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REPORT

Phillip Smethurst,1,2 Emmanuel Risse,3 Giulia E. Tyzack,1,2 Jamie S. Mitchell,1,2
Doaa M. Taha,1,2 Yun-Ru Chen,4 Jia Newcombe,5 John Collinge,3 Katie Sidle1 and
Rickie Patani1,2

Amyotrophic lateral sclerosis (ALS) is a fatal and incurable neurodegenerative disease caused by motor neuron loss, resulting in muscle
wasting, paralysis and eventual death. A key pathological feature of ALS is cytoplasmically mislocalized and aggregated TDP-43 protein in
495% of cases, which is considered to have prion-like properties. Historical studies have predominantly focused on genetic forms of ALS,
which represent 10% of cases, leaving the remaining 90% of sporadic ALS relatively understudied. Additionally, the role of astrocytes in
ALS and their relationship with TDP-43 pathology is also not currently well understood. We have therefore used highly enriched human
induced pluripotent stem cell (iPSC)-derived motor neurons and astrocytes to model early cell type-speciﬁc features of sporadic ALS. We
ﬁrst demonstrate seeded aggregation of TDP-43 by exposing human iPSC-derived motor neurons to serially passaged sporadic ALS postmortem tissue (spALS) extracts. Next, we show that human iPSC-derived motor neurons are more vulnerable to TDP-43 aggregation and
toxicity compared with their astrocyte counterparts. We demonstrate that these TDP-43 aggregates can more readily propagate from
motor neurons into astrocytes in co-culture paradigms. We next found that astrocytes are neuroprotective to seeded aggregation within
motor neurons by reducing (mislocalized) cytoplasmic TDP-43, TDP-43 aggregation and cell toxicity. Furthermore, we detected TDP-43
oligomers in these spALS spinal cord extracts, and as such demonstrated that highly puriﬁed recombinant TDP-43 oligomers can
reproduce this observed cell-type speciﬁc toxicity, providing further support to a protein oligomer-mediated toxicity hypothesis in ALS.
In summary, we have developed a human, clinically relevant, and cell-type speciﬁc modelling platform that recapitulates key aspects of
sporadic ALS and uncovers both an initial neuroprotective role for astrocytes and the cell type-speciﬁc toxic effect of TDP-43 oligomers.
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Distinct responses of neurons and astrocytes to
TDP-43 proteinopathy in amyotrophic lateral
sclerosis

Cell type-specific responses to TDP-43 in ALS
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motor neurons, implying cell-type speciﬁc differences in vulnerability. We found that proteasomal inhibition could both
exacerbate seeded TDP-43 aggregation and signiﬁcantly
increase cell death in motor neurons when compared to
astrocytes. We were also able to demonstrate that TDP-43
pathology spreads from motor neurons to astrocytes preferentially, but could also be observed spreading from astrocytes to motor neurons. We next found that astrocytes—
both by physical co-culture and conditioned medium experiments—are neuroprotective to seeded aggregation within
motor neurons by reducing (mislocalized) cytoplasmic
TDP-43, TDP-43 aggregation and cell toxicity.
Furthermore, we detected TDP-43 oligomers in these
spALS spinal cord extracts, and as such demonstrated that
highly puriﬁed recombinant TDP-43 oligomers can reproduce this observed cell type-speciﬁc toxicity, providing
further support to a protein oligomer-mediated toxicity
hypothesis in ALS.

Materials and methods
Detailed methods are provided in the Supplementary material.

Preparation of post-mortem tissue
extracts
Initial sarkosyl-insoluble extracts from frozen CNS tissue for
seeding were prepared as previously described (Smethurst
et al., 2016). See Supplementary material for more detailed
information.

Induced pluripotent stem cell culture,
motor neuron and astrocyte
differentiation
IPSCs were maintained using standard protocols. Motor
neuron and astrocyte differentiation were carried out as
described previously (Hall et al., 2017; Simone et al., 2017;
Tyzack et al., 2017; Luisier et al., 2018). See Supplementary
material for more detailed information.

Data availability
Data supporting the ﬁndings of this study are available from
the corresponding authors, upon reasonable request.

