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ARTICLE INFO ABSTRACT

Keywords: Introduction: Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative disorder that
ALS progressively leads to motor neuron degeneration at the neuromuscular junctions, resulting in
NSC34

paralysis in the patients. The clinical diagnosis of ALS is time taking and further delays the

stGF lasma therapeutics that can be helpful if the disease is diagnosed at an early stage. Changes in plasma
ALS ESF composition can be reflected upon CSF composition and hence, can be used to study the diagnosis

and prognosis markers for the disease.

Aim: To develop a simple model system using motor neuron like cell line after plasma induction.
Method: Neuroblastoma x Spinal Cord hybridoma cell line (NSC34) was cultured under appro-
priate conditions. 10% ALS patients’ plasma was added to the media, and cells were conditioned
for 12 h. Cell survival analysis and differential gene expression of a panel of molecules (published
previously, VEGF, VEGFR2, ANG, OPTN, TDP43, and MCP-1) were done.

Results: ALS patients’ plasma impacted the life of the cells and reduced survival to nearly 50%
after induction. VEGF was found to be significantly down-regulated in the cells, which can be
explained as a reason for reduced cell survival.

Conclusion: ALS plasma altered the expression of an essential neuroprotective and growth factor
VEGF in NSC34 cells leading to reduced viability.

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a degenerative disorder that includes neuromuscular interactions. The neurons degenerate,
and the muscles get atrophied, causing paralysis. The disease grows rapidly in some cases and relatively very slowly in others. ALS is
sporadic in approximately 90% of the cases and familial in rest of the 10%, where C9orf72 and SOD1 are the most studied genes for the
familial origin of the disease [1]. Mutations in various other genes have been studied for sporadic ALS. However, no single molecule
has been assigned to the pathology of the disease to date, making the prognosis more difficult.

Proteomic studies on the biofluids from ALS patients have shown altered levels of various physiologically important proteins [2-4].
Our previous studies have focused on a specific panel of the molecules studied in relation to ALS [5-7]. The levels of these molecules
were analysed in the CSF and plasma of ALS patients. The specificities of the molecules in the panel have been explained well in our
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previous studies. The panel contains Vascular Endothelial growth factor (VEGF) and its receptor VEGFR2, Angiogenin (ANG), Opti-
neruin (OPTN), Transactive Response DNA Binding Protein 43 (TDP43), and Chemokine Ligand 2 (CCL2).

The first three proteins in the panel are involved in vascularisation and also have been found to play neuroprotective roles in CNS
[8,9]. VEGF is a growth factor and acts as a trophic factor for the survival and proliferation of the surrounding cells [9]. OPTN and
TDP43 proteins are involved in protein inclusions formed inside the dying neurons. TDP43 is an important transcription factor, and its
mislocalisation affects cell survival [10]. OPTN is another molecule that is involved in regulating autophagy [11] and is found to be
involved in the process of neuroinflammation along with CCL2, an important marker for neuroinflammation.

Neuroblastoma x spinal cord hybrid (NSC34) cell line is a model for studying cellular-level ALS pathology as the cell line has
characteristic features of motor neurons. Hence, ALS pathology can be created in the cell line, and different prognosis and therapeutic
approaches can be studied with its help (details in method section). Although some previous studies have shown the toxicity of ALS
patients’ CSF in the in-vitro [12] and in-vivo [13] system, no previous studies have tested the effect of plasma from patients in-vitro.
However, some early studies have studied the serum cytotoxicity in-vitro and in-vivo [14,15]. The CSF of the ALS patients reduced the
cell viability of the NSC34 cells and also caused ALS-like symptoms in mice. Some studies have shown that ALS CSF-induced neu-
rodegeneration in the NSC34 cells can be reversed after the administration of neuroprotective molecules such as VEGF, BDNF [16-19].

