the indicated loading control.

RT-qPCR

RNA was collected using TRIzol® (Thermo Fisher) according to the 
manufacturer's instructions and converted to cDNA using the High 

Capacity Reverse Transcription kit (Applied Biosystems 4368814). 
Quantitative real-time PCR was performed using 10 ng cDNA, FastStart 
Taqman Probe Master Mix (Roche) and gene-specific FAM-labelled 
TaqMan probes (Thermo Scientific) for mouse C3 (Mm01232779_
m1), C1qa (Mm07295529_m1), PSMB8 (Mm00440207_m1), 
PSMB9 (Mm00479004_m1), PSMB10 (Mm00479052_g1), 
PSME1 (Mm00650858_g1), PSME2 (Mm01702832_g1), PSMB5 
(Mm01615821_g1) and PSMB7 (Mm01327044_m1). Gene expres-
sion was normalised to mouse Cpsf2-Vic (Mm00489754) multiplexed 
within the same well. RT-qPCR was performed using an ABI 7900HT 
Sequence Detection System and relative expression was calculated by 
the 2(−ΔΔCt ) method.

Immunofluorescence staining

For tissue preparation, mice were perfused with saline and 4% 
PFA. Then, tissue was removed and post-fixed in 4% PFA over-
night at 4°C. Brains were bisected; one hemisphere processed for 
paraffin embedding, and the other half was incubated in 30% su-
crose for 48 h at 4°C and frozen in O.C.T. (Tissue-Tek). Paraffin-
embedded tissues were cut on a Reichert-Jung 2030  microtome 
into 5 µm sections and placed on Fisher Scientific Superfrost Plus 
microscope slides. Sections were adhered onto slides in an oven 
at 55–60°C for 1 h. Frozen sections were prepared at 16 µm in a 
cryostat.

For staining of paraffin-embedded sections: Samples were 
deparaffinised and antigen retrieval was performed by boiling in 
10 mM sodium citrate (pH 6.0) for 10 min and incubating in hot 
citrate solution for an additional 20 min, then washed three times 
in deionised water. For staining, slides were incubated in a solution 
with 0.1% Triton, 10% goat or donkey serum and 1% BSA in PBS 
for 20 min. Then, slides were placed in blocking solution (10% goat 
or donkey serum, 1% BSA in PBS) before incubating in primary 
antibody diluted in blocking solution overnight at 4°C. Slides were 
washed three times in PBS and incubated for 1 h with secondary 
antibody diluted in blocking solution. Slides were then washed 
three times in PBS and mounted with Vectashield + DAPI (Vector 
Laboratories).

For all studies, at least three mice/genotype and age were 
stained with each antibody. Images are representative of consistent 
findings across these cohorts.

Filipin staining

For filipin staining of tissue, frozen sections were stained for im-
munofluorescence as described above (without deparaffinisation). 
Following the washes after secondary antibody incubation, sections 
were incubated in filipin staining solution (4 ml FBS + 40 μl filipin so-
lution (1 mg filipin [Sigma, F9765] + 40 μl DMSO) + 16 ml PBS) for 2 h 
at room temperature. Slides were washed 3× in PBS and mounted 
with Vectashield (Vector Laboratories).
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RNA fluorescence in situ hybridisation with 
immunofluorescence

Immunofluorescence staining was performed on paraffin-embedded 
tissue sections as described above. Following the washes after sec-
ondary antibody incubation, slides were washed in Stellaris® RNA 
fluorescence in situ hybridisation (FISH) Wash Buffer A (Biosearch 
Technologies) with 10% formamide for 2–5 min. Then, slides were 
incubated with a solution containing 125 nM oligo-d(T) probes con-
jugated to CAL Fluor Red 610 (Biosearch Technologies) in Stellaris® 
RNA FISH Hybridization Buffer (Biosearch Technologies) with 10% 
formamide for 4  h at 37°C. Slides were then washed in Stellaris® 
RNA FISH Wash Buffer A (Biosearch Technologies) for 30  min at 
37°C, Stellaris® RNA FISH Wash Buffer B (Biosearch Technologies) 
for 2–5  min, then 3× in PBS. Finally, slides were mounted with 
Vectashield + DAPI (Vector Laboratories).

