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A B S T R A C T   

Increased risk of neurodegenerative diseases has been envisaged for air pollution exposure. On the other hand, 
environmental risk factors, including air pollution, have been suggested for Amyotrophic Lateral Sclerosis (ALS) 
pathomechanism. Therefore, the neurotoxicity of ultrafine particulate matter (PM0.1) (PM < 0.1 μm size) and its 
sub-20 nm nanoparticle fraction (NP20) has been investigated in motor neuronal-like cells and primary cortical 
neurons, mainly affected in ALS. The present data showed that PM0.1 and NP20 exposure induced endoplasmic 
reticulum (ER) stress, as occurred in cortex and spinal cord of ALS mice carrying G93A mutation in SOD1 gene. 
Furthermore, NSC-34 motor neuronal-like cells exposed to PM0.1 and NP20 shared the same proteomic profile 
on some apoptotic factors with motor neurons treated with the L-BMAA, a neurotoxin inducing Amyotrophic 
Lateral Sclerosis/Parkinson–Dementia Complex (ALS/PDC). Of note ER stress induced by PM0.1 and NP20 in 
motor neurons was associated to pathological changes in ER morphology and dramatic reduction of organellar 
Ca2+ level through the dysregulation of the Ca2+-pumps SERCA2 and SERCA3, the Ca2+-sensor STIM1, and the 
Ca2+-release channels RyR3 and IP3R3. Furthermore, the mechanism deputed to ER Ca2+ refilling (e.g. the so 
called store operated calcium entry-SOCE) and the relative currents ICRAC were also altered by PM0.1 and NP20 
exposure. Additionally, these carbonaceous particles caused the exacerbation of L-BMAA-induced ER stress and 
Caspase-9 activation. In conclusion, this study shows that PM0.1 and NP20 induced the aberrant expression of ER 
proteins leading to dysmorphic ER, organellar Ca2+ dysfunction, ER stress and neurotoxicity, providing putative 
correlations with the neurodegenerative process occurring in ALS.   

1. Introduction 

In recent years, more and more concerns have arisen about the health 
risk of atmospheric particulate matter (PM) due to motor vehicle and 
industrial emissions. Several current studies on the joint effects of air 
pollution focus on large-size PM fraction (PM10, PM < 10 μm). For 
instance, after air pollution inhalation, the 2 PM fractions with a well- 
recognized lung and cardiovascular toxicity are PM10 and PM2.5 
(size< 2.5 μm) (Oberdörster et al., 2000; Mantecca. et al., 2010; Farina 
et al., 2011). Moreover, PM with fine (PM2.5, PM < 2.5 μm) and ul-
trafine (PM0.1, PM < 0.1 μm) sizes have a stronger ability to penetrate 

tissues deeply with a poor possibility to be cleared (Oberdörster et al., 
1994, 2004; Oberdö Craig et al., 2008). In addition, exposure to the 
unmonitored PM0.1 particulate matter fraction is estimated to be very 
high (Schraufnagel, 2020). Compared to fine particles, PM0.1 is retained 
longer in the lung thus inducing more pulmonary inflammation 
(Schraufnagel, 2020). Of note, PM0.1 may affect the brain and its 
development (Calderon-Garciduenas et al., 2016; Block, 
Calderon-Garciduenas, 2009; You et al., 2022). In fact, brain trans-
location of ultrafine particulate matter can occur through an active 
passage across biological membranes, BBB leak, and/or olfactory bulb 
passage (Oberdorster, et al., 2004; Tian et al., 2019), a direct route to 
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circumvent blood brain barrier in human (Oberdorster, et al., 2004; 
Tian, et al., 2019). Molecularly, PM0.1 exposure may induce oxidative 
stress and neuroinflammation in these brain areas with a consequent 
neurotoxicity and cognitive impairment (You et al., 2022). Increasing 
reports indicate that PM0.1 can trigger neurodegenerative diseases 
(Genc et al., 2012). Of note, its sub-20 nm nanoparticle fraction NP20, 
-whose emission is determined by the new technology combustion sys-
tems- cross the BBB more easily (Hartz et al., 2008). However, neither 
the involvement of NP20 nor the inherent molecular mechanism has 
been established for brain toxicity and neurodegenerative diseases. Of 
interest, Amyotrophic Lateral Sclerosis (ALS) has been recognized to 
have an environmental etiopathogenesis (Bozzoni, et al., 2016). 
Furthermore, two recent epidemiological researches have also estab-
lished a long-term correlation between air pollution and ALS risk (Malek 
et al., 2015; Seelen et al., 2017). Of note, in the latter study, ALS has 
been associated with air pollutants produced by traffic (Seelen et al., 
2017). Moreover, a new correlation between short-term exposure to 
PM2.5/PM10 and ALS has been also established (Myung et al., 2019). In 

the present study, the correlation between ultrafine PM fraction expo-
sure and ALS has been investigated by exploring some relevant molec-
ular mechanisms associated to Ca2+ dyshomeostasis that caused motor 
neuron loss in this type of neurodegeneration. To this aim, a complex 
approach based on biochemical and functional techniques’ integration 
has been used in order to identify druggable molecular targets useful to 
arrest or, at least, reduce neurodegenerative progression. From a mo-
lecular point of view, ER stress pathway is considered as an essential 
pathomechanism of several neurodegenerative diseases triggered by 
neurotoxicants (Cannon and Greenamyre, 2011), including ALS (Jeon 
et al., 2023). Therefore, starting from the evidence that ER is affected in 
ALS motor neurons and it may represent one of its causative mecha-
nisms, the effects of PM0.1 and NP20 have been investigated on ER 
stress, organellar Ca2+ homeostasis and ER machinery in motor neurons, 
the cell-type affected in ALS. The present data showed that the neuronal 
ER homeostasis was completely dysregulated by PM0.1 and NP20 that 
affected the expression and activity of ER Ca2+ sensor and channels. 
Collectively, the identification of a dysfunctional mechanism induced by 

