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Abstract
Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease characterized by the selective loss 
of motor neurons (MNs), ultimately resulting in paralysis and respiratory failure within 3 to 5 years of onset. Fewer 
than 10% of ALS cases are familial (fALS), while the vast majority are sporadic (sALS) with an unknown etiology. A 
pathological hallmark of ALS is the accumulation of misfolded TDP-43 protein aggregates within MNs. Although 
TDP-43 is known to be degraded via chaperone-mediated autophagy (CMA), the status of CMA activity in sALS has 
not been previously explored. To investigate this, we analyzed CMA in human spinal cord tissue by assessing the 
expression of LAMP2A, a key lysosomal receptor and marker of CMA activity. In control samples, spinal cord MNs 
exhibited robust LAMP2A expression. In contrast, MNs from sALS patients showed a marked reduction in LAMP2A 
levels, coinciding with the presence of TDP-43 pathology. Notably, analysis of LC3, a marker of macroautophagy, 
revealed no significant differences in expression between control and sALS MNs. Interestingly, MNs within the 
Onuf’s nucleus, a population known to be resistant to degeneration in ALS, retained normal LAMP2A expression 
and did not exhibit TDP-43 aggregation in sALS cases. These findings demonstrated that CMA is essential for the 
clearance of TDP-43 in spinal cord MNs and that its dysfunction may contribute to the pathogenesis of sALS. 
Furthermore, the high dependence of spinal cord MNs on CMA activity may underlie their selective vulnerability 
to degeneration when CMA is impaired, and highlight CMA enhancement as a promising therapeutic strategy to 
restore proteostasis and prevent MN degeneration in ALS.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease characterized by the progressive loss 
of motor neurons (MNs) in the primary motor cortex 
and spinal cord (SC) [15, 75]. Most patients succumb 
within 3–5 years due to progressive palsy and respira-
tory failure [64]. The global prevalence and incidence are 
estimated at 4.1–8.4 per 100,000 individuals and 0.6–3.8 
per 100,000 person-years, respectively [54], with approxi-
mately 30,000 deaths reported annually [72]. ALS arises 
from a complex interplay of genetic and environmental 
factors [60], and manifests in familial (fALS) and spo-
radic (sALS) forms [91]. More than 20 genetic mutations 
have been implicated, with C9ORF72, FUS, TARDBP, 
and SOD1 being the most frequently involved [75].

Regardless of etiology or site of onset, ALS is a pre-
dominantly MN-selective neurodegenerative disorder 
for reasons that remain unclear. This selectivity has been 
attributed to several intrinsic features of MNs, including 
their large size, high metabolic demands, dependence 
on mitochondrial integrity, vulnerability to excitotox-
icity, disrupted intracellular calcium homeostasis, and 
impaired ubiquitin–proteasome system function [14, 67, 
75]. A bottom-up pathogenic model, retrograde neuropa-
thy originating at neuromuscular terminals, may account 
for the preferential degeneration of spinal MNs and the 
potential for trans-synaptic involvement of the primary 
motor cortex [65, 67]. Moreover, differences in neuro-
muscular junction architecture may underlie the relative 
resistance of certain MN subpopulations, such as oculo-
motor and Onuf ’s nuclei, although this remains experi-
mentally unverified [14].

Current therapeutic options for ALS remain limited. 
Riluzole, the first approved drug, extends survival by 
only 6–19 months [2]. Edaravone received FDA approval 
in 2017 [90], but failed to show efficacy in an indepen-
dent clinical trial in Italy [56]. More recently, antisense 
oligonucleotide therapies have been developed for fALS 
with SOD1 mutations [80]. Tofersen, approved in SOD1 
fALS following a phase III trial, did not yield significant 
clinical improvement but showed encouraging biomarker 
responses, including reductions in cerebrospinal fluid 
SOD1 protein and plasma neurofilament light chain 
(NfL) levels [61]. Similarly, Relyvrio, initially approved 
for slowing ALS progression, was later withdrawn after a 
failed phase III trial [4, 68]. Given the absence of effec-
tive treatments for ALS, there is an urgent need for 
further preclinical research and improved drug-target 
identification.

Among the cellular pathways increasingly implicated 
in ALS pathogenesis, autophagy plays a central role in 
maintaining protein homeostasis and cellular integ-
rity [49, 82, 87]. This multi-step process involves the 
lysosomal degradation and recycling of intracellular 

components, including aberrant proteins and damaged 
organelles [82]. Three types of autophagy are described 
in mammals: macroautophagy (MA), microautophagy, 
and chaperone-mediated autophagy (CMA). While MA 
and microautophagy involve bulk degradation and direct 
lysosomal delivery of cargo, respectively [1], CMA selec-
tively targets proteins bearing a KFERQ-like motif. These 
are recognized by the HSC70 chaperone and delivered to 
the lysosomal receptor LAMP2A, the key limiting factor 
for CMA in the neurons [13, 42, 73, 77].

Notably, TDP-43, a nuclear RNA-binding protein 
involved in RNA processing, genome integrity, and 
mRNA metabolism [5, 31, 66], contains the KFERQ-like 
motif [48]. In approximately 95% of ALS cases, TDP-43 
is mislocalized, forming phosphorylated and ubiquiti-
nated cytoplasmic aggregates that are hallmark features 
of spinal MN pathology [18, 22, 23, 66]. Although these 
aggregates are prominent in sALS, mutations in TARDBP 
and C9orf72 can also lead to TDP-43 proteinopathy [76]. 
Clearance of TDP-43 aggregates is critical to mitigate 
their cytotoxicity and has been linked to both the ubiq-
uitin–proteasome system and MA [24, 66, 86]. Moreover, 
reducing TDP-43 levels in ALS mouse models improves 
motor deficits, suggesting that motoneuronal dysfunc-
tion may be at least partially reversible [43]. It has been 
proved in experimental models that MA activation, for 
instance through mTOR inhibition, enhances TDP-43 
turnover and cell viability [32, 33].

Given the role of TDP-43 in ALS and its potential rec-
ognition by CMA, we investigated LAMP2A expression, 
a key marker of CMA in human SCs [48]. We analyzed 
SC tissue from six control subjects (n = 6; 3 females, 3 
males) and ten sALS patients (n = 10; 6 females, 4 males), 
which exhibited varying degrees of TDP-43 proteinopa-
thy. In control SCs, we observed intense LAMP2A 
expression in MNs across all regional levels. In con-
trast, sALS SC samples showed a marked reduction in 
LAMP2A expression in MNs, both in early pathological 
stages, characterized by nuclear TDP-43 clearance and 
granular cytoplasmic aggregates, and in advanced stages 
with dense cytoplasmic TDP-43 inclusions. Interest-
ingly, Onuf ’s nucleus MNs, which are relatively spared 
in ALS [14, 58], displayed strong LAMP2A expression 
and lacked TDP-43 pathology. Recent studies in animal 
models have identified CMA as a key regulator of excit-
ability in neurons, highlighting its potential relevance to 
MNs vulnerability in sALS [46]. These findings suggest 
that CMA dysfunction may contribute to the selective 
vulnerability of MNs in ALS and underscore a potential 
protective role of preserved CMA activity in resistant 
MN populations.
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M&M
Human tissue processing
Human control samples without neurological disorder 
(n = 6 SC) were obtained from anonymous donations 
through the Anatomy Innovation Service of Miguel 
Hernandez University Medical School, which provides 
administrative and ethical support, with the approval 
of the Institutional Review Board. Samples and data 
from patients included in this study (n = 10 SC) were 
provided by the Biobank IMIB (National Registry of 
Biobanks B. 0000859) (PT20/00109), integrated in the 
Platform ISCIII Biobanks and Biomodels and they were 
processed following standard operating procedures 
with the appropriate approval of the Ethics and Scien-
tific Committees. Voluntary donations were obtained 
from patients included in the Phase I and II of clinical 
trial nº EudraCT:2006-00309612, NCT00855400 and EC 
07/90,762, NCT01254539 (Supplementary Table 1).