Results
Seeded aggregation of TDP-43
reveals a motor neuron-specific
vulnerability
We have previously demonstrated seeded aggregation in
TDP-43 overexpressing HEK293 cells by treating with
spALS extract from post-mortem tissue from multiple
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Amyotrophic lateral sclerosis (ALS) is caused by the selective degeneration of motor neurons in the brain and spinal
cord, which results in rapidly progressive paralysis and invariable death, commonly by respiratory failure. ALS has a
lifetime risk of 1 in 400 in individuals with European
ancestry (Al-Chalabi and Hardiman, 2013). Ten per cent
of cases are hereditary, termed familial ALS, while the majority are sporadic. Importantly, the majority of studies
have focused on familial ALS, while experimental study
of sporadic ALS has remained relatively inaccessible.
However, induced pluripotent stem cell (iPSC) models
now allow the generation of renewable human cell typespeciﬁc models for investigating disease mechanisms.
An increasing number of neurodegenerative diseases are
considered to have ‘prion-like’ characteristics (Walker and
Jucker, 2015), which include deposition of assemblies of
misfolded proteins, their propagation and spread in the
neuraxis. These may involve distinct strains of propagating
seeds and neurotoxicity mediated via oligomeric species or
more complex multichain assemblies of the pathological
protein involved (Collinge and Clarke, 2007; Collinge,
2016). One of the principal drivers of such a prion-like
proteinopathy is ‘templated seeding’ whereby misfolded
protein assemblies propagate by addition of monomers to
adopt the same misfolded form with subsequent ﬁssion of
elongating assemblies to generate more seeds. A key pathological hallmark of ALS is cytoplasmically mislocalized and
aggregated TDP-43 in motor neurons and glia within the
brain and spinal cord of patients (Arai et al., 2006;
Neumann et al., 2006).
Against this background, we and others have shown that
TDP-43 pathology can be directly and reliably reproduced
in HEK293 and NSC-34 cells via a templated seeding reaction from human sporadic ALS post-mortem brain and
spinal cord tissue (Furukawa et al., 2011; Tsuji et al., 2012;
Nonaka et al., 2013; Fang et al., 2014; Smethurst et al.,
2016). In addition, we showed that resulting aggregates
morphologically resemble inclusions observed in ALS
post-mortem tissue and can propagate from one cell to
another in a prion-like fashion. However, much remains
to be discovered about the mechanisms of TDP-43 toxicity
and spread, and the underlying cell type-speciﬁc vulnerability to such phenomena. Indeed, there is accumulating evidence implicating astrocytes in ALS (Tyzack et al., 2016;
Yamanaka and Komine, 2018).
Here we have induced a pathological TDP-43 seeded aggregation reaction in control human iPSC-derived motor
neurons and astrocytes on an endogenous background
level of TDP-43 expression using sporadic ALS spinal
cord tissue extract serially passaged in cell culture
(spALS). These TDP-43 aggregates were phosphorylated
and morphologically representative of ALS post-mortem
tissue. We found that astrocytes could also be seeded
with TDP-43 aggregates but at lower frequency than
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signiﬁcant increase in activated caspase 3 (Casp3) immunolabelling (20%, P 5 0.01) compared to proteasome inhibition alone (6%) (Fig. 1G), suggesting that the seeded
aggregation process is toxic to motor neurons in the context of impaired proteosomal function. We next sought to
address if astrocytes differed in their response to this seeded
aggregation paradigm. Human iPSC-derived astrocytes were
generated using our established and highly enriched platform (Hall et al., 2017; Tyzack et al., 2017; Thelin et al.,
2020). Noting that astroglial markers such as glial ﬁbrillary
acidic protein (GFAP) vary in expression depending on regional identity, activation state and ageing, we used the reliable
general
CNS
astrocyte
marker
aldehyde
dehydrogenase 1 family member L1 (ALDH1L1) in addition
to GFAP (Fig. 1H). Treatment with spALS spinal cord extract demonstrated a small but signiﬁcant number of pTDP43 and TDP-43 co-positive inclusions (0.75%, P 5 0.001)
(Fig. 1I and J) with endogenous nuclear TDP-43 clearance.
We again conﬁrmed that seeded aggregation of TDP-43 was
not attributable to the extraction procedure itself by transfecting control spinal cord extract into astrocytes (Fig. 1I).
After pre-treatment of human iPSC-derived astrocytes with
MG132 (6 h at 2 mM) and subsequent transfection of
spALS spinal cord extract, numerous TDP-43-positive inclusions formed after 3 days (Fig. 1J). The frequency of these
TDP-43 aggregates was signiﬁcantly higher (5.8%,
P 5 0.01) than treatment with MG132 alone (Fig. 1J).
However, unlike in motor neurons, no signiﬁcant increase
in apoptosis was detected indicating that astrocytes may be
comparatively resilient to our seeded aggregation paradigm
(Fig. 1K and L).

