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Abstract
Disease modeling has become challenging in the context of amyotrophic lateral sclerosis (ALS), as obtaining viable spinal motor
neurons from postmortem patient tissue is an unlikely possibility. Limitations in the animal models due to their phylogenetic
distance from human species hamper the success of translating possible findings into therapeutic options. Accordingly, there is a
need for developing humanized models as a lead towards identifying successful therapeutic possibilities. In this study, human
embryonic stem cells—BJNHem20—were differentiated into motor neurons expressing HB9, Islet1, and choline acetyl trans-
ferase using retinoic acid and purmorphamine. These motor neurons discharged spontaneous action potentials with two different
frequencies (< 5 and > 5 Hz), and majority of them were principal neurons firing with < 5 Hz. Exposure to cerebrospinal fluid
from ALS patients for 48 h induced several degenerative changes in the motor neurons as follows: cytoplasmic changes such as
beading of neurites and vacuolation; morphological alterations, viz., dilation and vacuolation of mitochondria, curled and closed
Golgi architecture, dilated endoplasmic reticulum, and chromatin condensation in the nucleus; lowered activity of different
mitochondrial complex enzymes; reduced expression of brain-derived neurotrophic factor; up-regulated neurofilament phos-
phorylation and hyperexcitability represented by increased number of spikes. All these changes along with the enhanced
expression of pro-apoptotic proteins—Bax and caspase 9—culminated in the death of motor neurons.
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Introduction

Degeneration of specific neuronal class of central nervous
system leads to different diseases such as Amyotrophic
Lateral Sclerosis (ALS), Parkinson’s disease, Alzheimer’s

disease, and Huntington’s disease. ALS is a disease with onset
at adulthood with an exception of few juvenile cases attributed
to mutations in specific genes [1, 2]. ALS selectively affects
the motor neurons of the cortex, brainstem, and spinal cord.
Based on the etiology, ALS cases are classified into familial
(FALS) and sporadic (SALS) cases. Ten percent are the FALS
cases that have a dominant inheritance pattern, whereas the
remaining 90% have unknown etiology [3].

The mechanisms underlying ALS are multifactorial and
not yet fully understood. Current understanding of the ALS
pathogenesis results from animal models or animal-derived
cell culture systems. Transgenic mice and rats carrying the
mutation in superoxide dismutase 1 (mSOD1) gene, rat em-
bryonic spinal cord cultures, and neuroblastoma × spinal cord
hybrid cell line-34 (NSC-34) exposed to cerebrospinal fluid
(CSF) from ALS patients (ALS-CSF) or transfected with
mSOD1 and rats infused with ALS-CSF are the commonly
used ALS models [4–7]. Other models include (i) Wobbler
mice with spontaneous mutation in vsp4 gene, (ii) rats
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expressing human TAR DNA-binding protein 43 (TDP-43)/
fused in sarcoma (FUS) mutations/M337V mutation in the
neurofilament heavy chain promoter, and (iii) drosophila with
mutations in SOD1/TDP43/FUS [8–14].

A recent publication from our laboratory also has clearly
shown that ALS-CSF induced cytoplasmic mis-localization of
TDP43 and FUS proteins in the NSC-34 motor neuron-like cell
line [15]. These models have aided us in understanding the path-
ogenesis, progression and delineating different stages of the dis-
ease to a considerable extent. However, in many instances, these
animal models may not faithfully reproduce the human syn-
drome majorly due to species differences. These models are
constrained by the lack of disease reproducibility, response to
therapeutic molecules, and extrapolation to human syndrome.
For example, olesoxime and dexpramipexole which were effec-
tive in mouse models failed in phase III clinical trial emphasizing
the need for better models of human origin [16, 17].

The use of postmortem-derived motor neurons for primary
culture is not a feasible option due to the degenerative nature of
the disease. Human Embryonic Stem Cells (hESCs) offer a re-
newable source for generating sufficient quantities of neurons,
which could be successfully grown in culture. Motor neurons
have been derived from mouse Embryonic Stem Cells
(mESCs) using retinoic acid (RA) and Sonic hedgehog (SHH),
which plays a critical role in in vivo development of motor neu-
rons [18]. Motor neurons are also derived from hESCs and in-
duced Pluripotent Stem Cells (iPSCs) obtained from fibroblasts
of ALS patients by somatic cell reprogramming [19–21]. Patient-
specific iPSCs are useful in derivation of neural phenotypes car-
rying disease-specific mutations and display characteristic dis-
ease features. However, to understand the pathogenesis of
SALS, it would demand a larger repertoire of iPSC-derived mo-
tor neurons (iPSC-MNs) from several patients to arrive at a com-
mon conclusion; even the outcomes of these studies should be
assessed cautiously taking into account the epigenetic changes
during the somatic reprograming process. In addition, rodent
models developed using CSF from sporadic ALS patients in
our laboratory have helped us to recapitulate the pathophysiology
of ALS [7, 22]. The aim of this study was to develop humanized
in vitro model of SALS using ALS-CSF. In this line, we have
differentiated hESCs into spinal motor neurons (hESC-MNs),
characterized them by physiological read outs, and studied their
response to ALS-CSF to understand the pathways involved in
ALS-CSF-induced motor neuron degeneration.

Methodology

Procurement and Maintenance of Human Embryonic
Stem Cells

This study was approved by the Institutional Ethics
Committee and Steering Committee of Stem Cell Task

Force, Department of Biotechnology, Government of India.
Material access agreement was signed with Jawaharlal
Nehru Centre for Advanced Scientific Research (JNCASR)
and the human embryonic stem cell line—BJNhem20
(Bangalore JNCASR human embryonic stem cells-20) was
procured [23]. BJNHem20 was grown on inactivated mouse
(Carworth Farm 1 strain) embryonic fibroblasts (feeder layers)
and maintained in stem cell culture medium, containing
Knockout Dulbecco modified Eagle medium, 20%
Knockout serum, 1× minimum essential medium—non-es-
sential amino acids, 1×Glutamax I, 1× penicillin streptomycin
solution, and 5 ng/mL basic fibroblast growth factor. After 3–
5 days, hESC colonies were passaged by dissociating with
Accutase at 37 °C for 5 min. Fresh medium was added, and
the cell suspension was centrifuged at 1500 rpm for 5 min.
The pellet was re-suspended in fresh medium and seeded on to
fresh feeder layer for further experiments. Alternatively,
hESCs were frozen in liquid nitrogen for future use.