Proteasome activity

To measure the activity of immunoproteasome subunits, 
Me4BodipyFL-Ahx3Leu3VS was used as previously described [51]. 
Briefly, tissue was homogenised and sonicated in HR buffer (50 mM 
Tris-HCl [pH 7.4], 5 mM MgCl2, 250 mM sucrose, 1 mM DTT, 2 mM 
ATP). Protein concentrations were determined by DCTM-protein 
assay (Bio-Rad) and incubated with 1 µM Me4BodipyFL-Ahx3Leu3VS 
for 1 h at 37°C. Samples were run on NuPAGETM 12% Bis-Tris Protein 
Gels (Thermo Scientific) at 140 V for 2 h and imaged using a Typhoon 
Trio Plus Scanner (Amersham Bioscience).

Electron microscopy

Mice were perfused with 0.9% normal saline followed by 3% para-
formaldehyde and 2.5% glutaraldehyde in 0.1 M Sorensen's buffer. 
The brainstem was removed and post-fixed in perfusion solution 
overnight, followed by fixation in 1% osmium tetroxide solution for 
1 h at room temperature. After dehydration, tissues were embed-
ded in epoxy resin. For transmission electron microscopy, ultrathin 
sections were cut, and images were captured on a Philips CM-100 
imaging system.

Microscopy

Confocal images were collected using a Nikon A-1 confocal mi-
croscope with diode-based laser system. Filipin images were cap-
tured on a Zeiss Axioplan 2 imaging system. For quantification of 
the nuclear-to-cytoplasmic (N:C) ratio of poly(A) RNA, the pixel 
intensity in the nucleus and cytoplasm was measured by ImageJ. 
Quantification of circularity of Lamin B1 staining was performed by 
ImageJ. Co-localisation was determined using CellProfiler Analyst 
Software.

Phenotype analysis

Balance beam: The balance beam consists of a 12 mm diameter cir-
cular beam (thick beam) and a 5-mm-wide square beam (thin beam) 
suspended at 50 cm. Mice were trained at 4 weeks of age to cross 
the beam and then tested every other week starting at 5 weeks. For 
testing, mice were run three times across the beam, and the average 
time was taken. Maximum time was set at 20 s and falls were scored 
as 20 s.

Rotarod: After acclimating to the testing room for 30 min, mice 
were gently placed on a moving (4 RPM) rotarod for 30 s. Then, over 
a period of 235 s, rotarod speed was increased to 40 RPM. The trial 
ended if mice stopped walking for two revolutions or dropped onto 
the paddle. Mice were trained three times per day with a 30  min 
interval between each training session over a period of 3 days. The 
following week, mice were tested on a single day using the training 
protocol.

Statistics

Graphpad Prism 7.0 was used to determine significance (p < 0.05), F 
(F-statistic) and t (T-statistic) values. Unpaired Student's t-test (two-
tailed) and one-way or two-way ANOVA were used as indicated in 
the figure legends. A p value < 0.05 was considered significant. All 
error bars are s.e.m.

RESULTS

Npc1 deficiency triggers age-dependent accumulation 
of swollen axons containing autophagic cargo