Fig. 1. PM0.1 and NP20 induced ER stress in motor neuronal NSC-34 cells and primary cortical neurons as occurred in symptomatic SOD1G93A ALS mice. (A, B) 
TEM and HRTEM images of PM0.1 and NP20, respectively. (C) Confocal images of TMRE- and Fluo-3AM-loaded NSC-34 cells exposed to PM0.1 and NP20 for 24 hrs 
measuring cell viability. Below: quantification of mitochondrial membrane potential as ΔΨ N=40 cells) and intracellular Ca2+ level in the same cells as measure of 
cell viability. * p < 0.05 vs. respective controls. (D) Measurement of cell viability in NSC-34 motor neurons exposed to PM0.1 and NP20 at various concentrations (for 
reference 1:35 dilution corresponds to 2.86 ppm and 0.71 ppm for PM0.1 and NP20, respectively). Cell viability was measured as mitochondrial activity, since cell 
suffering corresponds to the reduction in mitochondrial activity. * p < 0.05 vs. controls, ** p < 0.05 vs. previous concentrations in each group. (E, F) Representative 
Western blotting and quantification of BiP expression in NSC-34 motor neuronal cells after 48 hrs exposure to PM0.1(1:35 dilution corresponding to 2.86 ppm) and 
NP20 (1:35 dilution corresponding to and 0.71 ppm) (E). * p < 0.05 vs. respective control; (F) Representative Western blottings and quantification of BiP and CHOP 
expression in Spinal Cord of Wt and SOD1G93A mice at 4.5 months of age (symptomatic ALS mice). *p < 0.05 vs. respective control. Double bands of BiP/GRP78 in 
Fig. F could be due to the presence of non-neuronal cells in mice brain lysates. Here, upper bands have been quantified. Data are means±SE of 4 (E) or 3 (F) separate 
experiments. * p < 0.05 vs. respective controls. (G) Representative blots of proteomic immunoassay from NSC-34 cells under control conditions or exposed to L- 
BMAA (300 µM/48hrs), PM0.1 (1:35 dilution corresponding to 2.86 ppm/48hrs), and NP20 (1:35 dilution corresponding to and 0.71 ppm/48hrs) (H) Quantification 
as reported in G. Data are means±SE of 3 separate experiments * p < 0.05 vs. respective control (vehicle- treated). 
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ultrafine PM fraction exposure at neuronal level must draw attention to 
the negative impact that urban particulates have on human brain. 

2. Material and methods 

2.1. Ultrafine Particulate Isolation and characterization 

In accordance to the recent literature on this field (Marcella et al., 
2022), carbon PM was collected in a lab-scale combustion system, 
constituted of an atmospheric pressure, and a premixed ethyl-
ene/oxygen flame stabilized on a McKenna burner (Holthuis & Associ-
ates, CA, Sebastopol, California, USA). The experimental conditions 
employed for the flame, the sampling and the extraction and separation 
procedures were the same as reported in Sapienza et al., (2022). Briefly, 
PM was captured in this lab-scale combustion technique by placing a 
glass plate into the flame (Russo et al., 2020). Dimethyl sulfoxide 
(DMSO) was used to suspend the ultrafine particles PM0.1. Then, it was 
collected on the glass plate after its extraction in dichloromethane 
(DCM) in order to remove the soluble organic carbon (OC). PM0.1 was 
further filtered through 20 nm pore size Anotop filters (Whatman) to 
separate the smaller particles (NP20, which made up 25% of the total 
PM0.1 sample under the tested experimental conditions) from the larger 
fractions. Generally, it is considered that PM0.1 fraction constitutes only 
1–8% of the mass of particulate matter (PM) in ambient air (Zhu and 
Hinds, 2002). However, as regards the number concentration of the total 
PM0.1 (not distinguishing between NP20 and NP >20 nm particles), 
values between 4.85×104 cm–3 and 1.80×105 cm–3 have been re-
ported for locations affected by vehicular traffic (Schneider et al., 2015). 
Of note, the comparison between the distribution of the particles syn-
thesised in laboratory by the actual procedure and those collected in the 
atmosphere showed a very good agreement in their respective param-
eters (Russo et al., 2023). Furthermore, previous investigations have 
reported an accurate characterisation of the OC and PM0.1 components. 
According to a previous study by Apicella et al., 2022, PAHs and 
high-molecular-weight aromatic species make up the majority of OC, 
while the PM0.1 fraction is particularly high in carbon with a low per-
centage of hydrogen (H/C atomic ratio is around 0.1) (Apicella et al., 
2022). The structural characterization of PM0.1 and NP20 fractions has 
been performed by transmission electron microscopy (TEM) and high- 
resolution transmission electron microscopy (HRTEM). PM0.1 samples, 
preliminarily separated from the adsorbed organic compound by DCM 
and NP20 samples, after DMSO evaporation in an oven, were dispersed 
in ethanol by ultrasonic agitation and dropped onto carbon lacey grids 
for TEM and HRTEM analysis, respectively. An electron microscope 
operating at 200 kV was used to capture images of Fig. 1A and B. 