Motor Neuron Derivation

Motor neurons were derived by using the established protocol
with slight modifications [24]. Briefly, hESC colonies were
removed from feeder layer as mentioned earlier. Dissociated
cells were pelleted and transferred to a petri dish with the
medium containing Dulbecco’s modified Eagle medium/
nutrient mixture F-12, 1× Glutamax I, 1× penicillin strepto-
mycin solution, and 20 ng/mL bFGF along with inhibitors
10 μM SB435142 and 0.2 μM LDN193189 for the induction
of neural fate. The resulting embryoid bodies were treated
with RA (1 μM) on day 5 followed by the SHH agonist-
purmorphamine (1 μM) on day 7. On day 17, the medium
was replaced by neurobasal medium containing DMEM/
F12, 1× B27, 1× penicillin streptomycin solution, 1×
Glutamax I, and 10 ng/mL growth factors [Brain-Derived
Neurotrophic Factor (BDNF), Ciliary Neurotrophic Factor
(CNTF), Glial-Derived Neurotrophic Factor (GDNF), and
Insulin-like Growth Factor 1 (IGF1)]. The neurospheres were
dissociated with TrypLE on day 20 and seeded on culture
dishes coated with poly-L-ornithine (PLO)/laminin. These
cells were maintained in culture for 30–40 days with regular
observation under the microscope.

CSF Exposure

CSF samples from clinically diagnosed sporadic ALS patients
[25] and patients suffering from benign intracranial hyperten-
sion (non-ALS CSF) were collected with informed consent
(CSF details are provided in Table 1). A total of five ALS-
CSF samples showing toxicity on hESC-MNs assessed by
MTT, and five NALS-CSF were used in this study. In MTT
assay, each CSF sample was tested in duplicates. hESCs-MNs
at day 30 of post-differentiation were grown on culture plates
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coated with PLO/laminin. On day 33, the cells were exposed
to CSF (10% v/v), and after 48 h, the cells were processed for
further analysis. The different study groups were as follows:
NC, hESC-MNs grown under normal condition; NALS,
hESC-MNs exposed to non-ALS CSF; ALS, hESC-MNs ex-
posed to ALS-CSF. hESC-MNs were exposed to pooled CSF
samples [26], and three independent biological replicates were
used for statistical analysis. Three different CSF samples in
duplicates were tested for electrophysiology experiments and
they were consistent.

Quantitative Real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed to
measure the relative mRNA levels of the genes expressed by
hESCs and hESC-MNs. Total RNAwas isolated from hESC/
hESC-MNs using RNeasy plus mini kit (Qiagen), as per the
manufacturer’s instructions. The relative quantification of
mRNA levels was determined using a two-step strategy. In
the first step, complementary DNA (cDNA) was generated
from RNA derived from the cells using high-capacity cDNA
reverse transcription kit (Applied Biosystems, USA).
Subsequently, PCR reaction was performed using Takara,
SYBR® Premix Ex Taq™ II, and qRT-PCR was carried out
in Applied Biosystems 7500. The cycling conditions were as
follows: holding stage—95 °C for 30 s, followed by 40 cycles
of 95 °C for 5 s and 60 °C for 30 s. Reactions were performed
in duplicates for each sample, and the values were normalized
to internal control, 18S rRNA. The forward and reverse primer
sequences are provided in Table 2. The relative gene expres-
sion was analyzed by ΔΔCt method [27].

Immunocytochemistry

hESCs/hESC-MNs were grown on feeder layers/PLO/lami-
nin-coated coverslips. The cells were fixed with 4% parafor-
maldehyde for 15–30 min at room temperature and perme-
abilized by incubating in 0.1 M phosphate-buffered saline
(PBS) (pH 7.4) containing 0.3% Triton X-100 (staining
buffer) for 15 min at room temperature. Non-specific staining
was blocked by incubating with 3% Bovine Serum Albumin
(BSA) in staining buffer for 45 min. Later, the cells were
incubated with primary antibodies for 24 h at 4 °C and washed
thrice in staining buffer. Subsequently, cells were incubated
overnight at 4 °C with appropriate secondary antibodies con-
jugated with fluorescein isothiocyanate (FITC)/Cy5/Cy3
(1:200). The coverslips were washed with staining buffer
and mounted. The details of the antibodies are given in
Table 3. Fluorescent images were captured using a confocal
laser scanning microscope (Leica TCS-SL; Leica, Wetzlar,
Germany/Flow view 10i, Olympus Corporation, Japan).

Flow Cytometry

hESC-MNs (study groups) were harvested using enzymatic dis-
sociation as described earlier. The cells were fixed and perme-
abilized with BD Cytofix/Cytoperm kit at 4 °C, and they were
washed twice with washing buffer containing 0.5% saponin (w/
v). The cells were blocked with 2% BSA in 0.1 M PBS contain-
ing 0.5% saponin for 15 min at room temperature and incubated
with primary antibodies for 3 h at room temperature. After wash-
ing to remove unbound antibodies, cells were incubated with
FITC-labeled secondary antibody for 1 h. Cells incubated

Table 1 Details of CSF samples
used in this study ALS-CSF (n = 5) NALS-CSF (n = 5)

Gender Male—3 Female—2 Male—3 Female—2

Age (in years) (mean ± SD) 58.4 ± 4.3 (52–62) 61 ± 6.2 (50–65)

Duration of illness (mean ± SD) 12.6 ± 5.4 (6–18) months Patients with intracranial hypertension
Onset pattern: bulbar 2 (40%)

Limb onset 3 (60%)

Table 2 Primer sequences used
for quantitative real-time PCR Gene name Forward primer Reverse primer

BDNF TTACAAAGCTGCTAAAGTGG GAACTGAGATTAGATGGCTTC

ChAT ATAAGTTTGACAACTATGGGAAA CGATGGAGCCTGTAGAAG

Foxp1 GTGGTAACCCTTCCCTTAT AGCCATTGAAGCCTGTAA

HB9 GAGACCCAGGTGAAGATT CTTCTGTTTCTCCGCTTC

Oct4 GAGGCAACCTGGAGAATT CTCGGACCACATCCTTCT

Olig2 GTGCGGATGCTTATTATAG GACCCGAAAATCTGGATG
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without primary antibodies served as negative controls. Labeled
cells were analyzed using FACS ARIA III (Becton Dickinson),
and the data was analyzed using FlowJo software (Tree star Inc.).
The expression of various markers was analyzed on the differen-
tiated cells by applying a gate to exclude the cellular debris on the
FSC-A (forward scatter area) and SSC-A (side scatter area) [28].