Tissue Preparation and immunohistochemical 
staining
Spinal cords were fixed in 10% formalin (Sigma-Aldrich, 
Germany) for 5 days at room temperature. Following 
fixation, the SC was transversely trimmed into tissue 
slides (TS) 5–7 mm thick and labelled in a rostro-caudal 
order into progressive cervical, thoracic, lumbar, or sacral 
regions (Supplementary Fig. 1). TS underwent a progres-
sive dehydration process in ethanol, followed by butanol 
and were subsequently embedded in paraffin. Transversal 
sections, 7–10  μm thick, were then obtained from four 
selected TS at each SC region, covering the entire region, 
and mounted on microscopy slides (MS) in 20 parallel 
series (Supplementary Fig. 1).

Spinal cords were processed to paraffin embedding 
and sectioning sections following the protocol described 
in Supplementary Fig. 1. MS were processed by Hema-
toxylin-Eosin (H&E, serie 1), Cresyl violet (CV, serie 2), 
and immunohistochemistry (series 3–11). We conducted 
immunohistochemical analysis on subsequent parallel 
series of MS from cervical segments C3-6 (n = 20), tho-
racic segments T8-11 (n = 20), lumbar segments L2-5 (n 
= 20), and sacral segments S1-4 (n = 20) of control and 
sALS SCs. To minimize experimental bias in the data of 
ALS patients, T2–T6 segments were excluded because 
7 patients had received intraspinal autologous graft of 
mononuclear bone marrow cells (MNBMc) in the T3–T5 
[10], intrathecal MNBMc graft, or intrathecal adminis-
tration of saline solution, as placebo group (clinical tri-
als (CT) NCT00855400 and NCT04849065, Phase I 
and II; Supplementary Table 1). Finally, one patient was 
not included in Phase II CT and was classified as a not 
treated ALS patient (Supplementary Table 1). Our pre-
vious pathological data from the Phase I CT showed no 
significant modifications in non-experimental segments 

[11], therefore, the rostral and caudal segments relative to 
T2–T7 were considered affected in accordance with the 
natural progression of the disease in each patient.

Immunohistochemistry procedures were described in 
Blanquer et al., [11]. Briefly, sections were treated with 
primary antibodies, diluted in EnVision FLEX Antibody 
Diluent (DAKO, Denmark), 24 h at 4 °C (Supplementary 
Table 2). Following primary antibody incubation, sec-
tions were incubated 2 h with the appropriate biotinyl-
ated secondary antibody (Supplementary Table 2). Then, 
sections were incubated with Avidin–Biotin Complex 
for 1 h (ABC kit, Vector Laboratories CA-94010). For 
colorimetric detection (brown), the tissue was incubated 
with 1% 3,3’-Diaminobenzidine (DAB; Vector Labora-
tories SK-4100) and 0.0018% H2O2 in PBS. For double 
immunohistochemistry with anti-TDP 43/anti-ChAT 
and anti-TDP-43/anti-LAMP2A, anti-TDP-43 was incu-
bated with 1% 3,3’-Diaminobenzidine (DAB; Vector 
Laboratories SK-4100), 0.025% ammonium nickel sul-
fate hexahydrate, and 0.0018% H2O2 in PBS for colori-
metric detection (black). For double immunochemistry 
with anti-GFAP/anti-IBA1, anti-IBA1 was processed to 
obtain a black color. For immunofluorescence experi-
ments, after primary antibody incubation, sections were 
washed in PBST and incubated for 2 hours at room 
temperature with an Alexa Fluor 488-conjugated goat 
anti-rabbit secondary antibody (1:500; Invitrogen, USA). 
Sections series processed in parallel without primary or 
secondary antibodies did not show any specific or non-
specific labeling (Supplementary Fig. 2). Finally, the sec-
tions were dehydrated and mounted in Eukitt (O.Kindler 
GmbH and CO, Freiburg), whereas immunofluorescence 
sections were mounted using Mowiol mounting medium 
(Sigma-Aldrich).

Microscopy and statistical analysis
Images were captured using an optical microscope (Leica 
CTR6000) and were utilized to assess the percentage 
of cellular area expressing various markers, including 
LAMP2A, LC3, and GBA (see below). After identifying 
MNs in ventro-medial and ventro-lateral columns (where 
more MNs were identified in ALS patients), the ImageJ 
program was employed to quantify the percentage of area 
expressing LAMP2A, LC3, and GBA relative to the total 
cell area (n = 20 MNs/marker in each group). Statistical 
analysis comparing sALS and control samples was per-
formed using Sigmaplot v11.0 software. The data were 
presented as mean values ± standard error (SE), and pair-
wise comparisons between sALS and control samples 
(attending: gender, segmental level and MNs column) 
were conducted using the Student’s t-test. Graphs and 
statistical visualizations were generated using GraphPad 
Prism version 10 (GraphPad Software, San Diego, CA). A 
significance level of p < 0.05 was considered statistically 
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significant, with *p < 0.05, **p < 0.01, and ***p < 0.001 
denoting different levels of significance. Additionally, to 
validate these findings with higher sensitivity, quantita-
tive immunofluorescence was performed for LAMP2A 

expression. For this purpose, 16-bit fluorescence images 
were acquired to ensure a high dynamic range and pre-
vent signal saturation. A total of 10 MNs per subject were 
analyzed in a cohort of 4 control subjects (n = 40 total 

Fig. 1 (See legend on next page.)
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MNs) and 5 ALS patients (n = 50 total MNs). Fluores-
cence intensity was quantified using the Corrected Total 
Cell Fluorescence (CTCF) method, calculated as follows: 
(IntDen - (Area * Mean Background)). The background 
value was determined by the mean fluorescence of three 
representative regions adjacent to each MN. Statistical 
analysis comparing sALS and control samples was per-
formed using Sigmaplot v11.0 software for DAB samples 
and GraphPad Prism version 10 for immunofluorescence 
data. The data were presented as mean values ± standard 
error (SE), and pairwise comparisons between sALS and 
control samples (attending: gender, segmental level and 
MNs column) were conducted using the unpaired, two-
tailed Student’s t-test. Graphs and statistical visualiza-
tions were generated using GraphPad Prism version 10 
(GraphPad Software, San Diego, CA). A significance level 
of p < 0.05 was considered statistically significant, with 
*p < 0.05, **p < 0.01, and ***p < 0.001 denoting different 
levels of significance.

Results
Spinal motoneurons exhibit elevated expression levels 
of LAMP2A.

Given that TDP-43 is a potential substrate for CMA 
[37, 66], we investigated LAMP2A expression, the rate-
limiting component of CMA [73], in spinal MNs.

To investigate LAMP2A expression in the human SC, 
we conducted immunohistochemical analyses on sec-
tions from C3–C4, T8–T9, L3–L4, and S2–S3 segments 
(n = 10 slides per segment) obtained from control SC 
(n = 6; Supplementary Table 1). MNs were identified 
based on their distinct morphological features observed 
with H&E and CV staining, as well as their immunore-
activity for choline acetyltransferase (ChAT) (Fig. 1a). In 
parallel slides we observed robust and specific LAMP2A 
expression in MNs across all SC segments (Fig. 1b–g). 
The immunoreactivity exhibited a puncta perinuclear 
pattern within the MN cytoplasm, consistent with lyso-
somal membrane localization of LAMP2A [77] (Fig. 1e-
h). Additionally, most MNs also contained lipofuscin 
granules that were immunonegative for both ChAT and 
LAMP2A (Fig. 1d, e; Supplementary Fig. 3a–d).