TDP-43 aggregates preferentially
spread from motor neurons to
astrocytes
To determine if TDP-43 aggregates could spread between
motor neurons and astrocytes, we cultured control
untreated astrocytes together with motor neurons that had
been treated with our optimized seeded aggregation paradigm described above for 3, 7 and 14 days [Fig. 2A(i)]. We
ﬁrst conﬁrmed that conditioned medium from cultures exhibiting seeded aggregation could not induce this process in
untreated cultures (data not shown), which is also consistent
with our previous work (Smethurst et al., 2016). Using this
co-culture paradigm, we detected the formation of TDP-43positive aggregates that also cleared endogenous nuclear
TDP-43 in ALDH1L1-positive astrocytes [Fig. 2A(ii)]. The
percentage of astrocytes containing TDP-43-positive aggregates signiﬁcantly increased from 9.6% at Day 3 to 27.3%
at Day 7 (P 5 0.001). After this time point the percentage
of astrocytes containing TDP-43-positive aggregates signiﬁcantly decreased from 27.3% to 11.3% (P 5 0.001) indicating a clearance or dilution of TDP-43 aggregates over time
[Fig. 2A(iii)].
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cases that was not observed with age-matched controls
(Smethurst et al., 2016). We ﬁrst attempted to determine
a proof-of-principle by seeding from spALS spinal cord extract in HEK293 cells in the absence of TDP-43 overexpression. We previously established that 5 mg of material
from the ALS insoluble extracts was sufﬁcient to induce
seeded aggregation (Smethurst et al., 2016). Furthermore,
it has also been shown that dose dependent increases in the
seeded aggregation reaction plateau at 5 mg, with 10 mg of
material not producing any signiﬁcant increase in TDP-43
pathology (Nonaka et al., 2013). Therefore, for all experiments we used 5 mg per treatment. We transfected spALS
extract using Lipofectamine 3000TM or PULSin reagents.
Post-transfection we detected formation of cytoplasmic inclusions of TDP-43 with simultaneous nuclear clearing of
endogenous TDP-43 with spALS extracts. We conﬁrmed
that this seeded aggregation reaction was not attributable
to the extraction procedure itself by transfecting control
spinal cord extract, which demonstrated no detectable
TDP-43 pathology (Supplementary Fig. 1).
We have previously reported highly efﬁcient, comprehensively characterized and functionally validated methods of
generating human iPSC-derived motor neurons (Hall et al.,
2017; Luisier et al., 2018; Mafﬁoletti et al., 2018) that are
positive for choline acetyl transferase (ChAT), SMI-32 and
beta III tubulin (TUJ1) (Fig. 1A). We ﬁrst conﬁrmed that
the extract preparation procedure was not sufﬁcient in itself
to induce seeded aggregation of TDP-43 by transfecting
control spinal cord extract into motor neurons (Fig. 1B).
We next attempted the same experiment using spALS spinal
cord samples, which led to TDP-43 aggregation in motor
neurons after 3 days as demonstrated by TDP-43 and phosphorylated TDP-43 (pTDP-43) co-positive inclusions, with
nuclear clearing of endogenous TDP-43 (Fig. 1B). This process continued at 7- and 14-days post inoculation including
round globular inclusions (Fig. 1B, Day 3 panel) and skeinlike inclusions (Fig. 1B, Day 14 panel) that are morphologically representative of TDP-43 inclusions observed in
ALS post-mortem tissue (Fig. 1B). The percentage of cells
with TDP-43 inclusions increased from Day 3 (2%) to
