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Abstract
TDP-43 is an aggregation-prone protein which accumulates in the hallmark pathological inclusions of amyotrophic lateral 
sclerosis (ALS). However, the analysis of deeply phenotyped human post-mortem samples has shown that TDP-43 aggre-
gation, revealed by standard antibody methods, correlates poorly with symptom manifestation. Recent identification of 
cryptic-splicing events, such as the detection of Stathmin-2 (STMN-2) cryptic exons, are providing evidence implicating 
TDP-43 loss-of-function as a potential driving pathomechanism but the temporal nature of TDP-43 loss and its relation 
to the disease process and clinical phenotype is not known. To address these outstanding questions, we used a novel RNA 
aptamer, TDP-43APT, to detect TDP-43 pathology and used single molecule in situ hybridization to sensitively reveal TDP-
43 loss-of-function and applied these in a deeply phenotyped human post-mortem tissue cohort. We demonstrate that TDP-
43APT identifies pathological TDP-43, detecting aggregation events that cannot be detected by classical antibody stains. We 
show that nuclear TDP-43 pathology is an early event, occurring prior to cytoplasmic accumulation and is associated with 
loss-of-function measured by coincident STMN-2 cryptic splicing pathology. Crucially, we show that these pathological 
features of TDP-43 loss-of-function precede the clinical inflection point and are not required for region specific clinical 
manifestation. Furthermore, we demonstrate that gain-of-function in the form of extensive cytoplasmic accumulation, but 
not loss-of-function, is the primary molecular correlate of clinical manifestation. Taken together, our findings demonstrate 
implications for early diagnostics as the presence of STMN-2 cryptic exons and early TDP-43 aggregation events could be 
detected prior to symptom onset, holding promise for early intervention in ALS.
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Introduction

TDP-43, encoded by the TARDBP gene, is an RNA-bind-
ing protein that predominantly localizes to the nucleus, 
and whose mislocalization and accumulation in patho-
logically phosphorylated cytoplasmic aggregates is a 
hallmark of amyotrophic lateral sclerosis frontotemporal 
dementia spectrum disorders (ALSFTSD). Indeed, TDP-
43 pathology is not just restricted to ALSFTSD, it can be 
seen in other neurodegenerative diseases, such as limbic-
predominant, age-related TDP-43 encephalopathy (LATE), 
and even in the brains of individuals without neurologi-
cal deficits as a part of aging [18, 21]. The hypothesized 
mechanisms underpinning the role of TDP-43 pathology 
in the pathogenesis of ALSFTSD can be broadly catego-
rised by (i) gain-of-toxic function, owing to the presence 
of cytotoxic insoluble inclusions accumulating in the cyto-
plasm and (ii) loss-of-function as insoluble, TDP-43 can 
no longer carry out its normal cellular function.

TDP-43 is known to function as a repressor of cryptic 
exons during splicing [15, 17]. TDP-43 represses cryp-
tic exon inclusion in Stathmin-2 (STMN-2) through its 
binding site in the first intron, but when pathologically 
mislocalized, TDP-43 fails to repress the incorporation 
of cryptic exon 2A into mature mRNA [5]. Truncated 
STMN-2 mRNA subsequently arises because of a pre-
mature polyadenylation signal in cryptic exon 2A itself 
[1, 14, 20]. Thus, the detection of this incorrectly spliced 
STMN-2 cryptic exon is a sensitive molecular marker of 
TDP-43 loss-of-function. Indeed, loss-of-function mecha-
nisms have been demonstrated to play an important role in 
disease pathogenesis in preclinical [8, 22, 24] and clini-
cal studies [19]. Additionally, evidence exists supporting 
gain-of-function mechanisms underpinning the pathogenic 
role of TDP-43 in ALSFTSD. We have shown previously 
that the presence of phosphorylated TDP-43 (pTDP-43) 
aggregates (gain-of-function) are a specific marker of 
cognitive dysfunction [18] and others have demonstrated 
gain-of-function roles in preclinical [2, 9, 26] and clinical 
studies [12].

Despite there being evidence for TDP-43 contributing 
to the pathogenesis of ALSFTSD through both gain- and 
loss-of-function mechanisms, there is little evidence exam-
ining the relative contribution, and temporal nature of 
these mechanisms in human tissue. Here, we have devel-
oped tools to examine both gain- and loss-of-function in 
a deeply clinically phenotyped cohort of post-mortem 
ALSFTSD cases. Our previously published [3, 10, 11] 
cohort is composed of individuals stratified by clinical and 
pathological features across a range of disease subtypes 
(sporadic ALS, ALS-SOD1 and ALS-C9orf72), in brain 
regions associated with cognitive function (executive, 

language and fluency), and cognitive symptom presenta-
tions (with or without cognitive deficits measured during 
life using the Edinburgh Cognitive ALS Screening tool). 
Using extra-motor brain regions has the advantage of pro-
filing patients at different stages of the disease spectrum 
allowing us to probe the temporal nature of these mecha-
nistic disease drivers. Using this temporally stratified 
cohort, we have developed tools to detect cryptic splicing 
events (single molecule in situ hybridization probes) and 
a broader range of TDP-43 aggregation events (a TDP-
43 specific RNA aptamer [27]) to understand the relative 
contributions of gain and loss of TDP-43 function mecha-
nisms in the pathogenesis of ALSFTSD.

