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Empowering the NSC-34 cell line as a motor neuron 
model: Cytosine arabinoside’s action

Abstract  
The NSC-34 cell line is a widely recognized motor neuron model and various neuronal differentiation protocols have been exploited. Under previously reported 
experimental conditions, only part of the cells resemble differentiated neurons; however, they do not exhibit extensive and time-prolonged neuritogenesis, 
and maintain their duplication capacity in culture. The aim of the present work was to facilitate long-term and more homogeneous neuronal differentiation 
in motor neuron–like NSC-34 cells. We found that the antimitotic drug cytosine arabinoside promoted robust and persistent neuronal differentiation in the 
entire cell population. Long and interconnecting neuronal processes with abundant growth cones were homogeneously induced and were durable for up to 
at least 6 weeks in culture. Moreover, cytosine arabinoside was permissive, dispensable, and mostly irreversible in priming NSC-34 cells for neurite initiation 
and regeneration after mechanical dislodgement. Finally, the expression of the cell proliferation antigen Ki67 was inhibited by cytosine arabinoside, whereas 
the expression levels of neuronal growth associated protein 43, vimentin, and motor neuron–specific p75, Islet2, homeobox 9 markers were upregulated, as 
confirmed by western blot and/or confocal immunofluorescence analysis. Overall, these findings support the use of NSC-34 cells as a motor neuron model for 
properly investigating neurodegenerative mechanisms and prospectively identifying neuroprotective strategies.
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Introduction 
Culturing eukaryotic/prokaryotic cells under controlled experimental 
conditions has compelling applications in the study of cell growth and 
differentiation, virus infection, vaccine development, and the role of genes 
and pathways in health and disease (Allen et al., 2023). In a clinical context, 
cell culture is linked to creating model systems that dissect basic biology, 
replicate disease mechanisms, or define the efficacy or toxicity of novel 
drugs (Flobak et al., 2022). Among the advantages of using cell cultures for 
these applications, we note: their homogeneity and well-defined culture 
conditions greatly reducing the impact of genetic or environmental interfering 
variables; their consistency and reproducibility in data generation; and finally, 
their feasibility in manipulating genes, proteins, and pathways. The basic 
and translational applications of cultured cells are as diverse as those of 
cell types grown in vitro. Because the selection of a particular cell line and 
culture conditions depend on the emergent behavior and biological readout 
that we wish to investigate, the changes in cell size, shape, number, and 
selective transcription/translation events are among the key parameters that 
can be watchfully monitored in response to a mutable pathophysiological 
environment. The composition of the microenvironment is indeed critical for 
cell identity, morphogenesis, and function, by conditioning a specialized niche 
for the cells. However, we are still unaware of how selected environmental 
determinants can prime morphological shapes and functions.

Neurons allowing organisms to perceive their environment and act in response 
are the most morphologically varied phenotypes in the animal kingdom. 
Exposure to diverse types and concentrations of extracellular signals guides 
the selection of neuronal phenotypes, by regulating the expression of intrinsic 
determinants, particularly transcription factors, which in turn drive the fate 
of the neurons. Further knowledge of the molecular control of neuronal 
morphology and identity is therefore likely to be beneficial for understanding 
not only neural development, but also the causes/consequences of neurological 
defects and diseases. For instance, in the vertebrate spinal cord, motor neurons 
deregulate a common set of transcription factors at the progenitor stage 
(Olig2, Nkx6.1/6.2, and Pax6) and express a different set of transcription factors 
(homeobox 9 (Hb9), Islet1/2, and Lhx3) when they become postmitotic (Catela 
and Kratsios, 2021). Among the various models of motor neurons (Valetdinova 
et al., 2015), the hybrid NSC-34 cell line retains the ability to proliferate in 
culture while possessing properties expected for mature motor neurons, such 
as action potentials, neurofilament protein expression, acetylcholine synthesis, 
storage, and release (Cashman et al., 1992). By modeling features of motor 
neurons in an immortalized clonal system, these cells, however, do not elicit 
massive and homogeneous neuronal differentiation, moreover, sustained over 
a long period. 
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The aim of this work was thus to prime NSC-34 cells with a postmitotic 
phenotype that optimizes a consistent and stable neuritogenesis using ara-C, 
and to further legitimate their use as a motor neuron model in which to 
dissect neurodegenerative pathways and potentially identify neuroprotective 
strategies.
 

Methods   
Ethics statement
The ethical approval was waived because this study did not include 
experiments in humans  or in animal models and the cell line used is available 
commercially.

Cell culture
The NSC-34 cell clone (RRID: CVCL_D356) used in the present work (Cascella 
et al., 2022) was a kind gift from Department of Experimental and Clinical 
Biomedical Sciences “Mario Serio”, University of Florence, Florence, Italy. 
NSC-34 cells were originally generated by fusion of aminopterin-sensitive 
mouse neuroblastoma N18TG2 cells with motor neuron–enriched embryonic 
day 12–14 mouse spinal cord cells (Cashman et al., 1992). NSC-34 cells 
were maintained in growth medium (GM) consisting of Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 (Euroclone, Pero (MI), Italy, Cat# ECM0095) 
supplemented with 10% heat-inactivated fetal bovine serum (Euroclone, 
Cat# ECS0187L) and 1% penicillin/streptomycin, in a humidified 5% CO2 
atmosphere at 37°C. The culture medium was renewed twice a week and 
the cells were routinely passaged when they reached ~80% confluency, 
for a maximum of 40 passages. Experiments were routinely repeated and 
confirmed with both low (< 20) and high (> 20) passages. 

Cell counting
The culture medium was removed from the cell plate and replaced with a 
1 mL/35 mm dish of a detergent-containing lysing solution (0.05% ethyl-
hexadecyl-dimethyl ammonium bromide, 0.028% acetic acid, 0.05% Triton 
X-100, 0.3 mM NaCl, 0.2 mM MgCl2, in PBS, pH 7.4). After ~2 minutes at room 
temperature, the solution consisted of a uniform suspension of single, intact, 
viable nuclei. The solution was then collected, and the nuclei were counted 
with a hemocytometer. Broken or damaged nuclei were not included in the 
counts (Volonté et al., 1994). 

Neuronal differentiation
For differentiation experiments, NSC-34 cells were plated at the density 
described in each figure legend, and in differentiation medium (DM) consisting 
of DMEM/F12 supplemented with 0.5% fetal bovine serum, 1% penicillin/
streptomycin, and 1% modified Eagle’s medium non-essential amino acids 
solution (Sigma-Aldrich, Darmstadt, Germany, Cat# M7145), in the presence 
of either 1 μM retinoic acid (RA; Cat# R2625), 100 μM dibutyryl-cyclic AMP 
(dBcAMP, Cat#D0260), 10 μM forskolin (Cat# F6886), 0.1–1 μM cytosine 
arabinoside (ara-C; Cat# C6645), 5 μg/mL and 1 ng/mL Cycloheximide (Cat# 
C7698) (all from Sigma-Aldrich) or 1 μg/mL-10ng/mL Actinomycin D (Cat# 
A7592) (Thermo Fisher Scientific, Waltham, MA, USA). All cell conditions were 
monitored at different time points and pictures were taken with Olympus IX50 
inverted phase contrast microscope (Olympus, Tokyo, Japan) equipped with a 
digital image acquisition system (Bio Cell, Rome, Italy).