Day 7 (3.8%, P 5 0.01) and from Days 7 to 14 (6.7%,
P 5 0.01) (Fig. 1C). However, MTT assays revealed no
decrease in cell viability (Fig. 1D).
To increase the abundance of seeded aggregation in
motor neurons we used proteasomal inhibition to reduce
clearance of TDP-43 aggregates and temporarily induce
cytoplasmic TDP-43 mislocalization (Urushitani et al.,
2010; Wang et al., 2010; van Eersel et al., 2011; Scotter
et al., 2014). However, upon initial treatment with MG132
alone, we detected a large decrease in cell viability when
treating with 5 mM for 3 days (data not shown) and therefore further optimized the concentration to 2 mM for 6 h.
By subsequently adding our seeded aggregation paradigm
to these cultures, we demonstrated that the number of aggregates signiﬁcantly increased after 3 days (15%;
P 5 0.001) compared to treatment with the proteasome inhibition alone (4%) (Fig. 1E and F). We also observed a
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Figure 1 TDP-43 seeded aggregation in human iPSC-derived motor neurons and astrocytes. (A) Representative images of human
iPSC motor neurons immunolabelled with ChAT (green), beta III tubulin (TUJ1, red), and SMI32 (white). Scale bars = 100 mm. (B) Representative
images of seeded aggregation paradigm in human iPSC-derived motor neurons using normal control spinal cord (CTRL SC) or spALS spinal cord
extract at 3, 7 and 14 days immunolabelled for pTDP-43 (green), TDP-43 (red), and counterstained with DAPI (blue). Scale bars = 10 mm. (C)
Quantification of percentage of cells containing pTDP-43-positive aggregates in human iPSC-derived motor neurons at 3, 7 and 14 days. (D) MTT
assay of cellular viability in motor neurons transfected with either CTRL spinal cord or spALS spinal cord for 3-, 7- and 14-day time points. (E)
Representative images of motor neuron cultures treated with proteasome inhibitor MG132 alone (2 mM, 6 h) or MG132 + spALS spinal cord
stained for nuclei (DAPI, blue), TDP-43 (red) and activated Casp3 (green). Arrows indicate TDP-43 aggregates and arrowheads represent motor
neurons with nuclear cleared TDP-43. Scale bars = 30 mm. (F) Quantification of percentage of cells containing TDP-43 aggregates upon treatment
(continued)
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Astrocytes protect motor neurons
from seeded TDP-43 aggregation and
toxicity
To investigate the neuroprotective capacity of human astrocytes, we took motor neurons after seeded aggregation for 3
days and performed a co-culture experiment. We quantiﬁed
the number of ChAT-positive motor neurons with TDP-43
aggregates and found that both co-culture and astrocyte
conditioned medium (ACM) treatments signiﬁcantly
reduced the percentage of cells containing TDP-43-positive
aggregates from 37.8% to 23.4% (astrocyte co-culture)
(P 5 0.01) and 20.4% (ACM) (P 5 0.01) (Fig. 3A and B).
Crucially, treatment with ACM also reduced cytoplasmic
TDP-43 in motor neurons from 28.3% to 22.7%
(P 5 0.01) (Fig. 3C). Finally, we a found a signiﬁcant reduction in the number of activated Casp3-positive cells from
32.2% to 19.2% (P 5 0.01) with astrocyte co-culture and
32.2% to 19.3% (P 5 0.01) with ACM treatment (Fig. 3D).
These data suggest astrocyte-mediated neuroprotection,
which is—at least in part—contact independent. This neuroprotective astrocyte state in our paradigm is further reinforced by the absence of expression of complement 3 (C3),