Cell Viability (MTT) Assay

Cell viability was measured by a colorimetric assay using
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT). Briefly, ~ 2 × 104 cells were seeded
per well of 96-well tissue culture plates on day 30 of differen-
tiation and maintained in 200 μL of neurobasal medium at
37 °C with 5% CO2. On day 33, cells were exposed to ALS/
non ALS-CSF (10% v/v CSF). After 48 h, 40 μL of MTT
(5 mg/mL) was added to each well and incubated at 37 °C
for 2 h. Following incubation, spent medium was replaced by
200 μL of DMSO and mixed well by pipetting to dissolve the
tetrazolium salts. The absorbance was measured at 570 nm in
an ELISA reader (Tecan, GmBH, Germany). The difference in
absorbance between the study groups was calculated for de-
riving percentage reduction in cell viability. A total of ten CSF
samples, five from each experimental group in duplicates,
were used in MTT assay.

Lactate Dehydrogenase Assay

Cytotoxicity was quantified bymeasuring leakage of cytosolic
lactate dehydrogenase (LDH) due to plasma membrane dam-
age. LDH activity was determined spectrophotometrically by
monitoring the oxidation of lactate to pyruvate, coupled to the
reduction of nicotinamide adenine dinucleotide (NAD+) to
nicotinamide adenine dinucleotide (NADH). Briefly, 40 μL
of culture supernatant from NC/NALS-CSF/ALS-CSF-ex-
posed hESC-MNs was added to an assay buffer containing
0.27 mL KH2PO4 (0.1 M, pH 7.4), 0.01 mL sodium pyruvate
(2.5 mg/mL), and 0.005 mL NADH (5 mg/mL). The absor-
bance was measured at 340 nm, for 3 min using an ELISA
plate reader (Tecan, GmBH, Germany). The rate of increase in
the formation of reduced NADH is directly proportional to the
LDH activity. The differenceΔA/min was calculated, and the
results were represented as a percent activity compared to
control [29].

Electron Microscopy

hESC-MNs maintained under normal conditions and those
exposed to CSF were fixed with 2.5% glutaraldehyde for
2 h. Cells were harvested and centrifuged at 1500 rpm for
5min. The cell pellet was postfixed with 1% osmium tetroxide

Table 3 Antibodies used for immunostaining

Immunolabeled
proteins

Primary antibody Dilution Incubation
time

Secondary antibody
(1:200 dilution)

Incubation
time

Detection method

Bax Rabbit anti-Bax
(Santa Cruz Biotechnology, Inc.)

1:500 3 h at RT Anti-rabbit FITC 1 h at RT Flow cytometry

BCL2 Rabbit anti-BCL2
(Santa Cruz Biotechnology, Inc.)

1:500 3 h at RT Anti-rabbit FITC 1 h at RT Flow cytometry

BDNF Rabbit anti-BDNF
(Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA)

1:500 3 h at RT Anti-rabbit FITC 1 h at RT Flow cytometry

βIII tubulin Mouse anti-tubulin, β III isoform
(Chemicon, Millipore)

1:1000 24 h at 4 °C/3 h
at RT

Anti-mouse
Cy3/anti-mouse FITC

Overnight at
4 °C/1 h
at RT

Confocal
microscopy/flow
cytometry

Caspase 9 Rabbit anti-caspase 9
(Santa Cruz Biotechnology, Inc.)

1:1000 3 h at RT Anti-rabbit FITC 1 h at RT Flow cytometry

ChAT Goat anti-ChAT
(Chemicon International,
Temecula, CA, USA)

1:200 24 h at 4 °C/3 h
at RT

Anti-goat Cy3/anti-goat
FITC

Overnight at
4 °C

Confocal
microscopy/flow
cytometry

HB9 Mouse anti-HB9 (DSHB, UIOWA) 1:500 3 h at RT Anti-mouse FITC 1 h at RT Flow cytometry

Islet 1 Mouse anti-isl (DSHB, UIOWA) 1:500 3 h at RT Anti-mouse FITC 1 h at RT Flow cytometry

Nanog Rabbit anti-Oct4
(Abcam Plc, Cambridge)

1:200 24 h at 4 °C Anti-rabbit Cy3 Overnight at
4 °C

Confocal microscopy

Phosphorylated
neurofilament

SMI-31 (Sternberg Monoclonals
Inc., Baltimore, Md., USA)

1:1800 3 h at RT Anti-mouse FITC 1 h at RT Flow cytometry

MAP2 Mouse anti-MAP2
(Sigma-Aldrich, USA)

1:1000 24 h at 4 °C/3 h
at RT

Anti-mouse
Cy5/anti-mouse FITC

Overnight at
4 °C/1 h
at RT

Confocal
microscopy/flow
cytometry

Sox2 Rabbit anti-Oct4
(Abcam Plc, Cambridge)

1:500 24 h at 4 °C Anti-rabbit Cy5 Overnight at
4 °C

Confocal microscopy

Mol Neurobiol (2019) 56:1014–1034 1017



for 1.5 h at room temperature and dehydrated with different
grades of ethanol 70, 80, 90, 95 and 100% each for 1 h.
Clearing was done with propylene oxide at room temperature
for 15 min, following which the cells were processed for in-
filtration, using liquid resin araldite CY212 (Sigma-Aldrich,
USA) with propylene oxide (1:1) overnight on a rotator.
The following day, the solution was changed to 2:1 of
araldite:propylene oxide and kept on the rotator for 1 h. The
cell pellet was kept in pure araldite for around 5 h at room
temperature. Cells were polymerized with dry heat at 60 °C
for 48 h. Ultrathin sections of 70 nmwere cut using a diamond
knife and collected on copper grids. To obtain contrast within
biological material, atomic density was introduced by staining
the cells with heavy metals, 1% uranyl acetate in 95% ethanol
for 1–2 h followed by lead citrate for 5–7 min. The stained
grids were washed, dried, and viewed under the transmission
electron microscope (FEI, TECNAI G2 Spirit BioTwin,
Netherlands) [7].