Methods

Case identification and cognitive profiling

Tissue was obtained from the Medical Research Council 
(MRC) Edinburgh Brain Bank (Table 1). All post-mor-
tem tissue was collected with ethics approval from East 
of Scotland Research Ethics Service (16/ES/0084) in line 
with the Human Tissue (Scotland) Act (2006). Use of post-
mortem tissue for studies was reviewed and approved by 
the Edinburgh Brain Bank ethics committee and the Aca-
demic and Clinical Central Office for Research and Devel-
opment (ACCORD) medical research ethics committee 
(AMREC). Clinical data were collected as part of the Scot-
tish Motor Neurone Disease Register (SMNDR) and Care 
Audit Research and Evaluation for Motor Neurone Disease 
(CARE-MND) platform, with ethics approval from Scot-
land A Research Ethics Committee (10/MRE00/78 and 15/
SS/0216) and have been published previously [3, 10, 11]. 
Donors underwent neuropsychological testing during life 
with the Edinburgh Cognitive and Behavioural ALS Screen 
(ECAS) and all patients consented to the use of their data.

The clinically diverse patient cohort

To build a suitable patient cohort for our study, we set out to 
establish numerically balanced groups of four “case types” 
for comparison: These were (1) “Concordant” cases, where 
cognitive deficits had been identified along with pTDP-43 
brain pathology, (2) “Discordant” cases, where pTDP-43 
brain pathology had been identified but not cognitive defi-
cits, (3) “Disease control” cases, constituting ALS patients 
with identified ALS-associated mutations (SOD1) but 
where no brain pTDP-43 pathology or cognitive deficit was 
identified, and (4) “Non-disease control” cases, represent-
ing controls with no diagnosis of ALS, no proteinopathy at 
post-mortem and no cognitive deficits in life (Table 1). For 
each of two cognitive brain regions (BA44 associated with 
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language and fluency, and BA46 associated with executive 
function) for which TDP-43 brain pathology had been inves-
tigated, we identified three individuals for each of the four 
case types above. For both cognitive brain regions, cognition 
measured by the Edinburgh Cognitive ALS Screening tool 
and brain pTDP-43 pathology information was available and 
published previously [10].

Immunohistochemistry and  BaseScope™ in situ 
hybridisation

Formalin-fixed, paraffin-embedded (FFPE) tissue was cut on 
a Leica microtome into 4 μm thick serial sections that were 
collected on Superfrost (ThermoFisher Scientific) micro-
scope slides. Sections were baked overnight at 40 °C before 
staining. Sections were dewaxed using successive xylene 
washes, followed by alcohol hydration and treatment with 
picric acid to minimise formalin pigment. For pTDP-43 pro-
tein staining, antigen retrieval was carried out in citric acid 
buffer (pH 6) in a pressure cooker for 30 min, after which 
immunostaining was performed using the Novolink Polymer 
detection system (Leica Biosystems, Newcastle, UK) with 
a 2B Scientific (Oxfordshire, UK) anti‐phospho(409–410)‐
TDP-43 antibody at a 1 in 4000 dilution and a Novus stath-
min-2 antibody (St. Louis, USA) at a 1:500 dilution with no 
antigen retrieval step.

For validation of STMN-2 expression, two  BaseScope™ 
probes were designed, one that targets STMN-2 down-
stream of exon 2 to detect normal STMN-2 (STMN-2(N); 
Catalogue number 1048241-C1), and one that targets the 

STMN-2 cryptic exon (STMN-2(CE); Catalogue number 
1048231-C1). The  BaseScope™ protocol was performed as 
we have published previously with no additional modifica-
tions [3, 11]. Slides were counterstained using haematoxylin 
and blued with lithium carbonate. STMN-2 expression was 
quantified manually by a pathologist blinded to clinical and 
phenotypic data. Manual grading was performed by counting 
the number of transcripts per cell in 20 cells in each of three 
40 × fields of view per section. Whole tissue sections were 
scanned with brightfield illumination at 40 × magnification 
using a Hamamatsu NanoZoomer XR. Using NDP.view2 
viewing software (Hamamatsu), regions of interest (ROIs) 
were taken from key regions for quantification as described 
below.

Immunohistochemistry modifications for RNA 
aptamer staining

Tissue was prepared in the same way for IHC as listed 
above. Following deparaffinisation, rehydration, and anti-
gen retrieval, slides were incubated with peroxidase block 
for 30 min followed by 5-min wash step with TBS. Avidin 
and biotin blocking steps were then carried out using a biotin 
blocking kit (ab64212) as per the manufacturer’s guidelines 
followed by a 5-min TBS wash step and a 5-min wash step 
with milli-Q water. 156nM of aptamer (TDP-43Apt CGG 
UGU UGCU with a 3' Biotin-TEG modification, ATDBio, 
Southampton, UK) prepared in Milli-Q water was applied 
to the tissue and incubated for 3 h at 4 °C followed by incu-
bation with 4% PFA overnight at 4 °C. A 5-min wash with 

Table 1  Clinically stratified cohort of ALS cases and controls

Table showing the breakdown of cases and controls selected to represent each of the clinically stratified groups. Groups include cases with two 
brain regions (BA44—language and fluency and BA46—executive function) for which we have clinical data taken during life. Groups are: con-
trols with no evidence of a proteinopathy (non-ALS disease controls; i.e. no TDP-43 pathology and no dementia), disease controls (no TDP-43 
pathology but have ALS, e.g. SOD1), ALS concordant (TDP-43 pathology and cognitive dysfunction in that brain region) and ALS discordant 
cases (TDP-43 pathology with no evidence of cognitive dysfunction in that brain region)

BA44 (Language & Fluency) BA46 (Executive)