As NPC1 deficiency causes autophagic impairment, we sought 
to characterise the accumulation of autophagic substrates in the 
mutant mouse brain, initially focusing on swollen axons (so-called 
spheroids) that are a prominent neuropathological feature in the 
brainstem of diseased mice. Axonal spheroids, as identified by 
neurofilament staining, appeared as NPC1-deficient mice aged 
(Figure S1). In 4-week Npc1−/− mice, before the onset of behavioural 
phenotypes (Figure S2), axonal spheroids were sparse; as mice pro-
gressed in the disease course to 11 weeks, the numbers of axonal 
spheroids significantly increased (Figure  1A; Figure  S1A). Similar 
pathology occurs in the brainstem of mice deficient for Npc1 only 
in neurons [37]. To further characterise the cell autonomous devel-
opment of axonal spheroids, we utilised Npc1flox/–­, Syn1-Cre+ mice, 
which harbour a conditional null allele of the Npc1  gene (Npc1flox) 
[49] and express Cre recombinase as a transgene under the control 
of the Synapsin1 promoter (Syn1-Cre+). In these mice, Npc1 is deleted 
in neurons throughout the brain during late embryonic develop-
ment [52]. As with global Npc1−/− mice, axonal spheroids increased 
in an age-dependent manner in Npc1flox/−, Syn1-Cre+ mice from 7 to 
16 weeks (Figure 1A; Figure S1B).
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Axonal spheroids may reflect impaired autophagy, as autophago-
somes are formed at the distal ends of axons and must be transported 
in a retrograde manner towards the cell soma for autolysosome 
formation and degradation; disruption of this process can cause 
accumulation of cargo and dysfunctional organelles within swollen 
axons [53–55]. Accordingly, deleting essential autophagy genes in 
Purkinje cells causes axonal swellings [56,57], and swollen axons in 
mouse models of Alzheimer's disease contain autophagic cargo [58–
60]. In agreement with these observations, electron micrographs of 
16-week Npc1flox/−, Syn1-Cre+ mice revealed striking enlargement 
of axons in the brainstem with the accumulation of polymorphous 
vesicular structures, including vesicles consistent with double-
membraned autophagosomes and mitochondria (Figure 1B). To con-
firm the presence of autophagic and organellar cargo, we performed 
immunofluorescent staining on the brainstem of Npc1flox/−, Syn1-Cre+ 
mice. Both ubiquitinated cargo and autophagosomes were visualised 
within axonal spheroids (Figure  1C). Furthermore, Tom20  staining 
identified mitochondria (Figure  1C). As impaired neuronal autoph-
agy leads to the accumulation of dysfunctional mitochondria [61], 

and mitochondrial abnormalities occur in NPC [46,62,63], we sought 
to determine if damaged mitochondria accumulated within swollen 
axons. Indeed, staining for pS65-Ub, a marker of damaged mitochon-
dria [64], indicated the presence of mitochondria targeted for degra-
dation by autophagy (Figure 1C). Supporting this conclusion, staining 
for pS65-Ub co-localised with VDAC1 (Mander's coefficient = 0.84) 
(Figure S3). Altogether, these findings demonstrated an accumula-
tion of autophagic and organellar cargo within the swollen axons of 
Npc1-deficient mice.

Independent accumulation of autophagic cargo and 
cytoplasmic TDP-43 mislocalisation

Defective autophagy is linked to the development of ALS/FTD and to 
the cytoplasmic mislocalisation and aggregation of TDP-43 [11,13–
15,65]. As autophagic impairment is prominent in NPC [41–48] and 
manifests with the accumulation of autophagic cargo (Figure 1), we 
sought to determine whether TDP-43 proteinopathy was present 

F I G U R E  1  Npc1 deficiency triggers 
age-dependent accumulation of swollen 
axons containing autophagic cargo. 
(A) Axonal spheroids in the brainstem, 
quantified from four to five fields, 
N = 3 mice per genotype and age. (B) 
Electron micrographs of the brainstem 
taken from 16-week Npc1flox/−, Syn-
Cre+ mice. Top: An axonal spheroid 
surrounded by normal-sized axons. Scale 
bar: 2 µm. Bottom: Higher magnification 
shows accumulation of vesicular cargo. 
Scale bar: 500 nm. (C) Brain sections 
from 16-week Npc1flox/+, Syn-Cre+ and 
Npc1flox/−, Syn-Cre+ mice were stained 
with the indicated markers and imaged 
by confocal microscopy. Scale bar: 
10 µm. Data are shown as mean ± s.e.m. 
*p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 by (A) 
one-way ANOVA with Tukey's multiple 
comparisons (A) F = 10.04 (top); F = 566.1 
(bottom)

    | 1023



LIU et al.

in Npc1-deficient mice. Interestingly, in 4-week Npc1−/− mice, we 
observed cytoplasmic mislocalisation of TDP-43 primarily within 
brainstem neurons (Figure 2A). This occurred at an early age, before 
the onset of behavioural phenotypes (Figure S2). With the described 
connection between deficient autophagy and TDP-43 mislocalisa-
tion, we determined whether TDP-43 mislocalised neurons also ac-
cumulated autophagic cargo. As a marker of autophagic substrate 
accumulation, we stained for p62, showing accumulation in neuronal 
cell bodies of Npc1-deficient mice, but not at synapses or in astro-
cytes (Figure S4). Unexpectedly, we observed that neurons accumu-
lating p62 did not accumulate cytoplasmic TDP-43 and vice versa 
(Figure 2B,D). This indicated that Npc1−/− mice harbour distinct sub-
populations of neurons: those that accumulate autophagic cargo and 
those that accumulate mislocalised TDP-43. Notably, filipin stain-
ing showed that both subpopulations of neurons accumulated un-
esterified cholesterol (Figure S5), suggesting divergent pathological 
responses following lipid storage.