In contrast, LAMP2A immunoreactivity was markedly 
lower in other neuronal populations, including Clarke’s 
column neurons (TCNs; Fig. 1i, j; Supplementary Fig. 3e) 

and dorsal horn sensory neurons (SNs; Fig. 1k); Supple-
mentary Fig.  3f ). In TCNs, LAMP2A-positive puncta 
were distributed throughout the cytoplasm rather than 
showing a perinuclear concentration as seen in MNs 
(Fig. 1i, j). Additionally, glial cells (GCs) exhibited mini-
mal LAMP2A immunoreactivity (Supplementary Fig. 3d, 
f–h).

Then, we explored potential age- and sex-related dif-
ferences in CMA by comparing SC samples from Con-
trol 1 and 6, derived from 64- and 62-year-old females, 
respectively, with Control 3 and 5, obtained from 
53-year-old males (Fig.  2a). Our analysis did not reveal 
significant differences in LAMP2A expression among 
these SC samples. Notably, despite the male samples 
being approximately 10 years younger than the female 
samples, LAMP2A expression levels were comparable. 
Furthermore, comparison of SC samples from Control 
1 and 6 with Control 4 (a 70-year-old female, almost 10 
years older) also showed no substantial differences in 
LAMP2A expression (data not shown). Therefore, do not 
reveal age-related or sex-specific differences in LAMP2A 
expression in MNs.

These findings indicate that spinal MNs selectively 
express high levels of LAMP2A, suggesting heightened 
CMA activity.

Spinal motoneurons of sALS patients exhibit low 
expression levels of LAMP2A.

To analyze CMA activity in spinal MNs of sALS 
patients, we performed LAMP2A immunohistochem-
istry on sections from C3-C4, T8-T9, L3-L4, and S2-S3 
segments of sALS patient’s SC (n = 10; Supplementary 
Table 1. In sALS SCs, cervical, lumbar, and sacral seg-
ments exhibited a greater number of detectable MNs 
based on morphological and immunohistochemical 
criteria (a mean of 9–12 MNs/section, 12–17 MN/sec-
tion, and 5–10 MN/section, respectively) compared to 
thoracic segments (0–3 MN/section). Consequently, 
we increased in our study the number of thoracic slides 
(n = 20) to ensure at least 20 thoracic MNs were analyzed 
in each patient, along with 20 MNs from other SC regions 
(n = 10 from each segment), which were then compared 
with the same number of control MNs. In all cases of 
sALS SC, LAMP2A immunopositivity was notably weak 
in most of the MNs (Figs.  2 and 3). While the major-
ity of MNs from sALS patients showed a significantly 

(See figure on previous page.)
Fig. 1  ChAT-positive cells and LAMP2A expression in control motor neurons (MNs). a Distribution of ChAT-positive MNs in the lumbar spinal cord. b–k 
LAMP2A immunoreactivity in neurons of the control lumbar spinal cord. b Low-magnification image showing the localization of gray and white matter 
regions in spinal cord sections. c High LAMP2A expression was selectively observed in MNs of the anterior gray horn (AGH) (arrows). d–h MNs in the 
anterior gray horn exhibited a distinct, highly LAMP2A-immunopositive puncta pattern in the perinuclear cytoplasm (arrows in f and g). i–j Neurons 
of Clarke’s thoracic column showed no LAMP2A immunostaining, or only scattered puncta expression localized to the cell body periphery (arrows). k 
Sensory neurons in the dorsal horn did not show LAMP2A immunoreactivity (arrow). Abbreviations: AF = Anterior funiculus, AGH = Anterior gray horn, 
lcst = Lateral corticospinal tract, Lf = Lipofuscin, MNs = Motoneurons, PF = Posterior funiculus, PGH = Posterior gray horn, S = Neuronal soma, N = Neuronal 
nucleus, n = Neuronal nucleolus, SN = Sensory neuron, TCN = Clarke’s thoracic column neurons. Scale bar: A: 300 μm; B: 3 mm; C: 300 μm; D: 120 μm; E: 
60 μm; F, G: 20 μm; H: 160 μm; I, J, K: 20 μm
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Fig. 2 (See legend on next page.)
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reduced expression of LAMP2A (Figs. 2a and b and 3a–
e), a small subset (approximately 5–10% of MNs) exhib-
ited peripheral or normal cytoplasmic distribution of 
LAMP2A-positive puncta (Fig. 2d, e). These results were 
corroborated by quantitative immunofluorescence analy-
sis of LAMP2A expression. Analysis of 40 motor neu-
rons (MNs) from four control spinal cords and 50 MNs 
from five sALS patients revealed a significant reduction 
in LAMP2A expression in sALS MNs compared with 
controls (Fig. 3v), consistent with reduced chaperone-
mediated autophagy (CMA) activity. These findings sug-
gest a decrease in CMA activity in sALS MNs relative to 
controls. In contrast, spinal MNs from the patient ALS40 
displayed a moderate reduction in LAMP2A expression 
in approximately 60% of MNs (Fig. 2f, g; Supplementary 
Fig. 5).

Macroautophagy is preserved in sALS patients’ 
motor neurons
In animal models of ALS, impaired MA and autophago-
some formation have been reported [9, 19, 24, 32, 33, 74]. 
Therefore, to evaluate MA function in our human SC 
sections, we examined the expression of the autophago-
some marker microtubule-associated protein light chain 
3 (LC3) using immunohistochemistry [39]. Moreover, 
in selective MA, a specific interaction between p62 and 
LC3 is necessary to mediate the autophagic degradation 
of p62-positive structures [92]. The detection of p62-pos-
itive aggregates serves as an indicator of MA deficiency 
in tissues [92]. Consequently, p62 expression was also 
analyzed in our samples. Lastly, to investigate lysosomal 
formation and distribution in MNs we assessed the 
expression of the lysosomal enzyme glucocerebrosidase 
(GBA) [8].

Abundant immunopositive LC3 puncta aggregates 
were detected in the cytoplasm of both controls (Fig. 3f ) 
and sALS spinal MNs (Fig.  3g-j). GBA immunolabeling 
was observed as a puncta pattern dispersed in the cyto-
plasm with higher perinuclear density (Fig. 3k-p).

To compare CMA, MA and lysosomal formation, we 
quantified immunopositive puncta of LAMP2A, LC3B, 
and GBA in SC MNs where the nucleus was clearly 
detected and in nonconsecutive sections to ensure 
that we did not count the same neuron multiple times. 
We selected 10 MNs of the antero-lateral MNs column 
in two control SC (Controls 1 and 3; 5 MNs at cervi-
cal and 5 MNs at lumbar segments), as well as 10 MNs 

of antero-lateral MNs column in two patients’ SC, ALS 
24 and 47 (5 MNs at cervical and 5 MNs at lumbar seg-
ments) (Fig.  3a-p). Our quantitative analysis demon-
strated that LAMP2A expression is significantly reduced 
in sALS MNs, while autophagosomes formation detected 
by LC3 puncta and the number of lysosomes related to 
the GBA expression showed no significant differences 
(Fig.  3q). Furthermore, to confirm the specificity of the 
increased LAMP2A immunoreactivity in control SC 
MNs, we observed no qualitative differences in LC3 
expression between MNs and TCN in control samples 
(Fig. 3r, s).

The analysis of P62-protein intracytoplasmic deposits 
in all the parallel series processed by P62 immunohis-
tochemistry detected only 5 MNs in lumbar sections of 
ALS 40 patient SC (Fig.  3t), where also TDP-43 depos-
its appeared in the parallel series (Fig.  3u). All other 
control and sALS SC samples showed no p62 deposits. 
These results further support that MA is not significantly 
affected in human sALS MNs.