Extracellular Voltage Recordings

Spontaneous action potentials exerted by the hESC-MNswere
recorded using Multi Electrode Array system (MEA) (Multi
Channel Systems, Reutlingen, Germany) [30]. Motor neurons
at a density of ~ 1 × 105 were grown on MEA plates, and
spontaneous action potentials were recorded at various time
points (day 23, day 27, day 30, and day 33) of differentiation.
Recording was carried out from three representative cultures
at each time point. MC-Rack (ver 3.5) software was used to
collect spontaneous network activity data. For CSF exposure
study, hESC-MNs were exposed to NALS and ALS-CSF on
day 33 of differentiation, and the changes in spontaneous ac-
tivity were recorded after 48 h. Signals from all 60 electrodes
were simultaneously sampled. Signals were digitized at a rate
of 20 KHz and high-pass filtered (cut-off frequency of
200 Hz). Spike and burst detection was performed off-line
using Spike2 software. Spontaneous action potentials that
crossed a threshold of 15 μV and voltage threshold by five
times the standard deviation were taken for analysis. Auto-
correlogramswere constructed using NeuroExplorer software.

Mitochondrial Complex Assays/Electron Transport
Chain Assay

Cell pellets from different (NC, NALS, and ALS) groups of
hESC-MNs were collected and sonicated in 1× PBS, and total
protein content was estimated using Bradford’s method. An
aliquot of cell pellet was suspended in hypotonic solution
containing 25 mM potassium phosphate (pH 7.2) with
5 mM magnesium chloride. Freeze-thaw cycle was followed
thrice to release the cellular contents. The resulting cell ho-
mogenate was used to determine the mitochondrial complex
activity. Citrate synthase (CS) an enzyme of the Krebs cycle

was used as an internal control. The activity of CS was deter-
mined by the release of –SH group from CoA-SH by using
Ellman reagent 5,5′-dithiobis-(2-nitrobenzoic) acid (DTNB)
which absorbs at 412 nm [31, 32].

NADH-Q Oxidoreductase (Complex I) Assay

Complex I (CI) enzyme assay was carried out as previously
described [33, 34]. In brief, the assay was initiated by adding
cell homogenate (15μg/10 μL suspended in hypotonic buffer)
to 190 μL of the reaction mix containing 0.1 M Tris-HCl (pH
7.2), 500 μMEDTA, 1% BSA, 200 μMNADH, and 200 μM
decylubiquinone with or without 150 μM rotenone, in the
presence of 2 mM sodium cyanide (NaCN) with 0.002%
DCIP as a secondary electron acceptor. The decrease in the
absorbance at 600 nmwas recorded as a measure of the rate of
enzyme reaction at 37 °C for 20 min, and specific activity was
calculated as below:

Enzyme activity in μmol=mg=minð Þ ¼ OD� total vol=wellð Þ=

molar extinction coefficient in mM� protein=well in mgð Þ

The difference between the specific activities with and
without rotenone was used to assess the activity specific to
mitochondrial CI.

Succinate-Q Reductase (Complex II Assay)

Complex II assay was initiated by the addition of cell homog-
enate (30 μg/10 μL suspended in hypotonic buffer) to 190 μL
of the reaction mix containing 250 mM potassium phosphate
(pH 7.2), 50 mM magnesium chloride, 10 mM of succinate,
0.1% BSA, 3 μM rotenone, 1 μM of antimycin, 0.3 mM of
potassium cyanide (KCN), 80 μM of DCIP, and 50 μM
decylubiquinone. The decrease in the absorbance at 600 nm
was recorded as a measure of the rate of enzyme reaction at
37 °C for 20 min, and specific activity was calculated.

Q-Cytochrome c Oxidoreductase (Complex III Assay)

Complex III assay was initiated by adding 10 μL of cell ho-
mogenate (30 μg sample suspended in hypotonic buffer) to
190 μL of reaction mix containing 50 mM potassium phos-
phate (pH 7.4), 25 mg/mL BSA, 30 mM n-dodecyl-b-D-
maltoside, 1 mg/mL rotenone, 1MKCN, 2.5 mMcytochrome
c, and 35 μM reduced decylubiquinone. The enzyme-
catalyzed reduction of cytochrome c was measured for
3 min at 550 nm (extinction coefficient for cytochrome c =
18.7 mM−1 cm−1).
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Cytochrome c Oxidase (Complex IV Assay)

Complex IV activity was measured as previously described
[35]. In brief, activity was measured by monitoring decrease
in absorbance due to oxidation of reduced cytochrome c at
550 nm. The reaction mixture contained 50 mM potassium
phosphate (pH 7.2), 0.1% BSA, 2.5 mM dodecyl maltoside,
and 10 μg of cell homogenate. The reaction was initiated by
the addition of reduced cytochrome c (40 μM), and the kinet-
ics was monitored for 5 mins. Activity was calculated using
the molar extinction coefficient of cytochrome c
(18.7 mM−1 cm−1).

Statistical Analysis

Data from the experiments were subjected to one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test,
Student’s t test, or non-parametric Kruskal-Wallis test follow-
ed by Mann-Whitney test. Data was expressed as mean ± SD
or median (range) between control and experimental groups.

Results

Human Embryonic Stem Cells in Culture

hESCs grown on iMEFs exhibited stem cell characteristics
such as higher nucleus to cytoplasm ratio, compact colony
with closely packed cells (Fig. 1a, b). hESCs expressed the
transcription factors indispensible for maintaining
pluripotency such as octamer-binding transcription factor 4
(Oct4), Nanog Homeobox (Nanog), and SRY (sex-determin-
ing region Y)-box 2 (Sox2) in the nucleus (Fig. 1c–f).

Motor Neurons Derived from Human Embryonic Stem
Cells

Embryoid bodies, the floating spheres/aggregates, of cells
were formed on day 3 of differentiation (Fig. 2a).
Subsequently, these embryoid bodies were induced with RA
and purmorphamine for motor neuron formation. The
resulting neurospheres were dissociated and plated on PLO/
laminin-coated culture dishes on 20th day of differentiation.
These cells adhered to substratum and displayed typical mor-
phology of neurons such as large cell bodies and prominent
neuritic processes (Fig. 2b, c). They made interconnections
and the complexity of arborization increased with continued
growth in culture (Fig. 2g, h). These cells were positive for the
neuronal marker, βIII tubulin, and motor neuron marker Cho-
line Acetyl Transferase (ChAT) at day 23 of differentiation as
identified by immunocytochemistry. Further, these neurons
also expressedMAP2 at day 33 of maturation (Fig. 2d-f & i–l).