Neuronal quantification
After confocal immunofluorescence microscopy was performed with light 
neurofilament (NFL), beta3-tubulin, SMI32, and/or vimentin antibodies (Table 
1), the images were processed with ImageJ software (1.54f version, https://
imagej.net/software/imagej) and neuronal quantification was performed by 
the ImageJ plug-in Analyze Skeleton (3.4.2 version, https://imagej.net/plugins/
analyze-skeleton). After the manufacturer’s protocol application, the Analyze 
Skeleton plugin provides a tagged skeleton image from which the number of 
branches (segments), the junction points among branches, the length of the 
longest branch (μm), and the total extension of the neuronal network (μm) 
can be extrapolated from the resulting output files.  

Neurite regeneration assay
After neuronal differentiation for 10–15 days in DM, in the presence of 0.5 
μM ara-C, NSC-34 cells were rinsed three times with DMEM/F12 and then 
mechanically dislodged from the dish, by forceful trituration with a cell 
scraper. The cells were subsequently collected and gently drawn in and out, 
with a Pasteur pipette. As a result of this procedure, the  neurites of the 

Table 1 ｜ Details and work dilutions of primary antibodies used for 
immunofluorescence (IF) and western blot (WB) analysis

Host, antibody IF dilution WB dilution Supplier Cat#

Mouse, beta3-
tubulin

1:500 – Immunological Sciences, 
Rome, Italy

MAB-10288

Rabbit, ChAT 1:100 – Merck Millipore, Temecula, 
CA, USA

AB143

Mouse, GAP43 1:1000 1:1000 MyBioSource, San Diego, 
CA, USA

MBS555937

Mouse, GAPDH – 1:5000 Merck Millipore CB1001
Mouse, Hb9 – 1:50 Santa Cruz Biotechnology, 

Dallas, TX, USA
SC515769

Mouse, Islet2 1:100 1:100 Santa Cruz Biotechnology SC390746
Rabbit, Ki67 1:250 – Thermo Fisher Scientific MA514520
Mouse, MAP2 1:1000 – Sigma-Aldrich, Darmstadt, 

Germany
M4403

Goat, NFL 1:100 – Santa Cruz Biotechnology SC12980  
Rabbit, p75 1:50 1:1000 Abcam, Waltham, MA, USA AB52987

Mouse, SMI32 1:1000 – BioLegend, San Diego, CA, 
USA

801701

Rabbit, Vimentin 1:200 1:1000 Abcam AB92547

ChAT: Choline acetyltransferase; GAP43: growth-associated protein 43; GAPDH: 
glyceraldehyde 3-phosphate dehydrogenase; Hb9: homeobox 9; MAP2: microtubule-
associated protein 2; NFL: light neurofilament.

cells were completely lost by mechanical shearing and resorption into the 
cell body (D’Ambrosi et al., 2000). The cells were then replated in DM, in the 
presence or absence of ara-C, or in GM for an additional 10–20 days. They 
were observed and photographed at different time points. This procedure can 
be successfully repeated for a second cycle of neurite regeneration. 

Total RNA extraction, reverse transcription, and quantitative PCR
NSC-34 cells were lysed with QIAzol (Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. After genomic DNA elimination, reverse 
transcription was achieved using PrimeScript RT Reagent Kit with gDNA Eraser 
(Takara Bio, Shiga, Japan, Cat# RR047A). Quantitative PCR (qPCR) was carried 
out with TB Green® Premix Ex TaqTM (Takara Bio, Cat# RR420W) and relative 
quantification of the transcripts was determined by the 2–ΔΔCt method (Livak 
and Schmittgen, 2001) with the TATA box binding protein used as reference 
gene. The thermal profile of qPCR reactions was declined as follows: initial 
denaturation at 95°C for 10 minutes, which was followed by 35 cycles of 
10 seconds at 95°C and 30 seconds at 60°C. Melting curves were obtained 
after 10 seconds at 95°C and 1 minute at 65°C. At least three independent 
biological replicates were performed with three technical replicates each. 
The primers used were purchased from Sial (Rome, Italy). The sequences of 
primers used were as follows: (5′–3′): Ki67, forward: GAG GAG AAA CGC CAA 
CCA AGA G; reverse: TTT GTC CTC GGT GGC GTT ATC C. TATA box binding 
protein primers sequence (5′–3′): forward: CCA ATG ACT CCT ATG ACC CCT A; 
reverse: CAG CCA AGA TTC ACG GTA GAT.

Protein extraction and determination
Protein extraction and quantification were performed as described previously 
(Martire et al., 2020). Briefly, NSC-34 cells were harvested in RIPA buffer (1% 
Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS in PBS) and the protein 
concentration was determined by the Bradford method using Bio-Rad Protein 
Assay (Bio-Rad Laboratories, Segrate, Italy), and with bovine serum albumin as 
a standard. Cell lysates were added with the Laemmli sample buffer and boiled 
for 5 minutes. 

Western blotting
Equal amounts of protein (15 µg) were loaded onto 10% polyacrylamide 
gels, separated by SDS-PAGE, and transferred to nitrocellulose membranes 
(Amersham Biosciences, Chicago, IL, USA) in a 20% ethanol-Tris-Glycine buffer. 
After 1-hour saturation with blocking solution consisting of 5% non-fat dry milk 
in TBS-T (10 mM Tris pH 8, 150 mM NaCl, 0.1% Tween 20), the membranes 
were incubated overnight at 4°C with the specified primary antibodies (Table 
1) diluted in TBS-T buffer, and then for 1 hour at room temperature with HRP-
conjugated secondary antibodies. HRP-linked anti-rabbit (Thermo Fisher 
Scientific, Waltham, MA, USA, Cat# 31460, RRID: AB_228341) and anti-mouse 



NEURAL REGENERATION RESEARCH｜Vol 21｜No. 1｜January 2026｜359

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

(Thermo Fisher Scientific, Cat# 31430, RRID: AB_228307) antibodies were 
diluted 1:5000. Bands were visualized using enhanced chemiluminescence 
ECL Advance Western blot detection kit (Amersham Biosciences) and iBrightTM 
CL1000 (Thermo Fisher Scientific). Quantification of signal intensity was 
performed by ImageJ software. 