Analysis of LAMP2A, LC3, GBA, and p62 expres-
sion in MNs from control and ALS patient samples did 
not reveal any significant sex- or age-related differences 
in expression levels. However, in ALS 40, increased 
LAMP2A expression (Supplementary Fig. 5) and p62 
accumulation (Fig. 3t) were observed in a subset of MNs, 
suggesting the possibility of a distinct etiological variant 
of sALS in this patient.

Glial cells increase the expression of LAMP2A in sALS 
spinal cords
In control SC tissue, glial cells in both white and gray 
matter exhibit weak LAMP2A expression (Fig. 4a; Sup-
plementary Fig. 3d, f, g). In contrast, LAMP2A-immu-
nopositive glial cells of sALS SC were observed in the 
anterior horn gray matter and were more abundant 
in the lateral and medial corticospinal tracts (lcst and 
mcst; Fig. 4b–c). High-magnification images of the lcst 
revealed intensely LAMP2A-expressing cells with reac-
tive astroglial morphology [40, 85], interspersed among 
LAMP2A-negative axonal fascicles (Fig. 4d–f). GFAP 
immunostaining highlighted the typical morphology of 
reactive astrocytes (Supplementary Fig. 4a–c), which in 
some cases displayed disrupted cytoplasmic processes 
and somatic vacuolization (Supplementary Fig. 4c). This 
phenomenon, known as clasmatodendrosis [88], was first 
described by Ramón y Cajal in 1913 [17].

(See figure on previous page.)
Fig. 2  Expression of LAMP2A in healthy and sALS motor neurons (MNs). a Ten MNs representing spinal motor neurons from two control spinal cords, 
showing high expression of LAMP2A in the perinuclear region (Control 1: cells 1, 3, 5, 7, and 9; Control 3: cells 2, 4, 6, 8, and 10). b Ten distinct spinal 
MNs from two different sALS spinal cords, displaying low expression of LAMP2A (ALS 47: cells 1, 3, 5, 7, and 9; ALS24: cells 2, 4, 6, 8, and 10). c–d Low-
magnification images showing weak LAMP2A expression in MNs (arrows) and strong LAMP2A expression in glial cells (arrowheads) within the anterior 
gray horn. e In some sALS MNs, LAMP2A-positive puncta are localized at the periphery of the cytoplasm (arrows). f–g Images of MNs in sALS spinal cords 
exhibit nearly normal localization of LAMP2A-positive puncta (arrows), along with strong LAMP2A expression in glial cells (arrowheads). Abbreviations: 
S = Neuronal soma; N = Neuronal nucleus. Scale bar: A, B, C: 60 μm; D: 60 μm; E: 30 μm; F, G: 60 μm
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To determine if this increase of LAMP2A is due to the 
inflammation associated with the axonal neurodegen-
eration resulting from degeneration of primary cortical 
MNs, we studied the presence of immunocompetent cells 
infiltration using IBA1 and CD68 immunohistochem-
istry. LAMP2A expression in astroglial cells was colo-
calized within lcst and mcst, alongside IBA1-positive 
microglia (Supplementary Fig.  4d-f ). There was also a 
notable infiltration of CD68-immunopositive cells, which 
appeared to be concentrated within perivascular spaces 
(Fig.  4g, h; Supplementary Fig.  4d, e). IBA1-positive 
microglial cells were also observed surrounding axons 

within these tracts (Supplementary Fig.  4f ). Therefore, 
the significant increase of LAMP2A expression in glial 
cells may be due to an inflammatory process in cortico-
spinal tracts as a consequence of axonal degeneration. 
Moreover, high-power pictures from the anterior horn 
showed the presence of CD68 immunopositive cells 
between MNs (Fig.  4i), suggesting that an inflamma-
tory process in the gray matter may also be associated 
with a reactive increase of LAMP2A expression in some 
glial cells. Double immunodetection using LAMP2A 
and IBA1 showed the distribution of LAMP2A-positive 

Fig. 3  Differential expression of LAMP2A, LC3 and GBA markers in control and sALS spinal MNs. a-e Presence of perinuclear expression of LAMP2A in 
control MNs (A) but not in sALS b-e. f-j Autophagosomes detected by LC3 puncta aggregates are present in both control (f ) and sALS neurons g-j. k-p 
GBA positive neurons show elevated perinuclear density in control (k) and sALS neurons m-p. q LAMP2A expression is significantly reduced in sALS MNs 
(***p < 0.001) while remaining unaltered in LC3 and GBA positive cells. r-s Microphotographs showing LC3 expression in thoracic column neurons of sALS 
spinal cord. t-u Localization of p62 (t) and TDP-43 (u) deposits in sALS lumbar spinal MNs. (v) Quantification of LAMP2A fluorescence intensity (CTCF, A.U. 
x106) in control and sALS MNs. Each point represents the mean value of an individual subject (n = 4 Controls, n = 5 sALS; 10 MNs per subject). Data are 
shown as mean ± SEM; **p = 0.004 (unpaired t-test). (w, x) Representative immunofluorescence images of LAMP2A (green) in Control (W) and sALS (X) 
motoneurons. Scale bar: (a-p) 40 μm; r,s: 40 μm; t, u: 40 μm; w, x: 20 μm
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Fig. 4  LAMP2A and CD68 inflammation marker expression in glial cells. a Control spinal cord section showing the absence of LAMP2A immunolocaliza-
tion in the white matter. b-f LAMP2A positive astroglial cells in the lateral corticospinal tract of sALS spinal cord sections (arrows). Corticospinal axonal 
profiles are identified (a). Some LAMP2A positive glial cells showed cellular processes evolving axonal profiles (f, arrowheads). g, h CD68 expression as a 
marker for inflammatory cells. Perivascular infiltration of CD68 positive cells is predominant in the lateral corticospinal tract. i Inflammatory cells (CD68 
immunopositive) are also detected in the anterior gray matter (arrows). LF: Lateral funiculus; MN: Motoneuron; PGH = Posterior gray horn. a = axon. Scale 
bars: a: 3 mm; b: 2 mm; c: 150 μm; d: 60 μm; e: 30 μm; f: 30 μm. g: 2 mm; h: 200 μm; i: 30 μm
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astroglia and IBA1-positive microglia in the cortico-spi-
nal tracts (Supplementary Fig. 4f ).

The analysis of glial activation by LAMP2A expression 
in lateral and medial cortico-spinal tracts of sALS MNs 
did not show any age- or sex-specific differences when 
comparing expression levels in SC sections.

TDP-43 proteinopathy in LAMP2A deficient sALS 
motoneurons.