2.2. Reagents and media 

Cell culturing media and reagents used in the present study were 
purchased from Gibco (ThermoFisher Scientific Inc., Waltham, MA, 
USA), while ECL reagents and nitrocellulose membranes were from 
Cytiva Amersham (Amersham, UK). 

Thapsigargin, the ATP bioluminescent assay kit, poly-D-lysine/poly- 
L-lysine, Ara-C and L-BMAA were purchased from Sigma-Aldrich (Milan, 
IT). Fura-2/AM, Fluo-3/AM and TMRE were from Molecular Probes 
(Invitrogen, ThermoFisher Scientific Inc., Waltham, MA, USA). 

The CytoPainter ER Staining Kit was purchased from Abcam (Cam-
bridge, UK). 

2.3. Cell Cultures and treatments 

2.3.1. Primary cortical neuron cultures 
Primary cortical neurons were obtained from the cortex of 14/16- 

day-old Wistar rat embryos as reported in Secondo et al., (2019). 
All procedures to isolate cortical neurons were performed according 

to protocols approved by the Ethical Committee of the “Federico II” 
University of Naples and by Italian Health Ministry. 

2.3.2. Clonal motor neurons 
Mouse motor-neuron-like hybrid cells (NSC-34) (Cashman et al., 

1992) were grown as reported in Petrozziello et al., (2017). Most ex-
periments were performed with PM0.1 at the concentration of 2.86 ppm 
and NP20 at the concentration of 0.71 ppm (1:35 dilution from each 
stock solution). 

2.3.3. L-BMAA exposure as a model of ALS/PDC 
The cyanobacterial β-N-methylamino-L-alanine (L-BMAA) is 

described as a low-potency excitotoxin increasing the incidence of 
amyotrophic lateral sclerosis (ALS) and Parkinsonism-dementia com-
plex (PDC) in Guam. L-BMAA is produced by a variety of genera cya-
nobacteria and it may threaten human brain health crossing BBB. To 
mimic ALS/PDC, NSC-34 motor neurons were exposed to L-BMAA 
(300 μM /48 h). Under these conditions, L-BMAA promotes oxidative 
stress and ER stress (Petrozziello et al., 2017). Furthermore, some ex-
periments were performed by exposing NSC-34 motor neurons to 
L-BMAA plus PM0.1 or NP20. 

2.4. Animal model 

In order to minimize animal suffering and reduce the number of 
animals used in the study, experiments on ALS mice were performed 

Table 1 
List of antibodies used in the manuscript.  

Antibody Catalogue number Supplier Species Type Dilution Already tested in 

GRP78 (BiP) #3183 
(RRID: AB_10695864) 

Cell Signaling Technology, Inc. 
(Danvers, MA, USA) 

Rabbit Polyclonal 1:1000 Tedeschi, V. et al., 2019; 
Secondo, A. et al., 2019 

Caspase-12 #2202 
(RRID: AB_2069200) 

Cell Signaling Technology, Inc. 
(Danvers, MA, USA) 

Rabbit Polyclonal 1:1000 Petrozziello, T. et al., 2017 

CHOP #2895 
(RRID: AB_2089254) 

Cell Signaling Technology, Inc. 
(Danvers, MA, USA) 

Mouse Monoclonal 1:1000 Ron, D. and Hebener, J.F., 1992 

Anti-SERCA2 ATPase #Ab2861 
(RRID: AB_2061425) 

Abcam (Cambridge, UK) Mouse Monoclonal 1:1000 Huang, J.P. et al., 2020 

Anti-SERCA3 ATPase #ACP-014 
(RRID: AB_2756568) 

Alomone Labs 
(Jerusalem, Israel) 

Rabbit Polyclonal 1:1000 Tedeschi, V. et al., 2021 

Anti-STIM1 #ACC-063 
(RRID: AB_2039893) 

Alomone Labs 
(Jerusalem, Israel) 

Rabbit Polyclonal 1:1000 Secondo, A. et al., 2019 

β-Actin-Peroxidase #A3854 
(RRID: AB_262011) 

Sigma-Aldrich (Milan, Italy) Mouse Monoclonal 1:10000 Tedeschi, V. et al., 2021 

Caspase 9 (cleaved Asp330) #GTX132331 (RRID:AB_2886615) GeneTex (Irvine, CA, USA) Rabbit Polyclonal 1:1000 Tedeschi et al., 2019 
RyR3 #ARR-003 

(RRID: AB_2040186) 
Alomone Labs 
(Jerusalem, Israel) 

Rabbit Polyclonal 1:1000 Tedeschi, V. et al., 2021 

Anti-IP3R-3 #610313 
(RRID: AB_397705) 

BD Biosciences 
(CA, USA) 

Mouse Monoclonal 1:500 Tedeschi, V. et al., 2021  
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following the international guidelines for animal research also approved 
by the Animal Care Committee of “Federico II” University of Naples, 
Italy and Italian Ministry of Health. SOD1G93A mouse -expressing high 
copy number of mutant human SOD1 with a Gly93Ala substitution- was 
obtained from Jackson Laboratories (Bar Harbor, ME, USA). SOD1- 
G93A transgenic mice are normally viable and fertile. According to 
the international literature in the field, this animal model phenotypi-
cally reproduces the symptoms of the human disease around the third/ 
fourth month of life with weight loss and motor difficulties. This model 
is the only validated mouse model of ALS in accordance to the ALS 
Therapy Development Institute. The spinal cord and cortex tissues were 
extracted as reported in Anzilotti et al., (2021). 