Case ID Cognitive deficit TDP – 
Pathology

Case type Case ID Cognitive deficit TDP – 
Pathology 

Case type

SD026/12 Yes Yes Concordant SD028/12 Yes Yes Concordant
SD049/15 Yes Yes SD047/13 Yes Yes
SD032/12 Yes Yes SD032/12 Yes Yes
SD008/13 No Yes Discordant SD006/17 No Yes Discordant 
SD033/15 No Yes SD008/13 No Yes
SD004/16 No Yes SD033/15 No Yes
SD012/13 No No Disease control (SOD1) SD012/13 No No Disease control (SOD1)
SD014/16 No No SD014/16 No No
SD015/16 No No SD015/16 No No
SD032/16 Control case No Non-ALS control SD032/16 Control case No Non-ALS control
SD030/18 Control case No SD030/18 Control case No
SD011/18 Control case No SD011/18 Control case No
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Milli-Q water then preceded incubation with anti-biotin 
HRP antibody (ab6651) diluted 1 in 200 in milli-Q water 
for 30 min followed by a 5-min wash step with Milli-Q 
water and incubation with DAB for 5 min. Slides were then 
counterstained, dehydrated and cleared as detailed above. 
For double staining, the entire  BaseScope™ staining proto-
col was implemented and following the application of red 
chromogen, slides were washed with TBS for 5 min and 
then taken straight to the avidin/biotin blocking steps of the 
aptamer staining protocol https:// doi. org/ 10. 17504/ proto 
cols. io. eq2ly jo4ml x9/ v1.

Immunofluorescence staining

Tissue was prepared in the same way for IHC as listed 
above. Following deparaffinisation, rehydration, and anti-
gen retrieval, slides were permeabilised in PBS + 0.3% Tri-
ton-X for 15min and then rinsed with PBS. Autofluores-
cence quenching was then performed by incubating slides 
for 2min in 70% ethanol, followed by 0.1% Sudan Black 
in 70% ethanol (20min) then a further 2 min in 70% etha-
nol. Slides were then washed in PBS followed by a 5 min 
incubation with TrueView (prepared as 1:1:1 components 
A, B and C). Slides were then washed for 5 min in PBS 
and blocked for 1h in blocking buffer (PBS supplemented 
with 1% goat serum and 0.1mg/ml salmon sperm DNA). 
Slides were then incubated overnight at 4°C with 1.2 μg/

mL pTDP-43 primary antibody (Proteintech, 22309–1-
AP) prepared in blocking buffer. Three 5 min washes with 
PBS preceded a 2-h incubation at room temperature with 
4 μg/mL Alexa Fluor 647-conjugated secondary antibody 
(ThermoFisher A21244) prepared in blocking buffer. 
Three 5 min wash steps with PBS were then preformed 
followed by incubation with 1.2 μg/mL C-terminal TDP-
43 Antibody with TDP-43APT (CGG UGU UGCU with a 
3' Biotin-TEG modification, ATDBio, Southampton, UK) 
[0.67 μM] prepared in blocking buffer for 4h at RT in the 
dark. A wash step was performed with blocking buffer 
with aptamer E2108 [0.67 μM i.e. 1:50]. Slides were then 
incubated with 4% PFA in PBS (30min), washed with PBS 
and then incubated with DAPI 1:10,000 (10min), washed 
with PBS and mounted with Vectashield anti-fade. Three 
5 min wash steps with PBS were then preformed followed 
by 4h covered incubation at room temperature with 1.2 
μg/mL CoraLite Plus 488-conjugated C-terminal TDP-43 
antibody (Proteintech, CL488-12892) and 0.67 μM TDP-
43APT (CGG UGU UGCU with a 3' Atto 590 modification, 
ATDBio, Southampton, UK) prepared in blocking buffer. 
A wash step was performed with blocking buffer supple-
mented with 0.67 μM Atto 590-conjugated  TDPAPT. Slides 
were then incubated with 4% PFA in PBS (30min), washed 
with PBS and then incubated with DAPI 1:10,000 (10min), 
washed with PBS and mounted with Vectashield anti-fade. 
Sections were imaged using a Zeiss AxioScan Z1 slide 
scanner with identical acquisition settings for all images.

Quantitative digital and manual pathology analysis

Ten (400 × 400 pixel) regions of interest (ROIs) were 
taken from each whole slide scanned image. Neuropil, 
neuronal nuclei, and neuronal cytoplasm were manually 
segmented using QuPath software [4]. Mean DAB inten-
sity for neuropil, neuronal nuclei and neuronal cytoplasm 
were calculated and exported for subsequent analysis. 
DoG superpixel segmentation analysis was then carried 
out on the neuropil, neuronal nuclei, and neuronal cyto-
plasm separately to quantify aptamer-positive foci. Here, 
compartments were split into superpixels generated from 
pixels with similar intensities and textures for further clas-
sification, and each superpixel was classified as positive 
or negative for aptamer dependent on pre-set DAB inten-
sity thresholds. The area of positive superpixels and total 
area were then exported. Weighted mean DAB intensity 
and weighted mean area of positive superpixels (where 
total area was used to weight) were then calculated per 
case (10 ROIs) to prevent pseudo replication. ROIs were 
then blinded and manually rated for (i) number of neurons 
with rod features (Nrods), (ii) more than one rod feature 
(N > 1rod + 1), (iii) nuclear morphologies consistent with 