Altered biochemical changes in the systemic circulation are representative of the altered composition of CSF and can be used for
biomarker discovery for neurodegenerative diseases. Studies combining CSF and plasma analysis can be more helpful in studying brain
pathology [20,21]. Plasma can be collected non-invasively and may be used to create the ALS pathology, as shown by the current
study. The plasma of ALS subjects has been shown to have varying protein configurations than normal healthy individuals [7]. To see
how the composition of the plasma affects the cells, the cell viability was analysed using MTT assay. Further, the gene expression of the
proteins proposed in the panel was analysed in the cells. However, blood-brain barrier has an important role to play in this interaction
of plasma with neurons; hence in-vivo studies for plasma are warranted along with CSF.

2. Methods
2.1. Cell line

Neuroblastoma x Spinal Cord Hybridoma cell line is commonly abbreviated and mentioned as NSC34 cells. The cell line is a hybrid
of spinal cord cells taken from 12 to 14 days old embryonic mice and the mice neuroblastoma N18TG2 cells. The cell line developed by
Cashman et al. in 1992 is an appropriate model for the studies concerning motor neurons as the cells mimic the properties of motor
neurons [22]. The cell line is a mixture of large motor neurons and small neurons. The cell line was provided to us by Dr. Vegasna
Radha and Dr. Archana from CCMB, Hyderabad. The cells were cultured using the DMEM Glutamax (Dulbecco’s Minimum Essential
Medium with Glutamax, 10569-010, Gibco, Grand Island, US) supplemented with 10% Fetal Bovine Serum (FBS, 10270106, Gibco,
Thermo, Brazil) and 1% Penicillin-Streptomycin (Pen-Strep, (10,000 U/mL),15140122, Gibco, Thermo, Grand Island, US) at 37°c with
5% CO» in the incubator.

2.2. Subjects

The plasma of nine ALS patients was used for inducing the cultured cells in various combinations of plasma samples. The study was
approved by the Institutional Ethics Committee (Ethical reference no. NK/5365/PhD/382). Mean ALS FRS R score and mean disease
duration (in months) of ALS patients were 31.9 + 10.46 and 21.87 + 13.74, respectively. The disease progression rate (AFS) for the
group of ALS patients was 0.736 [23]. Healthy individuals’ plasma was used as a control for the induction experiment of cells (eight).
Also the non-induced or unstimulated cells were used as an additional experimental control. The blood samples were collected from the
participants after they consented to participate. The plasma was isolated from the whole blood by centrifugation at 1500 RPM for 30
min.

2.3. Induction of cells

The cultured cells were induced with media containing the plasma of patients and controls for 12 h. 10% plasma media was used for
the induction of cells. The complete media (DMEM with 10% FBS) was further supplemented with 10% plasma from the subjects. The
plasma samples were pooled for three subjects in each category for all the experimental setups in different combinations. Before in-
duction, the cells were subjected to serum starvation for 12 h by culturing in DMEM only (without FBS supplementation). Serum
starvation was done to bring all the cells on the same cell cycle stage, i.e. GO, to avoid any effect of different cell cycle stages on MTT
results [24]. After serum starvation, the cells were cultured for 12 h with plasma media. Further assessments were done after this
induction.

2.4. MTT assay

To analyse the effect of plasma from human subjects on the cell line or to test the toxicity of the plasma of ALS patients, the cell
viability was analysed using MTT assay. MTT assay helps to assess the percentage cell survival . MTT is a colorimetric assay, and results
are based on the color intensity of the end products. Cells were seeded in a 96-well plate at a density 10,000 cells/well. The cells were
allowed to be confluent. Thereafter, the cells were serum starved for 12 h and then treated with plasma for 12 h before adding MTT
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substrate. MTT substrate i.e. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Thiazolyl Blue Tetrazolium Bromide,
M2128-500 MG, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), 0.5 mg/ml working solution with 10% DMEM-FBS media, when
added to the culture media, it got reduced by live cells and got converted from yellow solution to formazan crystals, which were then
dissolved with the help of DMSO and color intensity (Optical density, OD) was measured at 595 nm with a microplate reader (Bio-Rad
Laboratories, California, USA). Succinate dehydrogenase in the mitochondria of live cells causes the reduction of MTT reagent. Un-
treated cells were used as the experimental control. The percentage cell viability for MTT assay can be calculated using the below
formula:

OD of treated cells — OD of blank wells

OD of untreated cells — OD of blank wells 100

Percentage cell viability =

2.5. mRNA expression

After analyzing the cell viability, mRNA expression was analysed for genes referred to in the introduction section. RT-qPCR was
done for mRNA expression. The cells were seeded in T-25 flasks till they became confluent. The cells were treated in the same manner
as for MTT assay. After the treatment was complete, the images of cells were studied for morphological alterations, after which the
media was discarded. Untreated cells were used as experimental controls. Cells were washed with PBS and trypsinised using Trypsin-
EDTA (0.25%, 1x, 25200056, Gibco, Thermo, Canada). Immediately RNA isolation was done using the standard kit protocol for
RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis was done thereafter immediately using the Verso cDNA synthesis kit
(Thermo Fischer Scientific, Waltham, Massachusetts, USA).

Primer sequence and details have been reproduced in Table 1. 10 pl of the reaction mixture was prepared by adding cDNA samples,
Power up SYBR Green Master Mix reagent (Applied Biosystems, Foster City, California, USA), primers (forward-reverse, Eurofins
Genomics India Pvt. Ltd.) and RNAase free water. The PCR was done using the Step one Real-Time PCR System (Applied Biosystems,
Foster City, California, USA). 50 ng of cDNA concentration was used for the reaction. The PCR was done in triplicates. p-actin was used
for the normalization of the gene expression, and relative fold change was calculated in the gene expression. The PCR program setup is
shown in Fig. 1; the default program of the ABI step one software for calculating AACt with SYBR green reagent has been used for the
gene expression.

2.6. Statistical analysis

The data was tested for distribution using the one-sample K-S test. It was found to be parametric, and hence, ANOVA was used to
compare the cell viability followed by post-hoc analysis (Tukey HSD test), and Independent t-test was applied to compare the fold
change for genes in the ALS plasma-treated cells and control plasma-treated cells using the AACt values. The data from minimum three
experiments was considered for the analysis. Each experiment was done in triplicates.

3. Results
3.1. ALS patient plasma is toxic for the NSC34 cells

Decreased cell viability was seen in the cells treated with ALS patients’ plasma in comparison to healthy individuals’ plasma and
untreated cells (Fig. 2). Plasma has been found to be toxic to motor neuron-like cells. Considering this loss in the cell viability of the
cells treated with ALS plasma (p = 0.04), gene expression was analysed in the cells.

Table 1

Primer sequences of the genes quantified using RTq-PCR. The genes tested are Vascular Endothelial
Growth Factor (VEGF), VEGF receptor 2 (VEGFR2), Angiogenin (ANG), Optineurin (OPTN), Trans-
active Response DNA Binding Protein 43 (TDP43) and Chemokine Ligand 2 (CCL2).

Gene Primer Sequence
VEGF F 5'-CGATTGAGACCCTGGTGGA-3'

R 5-GTCTTTCTTTGGTCTGCATTCAC-3'
VEGFR2 F 5-TCATAATAGAAGGTGCCCAGGA-3'

R 5'-CGTAGGACAATGACAAGAAGGA-3'
ANG F 5'-AACCTCACCCTGCAAAGATG-3'

R 5'-GTGGACAGGCAAACCATTCT-3'
OPTN F 5-TGTTTCAAAGAGGAGCCGAG-3'

R 5'-ATCACATGGATCTGAAGCGT-3'
TDP43 F 5'-CAACTCTAAGCAAAGCCCAG-3'

R 5'-ATCTACCACTTCTCCATACTGAC-3'
MCP1 F 5'-GCCAACTCTCACTGAAGCC-3'

R 5'-CGTTAACTGCATCTGGCTGAG-3'
B-actin F 5'-AGCCATGTACGTAGCCATCC-3'

R 5-CTCTCAGCTGTGGTGGTGAA-3'

F-Forward, R-Reverse.
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Fig. 1. PCR program used for the quantification using AACt method with SYBR Green dye. First is the holding stage for the activation of reagents,
then the cycling stage with 40 PCR cycles, each having denaturation, extension, and annealing. Melt Curve was also tested to analyse the integrity of
the amplifications.