Given its role as a ubiquitin binding protein, lack of p62 co-
localisation indicated that cytoplasmic TDP-43 was not present in 
ubiquitinated aggregates, but instead resembled TDP-43 de-mixing 
(the formation of cytoplasmic liquid droplets) that has been reported 
to occur in cell culture at an early stage of progressive TDP-43 ag-
gregation [66]. We investigated whether this cytoplasmic TDP-43 
co-localised with other proteins shown to de-mix with it in vitro, 
including nuclear transport factors [66]. Indeed, the nuclear import 
factor importin α co-localised with TDP-43 in affected neurons 
(Figure  2C,D), suggesting the occurrence of impaired nucleocyto-
plasmic transport with TDP-43 mislocalisation. Unlike ALS/FTD, we 
did not observe coincident nuclear clearance of TDP-43 (Figure 2A), 
a hallmark of TDP-43 aggregation [2] that has been shown to pro-
mote neurodegeneration [67]. Our findings support an early stage of 
TDP-43 proteinopathy in 4-week Npc1−/− mice.

TDP-43 cytoplasmic mislocalisation persists in vivo 
for months, up to the end-stage in Npc1−/− mice

With prolonged stress, cytoplasmic TDP-43 droplets progress to 
aggregates and clear TDP-43 from the nucleus in cell culture [66]. 
As aberrant phase transitions are suggested to drive the formation 
of pathological inclusions of RNA-binding proteins [10,68,69], we 
sought to determine if cytoplasmic mislocalised TDP-43 in 4-week 
Npc1−/− mice progressed to aggregates in Npc1−/− mice at the end-
stage of disease. Thus, we examined 11-week Npc1−/− mice, which 
have developed significant weight loss and motor impairment 
(Figure S2). Unexpectedly, TDP-43 pathology at this stage was in-
distinguishable from that present at 4 weeks of age (Figure 2). We 
focused our analysis on the brainstem, where TDP-43 and importin 
α mislocalised neurons were prominent. We did not observe similar 
findings in the cerebellum (Figure S6).

TDP-43  mislocalised to the cytoplasm of 11-week Npc1−/− 
neurons, with continued localisation in the nucleus (Figure  3A). 
Furthermore, neurons that accumulated mislocalised TDP-43 did 
not accumulate p62, but co-localised with importin α (Figure  3B–
D). Similar findings were observed in 16-week Npc1flox, Syn1-Cre+ 
mice following conditional deletion of Npc1 in neurons (Figure 3E; 
Figure  S7). Therefore, cytoplasmic mislocalised TDP-43 in Npc1-
deficient neurons persisted in vivo for months without progression 
to ubiquitinated aggregates or nuclear depletion and remained inde-
pendent of autophagic substrate accumulation.

Moreover, as TDP-43 can be recruited to stress granules, which 
may increase its propensity to form pathological aggregates [70–72], 
we stained for stress granule markers G3BP1 and TIA-1 but found no 
co-localisation (Figure S8A,B). We conclude that TDP-43 mislocali-
sation occurred independently of stress granule formation, in agree-
ment with prior observations of TDP-43 de-mixing [66,73].

F I G U R E  2  Independent accumulation 
of autophagic cargo and cytoplasmic TDP-
43 mislocalisation. (A–C) The brainstem 
from 4-week Npc1+/+ and Npc1−/− mice 
was stained for the indicated markers and 
imaged by confocal microscopy. Scale 
bar: 10 µm. (D) Left: The percentage of 
TDP-43 mislocalised cells co-localised 
with importin α or p62. Right: The 
percentage of p62+ cells co-localised with 
cytoplasmic TDP-43. Twenty to 30 TDP-
43+ or p62+ cells were quantified per 
mouse, N = 3 mice. Data are shown as 
mean ± s.e.m.
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We sought to determine whether other hallmarks of TDP-43 
proteinopathy were present in Npc1-deficient neurons, including 
phosphorylated TDP-43 and the accumulation of C-terminal frag-
ments [2]. Immunofluorescence and western blot analysis were 
negative for these pathologies, and TDP-43 protein levels were un-
changed in both total brain lysates and in soluble and insoluble frac-
tions (Figures S8C and S9). Furthermore, despite co-localisation with 
importin α (Figures 2C and 3C), we did not observe mislocalisation 
of the nucleoporin Nup62 (Figure S8D), which has been associated 
with TDP-43 pathology in vitro [66,74]. Similarly, we did not observe 
cytoplasmic mislocalisation of FUS or hnRNPA2/B1, proteins that 