Confocal immunofluorescence analysis and quantification
NSC-34 cells were fixed for 10 minutes in 4% paraformaldehyde, 
permeabilized in PBS containing 0.1% Triton X-100 and then incubated 
for 1.5 hours at 37°C with the specified primary antibodies (Table 1). The 
secondary antibodies (all purchased from Jackson ImmunoResearch, West 
Grove, PA, USA) diluted in PBS (1% normal donkey serum) were as follows: 
Cy3-conjugated donkey anti-rabbit IgG (1:100, Cat# 711-165-152, RRID: 
AB_2307443), Cy5-conjugated donkey anti-goat IgG (1:100, Cat# 705-175-
147, RRID: AB_2340415), Alexa Fluor 488-AffiniPure donkey anti-mouse IgG 
(1:200, Cat# 715-545-151, RRID: AB_2341099), Alexa Fluor 488-AffiniPure 
donkey anti-rabbit IgG (1:200, Cat# 711-545-152, AB_2313584), and 
Alexa Fluor 555-AffiniPure donkey anti-mouse IgG (1:200, Cat# A32773). 
Höechst 33342 (Thermo Fisher Scientific, Cat# H1399) was used for nuclear 
staining (1:1000 in PBS). Images were acquired by a laser scanning confocal 
microscope (Zeiss, Jena, Germany, LSM800) equipped with four laser lines: 
405 nm, 488 nm, 561 nm and 639 nm, as described previously (Amadio et al., 
2017). The brightness and contrast of the digital images were adjusted using 
the Zen software (Zeiss) and quantified with ImageJ software (Apolloni et al., 
2019).

Statistical analysis 
Statistical analyses were performed using GraphPad Prism version 9.4.1 
software (GraphPad Software, San Diego, CA, USA, www.graphpad.com). 
Statistical analysis of cell counting was performed by two-way analysis of 
variance and Dunnett’s test for multiple comparisons. Western blot and qRT-
PCR statistical analysis was performed by unpaired t-test. Statistical analysis 
of immunofluorescence acquisition was performed by one-way analysis of 
variance with Tukey’s post hoc test for multiple comparisons. The data are 
expressed as mean ± SEM in Figures 2A, 6C, 7A–D, Additional Figures 2A and 
3A, while in Figures 4A–D and 6B data are graphed with BoxPlot. All statistical 
tests with corresponding significance levels are further specified in each 
figure legend indicating the specific P value of each test. 

Results
The NSC-34 cells are a widely adopted motor neuron model, whose 
differentiation protocols have been extensively exploited. These mainly 
include low concentrations of serum (0.5%–1%) supplemented with either 
retinoic acid (RA, 1–10 μM (Stanzione et al., 2021; Ackerman and Gerhard, 
2023; Wu et al., 2024)), or cAMP agents (10–100 μM (Nango et al., 2017)), 
prostaglandin (10–100 μM (Nango et al., 2020; Nango and Kosuge, 2022)), 
or deoxycholic acid (20 μM (Ackerman and Gerhard, 2023)). Under these 
conditions, only part of the cells differentiated into neurons with several 
spikes and various lengths neurites, while the majority continued dividing in 
culture and maintained a pleomorphic roundish, flat, or irregularly shaped 
morphology, however not exhibiting extensive and long-term neurite 
outgrowth. 

The aim of our work was to promote a postmitotic phenotype displaying more 
homogeneous and long-term neuronal differentiation in NSC-34 cells.

We showed that NSC-34 cells grown in GM were heterogeneous in shape 
and exhibited variable proportions of spherical or irregularly flat cells bearing 
short spikes (Figure 1A and B). When cultured in DM, only very few cells 
elongated cellular processes that reached up to 5–8 cell bodies in length, 
by approximately day 3 (Figure 1C). After 7 days, these protrusions however 
withdrew, and the cells started duplicating again in culture (Figure 1D). By 
confirming previous results (Maier et al., 2013), we showed that RA (1 μM) 
potentiated not only the length of these processes, but also the percentage 
of neurite-bearing cells, which reached up to nearly 50% of the entire 
population, on day 3 (Figure 1E). However, on day 7 we confirmed that RA 
became highly toxic, causing cytoplasmic vacuolation, massive cell death, 
and debris, together with beading, retraction and clear deterioration of the 
neuritic branches (Figure 1F). 

Stimulation of the cAMP pathway has previously been proven effective in 
boosting the neuronal differentiation of various cell lines, including NSC-34 

(Aglah et al., 2008; Nango et al., 2017). We cultured these cells in DM and 
the simultaneous presence of dBcAMP, a cell-permeable cAMP analogue that 
inhibits cAMP phosphodiesterase and preferentially activates protein kinase A 
(Aglah et al., 2008). At the concentration of 100 μM, dBcAMP on day 3 caused 
the outgrowth of several visible processes (Figure 1G) that persisted for up 
to 7 days in culture (Figure 1H). However, at ~10 days, the neurites massively 
withdrew, and the cells started to duplicate in culture, as demonstrated by 
direct counting (data not shown) and by the presence of several clusters of 
newly generated roundish cells (Figure 1I). Corroborating these results, we 
now demonstrated that the drug forskolin (10 μM) stimulating the adenylate 
cyclase and acting via protein kinase A (Aglah et al., 2008), can induce a 
similar neuritogenic effect (Figure 1J). However, the neurites already acquired 
a beading appearance at 3 days (Figure 1K) and after 7 days some toxicity 
became evident (Figure 1L), while some surviving cells started duplicating 
again (Figure 1M).

3 days 7 days
GM

3 days 7 days
DM

3 days 7 days
Retinoic acid

3 days 7 days 10 days
dBcAMP

3 days 7 days 10 days
Forskolin

Figure 1 ｜ Only partial and transient neuritogenesis is induced by different agents in 
NSC-34 cells. 
NSC-34 cells were plated at 1 × 105 cells/35 mm dish and maintained in GM for 3 (A) 
and 7 (B) days, or in DM for 3 (C) and 7 (D) days. Moreover, they were maintained in DM 
supplemented with either 1 μM retinoic acid (RA) for 3 (E) and 7 (F) days, or 100 μM 
dBcAMP for 3 (G), 7 (H), and 10 (I) days, or 10 μM forskolin for 3 (J, K), 7 (L), and 10 (M) 
days. In K, white arrow shows neurite beading caused by forskolin. All the experimental 
conditions were repeated at least three times. Scale bars: 100 μm. dBcAMP: Dibutyryl-
cyclic AMP; DM: differentiation medium; GM: growth medium. 