Oct4 mRNA transcribed by hESCs was down-regulated in
the differentiated motor neurons indicating loss of
pluripotency (Fig. 3a). Motor neuron-specific markers such
as Olig2, HB9, and ChAT mRNAwere expressed exclusively
by the hESC-MNs that were absent in hESCs (Table 4, Fig.
3b). In addition, expression of ChAT, βIII tubulin, HB9, and
Islet1 in hESC-MNs was identified using flow cytometry; the
gated homogenous population showed ChAT 21 ± 0.70%,
βIII tubulin 21.3 ± 0.85%, HB9 15.2 ± 0.85%, and Islet1
15.1 ± 0.35%. These proteins were absent in the hESCs indi-
cating the lack of motor neuron-specific proteins in the undif-
ferentiated state (Fig. 3c–f). Both hESCs and hESC-MNs
expressed Forkhead box protein 1 (Foxp1) mRNA.
However, there was a considerable fold increase of Foxp1 in
hESC-MNs (5.03 ± 0.20) compared to that in hESCs (Fig. 3a).

The ultrastructure of hESC-MNs showed plasma mem-
brane enclosing the perikaryon carrying different healthy or-
ganelles such as mitochondria, endoplasmic reticulum (ER),
Golgi apparatus (GA), and nucleus (Fig. 3g). The cytoplasm
had loosely distributed intracytoplasmic basophilic Nissl sub-
stances representing the characteristic feature of neurons (Fig.
3h). The neurons expressed neurofilaments (Fig. 3i), and the
neuronal processes also had mitochondria (Fig. 3j).

Human Embryonic Stem Cell-Derived Motor Neurons
Were Electrically Active

Motor neurons are electrically active cells; hence, to further
characterize the hESC-MNs for their electrophysiological
properties, extracellular voltage signals were recorded at dif-
ferent days following differentiation, viz., day 23, day 27, day
30, and day 33. Differentiated neurons discharged spontane-
ous action potentials as early as day 23. Figure 4a depicts
hESC-MNs cultured on the MEA plate, and Fig. 4b–g shows
the spontaneous action potentials generated by hESC-
MNs. The amplitude of the spikes was almost 100 ± 18 μV.
From among the 60 channels that were recorded, spontaneous
firing was observed in 12 ± 3 channels on day 23 of differen-
tiation. However, by day 33, electrical activity was observed
from almost all electrodes and 1000–4000 spikes were ob-
served. We observed neurons firing at two different ranges
of frequencies: < 5 and > 5 Hz, indicating the heterogeneity
of the cell population consisting of principal and
uncharacterized neurons respectively. The population
consisted of 84% of neurons firing at a frequency of < 5 Hz,
suggestive of the presence of a larger proportion of principal
neurons (Fig. 4l, m). The existence of two distinct populations
was further confirmed by auto-correlogram analysis
that showed the peaks generated due to firing of principal
neurons having a fast exponential dacay while (Fig. 4n, o),
while the rate of decay of unclassified neurons was slow (Fig.
4p, q) [30]. The number of spikes as well as the mean spike
frequency increased over time from day 27 to day 33
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(represented in Table 5), and the highest was on day 33 (***p
< 0.001 day 23 vs day 33; day 27 vs day 33; day 30 vs day 33)
(Fig. 4d–g). The scatter plot (Fig. 4h–k) shows the number of
spikes elicited by the principal neurons at different days of
maturation, suggesting progressive maturation of hESC-
MNs over time in culture. Further, experiments with CSF
exposure were carried out on day 33 hESC-MNs.

Altered Morphology and Reduced Viability
of hESC-Derived Motor Neurons Following Exposure
to ALS-CSF

To determine the toxicity ofALS-CSF, hESC-MNs at day 33were
exposed toNALS-CSF/ALS-CSF for 48 h. Phase contrastmicros-
copy revealed that ALS-CSF induced beading of neurites and
vacuolation (Fig. 5c, d), whereas hESC-MNs exposed to NALS-
CSF did not differ from NC (Fig. 5a, b). MTT assay results indi-
cated that while NALS-CSF exposure did not produce any cyto-
toxicity in the hESC-MNs (~ 94% viability), ALS-CSF exposed
cells showed only 63.7% viability (***NC vs ALS p< 0.001;
###NALS vs ALS p< 0.001, Fig. 5e). Another measure of cyto-
toxicity is LDH release, assessed by an assay for LDH activity in

the culture supernatant following CSF exposure. After 48 h of
ALS-CSF exposure, we observed a significant increase in LDH
activity in the culture supernatant, when compared to bothNC and
NALS-CSF exposed cells, suggesting an increase in the anaerobic
glycolysis induced by ALS-CSF (***NC vs ALS p < 0.001;
###NALS vs ALS p< 0.001) (Fig. 5f).

Reduced Expression of ChAT and BDNF
in ALS-CSF-Exposed hESC-Derived Motor Neurons

ChAT mRNA levels and protein concentration were signifi-
cantly reduced by ALS-CSF which remained unchanged in
NALS group. While ALS-CSF induced a − 1.34 ± 0.08-fold
down-regulation of ChAT mRNA, NALS-CSF did not alter
ChAT mRNA levels (1.1 ± 1.12)(***NC vs ALS p < 0.001,
###NALS vs ALS p < 0.001) (Fig. 5g). The ChAT-positive
motor neurons as identified by flow cytometry were NC =
20.05 ± 3.75%, NALS = 22.25 ± 0.92%, and ALS = 4.05 ±
0.78%, hence correlating the mRNA level (*NC vs ALS p <
0.05; ##NALS vs ALS p < 0.01, Fig. 5h, i).

BDNF mRNA level was significantly reduced in the ALS-
CSF-exposed hESC-MNs compared to that in controls. mRNA

Fig. 1 Human embryonic stem
cells-BJNHem20: a, b
Representative phase contrast
photomicrograph of typical
undifferentiated human stem cell
colony with closely packed cells
(red asterisk) cultured on
inactivated mouse embryonic
fibroblast feeders (red arrows).
Scale bar—a 50 and b 20 μm.
Representative confocal
photomicrograph of human
embryonic stem cells expressing
pluripotency markers in the
nucleus: c Oct4 (green), d Nanog
(red), e Sox2 (blue), and f merge
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fold change was NC= 1 ± 0.37, NALS= 1.06 ± 0.57, ALS= −
1.96 ± 0.67 (***NC vs ALS p< 0.001; ###NALS vs ALS p <
0.001) (Fig. 5j). Flow cytometry analysis also revealed a signif-
icant down-regulation of BDNF-positive neurons in the ALS-
CSF group; the values were as follows: NC = 7.9 ± 0.42,
NALS = 10.7 ± 0.28, ALS = 1.85 ± 0.35 (***NC vs ALS p <
0.001; ###NALS vs ALS p< 0.001; **NC vs NALS p< 0.01)
(Fig. 5k, l).