also contain low-complexity domains and are mutated in some ALS/
FTD patients (Figure S8E,F).

To examine neuron subtypes involved by these pathologies, 
we first co-stained for ChAT to identify brainstem cholinergic neu-
rons. Interestingly, almost 50% of neurons that were importin α+, 
but not p62+, co-stained with ChAT (Figure 3F), indicating a pref-
erential susceptibility to TDP-43 pathology among brainstem cho-
linergic neurons. Conversely, p62 but not importin α accumulated 
in VGLUT1+ cells (Figure 3G), indicating that brainstem glutama-
tergic neurons preferentially accumulated autophagic substrates 
over mislocalised TDP-43. VGAT expressing neurons have been 

F I G U R E  3  TDP-43 cytoplasmic mislocalisation persists in vivo for months, up to the end-stage in Npc1−/− mice. (A–C) The brainstem 
from 11-week Npc1+/+ and Npc1−/− mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 10 µm. (D–E) 
Left: The percentage of TDP-43 mislocalised cells co-localised with importin α or p62. Right: The percentage of p62+ cells co-localised with 
cytoplasmic TDP-43. Twenty to 30 TDP-43+ or p62+ cells were quantified per mouse, N = 3 mice per genotype. (F) Top: The brainstem 
from 11-week Npc1−/− mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 5 µm. Bottom: The 
percentage of importin α+ or p62+ that were ChAT+. Fifteen to 25 cells were quantified per mouse, N = 3 mice per genotype. (G) Left: The 
brainstem from 11-week Npc1−/− mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 5 µm. Right: 
The percentage of VGLUT1+ cells that were p62+ or importin α+. Fifteen to 25 cells were quantified per mouse, N = 3 mice per genotype. (H) 
Brainstem from 11-week Npc1−/− mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 5 µm. Data are 
shown as mean ± s.e.m. **p ≤ 0.01 by (F–G) Student's t-test (F) t = 5.388 (G) t = 7.429
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shown to form inhibitory synapses on excitatory neurons [75]. 
Correspondingly, we found VGAT+synapses surrounding the soma 
of p62+ but not importin α+ neurons (Figure 3H), revealing differ-
ential inhibitory signalling and connectivity between these neuron 
populations.

Progressive accumulation of autophagic cargo 
without TDP-43 cytoplasmic mislocalisation in Npc1-
I1061T mice

To further characterise the relationship between autophagic dys-
function and TDP-43 pathology we studied Npc1-I1061T knock-in 
mice [50], which harbour the most common disease-causing allele in 
patients of Western European ancestry [76]. In contrast to null mod-
els, Npc1-I1061T mice express mutant NPC1 protein that misfolds in 
the ER and is largely degraded, whereas a small fraction of protein 
that escapes degradation can traffic to the lysosome and function in 
cholesterol efflux [77,78]. Therefore, Npc1-I1061T mice exhibit a simi-
lar although milder phenotype than Npc1−/− mice. We first assessed 
autophagic impairment in this model. Npc1-I1061T mice developed 
stored cholesterol as early as 3.7 weeks of age and showed progres-
sive accumulation of ubiquitinated substrates, axonal spheroids and 
p62 by 7 weeks of age (Figure 4; Figure S10). However, despite the 

progressive accumulation of autophagic cargo, Npc1-I1061T mice did 
not accumulate either cytoplasmic TDP-43 or importin α in neurons 
(Figure 4E). This observation further supported the conclusion that 
autophagic impairment is not sufficient to drive TDP-43 mislocalisa-
tion, and provided a model system in which to test the contribution of 
alternative factors that have been implicated as underlying TDP-43 
pathology.