The differentiating effect of cytosine arabinoside
To circumvent the long-term toxic effects of RA or the transient induction of 
neuronal differentiation by cAMP agents, we hypothesized that the inhibition 
of cell duplication per se could potentiate the frail neuronal differentiation 
from NSC-34 cells. The antimetabolite ara-C remains one of the most effective 
antiproliferative drugs used with duplicating cells. Its actions depend on 
the conversion to the triphosphate derivative ara-CTP, which is capable of 
interfering with DNA polymerases and is incorporated into elongating DNA 
strands, thus leading to DNA fragmentation, duplication chain termination, 
and eventually apoptosis when a threshold level of DNA damage is exceeded. 
The concentration of 0.1 μM ara-C for 2 days (Figure 2A) significantly 
inhibited NSC-34 cell duplication compared with the control DM condition. 
However, the number of cells in culture progressively increased thereafter, 
indicating that 0.1 μM ara-C sustains only a transient inhibition of cell 
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proliferation. When ara-C was instead used at 0.25 or 0.5 μM, the antimitotic 
effect appeared to be highly stable (Figure 2A). Despite a large amount of cell 
death in DM alone at 24–96 hours after plating (Matusica et al., 2008), the 
cells roughly duplicated (~2 × 105) in DM alone after 2 days in culture, while 
in the presence of ara-C they were reduced by at least half (less than 5 × 104) 
with respect to the time = 0, thus suggesting that ara-C does not attenuate 
cell death. However, ara-C at the dose of 0.5 μM prompted a sturdy neuritic 
arborization that gradually improved with time in culture. In particular, 
after 4 days the cells elongated more abundant and robust neurites (Figure 
2C) compared with control 0 day (Figure 2B), and the neurites became 
a branching network after 7 days (Figure 2D). When ara-C was used at a 
concentration of 1 μM instead, it showed some levels of toxicity starting after 
7–10 days and thereafter (data not shown). 

with microtubule stability. As expected, colchicine preventing microtubule 
assembly (used at 1 ng/mL), taxol stabilizing microtubules and reducing their 
dynamicity (used at 10-1000 nM), and vinblastine destabilizing microtubules 
at minus ends while stabilizing microtubules at plus ends (used at 1 nM), all 
prevented or inhibited neuritogenesis after 2–3 days (data not shown).

Next, we characterized the biological response of NSC-34 cells to ara-C by 
performing confocal immunofluorescence analysis of NFL (Figure 3A–C), 
beta3-tubulin (Figure 3D–F), and nonphosphorylated high neurofilament 
(SMI32) proteins (Figure 3G–I, H1–H3). Approximately 2 hours after plating 
and cell adhesion to the substrate (T0), the NFL and SMI32 antibodies stained 
mainly the cytoplasm and the very short spikes protruded from NSC-34 cells 
cultured with 0.5 μM ara-C (Figure 3A and G).  On day 4 (T4), ara-C prompted 
a typical neuronal pattern that differed in size, shape, immunofluorescence 
intensity, and number/length of arborizations per cell (Figure 3B and 3H). 
In detail, the NFL signal was increased in the enlarged cell bodies and in 
the protrusions already emerging at this stage (Figure 3B). Moreover, at 
higher magnification (Figure 3H1–H3), the SMI32 immunopositive staining 
highlighted different subcellular structures: the red arrows indicate neurites 
and growth cones present at the edge of the neuritic processes (Figure 
3H1); the white arrow highlights radial structures within the cytoplasm, in 
addition to neurofilament accumulations which are possibly indicative of 
budding protrusion structures (Figure 3H2); the yellow arrow delineates the 
nuclear membrane (Figure 3H3). At 14 days (T14, Figure 3I), the majority of 
the cells possessed long SMI32 bipolar or radial immunopositive neurites. By 
correlating with the phases of neurogenesis, the marker of neuronal identity 
beta3-tubulin was highly increased in NSC-34 cells maintained in culture in 
the presence of 0.5 μM ara-C for 4 days (Figure 3E) compared with T0 (Figure 
3D) and it underlined the thick neuritic branches and growth cones at T14 
(Figure 3F).

7 days4 days0 days

0.5 μM ara-C

DM 

DM ara-C 0.1 μM 

DM ara-C 0.25 μM 

DM ara-C 0.5 μM

A
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300
200
100

0In
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i (
×1
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0)

0 days 2 days 7 days4 days

Figure 2 ｜ Ara-C sustains a concentration-dependent and long-lasting neuronal 
phenotype in NSC-34 cells.
(A) NSC-34 cells were plated at 1 × 105 cells/35 mm dish in DM supplemented with 
different concentrations of ara-C for 2, 4, and 7 days. Data are expressed as mean ± SEM, 
n = 3 independent experiments. Statistical analysis was performed by two-way analysis of 
variance with Dunnett’s post hoc test for multiple comparisons. All time points referred 
to T0 (0 days) for DM and for each ara-C concentration. They are statistically significant, 
with the exception of 0.1 μM ara-C at T4 (4 days) and T7 (7 days). T2 (2 days) DM **P = 
0.0013; T4 DM **P = 0.0096; T7 DM **P = 0.0084; T2 DM-ara-C 0.1 μM ***P = 0.0001; 
T2 DM ara-C 0.25 μM *P = 0.0233; T4 DM-ara-C 0.25 μM *P = 0.0123; T7 DM-ara-C 
0.25 μM ***P = 0.0004; T2 DM-ara-C 0.5 μM *P = 0.0105; T4 DM-ara-C 0.5 μM ***P 
= 0.0007; T7 DM-ara-C 0.5 μM ***P = 0.0010. (B–D) NSC-34 cells were plated at 2 × 
105 cells/60 mm dish in DM supplemented with 0.5 μM ara-C for 0, 4, and 7 days. In C, 
white arrows indicate growth cones. Scale bars: 50 μm. ara-C: Cytosine arabinoside; DM: 
differentiation medium.

Dissecting cytosine arabinoside-dependent neuritogenesis 
To investigate the mechanisms related to the ara-C-induced differentiation 
of NSC-34 cells, we adopted a pharmacological approach and tested some 
DNA/RNA intercalating agents. Actinomycin D inhibiting DNA-primed RNA 
synthesis by blocking rRNA and heterogeneous nuclear RNA production, 
and cycloheximide blocking tRNA binding and release from ribosomes, both 
interfered with neuritogenesis when used at 10–1000 ng/mL and 1–5000 
ng/mL respectively, thus suggesting that novel transcription and protein 
synthesis are indeed required for maintaining healthy neurites. In particular, 
at the highest tested concentration of 1 μg/mL, actinomycin D per se induced 
massive death within 24 hours (Additional Figure 1A) and total cell loss after 
2 further days (data not shown). At the lowest and suboptimal concentration 
tested of 10 ng/mL, the spikes and short neurites that were visible after 
2 days of actinomycin D treatment (Additional Figure 1B) remained quite 
stable for 2 additional days (Additional Figure 1C), while they retracted in 3 
more days, accompanied by total cell death (data not shown). In the presence 
of cycloheximide at the highest tested concentration of 5 μg/mL, some cells 
elongated short- and medium-length spikes whitin 24 hours (Additional 
Figure 1D), but the cells remained viable only for 2–3 further days (data not 
shown). When tested at suboptimal 1 ng/mL concentration, cycloheximide 
induced a mild neuritogenic effect after 2 days of treatment (Additional 
Figure 1E), but a clear increase of cell density was visible after about 2 
further days (Additional Figure 1F). Finally, we investigated drugs interfering 