Fig. 1  STMN-2 cryptic splicing events, but not pTDP-43 pathology, 
distinguish between distinct clinical phenotypes. i Representative 
photomicrographs taken at 40 × magnification demonstrating neu-
ronal phospho-TDP-43 pathology and Stathmin-2 (protein) staining 
using immunohistochemistry (left two panels), as well as Stathmin-2 
cryptic exon (CE) and Stathmin-2 normal mRNA transcripts using 
 BaseScope™ in  situ hybridization (right two panels). Blue arrows 
indicate absence of immunoreactivity, black arrows indicate posi-
tive staining on immunohistochemistry (protein) and red arrow indi-
cate postitive staining on in  situ hybridisation (mRNA). Each red 
dot represents a single mRNA transcript. Scale bar = 50 µm. ii Box 
plots demonstrating phenotypically conserved variation in Stathmin-2 
cryptic exon (CE) and Stathmin-2 normal transcripts per cell in the 
two brain regions examined (BA44 and BA46). Each bar of the box 
plot represents data from three cases, with medians (horizontal line 
on box), spread and skewness derived from counts of transcripts per 
cell from 20 cells in each of three randomly allocated regions of inter-
est, boxes represent min and max values. Graphs demonstrate counts 
to be consistent between clinically segregated groups with cases 
expressing more cryptic exon than controls and concordant cases 
demonstrating the most striking loss of normal Stathmin-2 expres-
sion. iii Box plots showing the ratio of cryptic exon to normal counts. 
Each bar of the box plot represents data from three cases, with medi-
ans (horizontal line on box), spread and skewness derived from ratio 
of counts shown in ii, boxes represent min and max values. Horizon-
tal dotted line at y = 1, shows that only concordant (clinically mani-
festing) cases have a ratio of > 1

◂

https://doi.org/10.17504/protocols.io.eq2lyjo4mlx9/v1
https://doi.org/10.17504/protocols.io.eq2lyjo4mlx9/v1
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aggregation (Nnuclearaggregation + 1), (iv) membrane 
pathology (Nmembranepath + 1), and (v) punctate cyto-
plasmic stain (Ncytoplasmicpuncta + 1). Blinded ROIs 
were also manually rated for the numbers of glia with (i) 
nuclear pathology and (ii) with cytoplasmic pathology. 
The product score for all neuronal features was calculated 
as

Weighted mean neuronal features (where total number 
of neurons was used to weight) and weighted mean glial 
features (where total number of glia were used to weight) 
were calculated per case (10 ROIs) to prevent pseudor-
eplication. Data were visualized using RStudio with the 
“ggplot2” package [23]. ANOVA was used to determine 
differences between controls, discordant and concordant 
groups. Pearsons or Spearman’s correlation tests were 
used to determine correlations between STMN-2 counts 
and aptamer scores.

((Nrods + 1) ∗ (N > 1rod + 1)

∗ (Nnuclearaggregation + 1) ∗ (Nmembranepath + 1)

∗ (Ncytoplasmicpuncta + 1))

Results

STMN‑2 cryptic splicing events, but not pTDP‑43 
pathology, distinguish between distinct clinical 
phenotypes

STMN-2 cryptic splicing pathology has been shown to be 
an accurate molecular marker of TDP-43 loss-of-function 
in ALS-TDP [20]. Here, we set out to develop tissue-based 
detection probes to identify, using in situ hybridization, 
STMN-2 cryptic splicing events and to understand their 
temporal relationship with TDP-43 pathology (detected by 
the pTDP-43 antibody) and clinical phenotype (by looking 
at cases covering a spectrum of clinical presentations). 
Clinical presentations included non-neurological controls 
and disease controls that had no evidence of pTDP-43 
pathology or cognitive dysfunction, as well as cases that 
did have pTDP-43 pathology, segregated into (i) concord-
ant cases, which had cognitive dysfunction, and (ii) dis-
cordant cases, which did not have cognitive dysfunction. 
Using this clinically and molecularly defined cohort, we 
first demonstrate normal STMN-2 protein expression using 
immunohistochemistry (Fig. 1a) in non-neurological and 
disease controls. The characteristic immunophenotype 
of STMN-2 protein distribution is that of a marginated 
crisp cytoplasmic stain forming a complete ring around 
the neuronal cell. This immunostaining corresponds to 
the presence of a  BaseScope™ in situ hybridisation signal 
of abundant normal STMN-2 (STMN-2(N)) mRNA tran-
scripts and the absence of STMN-2 cryptic exon transcripts 
(STMN-2(CE)) (Fig. 1a). In concordant cases, we observed 
abundant STMN-2(CE) cryptic exon transcripts, and an 
absence of full length STMN-2(N) mRNA, a finding that 
corresponded to the absence of STMN-2 protein immu-
noreactivity in neurons (Fig. 1a), illustrating that only the 
expression of the STMN-2(N) mRNA transcript results in 
normal STMN-2 protein expression. Interestingly, in dis-
cordant cases, both STMN-2(CE) and STMN-2(N) could 
be visualized within spatially distinct regions on serial 
sections. Quantification of the expression of each of these 
transcripts in brain regions BA44 and BA46, performed 
blinded to clinical and demographic information, demon-
strates that their abundance remains consistent between 
phenotypically similar cases and that STMN-2(CE) 
expression is consistently present in cases with pTDP-43 
pathology, but that STMN-2(N) is substantially reduced 
or completely absent only when cases also show clinical 
manifestation of that pathology (i.e., concordant cases; 
Fig. 1b).