Recent studies have focused on the role of microglia in neu-
rodegenerative disease [79,80] because of their production of 
pro-inflammatory cytokines and other factors that underlie neu-
roinflammation [81]. Neurotoxic microglia and complement acti-
vation promote TDP-43 proteinopathy in progranulin-deficient 
neurons [82]. Thus, we quantified the number of Iba1+ microglia in 
the brainstem of 4- and 11-week Npc1+/+ and Npc1−/− mice and com-
pared them with 11-week WT and Npc1-I1061T mice, which display 
a milder phenotype than 11-week Npc1−/− mice but which have pro-
gressed in disease with neuropathological and behavioural deficits 
[50]. We found that 11-week Npc1-I1061T mice exhibited intermedi-
ate levels of microgliosis compared to 4- and 11-week Npc1−/− mice 
(Figure 5A). Despite microgliosis at greater levels than that of 4-week 
Npc1−/− mice, TDP-43 was not mislocalised in Npc1-I1061T neurons 
(Figure 4E). Similarly, expression of genes encoding complement fac-
tors C1qa and C3 in 11-week Npc1-I1061T mice was intermediate to 
that of 4- and 11-week Npc1−/− mice (Figure 5B). Thus, induction of 

F I G U R E  4  Progressive accumulation 
of autophagic cargo in Npc1-I1061T mice. 
(A–C) The brainstem from Npc1-I1061T 
mice at 3.7-, 7- and 10-weeks of age was 
stained with the indicated markers and 
imaged by confocal microscopy. Scale 
bar: 10 µm. (D) The timeline summarises 
the age-dependent accumulation of 
cholesterol and autophagic substrates in 
I1061T mice. (E) Importin α+ cells in the 
brainstem, quantified from N = 3 mice 
per genotype. Data are shown as 
mean ± s.e.m.
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microgliosis and expression of complement components were not 
sufficient to account for TDP-43 mislocalisation in NPC1-deficient 
neurons.

To more broadly assess neuroinflammation in the NPC brain, 
we examined induction of the immunoproteasome [83]. While the 
constitutive proteasome is a key effector of proteolysis, the immu-
noproteasome plays an important role in antigen processing and 
is induced in response to oxidative stress and proinflammatory 
cytokines in neurodegenerative diseases [84,85]. The constitu-
tive proteasome is composed of a 20S cylindrical core contain-
ing four stacked α and β rings, with the β rings containing three 
catalytic β subunits (PSMB5-7). In contrast, the immunoprotea-
some incorporates three alternative β subunits (PSMB8-10) that 
replace the constitutive catalytic subunits as well as distinct 11S 
lid components (PSME1-2) [86]. In Npc1-I1061T mice, expression 
of these immunoproteasome subunits was increased in the cere-
bellum and brainstem in an age-dependent manner (Figure 6A,B; 
Figure  S11A,B). This induction was specific to immunoprote-
asome subunits as the expression of constitutive proteasome β 
subunits was unchanged (Figure S11C). Correspondingly, protein 
levels (Figure  6C) and activity (Figure  S11D) of immunoprotea-
some subunits were increased, and immunofluorescence localised 
the immunoproteasome to both microglia and axonal spheroids 
(Figure  S11F). Notably, immunoproteasome subunit expression 
was increased to comparable levels in the brainstem of 11-week 
Npc1−/− mice (Figure  6D), while immunoproteasome subunit ex-
pression was less robustly increased in 4-week Npc1−/− mice 
(Figure S11E). Thus, neuroinflammation as reflected by microgli-
osis, complement expression and immunoproteasome induction 
occurred similarly in Npc1−/− and I1061T mice. Our analyses sug-
gest a role for alternative stressors in the occurrence of TDP-43 
pathology in Npc1−/− neurons.