2.5. Western blotting 

Sample supernatants, prepared as previously reported (Sapienza 
et al., 2022), were used for Western blotting analysis. Protein content 
was determined by Bradford method (Bradford, 1976). Antibodies were 
reported in Table 1. 

2.6. Cell viability (MTT assay, mitochondrial membrane potential and 
intracellular calcium level) 

In order to assess cell viability, neuronal cells were incubated with 3 
[4,5-dimethylthiazol-2-yl]− 2,5-diphenyl-tetrazolium bromide (0.5 mg/ 
ml in PBS) for 1 hour at 37◦C as reported in Secondo et al., (2007). The 
reduction of tetrazolium salts by dehydrogenases with primarily mito-
chondrial localization has been detected spectrophotometrically at 
570 nm, once solubilized in DMSO. Therefore, MTT assay has been used 
to calculate the quantity of cells with active metabolism (Surin et al., 
2017). 

Mitochondrial membrane potential was measured in the “redistri-
bution mode” by the lipophilic and cell permeable dye tetramethyl 
rhodamine ethyl ester (TMRE). After PM0.1 or NP20 treatment, motor 
neurons were loaded with TMRE (20 nM/30 min) and washed at the end 
of the incubation. Mitochondrial membrane depolarization was 
measured as decline in mitochondria-localized fluorescence intensity. 
Intracellular calcium level was detected simultaneously by Fluo-3AM. 
Confocal images were obtained with a Zeiss inverted 700 confocal 
laser scanning microscopy using a Xenon laser at the illumination 
minimum output of 0.5%. 

2.7. ER Staining 

The probe of the CytoPainter ER Staining Kit was incubated ac-
cording to the manufacturer protocol on NSC-34 cells plated on pre- 
coated multiwells. Live images were then acquired with an Axiovert 5 
(Carl Zeiss) and processed with the software Labscope (ZEISS Labscope, 
www.zeiss.com). Images were analysed through ImageJ (Fiji software). 

2.8. [Ca2+]i Measurements 

[Ca2+]i was measured by video-imaging on single-cell as reported in 
Secondo et al., (2019). SOCE measurements in motor neurons were 
performed with the Axiovert 200 microscope (Carl Zeiss) connected to 
MicroMax 512BFT cooled CCD camera (Princeton Instruments) using 
Meta-Morph/MetaFluor Imaging System software (Universal Imaging) 
as reported in Secondo et al., (2019). SOCE was measured depleting ER 
Ca2+ stores with the SERCA pump inhibitor thapsigargin (TG, 1 μM) in 
Krebs-Ringer saline solution (5.5 mM KCl, 160 mM NaCl, 1.2 mM 
MgCl2, 10 mM d-glucose, and 10 mM HEPES-NaOH, pH 7.4 + 0.5 mM 
EGTA). ER Ca2+ depletion is known to stimulate a rapid coupling be-
tween the ER Ca2+ sensor STIM1 and the plasma membrane channels 
involved in Ca2+ store refilling (i.e. ORAI channels). After ER depletion, 
the subsequent reintroduction of 3 mM Ca2+ allows SOCE detection as 
[Ca2+]i increase. 

2.9. Electrophysiology 

Ca2+ release-activated Ca2+ currents (ICRAC) were recorded by patch- 
clamp in whole-cell configuration with a 100-ms voltage ramp protocol 
(from +90 to − 120 mV) from − 15 mV holding potential every 10 s, as 
reported in Secondo et al., (2019). The external solutions contained (in 
mM) 145 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose (pH 
7.4), whereas the pipette solution contained (in mM) 145 CsCl, 8 NaCl, 
10 MgCl2, 10 HEPES, 10 EGTA, and 2 Mg-ATP (pH 7.2). Since the CRAC 
channel and the L-type Ca2+ channel are both highly selective for Ca2+, 
Nimodipine was added to block the L-type voltage-dependent Ca2+

channels. Furthermore, spermine chloride was also used to block 
Mg2+-inhibitable currents while Tetraethylammonium and Tetrodo-
toxin were added to the external solution to block 
tetraethylammonium-sensitive K+ and tetrodotoxin-sensitive Na+ cur-
rents, respectively. ICRAC were normalized to membrane capacitance 
measured as pA/pF. 

Fig. 2. ER stress in primary cortical neurons exposed to PM0.1 and NP20 and in brain cortex of symptomatic SOD1G93 A ALS mice. (A) Measurement of cell viability 
in mature primary cortical neurons exposed to PM0.1 and NP20 at various concentrations (for reference 1:35 dilution corresponds to 2.86 ppm and 0.71 ppm for 
PM0.1 and NP20, respectively). * p < 0.05 vs. controls, ** p < 0.05 vs. previous concentrations in each group. (B) Representative Western blotting and quantification 
of BiP expression in primary cortical neurons after 48 hrs exposure to PM0.1(1:35 dilution corresponding to 2.86 ppm) and NP20 (1:35 dilution corresponding to and 
0.71 ppm). * p < 0.05 vs. respective control; (C) Representative Western blottings and quantification of BiP and CHOP expression in brain cortex of Wt and 
SOD1G93A mice at 4.5 months of age (symptomatic ALS mice). *p < 0.05 vs. respective controls. Data are means±SE of 3 separate experiments. * p < 0.05 vs. 
respective controls. 