Fig. 2  TDP-43APT identifies broader range of aggregation events 
compared to classical antibody approaches. a Representative photo-
micrographs taken at 40 × magnification demonstrating the staining 
pattern of neuronal and glial cells with a biotiylated RNA aptamer 
targeting TDP-43  (TDP43APT). Controls (left image) show no evi-
dence of immunoreactivity, and ALS cases (centre image) show 
pathological, neuronal and glial, nuclear and cytoplasmic, TDP-43 
accumulation. Scale bar is 20 µm. b Representative photomicro-
graphs taken at 20 × magnification demonstrating immunofluorescent 
staining with a pTDP-43 antibody (purple), a c-terminal TDP-43 anti-
body (green) and TDP-43APT (red). Scale bar is 5 µm and nuclei are 
stained with DAPI (blue). Images show two neurons (nuclei labeled 
1 and 2) affected by TDP-43 pathology. Cell 1 shows two cytoplas-
mic aggregates, one aggregate co-stains with the pTDP-43 antibody 
and TDP-43APT (purple arrowhead) and the other aggregate co-stains 
with the c-terminal antibody and TDP-43APT (green arrowhead). The 
cell labelled 2 shows a nuclear aggregate (red arrowhead), identified 
by the TDP-43APT, but which is obscured by the “normal” (i.e., func-
tional, non-phosphorylated) C-terminal antibody staining. Endothelial 
cells (lower panel) that are not involved by TDP-43 pathology show 
only diffuse, non-aggregated C-terminal antibody and TDP-43APT 
staining (blue arrowheads) and show no immunoreactivity for pTDP-
43. ib–e Representative photomicrographs taken at 40 × magnifica-
tion demonstrating DAB immunostaining for TDP-43APT highlighting 
neuronal nuclear features (c), neuronal cytoplasmic features (iv) and 
glial TDP-43 pathology (e). Scale bar = 20 µm

◂
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Notably, general patterns of STMN-2(CE) and STMN-
2(N) expression were similar for both language- and flu-
ency-associated region BA44, as well as executive func-
tion-associated BA46 region, across all four case types 
(Fig. 1b). Specifically, for both brain regions, STMN-2(CE) 
expression was low, but not completely absent, in SOD1 
(disease controls) and absent in non-disease controls, 
but high in concordant and discordant cases (both with 
pTDP-43 pathology). Normal STMN-2(N) expression in 
both regions was high in disease controls and non-disease 
controls, low for concordant cases, but moderate to high in 
discordant cases (Fig. 1b). Therefore, whilst the presence 
of STMN-2(CE) does appear to be an early pathological 
feature, preceding clinical symptoms, a combination of 
the presence of STMN-2(CE) and the loss of STMN-2(N) 
expression, calculated as a ratio (Ratio of > 1 is only seen 
in concordant cases; Fig. 1c), is better predictor of clinical 
phenotype than cryptic exon presence alone.

TDP‑43APT identifies broader range of aggregation 
events compared to classical antibody approaches

Using this molecularly and clinically phenotyped tissue 
cohort, we next explored the role of toxic gain-of-function. 
As pTDP-43 staining was not able to distinguish between 
differentially clinically stratified cases, we developed a 
modified staining technique to utilize our recently devel-
oped TDP-43 specific RNA aptamer [27]. Taking advan-
tage of the ability to easily modify RNA aptamers, we first 

biotinylated TDP-43APT for immunohistochemical staining. 
We subsequently developed a staining technique, requiring 
a post-staining fixation step (Supplementary Fig. 1), that 
achieves specific staining of TDP-43 pathology (Fig. 2a; left 
panel). Using this approach, we identified both neuronal and 
glial pathology in both the cytoplasm and nucleus of affected 
cells in ALS cases (centre panel; Fig. 2a), but not controls 
(left panel; Fig. 2a). We also demonstrate no evidence of 
binding with an aptamer comprising the reverse complement 
sequence (negative  controlAPT; Fig. 2a, right panel). Immu-
nofluorescent staining was performed using three markers 
of TDP-43 pathology (Fig. 2ii): (i) the pTDP-43 antibody 
(purple), (ii) the C-terminal TDP-43 antibody (green), and 
(iii) TDP-43APT aptamer (red). TDP-43APT was able to 
detect TDP-43 aggregate morphologies in the cytoplasm 
of affected cells (cell labelled 1) as well as nuclear accu-
mulation (cell labelled 2), that would ordinarily have been 
obscured by “normal” (i.e., functional, non-phosphorylated) 
C-terminal TDP-43 antibody staining (Fig. 2b). Additional 
examples of TDP-43APT binding to diverse aggregate mor-
phologies (including cytoplasmic and nuclear features) are 
detailed in Supplementary Fig. 2. The pathological features 
that the RNA aptamer can detect include nuclear membrane 
staining as well as nucleolar decoration, nuclear puncta, and 
nuclear rods (occasionally multiple nuclear rods) (Fig. 2c). 
Cytoplasmic neuronal accumulation can also be identified 
(Fig. 2d) as well as glial pathology (both nuclear and cyto-
plasmic (Fig. 2e)). In contrast, cases with SOD1 mutation 
do exhibit, albeit sparse, TDP-43 pathology (Supplemen-
tary Fig. 3). Of note, whilst TDP-43APT pathology is pre-
sent in SOD1 cases, the staining pattern is distinct from 
C9orf72 and sporadic cases in that (i) SOD1 cases exhibit 
fine nuclear puncta, occasional nucleolar staining (no evi-
dence of nuclear membrane staining nor nuclear rods), and 
minimal cytoplasmic pathology (Supplementary Fig. 3); and 
(ii) STMN-2 cryptic exons are detectable in cells that have 
TDP-43APT accumulation (Supplementary Fig. 3), however, 
are present at much lower levels compared to sporadic and 
C9orf72 cases and always maintain higher than control lev-
els of normal STMN-2 expression (Fig. 1b).