3.2. ALS plasma treatment altered the morphology of the NSC34 cells

The characteristic morphology of the NSC34 cells is neuron-like with dendrites, and axons. This cell line is an adherent cell line and
the cells are found adhered to the culture dishes and attain their characteristic neuron-like shape. However, the ALS plasma treatment
resulted in an alteration of the morphology of the cells. Instead of having the characteristic shape, the cells lost their adherent property
and started floating as circular cells suspended in the media. Also, the cell density was reduced in the culture dish treated with ALS
plasma (Fig. 3).

3.3. Treatment of cells with ALS plasma significantly reduced the VEGF mRNA expression in the cells

The relative fold change in the mRNA expression was calculated using the SYBR method. Fold change was analysed for the
following genes: VEGF, VEGFR2, ANG, OPTN, TDP43, and CCL2 (Fig. 4). The fold change for all the genes in the untreated cells was
considered as one, and the fold change for the cells treated with plasma was normalized to that. VEGF was significantly downregulated
in the ALS plasma-treated cells in comparison to cells treated with control plasma (Fig. 4b). A decrease in the VEGF expression was
noted, mimicking the reduced VEGF levels in the ALS plasma as shown in our previous study [5]. The difference in fold change for the
other genes was not significant (Fig. 4a, c-f).

4. Discussion
ALS was first defined by Charcot as a Neuromuscular disorder in which neuronal degeneration leads to muscle wasting and ulti-

mately paralysis. Within three to five years of the onset of the disease, the patients got choked to death because of respiratory failure.
Various proteins till now have been explored for the biomarker potential for studying prognosis and therapeutic studies. CSF from ALS
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Fig. 2. The cultured NSC 34 cells were serum starved for 12 h and then kept under treatment for 12 h. MTT assay was done to estimate cell viability.
There was a reduction in the percentage of live cells in the ALS plasma-treated cells in comparison to untreated and normal control treated plasma
cells. n = 5 (five experiments were done in triplicates). Untreated cells have been used as an experimental negative control. Abbreviations; NC,
Normal control (NSC34 cells treated with healthy individuals plasma), ALS, Amyotrophic Lateral Sclerosis (Cells treated with ALS patients plasma).
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Fig. 3. Altered morphology of the cells treated with ALS patients’ plasma. (a) The characteristic morphology of the untreated NSC34 cells. The cells
are rounded but they are adherent cells and are in the diving stage. (b) The cells after the control plasma treatment have acquired the characteristic
neuronal shape. (c) The cells are more rounded in structure and are floating as a suspension in the media after treatment with the ALS patients’
plasma. Abbreviations, NC, Normal control, ALS, Amyotrophic Lateral Sclerosis.
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Fig. 4. Fold change in the mRNA expression of VEGFR2 (a), VEGF (b), ANG (c), OPTN (d), TDP43 (e), and CCL2 (f). (a) VEGFR2 has not shown
much change in the expression. (b) VEGF has been significantly downregulated in ALS patients’ plasma-treated cells. p-0.012. (c-f) Other genes
(ANG, OPTN, TDP43 and CCL2) have shown downregulation though not significant. n = 3 (Three experiments done in triplicates). Abbreviations,
VEGF, Vascular Endothelial Growth Factor, VEGFR2, VEGF receptor 2, ANG, Angiogenin, OPTN, Optineurin, TDP43 Transactive Response DNA
Binding Protein 43, CCL2, Chemokine Ligand 2.

patients has shown to be toxic in the in-vitro and in-vivo systems. Also, the toxicity caused by CSF has shown to be rescued after adding
the neurotrophic factors, VEGF [12] and Brain Derived Neurotrophic Factor (BDNF) [18] to these systems.