SMI32

β3-tubulin

NFL

Figure 3 ｜ Neuronal characterization of ara-C-treated NSC-34 cells. 
NSC-34 cells were plated at 1 × 105 cells/35 mm dish in growth medium and analysis 
was performed at 2 hours after plating (T0; A, D, G), or maintained in differentiation 
medium supplemented with 0.5 μM ara-C for 4 (T4; B, E, H) and 14 (T14; C, F, I) days. 
Representative images after immunofluorescence confocal microscopy are shown. Panels 
H1–H3 represent higher magnification details of views of H at the points of the colored 
arrows. The red arrows highlight growth cones, the white arrow shows radial structures 
within the cytoplasm, and the yellow arrow indicates the nuclear membrane. Scale bars: 
100 μm in A–C, 50 μm in D–I, and 20 μm in H1–H3. ara-C: Cytosine arabinoside; NFL: 
light neurofilament.



NEURAL REGENERATION RESEARCH｜Vol 21｜No. 1｜January 2026｜361

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

Quantification of cytosine arabinoside-dependent neuritogenesis
To provide quantitative evidence of the neuritogenic effect induced by ara-C, 
the immunofluorescence images acquired with NFL, beta3-tubulin, and SMI32 
antibodies were next quantified with ImageJ Analyze Skeleton plugin. We 
measured: the number of neuritic branches (segments) elongating from both 
the cell soma and each junction point (Figure 4A); the number of junction 
points among segments (Figure 4B); the average of the maximal length 
(μm) of each segment in each cell (Figure 4C); finally, the average of the 
total length (μm) of all segments in each cell, e.g., the total extension of the 
neuritic network for each cell (Figure 4D). While the spike/neurite-possessing 
cells increased from ~18% at T0 to ~36% at T4, and to ~80% at T14 in the 
presence of ara-C, the numbers of branches and junctions remained nearly 
similar between T0 and T4, while they both markedly increased at T14. 
Moreover, the maximal and total length of branches progressively increased 
with time in culture in the presence of ara-C, reaching respectively 300 μm 
and 400 μm in length at T4, and 520 μm and 2 mm in length at T14. This 
represents a relevant improvement with respect to the treatment with 
DM alone or RA, which induced an average neurite length in differentiated 
neurons of ~200 μm at T6 (Carletti et al., 2011), and ~105 μm at T4 (Maier et 
al., 2013), respectively.

also be observed as a sign of aging in culture. We next investigated whether 
the neuronal commitment induced by ara-C could be sustained even after 
the removal of ara-C. We demonstrated that after 10 days in the continuous 
presence of 0.5 μM ara-C (but not 0.1 μM, data not shown), NSC-34 cells 
could be switched to DM without ara-C and they did not duplicate in culture 
for at least 15 additional days, as directly quantified by counting intact 
viable nuclei (Additional Figure 2A) and, importantly, they still preserved 
the neuron-like phenotype (Figure 5B), for up to at least 30 days in culture 
(data not shown). In other words, they became “neuronal primed” by 
eliciting a stable neuronal phenotype. Moreover, if switched to GM (without 
ara-C) some cells visibly escaped from the mitotic arrest and triplicated in 
about 15 further days (Additional Figure 2A), while others still preserved a 
neuronal phenotype (Additional Figure 2B). This finding suggests that once 
differentiated, the cells maintain a post mitotic trait and/or a silent staminality 
only in the absence of serum factors. The neuritogenic action of 0.5 μM ara-C 
was remarkably maintained also in DM completely without serum for at least 
15 days (data not shown).

The neurite regeneration paradigm
Having established that NSC-34 cells become “neuronal primed” by ara-C, 
we next investigated the paradigm of neurite regeneration, a reparative 
process not requiring new RNA synthesis. In detail (Figure 5I), ara-C fully 
differentiated cells (0.5 μM for 10 days) were detached from the culture plate 
and the neurites dismantled. When replated even in the absence of ara-C, 
the cells adhered to the substrate in 2 hours, and appeared healthy and 
in good condition (data not shown). On day 1 (Figure 5E), the cells regrew 
novel processes of variable length and thickness, ending with several visible 
growth cones (arrows). On day 3 (Figure 5F), the cells underwent full neurite 
regeneration that persisted for at least 20 days (Figure 5G) in the absence 
of ara-C. Moreover, regenerated neuronal processes were morphologically 
indistinguishable from ex novo neurites grown in culture for 3–4 weeks 
(compare Figure 5G with Figure 5B and C). Remarkably, the neurite 
regeneration process could be repeated and sustained at least twice in a 
row (Figure 5H) and the neurites persisted for at least 8 further days in the 
complete absence of ara-C (inset in Figure 5H). These findings demonstrate 
that ara-C-primed NSC-34 cells mechanically deprived of neurites remain 
capable of autonomously reshaping and maintaining their full neuritic 
network.

Neuronal specification markers
To better characterize ara-C-differentiated NSC-34 cells, we performed qPCR, 
western blot, and confocal immunofluorescence analysis, using primers 
and antibodies that recognize markers of either duplication, pan-neuronal, 
or motor neuronal commitment. We demonstrated that the validated 
nuclear marker of proliferating tumor cells responsible for heterochromatin 
organization (Scholzen and Gerdes, 2000; Sobecki et al., 2016), Ki67, 
significantly and progressively decreased at T4 and T14 after treatment with 
0.5 μM ara-C, as shown by immunofluorescence and qPCR analysis (Figure 6). 
Moreover, the intensities of the neuronal proteins growth associated protein 
43 (GAP43) and vimentin increased, as demonstrated by both western blot 
and confocal analysis (Figure 7A and B). More specific early motor neuron 
markers such as p75 and Islet2 were also significantly modulated by treatment 
with ara-C (Figure 7C and D). In detail, the low-affinity p75-NGF receptor is a 
protein exclusively expressed by motor neurons in the spinal cord, also used 
to isolate embryonic motor neurons from the lumbar spinal cord (Wiese et 
al., 2010). NSC-34 cells fully differentiated by ara-C for 14 days displayed 
increased immunoreactivity for p75 protein (Figure 7C). The transcription 
factor involved in neuronal fate Islet2 (Tsuchida et al., 1994) was instead 
significantly but transiently upregulated after 4 days in the presence of ara-C 
(Figure 7D). The transcription factor Hb9, described as a spinal cord motor 
neuron-specific marker and critical protein for postmitotic specification, was 
also transiently induced by ara-C after western blot analysis (Additional Figure 
3A). Finally, the immunofluorescence intensity of the choline acetyltransferase 
enzyme (ChAT), which is responsible for acetylcholine biosynthesis in motor 
neurons, was highly increased by ara-C after 4 days of treatment, while both 
cell bodies and abundant neuritic branches were strongly delineated after 14 
days (Additional Figure 3B and D). The same occured for the neuron-specific 
cytoskeletal protein MAP2 enriched in dendrites and perikarya (Additional 
Figure 3C and D). 