Ultrastructural Changes Induced by ALS-CSF

To understand the ultrastructural changes in the present ALS
model, we carried out electron microscopic studies. Normal
(control) hESC-MNs and NALS-CSF-exposed hESC-MNs had
healthy plasma and nuclear membranes, with intact double layers
and normal cytoplasmic features. The nucleus was compact with
homogenously distributed chromatin (Fig. 6g, h). The cytoplasm

had several mitochondria which were oval or round with promi-
nent cristae (Fig. 6a, b). GA had flattened cisterns (Fig. 6d, e), and
ER was well developed with poly ribosomal rosettes (Fig. 6g, h).
ALS-CSF-exposed cells, on the other hand, had dilated ER (Fig.
6l), with cytoplasmic thinning or disruption (Fig. 6k).
Mitochondria were also swollen with electrolucent matrix and
occasional vacuolation (Fig. 6c). Interestingly, GA bore electron
dense cisternae, which were condensed, curled, and had a closed
appearance (Fig. 6f). In addition, the presence of nuclear chroma-
tin condensation, deformed and discontinuous nuclearmembrane,
and disruption of karyoplasmand nucleoli alongwith cytoplasmic
vacuolation suggested the presence of apoptotic cells (Fig. 6i, j, f).

Reduced Mitochondrial Complex Activities

To understand if the ultrastructural alterations observed within
the mitochondria are correlated with functional deficits, we

Fig. 2 Motor neurons derived
from human embryonic stem
cells: a Representative phase
contrast photomicrograph of
three-dimensional aggregates—
embryoid bodies—formed from
human embryonic stem cells on
day 3 of differentiation. b, c
Representative phase contrast and
d–f confocal images of human
embryonic stem cell-derived
process-bearing neurons at day 23
of differentiation; these neurons
expressed ChAT (red), βIII
tubulin (blue), and f merge. g, h
Representative phase contrast
(day 27) and i–l confocal (day 33)
images of human embryonic stem
cell-derived motor neurons. The
neurons established
interconnections and the
complexity of arborization
increased with maturation along
with expression of βIII tubulin
(green), ChAT (red), MAP2
(blue), and lMerge. Scale bars are
indicated
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measured the activities of the respiratory complexes (I, II, III,
and IV) in CSF-exposed hESC-MNs. Enzyme activities of the
respiratory complexes were normalized to the activity of an
internal control citrate synthase, an enzyme of the Krebs cycle.
The activities of complex I, II, III, and IV were lowered by ~
40, ~ 30, ~ 30, and ~ 60% respectively in ALS group com-
pared to those in controls. Complex I, II, and IVactivities were
significantly lowered in ALS-exposed motor neurons.
Complex III activity showed a decreasing trend in ALS-

Fig. 3 Expression of motor neuron markers and ultrastructure of hESC-
MNs: a qRT-PCR showed down-regulation of Oct4 and up-regulation of
FoxP1 in hESC-MNs in comparison to undifferentiated cells. b Olig2,
HB9, and ChAT were expressed by hESC-MNs and absent in the
undifferentiated hESCs. Gene amplification represented as Ct values.
Data were analyzed using Student’s t test; ***p < 0.001, **p < 0.01
(n = 3). c–f Flow cytometry analysis showed the expression of motor
neuron-specific markers in hESC-MNs with c ChAT 21 ± 0.70%, d βIII
tubulin 21.3 ± 0.85%, e HB9 15.2 ± 0.85%, and f Islet1 15.1 ± 0.354%.
Staining in hESCs was like negative control (background cells

incubated without primary antibody) indicating the absence of these
proteins. g–j Representative electron photomicrographs of hESC-MNs:
g (a), (b), and (c) are neurons with the perikaryon carrying different
organelles: mitochondria, asterisk; ER, blue arrows; plasma membrane,
red arrow; GA, white arrow; nuclear membrane, white arrow head. h
Cytoplasm with the rough ER with loosely spread intracytoplasmic
basophilic masses called Nissl substances (black arrows), characteristic
of neurons and free ribosomes (red arrows). i Neurofilaments (yellow
arrow). j (a), (b), and (c) are different neurons; a single mitochondrion
was observed in the neuronal process (yellow arrow)

Table 4 Quantitative real-time PCR results showing mRNA levels in
hESC/hESC-MNs

S.No mRNA hESCs, n = 3 hESC-MNs (Ct value), n = 3

1 Olig2 Absent Present (21.39 ± 0.98)

2 HB9 Absent Present (25.40 ± 0.02)

3 ChAT Absent Present (28.16 ± 0.22)
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exposed hESC-MNs compared to that in other groups
(Fig. 7a–d); Complex I-*NC vs ALS p < 0.05; Complex
II-*NC vs ALS p < 0.05; #NALS vs ALS p < 0.05; $NC vs
NALS p < 0.05; Complex IV-*NC vs ALS p < 0.05).

ALS-CSF Induced Changes in Cytoskeletal Proteins

The number of βIII tubulin-positive cells remains unaltered in
the ALS-CSF-exposed hESC-MNs compared to that in the

control groups, and the values were NC = 46.6 ± 0.85,
NALS = 57.35 ± 0.92, and ALS = 57.15 ± 0.35 (Fig. 7e, f).
The number of MAP2-positive neurons remain unchanged,
and the values were NC = 47.05 ± 2.90, NALS = 51.55 ±
0.64, and ALS = 54.95 ± 1.48. However, there was an increas-
ing trend in the ALS-CSF group (Fig. 7g, h). Neurofilament
phosphorylation determined by flow cytometry using SMI-31
antibody was significantly up-regulated in the ALS-CSF-
exposed motor neurons compared to that in other control