S. Sapienza et al.                                                                                                                                                                                                                               

http://www.zeiss.com


Ecotoxicology and Environmental Safety 273 (2024) 116104

5

2.10. Quantification of ATP content 

ATP content was measured as index of mitochondrial and cell status. 
After boiling samples in 100 mM TRIS + 4 mM EDTA (pH 7.75), ATP 
level was measured by a bioluminescent assay using a standard 
luminometer. 

2.11. Proteomic analysis on apoptotic proteins 

After treatments, cell lysates were used to determine the effect of 
PM0.1 and NP20 on apoptotic-related proteins with proteomic analysis. 
The proteomic profile of motor neuronal cells was evaluated using a 
Proteome Profiler Mouse Apoptosis Array (R&D System, ARY031), a 
membrane-based sandwich immunoassay. Apoptosis-related proteins 
were visualised by chemiluminescence and protein levels were quanti-
fied relatively to their respective controls by ImageJ software. 

2.12. Statistical analysis 

Data were expressed as mean ± SE. Statistical analyses were per-
formed with One-way ANOVA with Newman-Keuls’s post-test or un-
paired t-test, using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, 
USA). Statistical significance was set at P values < 0.05. 

3. Results and discussion 

3.1. ER stress induced by PM0.1 and NP20 was a common 
pathomechanism shared with Amyotrophic Lateral Sclerosis tissues 

Recent studies have suggested a relationship between endoplasmic 
reticulum (ER) stress and neurodegenerative processes in various dis-
orders including amyotrophic lateral sclerosis (ALS) (Hetz and Saxena, 

2017, Petrozziello et al., 2017). This mechanism impairs Ca2+ homeo-
stasis and contributes to pathogenic protein aggregate accumulation 
during the neurodegenerative process. In order to acquire new mecha-
nistic insights into the neurotoxicity induced by ultrafine PM0.1 and 
NP20, these carbonaceous particles were collected in a lab-scale com-
bustion system as reported in the Material and Method’s section. Once 
isolated, structural characterization of PM0.1 was performed by TEM 
(Fig. 1A) while that of NP20 was achieved by HRTEM (Fig. 1B). Then, 
some neuronal cultures mainly affected by ALS were exposed to these 
two types of tiny air pollutants capable of penetrating in few hours into 
the neurons (Sapienza et al., 2022). Either motor neuronal-like NSC-34 
cells or primary cortical neurons displayed a progressive reduction in 
cell viability at different concentrations of PM0.1 and nanoparticles 
NP20 as measured by mitochondrial membrane depolarization and 
reduction in mitochondrial metabolic activity (Fig. 1C, 1D and Fig. 2A). 
Furthermore, PM0.1 and NP20 induced a significant protein over-
expression of the molecular chaperone BiP/GRP78 (Fig. 1E and Fig. 2B), 
considered as an ER stress sensor (Kopp et al., 2019). In consideration of 
the role of ER stress in ALS, as proof of concept, a significant increase in 
protein expression of the two ER stress markers BiP/GRP78 and CHOP 
was detected in those brain areas containing motor neurons such as 
spinal cord and brain cortex of symptomatic ALS mice carrying the most 
common SOD1 mutation namely G93A (Fig. 1F and Fig. 2C, respec-
tively). Furthermore, the proteomic profile of some proteins involved in 
oxidative stress and protective neuronal functions (i.e. catalase, BADL, 
XIAP), mitochondrial dysfunction and ER/mitochondria cross-talk (i.e. 
Smack/Diablo), and ER stress (i.e. p53) in NSC-34 motor neurons 
exposed to PM0.1 and NP20 mirrored that of motor neurons exposed to 
β-N-methylamino-L-alanine (L-BMAA) (Figs. 1G and 1H), the neurotoxin 
responsible for the Guamanian form of the disease named ALS/PDC 
(Petrozziello et al., 2017). These data are suggestive of a common 
detrimental mechanism shared by air-pollution-related neurotoxicity 

Fig. 3. PM0.1 and NP20 induced ER morphological changes in motor neuronal NSC-34 cells. (A) ER morphology in live motor neuronal cells stained with ER specific 
marker (see Material and Method’s section) under control conditions (b, c) or exposed to PM0.1 (1:35 dilution corresponding to 2.86 ppm/48hrs) (e, f), and NP20 
(1:35 dilution corresponding to and 0.71 ppm/48hrs) (h, i). The relative bright field images are reported in a, d and g, respectively. (B) Quantification of ER 
morphology in A (b, e and h) as “Highly tubular ER”, “Partially tubular ER” or “non-tubular ER” under control conditions or exposed to PM0.1 and NP20. * p < 0.05 vs. 
all in each group (C) Fluorescence density of ER staining in A (b, e and h) measured as arbitrary units in at least 7 fields in each image by Image J software. Data are 
means±SE of 3 separate experiments * p < 0.05 vs. control (vehicle- treated). 
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with ALS neurodegeneration. 