TDP‑43APT pathology correlates with cryptic exon 
splicing events

We next sought to understand the relationship between 
TDP-43 loss-of-function (using our STMN-2 ISH probes) 
and TDP-43 gain-of-function, using our TDP-43APT staining 
protocol. To do this, we used tissue from a discordant case 
where there were distinct regions that had both preserva-
tion of STMN-2 normal expression, as well as loss within 

Fig. 3  TDP-43 pathology detected by RNA aptamer correlates with 
molecular phenotype. a Representative photomicrographs taken at 
40 × magnification demonstrating dual DAB immunohistochemical 
staining for TDP-43APT and in  situ hybridization with  BaseScope™ 
to detect STMN-2 normal (N) and cryptic exon (CE) mRNA tran-
scripts (individual red dots are single mRNA transcripts of STMN-
2). Images are taken from distinct regions of a case with a discordant 
clinical phenotype (i.e. TDP-43 pathology present but no evidence 
of clinical manifestation) showing that in regions where there is no 
evidence of TDP-43APT pathology there is ample normal STMN-2 
mRNA expression (red arrowheads; top left image) and no cryptic 
exons present (lower left image). However, in regions where there is 
abundant nuclear and cytoplamsic aggregation seen with TDP-43APT 
staining (right images), there is a coincident loss of normal STMN-
2 expression (upper right image) and cryptic exons can be seen (red 
arrowheads; lower right image). Scale bar = 20 µm. b Image demon-
strating the presence of cryptic exons (red arrowheads) in a neuron 
with nuclear pathology (brown arrowhead) in the absence of substan-
tial cytoplasmic pathology (blue arrowhead). c Graph demonstrating 
the correlation between STMN-2 splicing pathology and TDP-43APT 
pathology with respect to nuclear (left graph) and cytoplasmic (right 
graph) TDP-43 pathology. d Summary of all comparisons made 
between TDP-43APT pathology (pathological features) and STMN-2 
cryptic splicing events

◂
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the same section. Using this approach, it was possible to 
visualize examples of cells where STMN-2(N) mRNA tran-
scripts are detected and where there is no evidence of TDP-
43APT pathology. Correspondingly, where there are cells 
with abundant TDP-43APT pathology, we see a reciprocal 
complete loss of STMN-2(N) mRNA transcripts (Fig. 3a, 
upper panel). We also demonstrate the reciprocal findings 
for STMN-2(CE) mRNA transcripts and aptamer features 
(Fig. 3a, lower panel). Indeed, cryptic exons appear to be 
present even with very mild (nuclear only) TDP-43APT 
pathology in the absence of significant cytoplasmic pathol-
ogy (Fig. 3b). These features were quantified using a com-
bination of pathological features derived from both digital 
and blinded manual grading of the cohort (Supplementary 
Fig. 4), we observe a significant correlation between STMN-
2 splicing pathology and TDP-43 pathology in the form 
of nuclear (R = 0.82; p = 0.0068) and cytoplasmic puncta 
(R = 0.73; p = 0.021) (Fig. 3c). A summary for all pathologi-
cal features is included in Fig. 3d. Importantly, this analy-
sis was performed on individually stained slides to prevent 
confounding effects of steric hindrance within the co-stained 
slides.

Nuclear TDP‑43APT pathology is an early event 
that coincides with TDP‑43 loss‑of‑function 
and precedes clinical symptom onset

Having demonstrated that TDP-43 loss-of-function, meas-
ured by STMN-2 cryptic splicing events, was associated 
with clinical phenotype and TDP-43APT pathology, we next 
wanted to understand the distribution of TDP-43APT features 
in our cohort and how distinct subcellular pathologies might 
relate to the temporal progression of clinical phenotype. We 
noted both cytoplasmic and nuclear pathological features in 
concordant, clinically manifesting regions, but more variable 
and sparser pathology, which was predominantly nuclear in 
discordant (pre-symptomatic) regions (Fig. 4a). This was 
quantified using a combination of digital and blinded manual 
assessment of pathological features (Supplementary Fig. 4), 
demonstrating that the extent of neuronal and glial pathol-
ogy was associated with clinical phenotype, with statistically 
significant differences between cases and controls as well as 
between concordant and discordant cases (Fig. 4b). These 
differences were largely driven by nuclear, but not cytoplas-
mic features, the extent of which appear to determine clinical 
phenotype (Fig. 4c, d). All statistical associations between 
pathological features and clinical phenotype are summarised 
in Table 2. These data support the hypothesis that TDP-
43APT nuclear staining, is an early event that occurs, along 
with STMN-2 cryptic exon emergence, prior to the clinical 
inflection point between pre-symptomatic and symptomatic 
states.

Discussion

In this study, we aimed to understand the relative contri-
butions of gain- and loss-of-function mechanisms under-
pinning TDP-43 pathology in ALSFTSD. To do this, we 
developed tools to probe gain-of-function (using TDP-43APT 
to identify aggregation events not readily visualised using 
classical antibody staining) and loss-of-function (STMN-2 
cryptic exon signatures) in a temporally, clinically strati-
fied post-mortem tissue cohort. We identify a tempo-
ral loss-of-function of TDP-43 starting with individuals 
characterized by differentially affected pools of neurons, 
some with evidence of cryptic splicing events and some 
with normal STMN- 2 splicing, who had not yet begun to 
develop symptoms of cognitive decline and ending with 
clinically manifesting individuals who had a complete 
loss of STMN-2 expression. We have shown previously 
[10] that in non-demented patients, TDP-43 pathology 
across a wide range of brain regions is a robust, specific 
marker of ALS across a range of cognitive dysfunction. 
Importantly, however, the sensitivity of TDP-43 pathology 
as a marker of cognitive dysfunction is poor—17.7% for 