Spinal MNs from control SC exhibited TDP-43 immu-
noexpression primarily in the cell nucleus (Fig. 5). We 
performed ChAT (Fig. 5a) and double ChAT/TDP-43 
immunohistochemistry (Fig. 5b, c), identifying colo-
calization of TDP-43 nuclear expression in ChAT-
positive MNs (Fig. 5b, c). Additionally, we conducted 
double immunohistochemistry in another section series 
to investigate the localization of TDP-43 and LAMP2A 

Fig. 5  Co-expression of LAMP2A and TDP-43 protein in healthy neurons. a ChAT positive neurons in the AGH specifically identify MNs. b, c Co-expression 
of TDP-43 protein predominantly in the nucleus (black staining) and ChAT protein in the cytoplasm (brown staining). d, e Co-expression of LAMP2A 
(brown staining) and TDP-43 (black staining), showing the close cytoplasmic colocalization of TDP-43 (e, big arrows labelling black punctata) and LAMP2A 
positive zones (e, small arrows labelling brown punctata) (arrows). f, g Co-expression of ChAT (brown staining) and TDP-43 (black staining). Arrow in f 
identifies nucleo-cytoplasmic connection of TDP-43 protein. g Cytoplasmic colocalization of TDP-43 (large arrows) and ChAT (small arrows) positive zones. 
Lf = Lipofuscin. N: nucleus. Scale bars: a: 600 μm; b: 30 μm; c: 60 μm; d, f: 50 μm; g: 30 μm
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in spinal MNs (Fig. 5d-g). Some TDP-43 immunopositive 
puncta were detected in the cytoplasm (Fig. 5e), occa-
sionally in continuity with its nuclear expression (Fig. 5f ), 
suggesting a nucleo-cytoplasmic transfer of this protein 
[5]. These cytoplasmic TDP-43-positive colocalized with 
LAMP2A-positive puncta (Fig. 5d, e). The observed colo-
calization of TDP-43 and LAMP2A in the cytoplasm of 
control MNs further supports the involvement of CMA 
in TDP-43 cytoplasmic clearance.

Nuclear depletion and cytoplasmic deposits of TDP-43 
in motor system neurons and glia have been described in 
ALS patients and animal models [18, 23]. As mentioned 
before, it has also been reported that TDP-43 is a sub-
strate of CMA [37, 44, 55, 66]. Therefore, we explored if 
LAMP2A deficient MNs of our sALS patients presented 
TDP-43 proteinopathy. We performed TDP-43 immuno-
histochemistry on sections of parallel series as described 
previously: C3-4, T8-9, L3-4, and S2-3 SC segments (n = 
10 slides in each segment) of sALS patients SC (n = 10; 
see Supplementary Table 1). Anti-TDP-43 immunohisto-
chemistry was counterstained with Cresyl violet, showing 
different degrees of proteinopathy in sALS spinal MNs. 
Most MNs in the spinal anterior gray matter showed 
TDP-43 proteinopathy (90–95% of MNs) (Fig. 6a-g, k). 
We classified TDP-43 cytoplasmic inclusions according 
to Kon et al. [50] into three categories: (1) fine punctate 
granules scattered diffusely in the cytoplasm (DPSC) (Fig. 
6k), (2) round inclusions (RIs) about 1–15 μm in diameter 
(Fig. 7a, b), and (3) skein-like inclusions (SLIs) (Fig. 6d-f ). 
Predominant nuclear immunolocalization and punctate 
granules in the cytoplasm, similar to those observed in 
control MNs, were observed in 3–5% of sALS MNs (Fig. 
6, i). Additionally, 30–35% of MNs showed only partial 
or total depletion of nuclear TDP-43 immunopositive 
granules, with DPSC (Figs. 6-k), but without important 
cytoplasmic deposits, which has been described as the 
initial proteinopathy in relation to stress granules in ALS 
MNs [50, 62]. In the rest of the analyzed MNs (60%), they 
showed nuclear clearance accompanied by cytoplasmic 
deposits, together with strong degenerative cytoplasmic 
vacuolization in colocalization with TDP-43 aggregates, 
in agreement with Martin [59] (Fig. 6-g). Moreover, the 
normal cisternal pattern of Nissl bodies in the cyto-
plasm (Fig. 6-j) disappeared in sALS MNs showing TDP-
43 aggregates and was replaced by a granular, scattered 
pattern intermixed with DPSC of TDP-43 (Fig. 6, g, k). 
In contrast, anterior horn interneurons showed normal 
nuclear TDP-43 expression (Fig. 6m).

To analyze the co-expression of TDP-43 and LAMP2A 
in the patient’s MNs, another parallel series of sections 
were processed by double immunohistochemistry using 
anti-TDP-43 and anti-LAMP2A antibodies (Fig. 7). First, 
the reduction of LAMP2A expression in sALS MNs was 
clear, being especially evident in MNs with RIs (Fig. 7, b). 

Second, in most sALS MNs with reduction of LAMP2A 
expression, nuclear clearance and DPSC of TDP-43 was 
clearly detected (Fig. 7). In addition, the distribution and 
typology of TDP-43 aggregates in LAMP2A-depleted 
MNs were heterogeneous and sometimes combined in 
the same cell, detecting a mixture of DPSC with round 
aggregates and SLIs. TDP-43 filiform inclusions were 
localized into MNs dendritic proximal segments (Fig. 7, 
f, i, j). Moreover, some MNs showed TDP-43 filaments 
across the cellular membrane (Fig. 7, g, h). While we can-
not exclude the possibility that these transmembrane 
localization of TDP-43 filaments may result from fixation 
artefacts, the presence of TDP-43 filaments in the inter-
stitial space near MNs (Fig. 7j, k), suggest the possibility 
of transmembrane trafficking and raises the potential for 
transcellular transmission of misfolded TDP-43 protein.

Interestingly, ALS40 SC MNs showed a reduced degree 
of TDP-43 proteinopathy. Actually, although more than 
40% of MNs showed TDP-43 cytoplasm aggregates (Sup-
plementary Fig.  5, a-c), more than 30% of MNs showed 
only nuclear depletion of TDP-43, and another 30% nor-
mal localization of this protein (Supplementary Fig.  5). 
These findings suggest that CMA is more active in this 
patient, as described previously (Fig.  2, g). Accordingly, 
we examined the expression of LAMP2A in ALS40 SC 
(Supplementary Fig.  5, h). Our analysis revealed that 
the ALS 40 SC MNs exhibited higher LAMP2A expres-
sion than the other sALS SC, which may account for the 
reduced TDP-43 pathology. Quantification of LAMP2A 
expression in ALS40 SC MNs was similar to control SC 
MNs (Supplementary Fig. 5).

The analysis of TDP-43 expression, and TDP-43/
LAMP2A co-expression in sALS MNs, with the excep-
tion of ALS40, did not show any sex-specific differences 
when comparing expression levels in sections from 
SC (Supplementary Table 1). As was described above, 
ALS40, although with more LAMP2A expression and 
less degree of TDP-43 proteinopathy, has the faster evo-
lution: 11 months in comparison to the rest with a mean 
of 27,4 months (Supplementary Table 1). This may sug-
gest a different pathogenic mechanism underlying the 
MN degeneration and reflects the heterogeneity of the 
disease evolution in each patient.

Onuf’s nucleus motoneurons exhibit high expres-
sion levels of LAMP2A in sALS spinal cords.

In the sacral levels of sALS patients, Onuf ’s nucleus 
was identified due to the presence of a significant num-
ber of ChAT-positive MNs in the anterior horn, between 
anterolateral and anteromedial columns (Fig. 8a-c). While 
surrounding spinal MNs in the anterior horn showed a 
cytoplasm with a degenerative vacuolar profile, Onuf ’s 
MNs appeared without cytoplasmic pathology (Fig.  8, 
c, h). Moreover, Onuf ’s MNs exhibited strong LAMP2A 
expression, with punctate lysosomal immunoreactivity 



Page 12 of 21Garrigos et al. Acta Neuropathologica Communications           (2026) 14:67 