Long-lasting neuritogenesis promoted by cytosine arabinoside
Long-lasting neuronal differentiation is mandatory for legitimating the 
use of NSC-34 cells as a motor neuron model to dissect neuritogenesis, 
neurodegenerative mechanisms, and neuroprotective strategies. Thus, 
we cultured NSC-34 cells in DM supplemented with ara-C for longer time 
intervals. Notably, the bushy network of highly interconnecting neurite 
branches that were already evident after ara-C treatment for 7 and 14 days 
(Figures 2D and 3C, 3F, 3I, respectively) remained consolidated and fully 
preserved for up to at least 6 weeks in culture (Figure 5A–D). While very long 
neurites persisted in the majority of the cell population for up to 8 weeks 
in culture (data not shown), at the latest times shown (6 weeks, Figure 5D) 
some neurites started appearing thinner and in part fragmented (Figure 5D), 
some cell bodies initiated shrinking, and cell debris and slight death could 
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Figure 4 ｜ Neuronal quantification of ara-C-treated NSC-34 cells. 
NSC-34 cells were plated at 1 × 105 cells/35 mm dish in growth medium and analysis 
performed at 2 hours after plating (T0) or maintained in differentiation medium 
supplemented with 0.5 μM ara-C for 4 and 14 days (T4 and T14, respectively). 
Quantification of the number of neuritic branches (A), junction points (B), average 
maximal length (μm) of branches (C), and average total extension (μm) of the neuritic 
network (D) was performed with ImageJ Analyze Skeleton ImageJ plug-in on confocal 
immunofluorescence images. Data are shown as box and whisker plots of n = 5 
independent experiments, with 28 total cells analyzed at each time point. Statistical 
analysis was performed by two-way analysis of variance with Tukey’s post hoc test for 
multiple comparisons. In A, T4/T0 not significant (ns); T14/T0 ****P = 0.000005; T14/T4 
****P = 0.000002. In B, T4/T0 ns; T14/T0 ****P = 0.0000005; T14/T4 ****P = 0.0000006. 
In C, T4/T0 ****P = 0.0000008; T14/T0 ****P = 0.0000000000006; T14/T4 ***P = 0.0002. 
In D, T4/T0 ns; T14/T0 ****P = 0.0000000000006; T14/T4 ****P = 0.0000000001. ara-C: 
Cytosine arabinoside.
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Discussion
Familial/sporadic neurodegenerative diseases targeting upper and/or 
lower motor neurons are divided into three major diagnostic categories of 
amyotrophic lateral sclerosis (Akçimen et al., 2023), primary lateral sclerosis 
(Marzoughi et al., 2023), and progressive muscular atrophy (Marchioretti 
et al., 2023). Moreover, they comprise progressive bulbar/pseudobulbar 
palsy, hereditary spastic paraplegia, Kennedy’s disease, hereditary motor 
neuropathies, and post-polio syndrome, all sharing major impairment of the 
motor neuron-muscle unit, together with muscle atrophy and severe palsy, 
irremediably resulting in the death of patients (Foster and Salajegheh, 2019; 
Chaudhary et al., 2022). Regrettably, they also share a paucity of information 
about discriminative features and underlying mechanisms. The possibility of 
mimicking development, decline, and concomitant potential recovery in cell 
models, has become a primary step for discerning the different causes and 
modalities of motor neuron degeneration, and identifying more effective 
and disease-oriented therapeutic strategies (Adami and Bottai, 2019; Liguori 
et al., 2021). However, the low yields and inadequate purity of primary 
motor neuron preparations have impeded the elucidation of the unique 
biology and pathology of these neurons. The availability of an immortal 
and clonally homogeneous cell line, particularly the NSC-34 established by 
Cashman and coauthors (Cashman et al., 1992; Durham et al., 1993), has of 

course surmounted several of the technical obstacles related to the use of 
motor neurons in primary culture. Indeed, NSC-34 cells are a hybrid mouse 
motor neuron/neuroblastoma cell line retaining full ability to proliferate in 
vitro and, at the same time, expressing motor neuron features such as the 
presence of glutamate receptors, neurofilament triplet/vimentin proteins, a 
functional machinery for acetylcholine synthesis, storage and release, exactly 
as occurring during development (Cashman et al., 1992). However, because 
of their proliferation-differentiation dichotomy not exclusively generating 
differentiated neuronal cells, NSC-34 cells can present some limitations 
in mimicking motor neurons in vitro. Most importantly, their potentiality 
of homogeneous and long-term neuritogenesis has been very poorly 
investigated so far.

Gaining further insights into a durable and uniform process of neuronal 
differentiation accompanied by mitotic arrest might indeed become 
mandatory for studying and understanding motor neuron growth, 
degeneration, and regeneration, by the use of NSC-34 cells. This was the key 
aim of our work that has indeed established that the antimitotic drug ara-C, 
different from low serum concentrations (Matusica et al., 2008), retinoic acid 
(Ackerman and Gerhard, 2023), cAMP increasing agents (Nango et al., 2017), 
or prostaglandins (Nango et al., 2020), can effectively promote and sustain 
a robust and very time-persistent neuronal differentiation of these cells. A 
fundamental prerogative of ara-C in this context is the phenotypic “fidelity,” 
meaning that morphological features induced by ara-C in NSC-34 cells, such 
as large-size soma with numerous long interconnecting neuronal processes 
and abundant growth cones, are induced homogeneously throughout the 
entire cell population and are, furthermore, permanent for up to at least 6 
weeks in culture. Moreover, we have shown here that ara-C is: a) necessary 
and sufficient to empower neurite outgrowth; b) best effective in both 

I

Figure 5 ｜ Long-lasting neurite initiation and regeneration are induced by ara-C.  
NSC-34 cells were plated at 1 × 106 cells/90 mm dish and maintained for 2 (A), 3 (B), 4 
(C), or 6 (D) weeks in differentiation medium supplemented with 0.5 μM ara-C. (E–G) 
After 10 days of differentiation in the presence of 0.5 μM ara-C, the cells were harvested, 
replated in a 60 mm dish, and observed after 1 (E), 3 (F) and 20 (G) days (R1, first round 
of regeneration). (H) After neurite regeneration for 10 days, the cells were exposed to 
a second round of neurite regeneration (R2) and observed at 2 (H) and 8 (inset in H) 
days. In panel D red arrows show thin and fragmented neurites; in panels E and H white 
arrows indicate growth cones. Scale bars: 50 μm. (I) The schematic representation of 
differentiation and regeneration is shown. The differentiation images are representative 
of at least n = 4 independent experiments and the regeneration images of n = 3 
independent experiments are shown. ara-C: Cytosine arabinoside.