Fig. 4  Nuclear TDP-43APT pathology is an early event that coincides 
with TDP-43 loss-of-function and precedes clinical symptom onset. 
a Representative photomicrographs taken at 40 × magnification dem-
onstrating the staining pattern of TDP-43APT in cases that have been 
clinically stratified in to non-neurological, concordant and discordant 
cases. Images on the left show the low power region that the digital 
zoom has focused on in the right panel. Nuclear and cytoplasmic fea-
tures have been annotated on the images. Scale bar = 50 µm. b Graphs 
demonstrating a product score of all neuronal pathologies (upper 
graph; ANOVA corrected for multiple comparisons shows statistically 
significant difference between groups, p = 0.000552), glial nuclear 
pathology (centre graph; ANOVA corrected for multiple comparisons 
shows statistically significant difference between groups, p = 0.00489), 
and glial cytoplasmic pathology (lower graph; ANOVA corrected 
for multiple comparisons shows statistically significant difference 
between groups, p = 0.0071), examined using digital and blinded 
manual assessment of images represented in a. c Graphs demonstrat-
ing neuronal nuclear pathologies including the number of cells with 
more than one visible nuclear rod (left graph; ANOVA corrected for 
multiple comparisons shows statistically significant difference between 
groups, p = 0.00136), nuclear puncta (centre graph; ANOVA cor-
rected for multiple comparisons shows statistically significant differ-
ence between groups, p = 0.001262), and nuclear membrane pathol-
ogy (right graph; ANOVA corrected for multiple comparisons shows 
statistically significant difference between groups, p = 0.000238), 
examined using digital and blinded manual assessment of images rep-
resented in a. d Graphs demonstrating neuronal cytoplasmic patholo-
gies including cytoplasmic puncta (left graph; ANOVA corrected for 
multiple comparisons shows statistically significant difference between 
groups, p = 0.0025), neuropil staining (centre graph; ANOVA cor-
rected for multiple comparisons shows statistically significant differ-
ence between groups, p = 0.964), and cytoplamsic staining area (right 
graph; ANOVA corrected for multiple comparisons shows statistically 
significant difference between groups, p = 0.4019), examined using 
digital and blinded manual assessment of images represented in i 
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executive function (3.8–43.4, 95% CI), 47.1% for language 
function (23.0–72.2, 95% CI), and for 26.7% letter fluency 
(6.80–55.1, 95% CI) [10]. Indeed, Prudencio et al. [20] 
found truncated STMN-2 to be a highly specific biomarker 
for FTLD-TDP, as STMN-2 was absent in brain tissues of 
patients with FTLD-FUS, FTLD-tau and in controls, and 
was absent in spinal cords of patients with ALS-SOD1 and 
in controls. However, STMN-2 seems a less sensitive marker 
in the frontal cortex (82.4%) and in the spinal cord (62.2%) 
of patients with FTLD-TDP. Although the STMN-2 cryptic 
exon was less sensitive, it was still appreciably more sensi-
tive than pTDP-43 at detecting clinical phenotype in these 
previous studies. In our cohort of cases, we consistently 
observed either loss of normal STMN-2 transcripts or gain 
of STMN-2 cryptic exons (or a combination of both), mak-
ing the ratio of STMN-2 cryptic to normal STMN-2 the most 
robust measure of pathology in these cases (Fig. 1c). We 
also observed that the extent to which these features were 
evident within cases, using this ratio advantage, was highly 
correlated with clinical phenotype, a finding that has also 
been seen in other cohorts where truncated STMN-2 has 
been shown to be associated with earlier age of onset of 
ALS-FTD [20]. Therefore, combined with our data demon-
strating that improved diagnostic accuracy can be achieved 
using the ratio of truncated to full-length STMN-2, this 
could provide additional insights into the likely develop-
ment of cognitive symptoms in this population.

This temporal spectrum of molecular features of TDP-43 
loss-of-function preceding the clinical inflection point (i.e., 
present prior to clinical manifestation in individuals/brain 
regions) also mapped on to TDP-43 pathology in distinct 
cell compartments. Using TDP-43APT, we identified early 
nuclear events which appeared to precede more extensive 
pathology involving both the nucleus and cytoplasm when 
individuals showed clinical signs in these brain regions. 
Indeed, nuclear TDP-43 pathology has been reported 
previously, with cells expressing GFP-tagged C-terminal 
fragments of TDP-43 [6] exhibiting irregularly shaped 
nuclei with deep invaginations of the nuclear membrane 
(imaged using electron microscopy), and with morpho-
logical features resembling the nuclear rods described here 
(Figs. 2 and 4). Furthermore, a recent study demonstrated 
differences between the morphology and ubiquitylation 
of cytoplasmic TDP-43 aggregates, where they observed 
premature and poorly ubiquitylated TDP-43 inclusions to 
be associated with high levels of nuclear TDP-43, whereas 
mature and well-ubiquitylated inclusions were associated 
with nuclear clearance of TDP-43 [25]. Additionally, recent 
work characterising CHMP7 accumulation in sporadic and 
familial ALS which has been shown to lead to dysfunction 
of the nuclear pore, leading to nuclear TDP-43 dysfunction, 
is consistent with our findings of temporal progression from 
early nuclear to later cytoplasmic pathology [7]. Crucially, 
TDP-43APT now provides the possibility to examine these 

Table 2  Statistical associations 
between pathological features 
and clinical phenotype

Table summarising all statistical comparisons made between clinically stratified cases for all pathological 
features examined. Differences between cases and controls and controls and concordant cases were driven 
primarily by the combination of nuclear and cytoplasmic pathology. However differences between discord-
ant and control cases were primarily driven by neuronal nuclear (but not cytoplamsic) features and glial 
pathology. These associations imply that nuclear features are an early sign of disease, but that widespread 
cytoplasmic pathology is required to show clinical manifestations
*p < 0.05; **p < 0.01; ***p < 0.001