3.2. Exposure to PM0.1 and NP20 induced a dramatic reduction of ER 
Ca2+ level 

Endoplasmic reticulum (ER) represents the most important organelle 
storing Ca2+ and one of the main subcellular components controlling 
protein folding, whose activity is necessary for motor neuron life and 
function (Bernard-Marissal et al., 2018). Another important ER function 
is represented by the maintenance of ionic gradients modulating the 
mobilization and cycling of synaptic vesicles in the axons; this is an 
energetically demanding process due to the functional relationship with 
mitochondria (Brini et al., 2014). Therefore, ER Ca2+ homeostasis 
should be perfectly maintained to ensure the motor neuron function. For 
this reason, the effect of PM0.1 or NP20 has been tested on ER 
morphology and Ca2+ level (Fig. 3, Figure S1A, and Fig. 4). The extent of 
pathological changes of ER morphology in PM0.1- and NP20-treated 
motor neurons was studied by the fluorescent staining of the organ-
elle. It was quantified as a significant increase in the percentage of cells 
showing non-tubular ER against the greater percentage of cells with 
highly tubular ER detected in control conditions (Fig. 3A, B). Further-
more, quantitative fluorescence analysis of dye-tagged ER in NSC-34 
motor neurons showed that PM0.1 and NP20 induced a higher in-
crease in the basal fluorescence than in cells under control conditions 
(Fig. 3C). 

Time-course of PM0.1 exposure showed that it was able to drastically 
reduce ER Ca2+ level already after 12 hrs of incubation, maintaining this 
detrimental reduction thereafter (Fig. 4a,c). On the other hand, the 

effect of NP20 was more progressive, leaving unchanged the ER Ca2+

level after 12 hrs of exposure and determining its drastic reduction after 
24 hrs (Fig. 4a,b,c). Moreover, the ER Ca2+ replenishment occurs 
through the activation of store operated calcium entry (SOCE) that is 
continuously stimulated by organellar depletion (Putney, 2013). 
Mechanistically, SOCE is due to the interaction between STIM proteins 
sensing Ca2+ into ER and Ca2 + channels in the plasma membrane 
(Cahalan, 2009; Hewavitharana et al., 2007). Therefore, SOCE was 
measured by Ca2+-imaging technique eliciting the calcium-induced 
calcium release (CICR) mechanism by thapsigargin in a Ca2+-free solu-
tion followed by Ca2+ reintroduction in Fura-2-loaded motor neurons 
previously exposed to PM0.1 or NP20 (Fig. 4B). Time-course of PM0.1 
exposure showed that SOCE significantly increased after 12 hrs of 
exposure while reduced thereafter (Fig. 4B a, c). However, SOCE 
increased in the presence of NP20 after 12 hr of incubation remaining 
significantly higher than control after 24 hrs (Fig. 4 b,c). That ER Ca2+

level remained stably low after 24 hrs in the presence of an increased 
SOCE mechanism in those cells exposed to air pollutants, suggests that 
several elements of ER machinery were functionally compromised. 
Therefore, we further investigated on this aspect. 

3.3. PM0.1 and NP20-induced ER Ca2+ level reduction was due to the 
organellar machinery dysfunction 

Stromal interaction molecule 1 (STIM1), an essential ER trans-
membrane protein sensing ER Ca2+ by its Ca2+-binding EF hand, plays a 
pivotal role in the store-operated Ca2+ entry phenomenon through the 
association with the plasma membrane channels (Ambudkar et al., 

Fig. 4. PM0.1 and NP20 reduced Ca2+ content in ER modulating store-operated calcium entry (SOCE) mechanism in motor neuronal NSC-34 cells. (A a,b) 
Representative superimposed single-cell traces of the effect of 1 μM thapsigargin (Tg) on [Ca2+]i in Ca2+-free (0 Ca2+; 1.5 mM EGTA) under control conditions 
(black traces in a and b) and after 12 and 24 hrs PM0.1 (1:35, Blue traces in a) or NP20 (1:35, Orange traces in b). (A c) Quantification of A. Data are means±SE of 3 
separate experiments * p < 0.05 vs. respective control. (B a,b) Representative superimposed single-cell traces of SOCE under control conditions (black traces in a and 
b) and after 12 and 24 h PM0.1 (1:35, Blue traces in a) or NP20 (1:35, Orange traces in b). To measure SOCE as [Ca2+]i, movement, neurons were exposed to 
thapsigargin in the absence of extracellular calcium and, then, re-exposed to 2 mmol/L Ca2+. (B c) Quantification of B. Data are means±SE of 3 separate experiments 
* p < 0.05 vs. control. ** p < 0.05 vs. 12 hrs. 
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2017). Therefore, SOCE depends on STIM1 sensing function (Hooper 
et al., 2013). In the attempt to study the compromission of this mech-
anism, the effect of PM0.1 and NP20 was studied on STIM1 protein 
expression in motor neuronal cells. Moreover, STIM1 protein expression 
was significantly reduced in motor neuronal cells exposed to PM0.1 for 
12 hrs while it increased after 24 hrs of PM0.1 exposure compared with 
control (Fig. 5A). NP20 produced a strong increase in STIM1 protein 
expression only after 24 hrs of exposure (Fig. 5A). Of note, STIM1 is the 
unique mechanism by which ER Ca2+ reduction can be detected by the 
cell thus regulating Ca2+ entry across the plasma membrane. It is 
noteworthy that, after SOCE activation, ER Ca2+ entry is mediated by 
the SERCA pump, an ATPase that transfers Ca2+ ions from the cytosol to 
the SR/ER lumen via ATP hydrolysis (Andersen and Vilsen, 1998; 
MacLennan, 2000; Vandecaetsbeek et al., 2009; Brini et al., 2013; Val-
entim et al., 2022). Therefore, the effect of PM0.1 and NP20 on SERCA2 
and SERCA3, mainly expressed in the brain (Baba-Aissa et al., 1998; 
Brini and Carafoli, 2009), was explored in motor neurons. Protein 
expression of SERCA2 and SERCA3 was significantly upregulated at 12 
and 24 hrs either by PM0.1 or NP20 exposure (Fig. 5B and C). Moreover 
PM0.1 and NP20 significantly affected ATP level very early: in fact, after 
6 hrs of incubation, ATP level was significantly curtailed by both these 
air pollutants (Fig. 5D), thus hampering the ability of SERCAs to move 
Ca2+ inside the organelle. On the light of these results, the over-
expression of STIM1 in the presence of ultrafine particulate matter and 
its nanoparticles may be interpreted as a compensatory mechanism to 
overcome the detrimental reduction of Ca2+ into ER. 