However, in our case, no CSF toxicity was observed even when tested at higher dosages (Supplementary Fig. 1). This observation
might be explained by the lower progression rate of disease in our ALS patients in comparison to previous studies where CSF toxicity
was shown [17,23]. The disease pattern in India has been described as a slow progressing disease in comparison to western coun-
terparts in various studies [25,26]. Galan et al. observed that CSF toxicity was patient-specific and not all patients’ CSF was toxic. They
had also shown that there is no correlation between CSF toxicity and the survival of ALS patients [27]. Since the changes in the CSF
were presumably reflected in the plasma [20,21], the potential of ALS plasma could also be explored for creating such a model system.
Some earlier studies have shown the serum of ALS patients to be toxic for in vitro systems [28,29].

Our previous studies have analysed a panel of proteins in the ALS plasma (completely) and CSF (partially) of the same cohort. In the
study, a similar decreasing trend for VEGF in both fluids was reported [5,7]. A predictive logistic regression model developed using the
demographics and the protein levels in both fluids of the cohort showed the combined role of all three markers, demographics, protein
levels in the plasma and CSF, in the prediction of the disease [6]. Hence, the analysis of plasma from ALS patients in the in-vitro system
is warranted. The current study has shown that the ALS plasma is toxic for the NSC34 cells and it decreases the cell viability to almost
half of the untreated cells. Along with the decrease in cell viability, the cells also lose their characteristic shape as well as the adherent
property, as shown by the cells in suspension (Fig. 2).
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Since the panel of the molecules we have studied till now play an important role in the pathology besides providing neuroprotection
to the cells, the same panel has been analysed in the NSC34 cells in the present study. VEGF is found to be significantly downregulated
in cells treated with ALS plasma in comparison to cells treated with control plasma. However, protein level estimation in the NSC34
cells or in the supernatant, after stimulation with plasma could not be done in the present study. Absence of protein level correlation
with mRNA expression is a limitation of the current study.

The downregulation of VEGF is in concert with the decrease in VEGF levels in the plasma of ALS patients of our cohort as reported in
our previous study [5]. Different studies have shown that VEGF administration could reverse the degeneration in the NSC34 cells
although VEGF mRNA expression was not observed in the NSC34 in these studies [17,19]. The downregulation of VEGF in our study is
consistent with this role of VEGF. However, there are contrasting reports regarding the VEGF levels in the biofluids of ALS patients. Gao
et al. reported elevated VEGF levels in the ALS CSF and serum. They could observe an inverse correlation between the VEGF levels and
disease progression rate. VEGF is a neuroprotective molecule and the downregulation of which can be attributed to the reduced
viability of the NSC34 cells in our study.

Another reason for studying the plasma in-vitro system for ALS is to explore the possibility of ALS progression to be a dying back
phenomenon [30-32]. Since dying back theory of ALS progression suggests that the degeneration starts at the muscular or the
neuromuscular junction level. Fischer et al. in a case report of a sporadic ALS patients’ autopsy, has shown that there were indications
of denervation and re-innervation of muscles, but the motor neurons did not indicate any abnormality [33]. It may be speculated that
there is some altered composition of plasma or reduction in certain growth factors in the plasma that might trigger the degeneration in
ALS patients. Also, there might be a possibility that degenerating muscles release some degenerative factors in the plasma and at the
neuromuscular junction, which leads to the degeneration of motor neurons [34]. The degeneration first starts at the muscular level and
then moves toward neurons. This warrants the need to target plasma composition as a biomarker for ALS and also this warrants more
studies targeting the therapeutic approaches for muscles. This can further be supported by the fact that only motor neurons get affected
in ALS and not the other neurons.

5. Conclusion

ALS plasma altered the expression of an essential neuroprotective and growth factor VEGF in NSC34 cells leading to reduced
viability.
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