a recognized marker of toxic astrocytes (Liddelow et al.,
2017) (Supplementary Fig. 2A).

Recombinant TDP-43 oligomers are
toxic to motor neurons but not
astrocytes
There is now accumulating evidence to support the notion
that soluble oligomeric species of misfolded proteins are the
cause of toxicity in several neurodegenerative diseases with
prominent protein misfolding (Benilova et al., 2012;
Forloni et al., 2016). Having previously demonstrated
that our paradigm using sarkosyl-insoluble extract from
post-mortem ALS tissue can induce the formation of
TDP-43 oligomers in HEK293 cells (Smethurst et al.,
2016), we ﬁrst conﬁrmed the presence of TDP-43 oligomer
in spALS spinal cord extract itself using a previously characterized TDP-43 oligomer-speciﬁc antibody to probe dot
blots (Supplementary Fig. 3). We next tested the hypothesis
that it was TDP-43 oligomers themselves that were (at least
part of) the toxic principle. To address this we prepared
recombinant TDP-43 oligomer expressed in HEK293 cells.
This puriﬁed recombinant TDP-43 was then subject to analytical size exclusion chromatography, coupled with multiangle light scattering (SEC-MALS) where the majority of
the TDP-43 was detected in the void volume (high molecular weight fraction) with an average molecular mass of
2000 kDa indicating that TDP-43 readily forms large
aggregates in a puriﬁed state (Fig. 4A). To check for the
presence of TDP-43 oligomers in these fractions we used
TDP-43 oligomer-speciﬁc antibody to probe dot blots of
fractions taken under the high molecular weight peak (fractions 7–8.6). We detected the strongest signal for TDP-43
oligomer in the 8.2 fraction (Fig. 4B). To obtain large
amounts of concentrated TDP-43 oligomer for experimental use we increased the amount of recombinant protein
generated from the HEK293s and performed SEC. This
protein was eluted in a high volume of buffer and then
subject to a centrifugal ﬁlter to produce a more concentrated preparation of TDP-43 oligomers (70 mM)
(Fig. 4C).

Figure 1 Continued
with MG132 alone and MG132 plus spALS spinal cord extract. (G) Quantification of activated Casp3-positive cells per total cell number at each
treatment condition. (H) Representative images of human iPSC-derived astrocytes immunolabelled for ALDH1L1 (green) and GFAP (red). Scale
bars = 100 mm. (I) Representative images of astrocytes with either no treatment, treated with CTRL SC, MG132 (2 mM, 6 h) alone and with
MG132 plus transfection spALS spinal cord extract and fixed at 3 days stained with DAPI (blue), and immunolabelled for TDP-43 (red) and pTDP43 (green). Scale bars = 30 mm. (J) Percentage of cells with pTDP-43 aggregates following treatment with either control spinal cord, spALS spinal
cord, MG132 alone (2 mM, 6 h) and MG132 plus transfection of spALS spinal cord extract fixed at 3 days. (K) Representative images of astrocytes
treated with MG132 (2 mM, 6 h) alone or with MG132 plus transfection of spALS spinal cord extract and fixed at 3 days stained with DAPI (blue),
and immunolabelled for TDP-43 (red) and activated Casp3 (green). Scale bars = 30 mm. Arrows indicate TDP-43 aggregates and/or with nuclear
clearance of TDP-43. (L) Percentage of cells with activated Casp3 following treatment of cultures with MG132 alone (2 mM, 6 h) or MG132 plus
transfection of spALS spinal cord extract. Data are expressed as mean  SEM and represent three separate control cell lines, each in technical
triplicate P 5 0.01 and P 5 0.001; n.s. = not significant.

Downloaded from https://academic.oup.com/brain/article-abstract/143/2/430/5732965 by Francis Crick Institute user on 14 February 2020