Importin α mislocalisation marks neurons with 
disrupted poly(A) RNA export and nuclear 
membrane morphology

With persistent cytoplasmic TDP-43  mislocalisation in Npc1−/− 
mice, we sought to characterise the functional consequences of 
this pathology. As TDP-43 proteinopathy has been associated with 
mislocalisation or aggregation of nucleocytoplasmic transport fac-
tors and disruption of the nuclear membrane and nuclear pore 
complexes [66,74,87,88], we hypothesised that nucleocytoplasmic 
transport was disrupted in TDP-43 mislocalised neurons. To assess 
this hypothesis, we performed RNA FISH to quantify the N:C ratio 
of poly(A) RNA in Npc1−/− neurons. We focused on the subpopula-
tions of neurons that accumulated p62 versus those that accumu-
lated importin α. We detected a significantly increased N:C ratio in 
importin α+ neurons (Figure 7A), indicating nuclear retention and a 
defect in poly(A) RNA export. Similar findings have been observed 
in models of TDP-43 proteinopathy [74,87,89]. Further indication 
of nuclear pathology in TDP-43  mislocalised neurons came from 
our observation of altered nuclear membrane morphology. Lamin 
B1 staining demonstrated significantly decreased circularity of the 
nuclear membrane in importin α+ neurons compared to p62+ neu-
rons (Figure 7B). These results indicated that TDP-43 mislocalisation 
in Npc1−/− neurons compromises nucleocytoplasmic transport and 
nuclear membrane integrity, providing the first evidence of nuclear 
pathology in an LSD.

DISCUSSION

We demonstrate novel aspects of degeneration in the NPC brain that 
are mediated by TDP-43 proteinopathy. NPC1-deficient neurons 

F I G U R E  5  Microgliosis and 
complement activation in NPC mice. (A) 
The brainstem from 4-week Npc1+/+ and 
Npc1−/− mice, 11-week WT and Npc1-
I1061T mice and 11-week Npc1+/+ and 
Npc1−/− mice was stained with Iba-1 and 
imaged by confocal microscopy. Scale 
bar: 10 µm. Right: Iba1+ cells per field, 
quantified from 4 to 5 fields, N = 3 mice 
per genotype. (B) Relative expression 
of C1qa and C3 mRNA in brainstem by 
qPCR. N = 4–5 mice per genotype. Data 
are shown as mean ± s.e.m. *p ≤ 0.05, 
**p ≤ 0.01, ****p ≤ 0.0001 by (A,B) 
one-way ANOVA with Tukey's multiple 
comparisons (A) F = 64.48; (C) F = 40.57 
(C1qa) and F = 22.51 (C3). NPC, Niemann-
Pick type C disease
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exhibit mislocalisation of TDP-43 that is characterised by hallmarks 
of cytoplasmic de-mixing, an early stage in the aggregation process 
that was recently described in stressed neurons in cell culture [66]. 
Cytoplasmic TDP-43 in Npc1−/− neurons co-localises with the nu-
clear import factor importin α, but not with markers of stress gran-
ules or ubiquitinated protein aggregates, nor is it associated with loss 
of nuclear TDP-43 or the generation of C-terminal cleavage frag-
ments. This pathology is remarkably stable in the brainstem of Npc1 
null mice, appearing as early as 4 weeks of age, before the onset of 
behavioural phenotypes, and remaining constant through end-stage 
disease, almost 2  months later. Similarly long-lasting TDP-43 de-
mixing has been documented to occur in cell culture [66].

Prior work has linked TDP-43 proteinopathy to LSDs in the con-
text of progranulin mutations [22] and has suggested the occurrence 
of slightly diminished nuclear TDP-43 in cerebellar neurons of Npc1−/− 
mice [90]. Our findings strengthen this connection with LSDs and ex-
pand the spectrum of TDP-43 proteinopathy in neurodegenerative 
brains by providing a first in vivo demonstration of stable cytoplasmic 
mislocalisation that does not progress to ubiquitinated aggregates, 
even over several months. These observations indicate that while cer-
tain stressors are sufficient to induce TDP-43 mislocalisation, distinct 
stressors are needed to promote its cytoplasmic aggregation. This is 

in line with data from in vitro models where exposure of neurons to 
fragmented amyloid-like fibrils promotes TDP-43 de-mixing while ad-
ditional sodium arsenite-induced stress converts these liquid droplets 
to gels/solids that later recruit p62 [66].