Fig. 4 Electrical activity recorded from hESC-MNs: a Stem cell-derived
neurons grown on the multielectrode array plate. b Magnified view of
electrical activity phenotype of 500-ms duration showing regular spikes.
The figure depicts the action potentials extracted using spike sorter
(green-action potentials and black-background). c Superimposed
waveform of principal neuron. d–g Representative electrical activity of
neurons at different days of maturation: d very few spikes discharged on
day 23, e increased spike number on day 27, f spike trains on day 30, g
spike trains and bursts on day 33. h–k Scatter plots of the number of
spikes (frequency < 5 Hz) discharged by hESC-MNs at different days
of maturation in culture (day 23, day 27, day 30, and day 33
respectively). The number of spikes and the mean firing frequency were
less on day 23, day 27, and day 30 (h–j), and it was significantly

increased on day 33 (k). Data analyzed using Wilcoxon signed-rank test
(***p < 0.001 with respect to day 33, n = 102). l Scatter plot depicting
number of spikes and mean spike frequency exerted by hESC-derived
neurons at day 33. A larger population of the neurons fired with a
frequency of < 5 Hz (highlighted) indicating principal neurons and a
negligible number of neurons fired with frequency of > 5 Hz (n = 4). m
Percentage of neurons with firing frequency < 5 Hz was 84%, assumed to
be motor neurons based on the qualitative assessment of motor neuron-
specific markers. Data was analyzed using Student’s t test; ***p < 0.001.
n–q Auto-correlograms revealing the presence of two different types of
neurons: n, o principal neurons and p, q uncharacterized neurons derived
from hESC at day 33 of differentiation
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groups, and the values were NC = 68.9 ± 1.98, NALS = 71.95
± 0.78, and ALS = 78.85 ± 1.20 (*NC vs ALS p < 0.05;
#NALS vs ALS p < 0.05, Fig. 7i, j).

ALS-CSF Induced Apoptosis in hESC-Derived Motor
Neurons

Motor neurons positive for BCL2, Bax, and caspase 9 were
investigated using flow cytometry to determine whether the
degeneration of motor neurons is due to the altered levels of
these pro- and anti-apoptotic proteins. BCL2 positivity was
slightly increased in the ALS group, which was not significant
(NC = 26.8 ± 3.96, NALS = 32 ± 2.12, and ALS = 30.25 ±
1.98) (Fig. 8a, b). Bax positivity was significantly increased
in the ALS-CSF group compared to that in the control groups
(NC = 13.5 ± 0.07, NALS = 17.25 ± 0.35, and ALS = 23 ±
1.98; **NC vs ALS p < 0.01; #NALS vs ALS p < 0.05) (Fig.
8c, d). The ratio of BCL2/Bax showed a decreasing trend in
the ALS-CSF group (Fig. 8g). Caspase 9-positive motor neu-
rons were significantly increased in the ALS/NALS-CSF-ex-
posed group compared to those in the control group; however,
ALS-CSF-induced caspase 9 level in the hESC-MNs was sig-
nificantly higher than that in the NALS group (NC = 5.9 ± 0.0,
NALS = 8.7 ± 1.13, and ALS = 13.6 ± 0.14; **NC vs ALS p
< 0.01; #NALS vs ALS p < 0.05; *NC vs NALS p < 0.05)
(Fig. 8e, f).

ALS-CSF Modulated the Spontaneous Activity
of hESC-Derived Motor Neurons

After the electrophysiological characterization of hESC-MNs,
they were exposed to ALS-CSF for 48 h and MEA recordings
were performed to observe alterations in the spontaneous ac-
tivity patterns. Within the neurons firing with < 5 Hz
representing principal neurons, the number of spikes was sig-
nificantly high in the ALS-CSF-exposed neurons [avg. 1800,
range 285–3412; n = 220] indicating hyperexcitability, when
compared to that in the NC [avg. 1444, range 108–3305; n =
155] and NALS-CSF groups [avg. 1536, range 111–3436; n =
140] (***NC vs ALS p < 0.001; ### NALS vs ALS p < 0.001,
Fig. 9).

Discussion

The advent of ESCs has opened new vistas of research, thanks
to their ability to self-renew and differentiate into different cell
types. Beating cardiomyocytes and retinal pigmented epithe-
lial cells were derived from BJNHem20 [23, 36]. However,
ours is the first study to attempt motor neuron derivation from
these cells (Fig. 10). We have established and propagated
these stem cells on iMEFs; their pluripotency was confirmed
by the presence of Oct4, Nanog, and Sox2.We further adapted
an established protocol for differentiating hESCs into motor
neurons [24].

The differentiation protocol transformed hESCs into motor
neurons. Their phenotype was confirmed by the expression of
pan-neuronal markers βIII tubulin and MAP2 along with mo-
tor neuron-specific markers Olig2, HB9, and islet1 which are
required for fate determination and survival of motor neurons.
HB9 knockout in mice causes abnormal migratory pattern,
topological disorganization of motor columns, and defective
target innervation indicating the improper differentiation of
motor neurons [37, 38]. Islet1 imparts membrane-specific
electrical signatures and acts as a switch between motor neu-
ron and interneuron fate [39–41]. Foxp1 positivity of hESC-
MNs confirmed that they are limb-innervating motor neurons
[42–44]. Cholinergic transmission is involved in the produc-
tion of rhythmic bursts during spinal cord development [45,
46]. hESC-MNs expressed ChATand discharged spontaneous
single spike activity that was observed around 3 weeks of
differentiation. Spike trains and bursts were observed at 4–
5 weeks of culture; however in another study, the electrical
maturation was observed only after 7 weeks of culture [47].
Further, neurons differentiated in this study were majorly prin-
cipal neurons discharging spikes with frequency < 5 Hz [30].

The toxic effect of ALS-CSF was assessed on the mature
hESC-MNs. Beading of neurites and vacuolations in cyto-
plasm, the early signs of neurodegeneration were observed
in hESC-MNs upon exposure to ALS-CSF. This finding is
similar to our earlier studies carried out in the rodent models
of ALS [22, 48]. Vacuolation of cytoplasm was observed, a
hallmark in the mouse spinal cord cultures and transgenic
mouse lines carrying SOD1 mutation [49, 50]. Loss of
ChAT-positive α-motor neurons was found in the spinal cord
of ALS patients and rodent models of ALS [22, 51–53].
Similarly, ALS-CSF diminished the expression of ChAT in
hESC-MNs and reduced their viability significantly.

Increased microtubule dynamics with altered axonal trans-
port are reported in mSOD1 mice [54]. Mutant SOD1 physi-
cally interacts with tubulin forming aggregates, resistant to
constitutive degradation [55]. MAP2 helps the microtubules
to from long polymers maintaining the morphological plastic-
ity [56, 57]. Abnormal/hyperdynamics of microtubules occurs
early before symptom onset in mSOD1 mice [58]. ALS-CSF
exposure did not affect the expression ofβIII tubulin in hESC-

Table 5 Spontaneous action potentials discharged by hESC-MNs in
culture

hESC-MNs Mean spike frequency (Hz) Number of spikes
Days in culture Median (range) Median (range)

Day 23 0.13 (0.014–1.96) 8.5 (1–760)

Day 27 0.01 (0.042–4.55) 65 (3–3252)

Day 30 0.76 (0.014–4.27) 54.5 (3–3056)

Day 33 1.14 (0.15–4.3) 1013 (108–3086)
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MNs. However, an increasing trend in MAP2 level was found
in ALS-CSF-exposed neurons indicating altered expression
profile of this key cytoskeletal protein.