Fig. 6  TDP-43 immunostaining in sALS MNs shows proteinopathy as nuclear clearance and cytoplasmic deposits. a-c MNs in the AGH are identified by 
their large size in Nissl’s staining. Most of the MNs showed nuclear clearance and TDP-43 cytoplasmic aggregates and large vacuoles in their cytoplasm 
(arrows). d High power image of two MNs identified in c, showing large cytoplasmic vacuoles in contact with TDP deposits, e-g Images of MNs in sALS 
spinal cord to illustrate nuclear clearance and TDP-43 aggregates (arrows) in close contact with cytoplasmic vacuoles. f, g The cisternal pattern of Nissl 
bodies in the cytoplasm exhibits a scattered granular pattern (arrowheads). h MN showing nuclear localization of TDP-43. i MN displaying normal nuclear 
localization of TDP-43 in the nucleus and fine punctate granules scattered diffusely in the cytoplasm (arrows) with normal cisternal pattern of Nissl bodies 
(arrowheads). j MN showing normal localization of TDP-43 in the nucleus without cytoplasmic deposits. k MNs showing only TDP-43 nuclear clearance, 
with TDP-43 cytoplasmic punctate aggregates (arrows) also exhibited Nissl cistern distortion (arrowheads). m Interneurons in the AGH show nuclear 
localization of TDP-43 (arrow) and normal pattern of Nissl cisterns (arrowheads). AF = Anterior Fasciculus. AGH = Anterior gray horn. CV = Cresyl violet. 
N = nucleus. V = Vacuoles. Scale bars: a: 600 μm; b, c: 350 μm; d, e: 80 μm; f, g, h: 20 μm; i, j: 30 μm; k: 15 μm; m: 20 μm
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Fig. 7 (See legend on next page.)
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comparable to that of control SC MNs (Fig. 8d). In con-
trast, spinal MNs in the same segment showed markedly 
reduced LAMP2A expression, with sparse puncta pre-
dominantly localized at the cell periphery (Fig. 8e).

We have studied the localization of TDP-43 protein 
in Onuf ’s MNs of sALS patients in combination with 
LAMP2A expression or Nissl staining. In Onuf ’s MNs, 
TDP-43 was predominantly localized in the nucleus of 
LAMP2A-positive MNs, similar to control MNs (Fig.  8, 
g), and the normal cisternal pattern of Nissl bodies in the 
cytoplasm was detected (Fig.  8, i). These findings sup-
port that high CMA activity is crucial to maintain Onuf ’s 
MNs alive in sALS patients and reinforces the possibility 
that CMA in SC MNs may play a role in preventing TDP-
43 proteinopathy and MNs vulnerability of sALS.

Discussion
Our results show for the first time that human SC MNs 
exhibit high levels of LAMP2A expression, suggesting 
that MNs require increased CMA activity to function 
properly. Interestingly, CMA activity regulates neuronal 
activity in excitatory neurons and CMA reduction levels 
are associated with synaptic alteration in a mouse model 
of Alzheimer [46]. On the other hand, SC samples from 
sALS patients showed reduced LAMP2A expression in 
their MNs. These findings may explain the selective vul-
nerability of MNs observed in prior studies, which has 
been attributed to structural and functional differences 
unique to MNs [65, 67, 83]. Neuronal hyperexcitabil-
ity caused by reduced CMA, associated with synaptic 
protein dysregulation, reversed by CMA restoration in 
an Alzheimer’s disease mouse model [46], underscores 
a potential key role for CMA in regulating MNs excit-
ability. These findings, together with selective increases 
of LAMP2A expression in MNS, implicate CMA dys-
function–driven excitotoxicity as a potential mecha-
nism contributing to MNs degeneration in ALS. Despite 
the reduced LAMP2A expression in sALS MNs, MA 
appeared unaffected compared to control MNs, as evi-
denced by the presence of autophagosomes detected by 
robust LC3B-positive cytoplasmic puncta pattern. GBA 
expression was unchanged, indicating normal lysosomal 
activity, including autophagosomes. TDP-43 was primar-
ily localized in the nucleus of control spinal MNs, but in 

sALS MNs, it was absent from the nucleus and accumu-
lated in the cytoplasm. Notably, Onuf ’s nucleus in sALS 
patients showed higher LAMP2A expression and protec-
tion from TDP-43 cytoplasmic pathology. Finally, ALS40-
specific differences further support the role of LAMP2A 
activation in preventing or delaying TDP-43 proteinopa-
thy in sALS patients, also highlighting the heterogeneity 
of the etiology and pathology of this disease.

CMA is selectively upregulated in spinal cord MNs
CMA is a selective autophagic pathway that targets pro-
teins with a lysosomal targeting motif, such as the penta-
peptide chain KFERQ [48]. The chaperone Hsc70 binds 
to KFERQ-containing proteins, transporting them to the 
lysosomal surface, where they interact with LAMP2A 
before being unfolded and degraded in the lumen. CMA 
degrades approximately 30–35% of cytosolic proteins, 
impacting critical processes such as lipid and glucose 
metabolism, DNA repair, cellular reprogramming, stress 
responses, and immunological function [48, 53]. Impair-
ment of CMA has been associated with several age-
related diseases, including neurodegenerative disorders, 
atherosclerosis, metabolic diseases, and cancer [20, 24, 
26, 27, 53, 57].

The elevated CMA activity in spinal MNs could be 
attributed to their large size and high firing rates, con-
sistent with Henneman’s size principle, which states that 
the size of a neuron is a crucial determinant in reaching 
the threshold for action potential firing [35]. Fast-fati-
gable motor units are more vulnerable to ALS, whereas 
slow motor units, which are more resistant, may help to 
reinnervate motor endplates [65, 67]. These findings sug-
gest that the functional properties of MNs may influence 
their vulnerability to ALS. This functional activity neces-
sitates the regulation of ion channels, receptor proteins, 
and ion buffering mechanisms, all of which contribute to 
the need for enhanced proteostasis control. Additionally, 
due to their highly polarized nature MNs require efficient 
protein production and degradation pathways to survive. 
As mentioned earlier, CMA has been implicated in syn-
aptic plasticity of excitatory neurons [46], and, therefore, 
in neurodegenerative diseases, contributing to the degra-
dation of pathogenic proteins such as α-synuclein and tau 
[13, 16, 21, 24, 29, 36, 53]. Loss of CMA function leads to 

(See figure on previous page.)
Fig. 7  Co-expression of TDP-43 and LAMP2A shows nuclear clearance and aberrant cytoplasmic deposits of TDP-43, together with low LAMP2A expres-
sion. a sALS MNs showing TDP-43 nuclear clearance (large arrowhead), round inclusions (RIs) (small arrowhead) and skein-like inclusions (SLIs) (arrow) in 
their cytoplasms, with very low LAMP2A expression. b sALS MN showing TDP-43 round inclusions (RIs) (arrowhead) with very low LAMP2A expression in 
the cytoplasm (small arrows); interneurons (large arrow) show normal nuclear localization of TDP-43, with some punctate expression in the cytoplasm. 
c RLIs in the cytoplasm of MNs (arrows) and weak expression of LAMP2A. d Nuclear clearance and fine punctate granules scattered diffusely in the cyto-
plasm (DPSC) (arrowhead) and SLIs in another MN (arrow). e sALS MN showing RLIs (arrows) and filiform aggregates in the soma and dendrites of MNs 
(arrowhead). f sALS MN showing filiform aggregates in the soma (arrows) and dendrites (arrowheads). g, h MNs showing RLIs, SLIs TDP-43 inclusions 
and filiform aggregates across the cellular membrane (arrows). i sALS MN showing SLIs in the soma (arrow) and filiform aggregates in the dendrites (ar-
rowhead). j TDP-43 filiform aggregate into a dendrite (arrowheads). k TDP-43 filiform aggregate in the interstitial space (arrowhead). m sALS MN showing 
nuclear clearance and DPSC (arrows). N = Nucleus. S = Soma. Scale bars: a: 60 μm; b: 40 μm; c, d: 60 μm; e: 40 μm; f: 25 μm; g, h, i: 30 μm; j, k: 15 μm; m: 40 μm
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significant changes in the neuronal proteome, disrupting 
essential neuronal functions and promoting neurodegen-
eration [13, 77]. Moreover, the specificity of high require-
ments of CMA function in MNs could explain their 
heightened vulnerability to CMA impairment compared 
to other cell types, providing a potential mechanism for 
the selective neurodegeneration of MNs in sALS.