Figure 6 ｜ Ki67 proliferation marker is down regulated by treatment with ara-C.
(A) NSC-34 cells were plated at 1 × 105 cells/35 mm dish in growth medium, and analysis 
performed at 2 hours after plating (T0) or maintained in differentiation medium (DM) 
supplemented without or with 0.5 μM ara-C for 4 and 14 days (T4 DM and T14 DM, 
respectively). Representative images of immunofluorescence confocal microscopy 
performed with Ki67 antibody are shown (scale bar: 100 μm). (B) Quantification of 
fluorescence intensity was performed with ImageJ software and represented as a box 
and whisker plot of relative density (A.U., arbitrary units) (n = 3). Statistical analysis 
was performed by two-way analysis of variance with Tukey’s post hoc test for multiple 
comparisons: T14 DM ara-C/T0 ****P = 0.0000000004; T14 DM ara-C/T4 DM ****P = 
0.0000000004; T14 DM ara-C/T4 DM ara-C ****P = 0.0000000004; T14 DM ara-C/T14 
DM *****P = 0.0000000004. The dotted line indicates the 75th percentile of the T14 DM 
ara-C sample. (C) qRT-PCR analysis of Ki67 transcript in ara-C treated and untreated NSC-
34 cells at T4 and T14. Transcript levels were normalized to TATA box binding protein 
gene and are represented as fold change relative to T0 cells (indicated by the purple 
horizontal line and set to 1). Bar graphs (T4 DM = light blue; T4 DM ara = pink; T14 DM 
= blue; T14 DM ara = light pink) represent mean ± SEM of at least three independent 
replicates. Statistical significance was calculated by unpaired t-test (*P = 0.0375). ara-C: 
Cytosine arabinoside.
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Figure 7 ｜ Neuronal and motor neuronal markers are induced by ara-C. 
For western blot analysis, NSC-34 cells were plated in growth medium (GM) at 
1.5 × 105 cells/90 mm dish and protein extracted at 2 hours after plating (T0) 
or plated at 5 × 105 cells/90 mm dish and maintained in differentiation medium 
supplemented with 0.5 μM ara-C for 4 days (T4), or plated at 1 × 106 cells/90 
mm dish and maintained in differentiation medium supplemented with 0.5 μM 
ara-C for 14 days (T14). Proteins were extracted and subjected to SDS-PAGE 
and western blot. GAP43 (A) and Islet2 (D) analyses represent mean ± SEM 
of n = 4 experiments, while Vimentin (B) and p75 (C). Bar graphs represent 
the mean ± SEM of n = 3 experiments. Relative density (A.U., arbitrary units) 
was expressed as the ratio between the intensity of each target and GAPDH 
intensity, used as loading control. Statistical analysis was performed by the 
unpaired t-test. In A, GAP43: T4/T0 *P = 0.03; T14/T0 **P = 0.002; T14/T4 not 
significant. In B, Vimentin: T4/T0 not significant; T14/T0 *P = 0.05; T14/T4 not 
significant. In C, p75: T4/T0 not significant ; T14/T0 **P = 0.006; T14/T4 **P = 
0.006. In D, Islet2: T4/T0 ***P = 0.0007; T14/T0 not significant; T14/T4 ****P 
= 0.00002. For immunofluorescence analysis, NSC-34 cells were plated at 1 × 
105 cells/35 mm dish in GM, and analysis performed at 2 hours after plating (T0) 
or maintained in DM supplemented with 0.5 μM ara-C for 4 (T4) and 14 (T14) 
days. Representative images of immunofluorescence confocal microscopy 
at different time points are shown. Green staining was used to visualize 
GAP43 (Panel A) and p75 (Panel C) markers, while red staining was used for 
Vimentin (Panel B) and Islet 2 (Panel D). Scale bars: 50 or 100 μm, as indicated. 
ara-C: Cytosine arabinoside; GAP43: growth associated protein 43; GAPDH: 
glyceraldehyde 3-phosphate dehydrogenase.

inhibiting cell duplication and inducing neuritogenesis; c) permissive, but 
also dispensable, in priming NSC-34 cells for neuritogenesis; and d) mostly 
irreversible. 

In light of these overall features, additional properties of ara-C deserve 
consideration. Ara-C is a potent antimitotic and chemotherapeutic agent used 
in the management and treatment of leukemias and lymphomas (Aldoss et al., 
2008; Gökbuget and Hoelzer, 2009; Burnett et al., 2011), moreover known to 
induce the differentiation, for instance of human acute/chronic myelogenous 
leukemia cells into erythrocytes (Takagaki et al., 2005; Boudny and Trbusek, 
2020) and of embryonic rhabdomyosarcoma cells into muscles (Crouch et al., 
1993). However, this is the first evidence of ara-C inducing neuritogenesis, 
while its cytotoxicity definitely spares differentiating NSC-34 cells. Moreover, 
mitotic arrest and interference with cell duplication by ara-C are fully 
permissive for the motor neuron identity of NSC-34 cells, perhaps favoring 
their postmitotic status. We speculate that in the presence of ara-C the 
intrinsic motor neuron nature of NSC-34 cells prevails over the neuroblastoma 
tumorigenic feature. It is interesting to note that for instance cycloheximide at 
a concentration normally inhibiting translation induces per se the formation 
of only short-lived and short-length spikes, then becoming toxic in a few days. 
This finding suggests that NSC-34 cells do not require novel protein synthesis 
for initiating their innate neuritogenic program, but only for sustaining it over 
time, perhaps in compliance with the regular turnover of proteins necessary 
for neuritogenesis. Finally, the neuritogenic effect in NSC-34 cells depends on 
both mRNA transcription (not being sustained in the presence of actinomycin 
D), and microtubule dynamics, since compounds interfering with microtubule 
polymerization and stability such as colchicine, Taxol, and vinblastine, indeed 
prevent neuritogenesis.