Next, we investigated the propagation of TDP-43 aggregates from astrocytes to motor neurons by performing
seeded aggregation in astrocytes and then co-culturing
with control untreated motor neurons for 3, 7 and 14
days [Fig. 2B(i)]. We observed ChAT-positive motor neurons containing TDP-43 aggregates with cleared nuclear
endogenous TDP-43 at 3 days [Fig. 2B(ii)], indicating that
TDP-43 aggregates can propagate from astrocytes to motor
neurons. At Day 7, the number of aggregates in ChATpositive cells decreased signiﬁcantly from 9.2% to 2.8%
(P 5 0.05) and again to 1% at Day 14 (P 5 0.01)
[Fig. 2B(iii)]. These data indicate that TDP-43 aggregates
can initially propagate from astrocytes to motor neurons
but they are cleared after 7 and 14 days. Cumulatively,
these data from iterative co-culture paradigms raise the
possibility that astrocytes may, at least initially, exhibit
neuroprotective properties in the context of seeded TDP43 proteinopathy.
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Figure 2 Spread and propagation of TDP-43 aggregates between motor neurons and astrocytes. [A(i–iii)] Motor neuron to
astrocyte co-culture. [A(i)] Diagram of a motor neuron with TDP-43 aggregate transfer to an astrocyte. [A(ii)] Representative images of motor
neurons seeded with TDP-43 aggregates and co-cultured for 3 (top), 7 (middle), and 14 days (bottom) with non-treated healthy astrocytes.
White inset box is displayed to the right at high power magnification. Blue = DAPI; red = TDP-43; green = ALDH1L1. Scale bars = 50 mm in
the left column; 10 mm in the right column. [A(iii)] Percentage of ALDH1L1-positive astrocytes containing TDP-43 aggregates at 3, 7 and 14 days.
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Discussion
We have demonstrated that seeded aggregation can successfully be achieved in HEK293 cultures without overexpressing TDP-43, using enriched seeding material. We next
applied this to human iPSC-derived motor neurons.
Indeed, most studies of in vitro prion-like seeded aggregation of proteins such as tau (Frost et al., 2009a, b; Nonoka
et al., 2010; Guo and Lee, 2011), SOD1 (Münch et al.,
2011; Furukawa et al., 2013) and TDP-43 (Furukawa
et al., 2011; Nonaka et al., 2013) used an overexpression
background to facilitate seeding, which our model circumvents, therefore representing a more physiological human
model of TDP-43 pathology for studying sporadic ALS in
the target cell type.
The number of TDP-43 aggregates reproducibly and signiﬁcantly increased in frequency with longer incubations,
which is consistent with either de novo formation over
these time periods and/or aggregate spreading from cell-tocell. We have not formally excluded the possibility that these
ﬁndings result from a time-dependent increase in internalized
persistent aggregates from the ALS inocula, although all cultures were routinely washed rigorously with fresh medium
three times 6 h after transfection to mitigate this risk. Future
studies might systematically address this through molecular

labelling of the seeds coupled with live cell imaging. A signiﬁcant increase in the seeded aggregation reaction was
observed upon treatment with MG132 (15% versus
2% at Day 3). We have previously demonstrated that
serial passage of TDP-43 pathology further enhances its potency and the increased abundance of seeded aggregation
demonstrated in the experiments performed in Fig. 3 compared to those in Fig. 1 reproduces this earlier published
ﬁnding (Smethurst et al., 2016).
The lack of toxicity in human iPSC-derived motor neurons treated with seeded aggregation alone in this study
likely reﬂects low frequency and abundance of TDP-43 inclusions observed. However, upon proteasomal inhibition
and subsequent seeded aggregation, the number of TDP-43
aggregates and activated Casp3-positive cells signiﬁcantly
increased compared to proteasome inhibition alone suggesting that such TDP-43 seeded aggregation is indeed toxic
under deﬁned cellular states. The sequential proteasome inhibition and inoculation of the spALS spinal cord extract
resulted in the increased formation of TDP-43 aggregates in
both human iPSC motor neurons and astrocytes. Indeed, a
mouse motor neuron-driven expression of proteasome dysfunction, but not autophagy, resulted in a robust model of
TDP-43, FUS, ubiquilin-2 and optineurin mislocalization
and aggregation with a resultant ALS phenotype (Tashiro
et al., 2012).
The number of TDP-43 aggregates is higher in all treatment conditions in motor neurons compared to astrocytes
suggesting that motor neurons are more susceptible to proteasome-induced exacerbated seeding of TDP-43 than
astrocytes. This is also supported by evidence from the
differential over expression of TDP-43 in motor neurons
and astrocytes in mouse brain, where neurons were more
vulnerable to TDP-43 pathology initially but ageing
increased the accumulation of TDP-43 in astrocytes, and
inhibition of the proteasome caused an increase in astrocyte-mediated toxicity (Sen et al., 2013). Spreading and
propagation of pTDP-43 aggregates in vitro via exosomes
and along neuronal processes have been previously established (Nonaka et al., 2013; Feiler et al., 2015). TDP-43
proteinopathy spread form motor neuron to astrocyte and
astrocyte to motor neuron most likely also uses these same
mechanisms. Indeed, evidence from prion studies shows
that propagation of the scrapie isoform of prion protein
(PrPSc) in primary neuron and astrocytes co-culture happens in a cell contact dependent manner via tunnelling
nanotubes (Victoria et al., 2016). Astrocytes are proposed