Interestingly, Khawaja et al. [47] reported that CMA 
activity declines with age across most organs and cell 
types, with a more marked reduction observed in males. 
This decline is often associated with a reduced number 
of lysosomes functionally competent for CMA, suggest-
ing that sex-specific differences in CMA activity may 
influence tissue vulnerability to age-related degenera-
tive processes. Jacob et al. [38] reviewed the mechanisms 

Fig. 8  Detection of Onuf’s nucleus through ChAT immunostaining and its co-expression of LAMP2A and TDP-43. a-c ChAT positive MNs with cresyl 
violet counterstaining. b, c High power microphotograph showing an ChAT positive spinal MN with cytoplasmic vacuolization (arrow) and an Onuf`s 
ChAT positive MN without structural pathology. d High expression of LAMP2A in sALS Onuf’s MNs. e Spinal MNs close to Onuf’s MNs showed low and 
predominantly peripheral expression of LAMP2A (arrows). f, g Nuclear localization of TDP-43 in Onuf’s MNs showing LAMP2A highly expressed in the 
MNs perinuclear somatic area. H Spinal MNs near to Onuf’s MNs (arrowhead) show cytoplasmic vacuolization (arrow). I Nissl bodies’ staining with cresyl 
violet and TDP-43 immunostaining in sALS Onuf’s MNs, showing normal cisternal structures (arrows). AGH = Anterior gray horn. AF = Anterior funiculus. 
N = Nucleus. S = Soma. Scale bars: a: 300 μm; b: 150 μm; c: 70 μm; d: 40 μm; e: 30 μm; f: 200 μm; g: 70 μm; h: 60 μm; i: 40 μm
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underlying sexual dimorphism in ALS, emphasizing sex-
specific heterogeneity in both genetic and non-genetic 
mechanisms across experimental models and patient 
cohorts. Within this framework, the apparent accel-
erated decline of CMA observed in males, reflected 
by LAMP2A expression levels comparable to those of 
females approximately ten years older, may underlie the 
sex-biased prevalence and distinct clinical phenotypes of 
ALS. While age- and sex-associated reductions in CMA 
have been reported in murine models, including different 
gender-specific synaptic alterations [46], further studies 
are required to validate these patterns in human SC MNs 
and the possibility of similar alterations in neuromuscu-
lar junctions. In the present study, the limited sample size 
precluded definitive conclusions regarding age- or sex-
related differences in LAMP2A expression in SC MNs.

CMA is downregulated in sporadic ALS spinal MNs
Spinal cord sections from sALS patients demonstrated 
reduced LAMP2A expression in MNs; however, approxi-
mately 5–10% of MNs exhibited only a partial reduction 
in LAMP2A levels. This observation may reflect intrin-
sic heterogeneity in LAMP2A expression among MNs 
or indicate a progressive decline in its expression, poten-
tially contributing to, or resulting from, the differential 
vulnerability of MN populations based on their func-
tional and structural properties.(as reviewed in Ovsepian 
et al. [67]).

While MA has been well studied in ALS [24, 37, 78, 81, 
84], CMA remains less explored. Our analysis revealed 
that LC3 expression was comparable between control 
and sALS spinal MNs, suggesting preserved MA function 
in sALS. Despite its importance in neuronal homeostasis, 
MA does not appear to have cell-specific requirements 
in MNs, as no substantial differences in LC3 expression 
were observed between control MNs and other spinal 
neurons. Although MA impairments have been reported 
in ALS models, our findings suggest its role in disease 
pathophysiology may be secondary, with experimental 
activation potentially mitigating TDP-43 proteinopathy 
rather than addressing a primary defect [24].

A study by Arosio et al. [3] reported TDP-43 pro-
teinopathy with reduced levels of Hsc70 in lymphomono-
cytes of sALS patients without change in LAMP2A. In 
contrast, our results demonstrate reduced LAMP2A 
expression specifically in sALS MNs, reflecting funda-
mental differences in cellular expression and autophagy 
requirements across cell types.

Mutations in the LAMP2 gene cause Danon disease, 
an X-linked lysosomal storage disorder characterized by 
cardio-myopathy and cognitive dysfunction. The patho-
logical hallmark of this disease is the accumulation of 
glycogen and autophagic vacuoles in cardiac and skel-
etal muscles [28, 30]. The cognitive dysfunction seen in 

humans with Danon disease suggests a critical role of 
LAMP-2 in brain function [77]. These cognitive abnor-
malities are likely due to hippocampal dysfunction, 
associated with altered lysosomal activity, including the 
accumulation of p62-positive aggregates, autophagic 
vacuoles, and lipid storage within neurons. Notably, in 
agreement with our results, Rothaug et al. [77] reported 
that the absence of LAMP2 did not appear to affect MA 
in the brain cells under physiological or starvation con-
ditions. In Danon disease MNs degeneration has not 
been observed [28, 30], which may be attributed to the 
cell-type-specific role of LAMP2B, the isoform mutated 
in Danon disease [51, 93], or to the limited lifespan of 
patients, which may preclude the manifestation of MN 
degeneration.

The selective accumulation of TDP-43 in CMA-defi-
cient MNs, in the absence of other CMA substrate accu-
mulation, may reflect the compensatory degradation of 
these proteins via alternative pathways, such as endo-
somal microautophagy (eMI), which has been shown to 
process KFERQ-like motif–containing proteins [48, 94]. 
Although we did not observe major alterations in mac-
roautophagy or lysosomal distribution in MNs from 
patients with sALS, investigating the role of eMI in 
human MNs may help clarify the specificity of TDP-43 
pathology in sALS.

Interestingly, LAMP2A levels were significantly 
higher in glial cells of sALS patients. The upregulation 
of LAMP2A in glial cells may be a reactive response to 
inflammatory processes occurring in the anterior horn 
and corticospinal tracts [71, 94]. Axonal degeneration 
is known to trigger inflammation and oxidative stress in 
glial cells, leading to activation of NFE2L2, which in turn 
increases LAMP2A expression and enhances CMA activ-
ity [69]. Indeed, this inducible regulation of LAMP2A, 
and consequently of CMA activity, by NFE2L2 (coding 
NRF2 antioxidant transcription factor) is not sufficient to 
overcome the low LAMP2A expression observed in sALS 
MNs, despite their elevated oxidative stress [14, 67, 75]. 
Bono et al. [12] reviewed the possible role of alterations 
of antioxidant response in ALS neurons and glia by the 
activation of KEAP1-NRF2 without conclusive informa-
tion on the primary cause of ALS. Interestingly, increased 
autophagy was reported by Ryu et al., [79] underlining 
clasmatodendrosis as an autophagic death of astrocytes 
(reviewed in Balaban et al. [6]). Although Guise et al. [34] 
found no significant differences in LAMP2A expression 
between ALS and control MNs using laser-guided tissue 
dissection, our results suggest that it may be due to the 
inclusion of perineuronal astroglial fragments in the dis-
sected samples, which exhibit strong LAMP2A activation 
and could mask the reduced LAMP2A in MNs.
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This supports the notion that the alteration in 
LAMP2A expression in sALS MNs is a primary, constitu-
tive, cell-autonomous defect.