TDP-43  mislocalisation occurs independently from the accu-
mulation of autophagic cargo in the NPC brain. This conclusion 
is based on finding that these pathologies occur in distinct pop-
ulations of neurons in Npc1−/− mice and that Npc1-I1061T mice 
accumulate autophagic cargo but not mislocalised TDP-43. This 
was unexpected as autophagic dysfunction has been postulated 
to mediate TDP-43 proteinopathy [11–13], as mutations in au-
tophagy genes cause ALS/FTD [15] and as inhibiting autophagy 
induces cytoplasmic accumulation of pathological TDP-43 [65], 
Furthermore, we demonstrate the occurrence of preferential sus-
ceptibility to either TDP-43 proteinopathy (cholinergic) or auto-
phagic dysfunction (glutamatergic) in distinct subpopulations of 
neurons, highlighting differential contributions to disease patho-
genesis. Notably, neuroinflammation, as reflected by microglio-
sis, complement expression and immunoproteasome induction, 
is insufficient to account for TDP-43  mislocalisation in the NPC 
brain. Identifying the biological stressors in NPC that induce TDP-
43  mislocalisation without progression to insoluble aggregates 

F I G U R E  6  The immunoproteasome is induced in NPC mice. (A,B) Relative expression of immunoproteasome 20S core subunits (A) and 
alternative lid (B) was determined in the cerebellum (CB) and brainstem (BS) of 12-week WT and Npc1-I1061T mice by qPCR. N = 5 mice 
per genotype. (C) The relative abundance of immunoproteasome subunits in the cerebellum of 12-week WT and Npc1-I1061T mice was 
determined by western blot. N = 3 mice per genotype. Quantified at right. (D) Relative expression of immunoproteasome, alternative lid and 
constitutive proteasome subunits was determined by qPCR in the brainstem of 11-week Npc1+/+ and Npc1−/− mice. N = 4 mice per genotype. 
Data are shown as mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001 by (A–D) Student's t-test (A) t = 5.833 (CB PSMB8); 
t = 6.27 (BS PSMB8); t = 4.23 (CB PSMB9); t = 3.088 (BS PSMB9); t = 3.864 (CB PSMB10); t ==1.083 (BS PSMB10) (B) t = 5.893 (CB PSME1); 
t = 2.556 (BS PSME1); t = 2.853 (CB PSME2); t = 2.077 (BS PSME2) (C) t = 8.039 (PSMB8); t = 4.454 (PSMB10) (D) t = 8.351 (PSMB8); 
t = 8.067 (PSMB9); t = 2.077 (PSMB10); t = 8.281 (PSME1); t = 3.216 (PSME2); t = 2.05 (PSMB5)
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emerges as an important unknown to be addressed by future 
research.

One intriguing hypothesis is that the observed cytoplasmic TDP-
43 mislocalisation represents a physiological response to neuronal 
injury. While TDP-43 cytoplasmic mislocalisation without concom-
itant nuclear depletion and progression to aggregates is an unusual 
finding, it has been detected in motor neurons following axotomy. 
In these injured neurons, TDP-43 expression was upregulated and 
showed prominent cytosolic localisation, findings that were re-
stored following neuron recovery [91]. This was proposed to be due 
in part to TDP-43’s involvement in neurofilament mRNA metabo-
lism and transport to facilitate axonal repair [92]. Thus, investigating 
the relationship between neuronal injury and TDP-43 cytoplasmic 
mislocalisation could provide important insights into the physiologi-
cal and/or pathological roles of TDP-43 mislocalisation in NPC.

Finally, our studies also provide the first demonstration of nu-
clear pathology in an LSD. Importin α mislocalises with cytoplasmic 
TDP-43 in Npc1−/− neurons. These neurons also exhibit impaired nu-
clear export of RNA and abnormal nuclear membrane morphology. 
Similar disruption of nucleocytoplasmic transport and abnormalities 
of nuclear membrane architecture has been documented in other 
disorders with TDP-43 pathology [66,74,87,88]. Our observations 
suggest that shared mechanisms of lysosomal dysfunction and TDP-
43 proteinopathy impair neuronal function in diverse degenerative 
disorders, including both LSDs and ALS/FTD. These shared disease 

mechanisms may provide future opportunities for therapeutic in-
terventions that will benefit patients affected by these relentlessly 
progressive disorders.
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Poly(A) RNA N:C ratio quantified from 
20–30 p62+ or importin α+ cells per 
mouse, with N = 6 mice. (B) The brainstem 
from 11-week Npc1−/− mice was stained 
with the indicated markers and imaged 
by confocal microscopy. Scale bar: 5 µm. 
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