Figure 2 Continued
[B(i–iii)] Motor neuron to astrocyte co-culture. [B(i)] Diagram of an astrocyte with TDP-43 aggregate transfer to a motor neuron. [B(ii)]
Representative images of astrocytes seeded with TDP-43 aggregates and co-cultured for 3 (top), 7 (middle), and 14 days (bottom) with healthy nontreated motor neurons. White inset box is displayed to the right at high power magnification. Blue = DAPI; red = TDP-43; green = ChAT. Scale
bars = 50 mm in the left column; 10 mm in the right column. [B(iiii)] Percentage of ChAT-positive motor neurons containing TDP-43 aggregates at 3,
7 and 14 days. Data are expressed as mean  SEM and represent three separate control cell lines, each in technical triplicate, P 5 0.05

P 5 0.01 and P 5 0.001. Panels A(i) and B(i) were constructed using images from free-to-use resources at https://smart.servier.com/.
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To investigate cell type-speciﬁc toxicity of TDP-43 oligomers we applied them to cultures of human iPSC-derived
motor neurons and astrocytes, using previously determined
toxic concentrations (500 nM) for 24 h (Fang et al., 2014).
Additionally, we sonicated these preparations to break
down any potentially larger species to determine if this
conferred any difference in toxicity. We demonstrated
that these oligomers were signiﬁcantly toxic to motor neurons in both sonicated and non-sonicated forms (26.5%,
P 5 0.001) compared to the control (11.6%; lower molecular weight fraction of the SEC with TDP-43 oligomer
absent) after 24 h, detected via an increase in activated
Casp3 immunolabelling (Fig. 4D, top and E).
Interestingly, these oligomers were comparatively less
toxic to astrocytes under the same treatment conditions
(Fig. 4D and F) and did not induce C3 expression
(Supplementary Fig. 2B). These data further support the
cell type-speciﬁc differences observed in our seeded aggregation paradigm and suggest that toxicity in this context is
likely, at least in part, attributable to TDP-43 oligomer
species.
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motor neurons with no treatment, MG132 + spALS spinal cord, MG132 + spALS spinal cord + astrocyte, MG132 + spALS spinal cord + ACM
triple immunolabelled for the motor neuron marker ChAT (green), TDP-43 (red) activated Casp3 (white) and counterstained with DAPI (blue).
Scale bars = 30 mm. (B) Quantification of percentage of ChAT-positive cells containing TDP-43 aggregates in each treatment. (C) Percentage of
cytoplasmic TDP-43 in motor neurons in each treatment. (D) Percentage of ChAT-positive and activated Casp3-positive cells in each treatment.
Data are expressed as mean  SEM and represent three separate control cell lines, each in technical triplicate, P 5 0.05 P 5 0.01 and

P 5 0.001.

to have a higher efﬁciency of protein clearance than neurons (Tydlacka et al., 2008) and this may be an intrinsic
protection mechanism of astrocytes to clear pathology
from neurons. We speculate that a ‘help me’ signal from
motor neurons to astrocytes could ultimately (once juxtaposed astrocytes signal back) lead to the release of toxic
TDP-43 aggregates from motor neurons for their subsequent uptake and clearance within astrocytes, which is
consistent with our data. More recent evidence supporting
our data shows that -synuclein ﬁbrils and aggregates are
efﬁciently spread between primary neurons and astrocytes
and between astrocytes themselves, but less so from astrocytes to neurons. Astrocytes were found to be more efﬁcient at degrading -synuclein aggregates than neurons