CMA in onuf’s nucleus MNs and selective vulnerability in 
sALS
Our results also provide evidence that Onuf ’s nucleus in 
sALS patients retains LAMP2A expression. Slow motor 
units are then more protected, and they reinnervate 
the end-plate left by faster, fatigable motor units after 
cell death [65, 67]. Interestingly, our work is the first to 
show that LAMP2A expression is not deficient in the 
Onuf ’s MNs of sALS patients. The mechanisms by which 
Onuf ’s nucleus remains spared in ALS and other neuro-
degenerative diseases, but impaired in others, remains 
unknown. Recently, RNA-seq analysis of mice Onuf ’s 
nucleus extracted by laser microdissection revealed that 
matrix metalloproteinase-9 (MMP9), an inflammatory 
biomarker that is highly expressed by ALS-affected spi-
nal MNs, is not overexpressed in Onuf ’s neurons [41]. 
This MMP9 may represent a factor to reduce EN1 trans-
ference from interneurons to MNs, decreasing the para-
crine neurotropism of this factor [52]. This, along with 
proper CMA functioning, could lead to protection of this 
nucleus against ALS-mediated cell death. The localiza-
tion of EN1 in spinal and Onuf ’s MNs may shed some 
light on these mechanisms. The differential CMA acti-
vation likely contributes to the protective mechanisms 
underlying the selective preservation of Onuf ’s MNs in 
sALS. We propose that maintained CMA function in 
these MNs protects against excitatory activity, TDP-43 
proteinopathy and subsequent cell death.

TDP-43 and autophagy in sALS
Our findings demonstrate colocalization of LAMP2A 
and TDP-43 in the cytoplasm of control MNs, suggesting 
that CMA may facilitate cytoplasmic TDP-43 clearance. 
This supports the hypothesis that CMA dysfunction con-
tributes to TDP-43 proteinopathy in sALS MNs.

In TDP-43 proteinopathy, alterations in the localiza-
tion and function of other proteins have been described, 
including ribonucleoprotein K. The binding of ribonu-
cleoprotein K with Nrf2 transcript was associated with 
an impaired translation of Nrf2 mRNA, leading to an 
insufficient antioxidant response and motoneuron degen-
eration [63].

Wang et al. [89] and Barmada et al. [7] observed that 
stimulating autophagy by increasing LC3 levels in mouse 
neurons and human MNs derived from iPSCs improved 
TDP-43 clearance and reduced protein toxicity. How-
ever, TDP-43 aggregation may also result from defects in 
other protein degradation systems, such as CMA or the 
ubiquitin-proteasome system [25, 45]. Our data demon-
strate that human sALS spinal MNs show no alterations 

in MA, indicating that MA dysfunction is not a pri-
mary pathological feature of sALS. Although alterations 
of genes promoting TDP-43 proteinopathy have been 
linked to dysregulation of MA in in vitro cells and animal 
models [19], our patients did not have a family history of 
ALS or showed C9ORF72 genetic mutations (data from 
patient’s clinical record), which could potentially under-
lie MA dysfunction. Moreover, it has described a mutual 
negative interaction between TDP-43 cytoplasmic aggre-
gates and MA mechanisms [74]. Actually, Park et al. [70] 
reported a reduction in MA in yeast as a result of TDP-
43-induced toxicity following its overexpression. These 
findings suggest a potential reciprocal inhibition between 
MA and TDP-43 proteinopathy that requires further 
investigation in human MNs.

Conclusion
Our study shows for the first time a high CMA activity 
in healthy human spinal motor neurons, as evidenced by 
elevated LAMP2A levels. However, sALS patients show 
a significant decrease in LAMP2A expression that corre-
lates with cytoplasmic aggregates and the nuclear clear-
ance of TDP-43. Notably, MA markers such as LC3 and 
the lysosomal enzyme GBA remain unchanged. CMA is 
preserved in Onuf ’s nucleus MNs. Enhanced LAMP2A 
expression in glial cells indicates a maintained antioxi-
dant response in other brain cells. These findings strongly 
implicate CMA impairment as a key determinant of 
selective MN vulnerability in ALS. Collectively our 
results provide novel insights into pathological protein 
accumulation mechanisms and highlight CMA enhance-
ment as a promising therapeutic strategy to restore pro-
teostasis and prevent neurodegeneration in ALS.
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Supplementary Figure 1: Diagram of spinal cord processing. Transversal 
trimming and selection of 4 tissue slides (TS) in each spinal cord region 
(yellow) that were cut and mounted in 20 parallel series. Although all se-
lected TS have been cut and mounted, only one TS has been represented 
in figure for each spinal cord segment.

Supplementary Figure 2: Control of immunostaining. (a, b) Microphoto-
graphs of sections processed in parallel without the primary anti-LAMP2A 
antibody. No cells in the section appear immunoreactive in (a). Using 
Nomarski interference contrast in (b), several MNs are visible in the area 
shown in (a). (d, e) Microphotographs of sections processed in parallel 
without the primary anti-TDP-43 antibody and counterstained with cresyl 
violet. The MNs show no immunolabeling in either the nucleus or the cy-
toplasm. (f, g) Microphotographs of sections processed in parallel without 
the primary antibodies anti-CD68 (f ) and anti-GFAP (g). Cells in the lateral 
funiculus show no immunolabeling.

Supplementary Figure 3: LAMP2A comparative expression in control 
spinal cord. (a, b, c) Microphotographs of a control thoracic spinal cord 
section processed for LAMP2A immunodetection. (a) Low-magnification 
image showing the localization of gray and white matter regions in the 
spinal cord. (b, c, d) High LAMP2A expression is selectively observed in 
motoneurons (MN) of the anterior gray horn, while no significant expres-
sion of LAMP2A is observed in glial cells (d, f, g), thoracic column neurons 
(e), or sensory neurons of the posterior gray matter (f ). (h) Astrocyte in the 
anterior gray matter counterstained with cresyl violet. Abbreviations: AF = 
Anterior funiculus; AGH = Anterior gray horn; GC = Glial cell; LCST = Lateral 
corticospinal tract; MN = Motoneuron; PF = Posterior funiculus; PGH = Pos-
terior gray horn; N = Neuronal nucleus; SN = Sensory neuron; TC = Clarke's 
thoracic column. Scale bars: a: 3 mm; b, c: 30 μm; d: 70 μm; e: 20 μm; f: 20 
μm; g: 10 μm; h: 6 μm.

Supplementary Figure 4: LAMP2A expression in glial and immune cells 
of sALS spinal cord. (a, b, c) GFAP immunoreactive reactive astrocytes 
showing in some cases disrupted cytoplasmic expansions and somatic 
vacuolization (clasmatodendrosis; c). (d-f ) IBA1 positive microglia (black 
staining) showed strong expression of LAMP2A (brown staining; large 
arrows) near to the LAMP2A positive perivascular immune cells (small 
arrows) and astrocytes (arrowheads) in the lateral corticospinal tract. Scale 
bars: a-c: 20 μm; d: 50 μm; e: 50 μm; f: 40 μm.

Supplementary Figure 5: LAMP2A expression in sALS MNs with low TDP-43 
proteinopathy (ALS40). (a, b) Microphotographs of a sALS MN with nuclear 
depletion of TDP-43 and cytoplasmic SLIs and DPSC (arrows). c) sALS 
MNs in ALS 40 show RLIs in the soma (arrow) and filiform aggregates in 
dendrites (arrowhead). d) Image of a MN showing reduced TDP-43 protein 
in the nucleus (arrowhead), with evident DPSC of TDP-43 (arrows). e-h) 
LAMP2A immunopositivity was clearly detected in the cytoplasm with 
a normal predominance in perinuclear localization. (i) Quantification of 
LAMP2A expression in ALS40 MNs showed similar levels to control MNs. 
(*p<0.05; **p<0,01; ***p<0.001). Abbreviations: N: Neuronal nucleus. Scale 
bars: a, b: 60 μm; c) 60 μm; d: 50 μm; e, f, g, h: 50 μm. 
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