Neuronal differentiation is known to be regulated by complex mechanisms 
mediated by intrinsic and extrinsic factors, comprising not only terminal 
mitosis as clearly sustained by ara-C, but also augmented expression of the 
phenotype-specific neurotransmitter machinery, cytoskeleton network, and 
synaptic structures. One further aim of our work was indeed to characterize 
how ara-C promotes and coordinates diverse groups of neuritogenic 
responses in NSC-34 target cells. In particular, we demonstrated that the 
potent effect of ara-C on neurite initiation and long-term maintenance 
comprises the modulation of pan-neuronal protein markers. Among these, we 

report for instance NFL, beta3-tubulin, SMI32, GAP43, vimentin, and MAP2. 
Some specific motor neuron markers are also regulated by ara-C, such as p75 
receptor, modulating postmitotic neuronal survival decision, and required to 
organize the neuromuscular synapse by regulating synaptic vesicle availability 
(Pérez et al., 2019); Islet2, an early marker for motor neuron differentiation 
(Tsuchida et al., 1994); the homeodomain factor Hb9, an early postmitotic 
marker critical in consolidating motor neuron identity (Arber et al., 1999); 
and finally, the classical acetylcholine synthetic enzyme at the neuromuscular 
junction, ChAT, which is known to be absent in the tumoral-cell parent 
N18TG2 neuroblastoma line (Cashman et al., 1992). The increased expression 
of these same markers is surely linked to the concomitant progressive 
downregulation of the cell proliferation marker Ki67 present during the active 
phases of the cell cycle and highly reduced in quiescent cells (Takagi et al., 
2014), as we have indeed demonstrated.

A singularity acquired by ara-C-treated NSC-34 cells is “neuronal priming”, 
i.e., the ability to promptly regrow sturdy neurites and regenerate a complex 
neuronal network when the cells are deprived of previously elongated 
neurites by mechanical derangement. Of note, this regenerating aptitude 
becomes a feature very relevant in light of the use of ara-C-primed NSC-
34 cells as a motor neuron model for studying neurodegeneration and 
neurorepair, particularly for exploiting potential neuroprotective and/or 
regenerative strategies. 

Although the chain of events regulating the neuronal differentiation of 
NSC-34 cells remains to be fully elucidated, the use of ara-C that we have 
demonstrated here offers the opportunity to bypass, for the first time, the 
dual and hybrid motor neuron/tumorigenic-neuroblastoma behavior of 
these cells, and to work with a homogeneous, fully differentiated, and over 
time-sustained neuronal phenotype. As such, treatment with ara-C stands 
as a methodological improvement for reliably dissecting morphological 
changes, neurite sprouting, survival, and cell death, and for pharmacologically 
manipulating neurodegeneration and regeneration within a simple, 
straightforward and, most importantly, well-grounded culture system 
reproducing motor neuron features. Previous studies have described for 
instance the motor neuron-differentiating versatility of human ESCs (Imamura 
et al., 2021) and iPSCs (Garone et al., 2022), the motor neuron direct-lineage 
reprogramming of fibroblasts (Qin et al., 2018), and the small molecule-based 
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procedure for motor neuron reprogramming of astrocytes (Zhao et al., 2020), 
among the available approaches for overcoming the difficulty and inefficiency 
of working with primary motor neuron cultures. Although very viable, 
these methods based on genetic manipulation, repeated viral infection, 
and chemical manipulations are otherwise complicated, time-consuming, 
often inefficient, and in some cases hazardous, very expensive and ethically 
disputable when applicable. Compared with these methods, the use of ara-C 
for obtaining durably differentiated NSC-34 motor neurons is by far preferable 
for easiness, efficiency, and cost-effectiveness. Finally, yet importantly, 
mutual microglia-, astrocyte-, oligodendrocytes, or muscle-neuron cellular 
interactions can be more trustfully analyzed by the use of ara-C-differentiated 
NSC-34 cells in co-cultures (Ramya et al., 2023). While in our work we have 
highlighted a clear advancement in the exploitation of the NSC-34 cell line as 
a motor neuron model, the treatment with ara-C may, however, poses slight 
limitations in terms of yield, due to its structural nature as antimetabolite-
causing cell death of rapidly dividing cells.

In conclusion, we have provided arguments and evidence that ara-C-primed 
NSC-34 cells constitute a very suitable preclinical model for studying motor 
neuron degenerative and regenerative events to identify novel mechanisms, 
markers, and therapeutics, i.e., the major motivation in motor neuron 
research. We believe that by validating and empowering the NSC-34 cell line 
through our new findings, we can now further explore the known unknowns 
of motor neuron degeneration and related diseases. 
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Additional Figure 1 NSC-34 cells were plated at 2 × 105 cells/60 mm dish in differentiation medium (DM)
supplemented with actinomycin D or cycloheximide.
(A) The cells were supplemented with 1 μg/mL actinomycin D and pictures were taken after 1 day. (B, C) The
cells were supplemented with suboptimal 10 ng/mL actinomycin D and pictures were taken respectively after 2 or
4 days. (D) NSC-34 cells were supplemented with 5 μg/mL cycloheximide and pictures were taken after 1 day. (E,
F) the cells were supplemented with suboptimal 1 ng/mL cycloheximide and pictures were taken respectively after
2 or 4 days.
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Additional Figure 2 Cytosine arabinoside is dispensable after priming a stable neuronal phenotype in
NSC-34 cells.
NSC-34 cells were plated at 2 × 105 cells/60 mm dish in DM supplemented with 0.5 μM ara-C for 10 days. The
cells were switched to either DM, or DM supplemented with ara-C, or GM for additional 15 days. (A) Intact nuclei
were counted. (B) Phase contrast pictures representing the experimental conditions. Scale bars: 50 μm. ara-C:
Cytosine arabinoside; DM: differentiation medium; GM: growth medium.
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Additional Figure 3 Hb9, ChAT and MAP2 markers are modulated by cytosine arabinoside in NSC-34 cells.
For western blot analysis (A), NSC-34 cells were plated in growth medium at 1.5 × 105 cells/90 mm dish and
protein extracted at 2 hours after plating (T0) or plated at 5 × 105 cells/90 mm dish and maintained in
differentiation medium supplemented with 0.5 μM ara-C for 4 days (T4), or finally plated at 1 × 106 cells/90 mm
dish and maintained in differentiation medium supplemented with 0.5 μM ara-C for 14 days (T14). Proteins were
then extracted and subjected to SDS-PAGE and western blot. Bar graphs represent the mean±SEM of n=3
experiments. Relative density (A.U., arbitrary units) was expressed as the ratio between the Hb9 and GAPDH
intensity, used as loading control. Statistical analysis was performed by the unpaired t-test. (A) Hb9 p-value:
T4/T0 *P = 0.05; T14/T0 not significant; T14/T4 *P = 0.05. For immunofluorescence analysis (Panels B and C),
NSC-34 cells were plated in growth medium and analysis performed at 2 hours after plating (T0) or maintained in
differentiation medium supplemented with 0.5 μM ara-C for 4 (T4) and 14 (T14) days. Representative images of
immunofluorescence analysis for ChAT (red) and MAP2 (green) markers are shown. Scale bars: 100 μm. ara-C:
Cytosine arabinoside; ChAT: choline acetyltransferase enzyme; GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; MAP2: microtubule associated protein 2.
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