(Loria et al., 2017). Similar phenomena have also been
noted for prions in primary cultures (Choi et al., 2014)
and for huntingtin aggregates in Drosophila (Pearce
et al., 2015). Therefore, the further elucidation of these
mechanisms could lead to protective therapeutic avenues
that limit spread and increase protein degradation via manipulation of neuroprotective astrocyte responses. These
differences in propagation and spread may well also be
dependent on the strain of the pathological misfolded protein and/or differential endocytic activity between the two
cell types. These potential mechanisms warrant further investigation to understand the complex cell type-speciﬁc
biology of TDP-43 spread and propagation. Additionally,
it is noteworthy that (unlike motor neurons) astrocytes can
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Figure 3 Astrocytes are neuroprotective to seeded aggregation and toxicity in motor neurons. (A) Representative images of
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still proliferate upon reactive transformation (Barres and
Barde, 2000), which could allow them to dilute out any
cytotoxic misfolded proteins by means of cell division. The
relative resilience of astrocytes to seeded aggregation might
also be explained by ubiquitin–proteasome system activity
being higher in glia than neurons, resulting in their selective vulnerability to perturbed proteostasis (Tydlacka et al.,
2008).
Previous studies have indicated non-cell autonomous deleterious effects by astrocytes carrying mutations in TARDBP
(Tong et al., 2013), SOD1 (Nagai et al., 2007; Di Giorgio
et al., 2008; Marchetto et al., 2008; Rojas et al., 2014),
C9orf72 (Madill et al., 2017) and VCP (Hall et al., 2017).

Furthermore astrocytes from patients with sporadic ALS
were also found to be deleterious (Re et al., 2014). In contrast to studying astrocytes derived from patients with ALS,
we have studied the responses of wild-type astrocytes to sporadic ALS-related pathomechanisms. The lack of deleterious
astrocyte reactive transformation we observed here further
underpins the resilient nature of astrocytes to form a neuroprotective response to early insults. Therefore, we would
speculate that our studies represent very initial (preclinical)
responses of astrocytes to sporadic ALS at disease onset. We
propose that astrocytes may undergo deleterious A1 reactive
transformation later in the disease process (Liddelow et al.,
2017), but may well adopt compensatory A2 responses
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Figure 4 TDP-43 oligomers are comparatively more toxic to motor neurons when compared to astrocytes. (A) SEC-MALS
analysis of recombinant TDP-43 purified from HEK cells demonstrating high molecular weight between elution fractions 6–8 min against
absorbance at 280 nm (red line), Molar mass in kDa (green line), and light scattering (blue line). (B) Dot blot of fractions under the high molecular
weight peak (7–8.6 min) immunolabelled with polyclonal TDP-43 oligomer antibody. Load fraction was whole fraction pre-SEC. (C) Dot blot of
fraction 8.2 that was subject to concentration. (D) Top row: Representative images of motor neurons (MNs) treated with non-sonicated or
sonicated 500 nM TDP oligomer for 24 h and stained with DAPI (blue), and immunolabelled for TDP-43 (red), and activated Casp3 (green). Scale
bars = 50 mm. Bottom row: Representative images of astrocytes (ACs) treated with non-sonicated or sonicated 500 nM TDP-43 oligomer for 24 h
and stained with DAPI (blue), and immunolabelled for TDP-43 (red), and activated Casp3 (green). Scale bars = 90 mm. (E) Quantification of
activated Casp3-positive motor neurons after 24 h treated with sonicated or non-sonicated TDP-43 oligomer for 24 h. (F) Quantification of
activated Casp3-positive astrocytes after 24-h treatment with 500 nM of either non-sonicated or sonicated TDP-43 oligomer for 24 h. Data are
expressed as mean  SEM and represent three separate control cell lines, each in technical triplicate.
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