3.4. Long-term exposure to PM0.1 and NP20 downregulated Icrac and 
SOCE in motor neuron-like cells 

Upon ER Ca2+ leak, SOCE is responsible for ER Ca2+ refilling through 
the activation of the Ca2+ release-activated Ca2+ current (ICRAC), a non- 
voltage activated and inwardly rectifying current (Golovina et al., 
2001). Of note, STIM1 senses ER Ca2+ leak allowing the activation of 
ICRAC and SOCE to refill Ca2+ after its own oligomerization (Luik et al., 
2008). 

After 48 hrs exposure to PM0.1 and NP20, a time point in which ATP 
is drastically reduced (Sapienza et al., 2022), ER Ca2+ channels and 
protein machinery moving Ca2+ were completely dysregulated: SOCE 
was drastically reduced compared with control (Fig. 6a,b) while STIM1 
protein expression was upregulated in motor neurons exposed to ultra-
fine PM and nanoparticles (Fig. 6A c). In accordance to the effect of 
PM0.1 and NP20 on SOCE-mediated [Ca2+]i, patch-clamp experiments 
showed that ICRAC -measured at − 120 mV was drastically reduced 
compared with control currents (Fig. 6B). Furthermore, after 48 hrs, a 
significant upregulation for SERCA2 and SERCA3 protein expression 
also occurred in the same experimental conditions (Fig. 6C a-f) as well as 
those of the ER release Ca2+ channels RyR3 and IP3R3 (Fig. 6D a-c). As a 
consequence of ER dysfunction and Ca2+ loss, active form of Caspase 12 
protein was significantly upregulated by PM0.1 and NP20 long exposure 
(Fig. 6 E a-c). Of note, exposure to PM0.1 and NP20 together with the 
neurotoxin L-BMAA enhanced Caspase-9 protein expression (Fig. 6 d,e), 
thereby demonstrating the ability of ultrafine PM to interfere with ALS 
mechanisms. Moreover, only PM0.1 was able to potentiate the increased 
expression of BiP by L-BMAA (Supplementary: Figure S1B). This is in 
line with the neurotoxic effect of ultrafine PM, its nanoparticle compo-
nent and its putative role in neurodegeneration. Moreover, the 

Fig. 5. PM0.1 and NP20 induced changes in ER proteins involved in Ca2+ sensing and handling (i.e. STIM1, SERCA2, and SERCA3). (A) Western blots and 
quantification of STIM1 expression in NSC-34 cells after 12 and 24 hrs exposure to PM0.1 in “a” (1:35 corresponding to 2.86 ppm) or NP20 in “b” (1:35 corre-
sponding to 0.71 ppm). Data are means±SE of 4 separate experiments. * p < 0.05 vs. respective controls. ** p < 0.05 vs. 12 hrs PM. (B, C) Western blots and 
quantification of SERCA2 (B, a,b; C,a,b) and SERCA3 (B, a, c; C, a,c) expression in NSC-34 cells after 12 and 24 hrs exposure to PM0.1 in “B” (1:35 corresponding to 
2.86 ppm) or NP20 in “C” (1:35 corresponding to 0.71 ppm). Data are means±SE of 5 separate experiments. * p < 0.05 vs. respective controls. (D) ATP level in NSC- 
34 cells after 6 and 12 hrs exposure to PM0.1 in “a” or NP20 in “b”. Data are means±SE of 3 separate experiments. * p < 0.05 vs. respective controls. 
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upregulation of SERCAs and STIM1 proteins could be interpreted as 
compensatory mechanism in response to the longer exposure to PM0.1 
and NP20, since SOCE was significantly downregulated after 48 hrs of 
treatment. Point of interest includes the upregulation of ER release Ca2+

channels RyR3 and IP3R3 after the exposure to PM0.1 and NP20 that 
could be considered as one of the main causative mechanisms of Ca2+

loss and ER stress. 
Collectively, these data indicate that PM0.1 and NP20 determined a 

serious dysfunction of the main plasma membrane and ER mechanisms 
that are deputed to maintain ER Ca2+ homeostasis thus affecting motor 
neuronal life and functions. This cellular setting was characterized by 
several compensatory mechanisms due to an early curtailing effect on 
ATP level associated to a significant disruption of mitochondria. This 
impacts the activity of the cellular ATPases. Furthermore, due to the 
cross talk between mitochondria and ER, Ca2+ homeostasis resulted to 
be completely dysfunctional in motor neurons as occurs in neurode-
generative diseases. Therefore, the present study clearly established ER 
Ca2+ store dysregulation as a new mechanism underlying PM-induced 
neurotoxicity. 