Pathology Case v Controls concordant 
v Controls

Discordant 
v Controls

Concordant 
v Discord-
ant

Neuropil lntensity
Neuropil Area Positive Superpixeis
Nuclear Intensity
Nuclear Area Positive Superpixels * *
Cytoplasm lntensity
Cytoplasm Area Positive Superpixels
Neuronal Pathology Product Score ** *** **
Neurons with Rods *** ** **
Neurons with More Than 1 Rod *** ** *
Neurons with Nuclear Puncta *** ** *
Neurons with Nuclear Membrane Pathology *** *** **
Neurons with Cytoplasmic Punctate Staining ** **
Glia with Nuclear Pathology * * **
Glia with Cytoplasmic Pathology ** * *
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pathological processes as it can detect a wider range of 
aggregation events, including nuclear pathology, compared 
to standard antibody approaches alone. This also raises 
the possibility of early intervention as these early nuclear 
events, in our cohort, are in the pre-symptomatic disease 
phase raising the possibility of early, pre-symptomatic tar-
geting of nuclear pore pathology. The improved sensitivity 
and specificity of TDP-43APT in detecting TDP-43 pathol-
ogy, if adapted as a PET tracer or liquid biomarker, could 
aid in the identification of individuals for targeted early 
interventions. Furthermore, leveraging the improved sen-
sitivity and specificity of TDP-43APT and STMN-2 cryptic 
exon ISH probes to detect TDP-43 pathology, it may now 
be time to re-evaluate cohorts of patient central nervous 
system tissue to understand the true distribution of TDP-43 
pathology. For example, our data demonstrate that TDP-
43 pathology (both TDP-43APT and STMN-2 cryptic exons) 
is clearly evident in SOD1 cases (Supplementary Fig. 3) 
however, all three cases profiled here have the same SOD1 
mutation (I114T), which is a founder mutation in Scotland. 
Therefore, we do not yet know how generalizable this find-
ing is to the wider SOD1 mutant population. An in-depth 
re-evaluation of other ALSFTSD cases, other neurodegen-
erative diseases, and TDP-43 pathology in the context of 
ageing is now warranted.

It should also be noted that, as we do not yet know of any 
cryptic splicing targets for non-neuronal cells, we did not 
explore the role of glial pathology beyond profiling TDP-43 
pathology with TDP-43APT. However, we do demonstrate 
intriguing glial TDP-43APT pathology (Fig. 4b). Notably, 
nuclear pathology occurs early and is more variable and not 
linked to clinical phenotype beyond being a sensitive meas-
ure of case vs. control. Further interrogation of these find-
ings, including interpretation of the clinical and molecular 
context, is clearly warranted once specific cryptic splicing 
targets are discovered. Our own previous studies examining 
this stratified cohort have demonstrated cell-type specific 
differences for both (i) protein folding capacity including 
chaperone proteins (clusterin) [11], and (ii) inflammatory 
markers such as the NLRP3 inflammasome [3], indicating 
that cell-type specific changes may well underpin differen-
tial susceptibilities to signs of clinical deterioration in these 
brain regions.

TDP-43APT, is designed to have optimal affinity to bind 
to the RNA recognition motifs of TDP-43. Crucially, clini-
cal implementation of RNA aptamers has been limited due 
to the requirement for these molecules to fold into appro-
priate secondary structures [28]. However, as this TDP-43 
aptamer is designed to maintain a single-stranded struc-
ture, it is not subject to these limitations. Here we have 
adapted this aptamer for use with immunohistochemical 
staining using a biotin tag, demonstrating high specificity 
for pathological TDP-43, with cells unaffected by TDP-43 

pathology (e.g., endothelial cells in Fig. 2b) showing no 
immunoreactivity. Indeed, a range of other molecular tags 
are also possible, including fluorophores as we have pub-
lished previously [27]. Given the unprecedented sensitivity 
and specificity of TDP-43APT for disease-related pathology 
that we have demonstrated in this study, there is also the 
possibility that this aptamer could be tagged and used as a 
radiolabel for PET imaging or as a contrast agent for MRI 
[13, 16], as other aptamers have been used to detect amy-
loid plaques in Alzheimer’s disease. Other applications 
include using TDP-43APT to detect pathology in peripheral 
samples such as CSF and serum. The ability to differenti-
ate early pre-symptomatic disease states and the relative 
ease and cost-effectiveness of developing and synthesising 
RNA probes compared to antibody generation, combined 
with the flexibility to incorporate a diverse array of func-
tional tags are clearly advantageous properties compared 
to conventional antibody approaches. Further studies are 
clearly warranted to understand how the improved detec-
tion accuracy afforded by TDP-43APT could improve how 
pathology could be detected in a clinical setting.

Taken together, our findings demonstrate the tempo-
ral progression of TDP-43 pathology in non-motor brain 
regions in ALS and support the use of TDP-43APT and 
STMN-2 cryptic splicing events as informative readouts for 
both motor and non-motor clinical manifestations. Through 
utilisation of a TDP-43 aptamer, we uncover and describe 
a wide-range of TDP-43 aggregation events encompass-
ing early nuclear-only pathology through to later stage 
extensive cytoplasmic and nuclear pathology. The patho-
logical markers of loss-of-function, notably early nuclear 
pathology, as well as the STMN-2 cryptic splicing pathol-
ogy appear to manifest prior to the onset of clinical symp-
toms, indicating that these markers could provide targets 
for accurate early diagnosis but are not required for clinical 
manifestation. Our findings raise the possibility that the 
presence of STMN-2 cryptic exons in biofluids could be 
used as a marker of early disease prior to symptom onset. 
Furthermore, the ratio of CE:N STMN-2 could provide a 
reliable method to predict phenoconversion as ultimately 
the combination of cryptic exon presence as well as loss 
of normal STMN-2 is the best predictor, in our data, of 
clinical phenotype and that extensive TDP-43 cytoplas-
mic accumulation (gain-of-function) is required for clinical 
manifestation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 024- 02705-1.
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