4. Conclusions 

Atmospheric particulate matter (PM) is considered as the main 
contributor to the global burden of diseases associated with air pollu-
tion. PM of anthropogenic origin is associated to motor vehicle and 

industrial emissions, comprehending almost all the fine (PM2.5, size <
2.5 μm) up to ultrafine (PM0.1, size < 0.1 μm) particulate matter frac-
tions. The alarmingly unmonitored PM0.1 and, in particular, its sub- 
20 nm fraction (i.e. NP20) can enter the brain and be uptaken by neu-
rons, thus highlighting a strict association with neurodegeneration 
through organellar dysfunction. In the present study we showed that 
PM0.1 and NP20, collected in a lab-scale combustion system, showed 
toxic effects on endoplasmic reticulum (ER) function in motor neurons. 
Accordingly, they induced ER stress by disrupting ER morphology and 
ER Ca2+ handling function. This latter feature was due to the ER Ca2+

leak provoked by both PM0.1 and NP20 exposure followed by the pro-
gressive dysfunction of the ER refilling mechanisms, namely SOCE and 
ICRAC. Furthermore, under these conditions, the expression of the 
unique ER Ca2+ sensor STIM1 was dysfunctional together with SERCA 
pumps -deputed to organellar Ca2+ reuptake- and the main ER Ca2+- 
releasing channels (i.e. IP3R3 and RyR3). In addition, SERCA activity 
was certainly compromised, since ATP production was rapidly reduced. 
This confirmed the detrimental effect of ultrafine PM on mitochondria. 
Of note, ER stress is considered as a common pathomechanism shared by 
several neurodegenerative diseases and, in particular, by ALS whose 
occurrence has been associated to environmental causes. As proof of 
concept, the significant increase in the ER stress markers BiP and CHOP 
was detected in those brain areas containing motor neurons such as 
brain cortex and spinal cord of symptomatic ALS mice carrying the most 
common SOD1 mutation, namely SOD1G93A. Furthermore, motor 

Fig. 6. Long exposure to PM0.1 and NP20 downregulated SOCE and ICRAC modifying ER machinery and activating ER stress. (a,b) Representative superimposed 
single-cell traces of SOCE (at least 30 cells for each group) and quantification under control conditions (black trace) and after 48 hrs exposure to PM0.1 1:35 (Blue 
trace) or NP20 1:35 (Orange trace). (A c) Western blot and quantification of STIM1 expression in NSC-34 cells after 48 hrs exposure to PM0.1 (1:35 corresponding to 
2.86 ppm) or NP20 (1:35 corresponding to 0.71 ppm). Data are means±SE of 4 separate experiments. * p < 0.05 vs. respective controls. (B) Whole-cell recordings 
and quantification of ICRAC in NSC-34 motor neurons under control conditions and after exposure to PM0.1 1:35 (Blue trace) or NP20 1:35 (Orange trace). Data are 
means±SE of 3 separate experiments (5–8 cells for each group). *p<0.05 vs control. (C) Western blots and quantification of SERCA2 (a,b,d,e) and SERCA3 (a,d,c,f) 
expression in NSC-34 cells after 48 hrs exposure to PM0.1 (1:35 corresponding to 2.86 ppm) or NP20 (1:35 corresponding to 0.71 ppm). Data are means±SE of 5 
separate experiments. * p < 0.05 vs. respective controls. (D) Western blotting and quantification of RyR3 and IP3R-3 in NSC-34 cells under control conditions and 
after exposure to PM0.1 or NP20 (both at 1:35 dilution). Data are means±SE of 4 separate experiments. * p < 0.05 vs. respective controls. (E) Western blot and 
quantification of active Caspase 12 and procaspase-12 in NSC-34 cells exposed to PM0.1 or NP20 (both at 1:35 dilution/48hrs) (a-c) and Caspase-9 in NSC-34 cells 
exposed to L-BMAA alone or L-BMAA + PM0.1 or NP20 (both at 1:35 dilution/48hrs) (d, e). Data are means±SE of 3 separate experiments. *p<0.05 vs control. 
**p<0.05 vs L-BMAA and control. 
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neurons exposed to PM0.1 and NP20 showed the same proteomic profile 
of some apoptotic factors displayed by L-BMAA -treated motor neurons, 
a model to reproduce Guamanian form of ALS. Of interest, PM0.1 and 
NP20 enhanced ER stress and caspase-9 activation induced by L-BMAA. 

Therefore, the present study showed a new mechanism underlying 
the neurotoxicity of anthropogenic ultrafine PM and its nanofraction 
NP20 that was shared by ALS and that could be therapeutically targeted 
to reduce or, at least treat, air pollution-induced neurotoxicity. 
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