ALS-CSF has been reported to cause aberrant neurofila-
ment phosphorylation in the soma of ventral horn motor neu-
rons of embryonic rat and chick spinal cord cultures; the

phosphorylated neurofilaments were aggregated and
ubiquitinated in NSC-34 cells [22, 48, 59]. Mutations in the
neurofilament gene are reported in SALS, and their expression
was five to ten times elevated compared to that in controls [60,
61]. In accordance with these reports, we have also observed a
steady increase in the phosphorylated neurofilaments in

Fig. 5 a–d Representative phase contrast photomicrograph of hESC-
MNs. a NC—cells maintained under normal condition. b NALS—cells
exposed to non-ALS-CSF. c, d ALS—cells exposed to ALS-CSF. Notice
the ALS-CSF-induced vacuolation (c, red arrow) and beading of neurites
(d, yellow arrows) in the hESC-MNs. eALS-CSF reduced the viability of
hESC-MNs in culture: Viability assessed by MTT assay showed
significant reduction in the ALS-exposed group compared to that in the
control. The values are expressed as percentageMTT reduction compared
to normal control (***NC vsALS p < 0.001, ###NALS vsALS p < 0.001,
n = 5). f Increased LDH leakage in the hESC-MNs exposed to ALS-CSF:
LDH leakagewas assessed in the spentmedia of theNC, NALS, andALS
groups. LDH release is represented as % activity compared to control
(***NC vs ALS p < 0.001, ###NALS vs ALS p < 0.001, n = 5). g–i
Reduced expression of ChAT in the ALS-CSF-exposed hESC-MNs: g
qRT-PCR showed down-regulation of ChAT mRNA in the ALS-CSF-

exposed hESC-MNs compared to that in controls (n = 3) (***NC vs ALS
p < 0.001, ###NALS vs ALS p < 0.001). h Representative histogram of
flow cytometry analysis and i quantification data of gated population of
cells showing reduced ChAT-positive neurons in the ALS-CSF group
compared to those in the other control groups (*NC vs ALS p < 0.05,
##NALS vs ALS p < 0.01). j–l Reduced expression of BDNF in the ALS-
CSF-exposed hESC-MNs: j qRT-PCR showed down-regulation of
BDNF mRNA in the ALS group compared to that in the controls
(***NC vs ALS p < 0.001, ###NALS vs ALS p < 0.001, n = 3). k
Representative histogram of flow cytometry analysis and l
quantification data showing reduced BDNF-positive neurons in the
ALS group compared to those in the other control groups (**NC vs
NALS p < 0.01, *** NC vs ALS p < 0.001, ###NALS vs ALS p <
0.001). Data analyzed using one-way ANOVA followed by Tukey’s
post hoc test

Mol Neurobiol (2019) 56:1014–1034 1025



hESC-MNs exposed to ALS-CSF. The rate of transport of
neurofilaments was reduced in mice overexpressing human
NF-H [62, 63]. The presence of abundant number of phos-
phorylated neurofilaments in addition to altered microtubule
dynamics could burden the transport machinery, thus affecting
the functionality and survival of motor neurons.

Increased reactive oxygen species, mitochondrial depolar-
ization, and reduced complex activities were detected in the
spinal cords of ALS-CSF-injected rats [26]. The current data
on structural alterations in mitochondria and impaired mito-
chondrial complex activities in hESC-MNs exposed to ALS-
CSF are in agreement with that found in the lumbar spinal
cord of the SALS patients, mSOD1 mice, and ALS-CSF-
injected rats [26, 64]. Electron leakage due to attenuated com-
plex activities increases oxidative stress [65]. Energy produc-
tion is considerably reduced in cells carrying mSOD1 [66].
Thus, the defective respiratory chain complexes induced as a

result of ALS-CSF exposure cannot cope up with the high
energy demands of motor neurons.

Dysregulation of calcium homeostasis following mito-
chondrial defects causes disruption of ER-mediated stress re-
sponse [67]. The failure of unfolded protein response (UPR)
or abnormal sustained activation of UPR leads to induction of
cell death signaling cascade [68, 69]. Ultrastructural studies
revealed dilated ER in hESC-MNs following ALS-CSF expo-
sure. Morphological changes such as rough ER dilation, frag-
mentation, distortion of cisternae, and larger ribosomes were
evident in postmortem samples of ALS patients, SOD1 mice,
and SALS models [7, 70–72].

Under pathological conditions, perturbed protein synthesis
in ER leads to Golgi fragmentation [73, 74]. Lesion and dis-
ruption of Golgi have been reported in the anterior horn cells
and motor cortex of ALS patients, in spinal motor neurons of
mSOD1 mice, and also in spinal cords of rats infused with

Fig. 6 Representative electron
photomicrographs of hESC-MNs
showing organelle changes
following ALS-CSF exposure: a
Normal control; normal
mitochondria, red arrows. b
NALS; normal mitochondria, red
arrows. c ALS; swollen
mitochondria, red arrows;
vacuolated mitochondria, yellow
arrows. d Normal control; normal
GA, red arrows. e NALS; normal
GA, red arrows. f ALS, abnormal
Golgi wherein the cisterns were
condensed; round and closed, red
arrows; vacuolation in the
cytoplasm, yellow arrow. g
Normal control; normal rough ER
(red arrows), intact nuclear
membrane (yellow arrow), and
nucleus with uniformly
distributed chromatin (red
asterisk). h NALS; normal rough
ER (red arrows), intact nuclear
membrane (yellow arrow), and
nucleus with uniformly
distributed chromatin (red
asterisk). i–lALS: i discontinuous
nuclear membrane (yellow
arrow); condensed chromatin in
the nucleus (red asterisk); j
disruption of karyoplasm and
nucleoli; k cytoplasmic disruption
(yellow arrow); l dilated rough
ER (red arrows)
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ALS-CSF [6, 75–78]. Golgi changes coincide with the accu-
mulation of phosphorylated neurofilaments, wherein accumu-
lation of massive phosphorylated neurofilaments induced fo-
cal accumulation or clustering of GA [79]. Further,
polymerization/depolymerization of microtubules influence
the Golgi organization [80]. Accordingly, the observed imbal-
ance in the cytoskeletal components due to ALS-CSF is likely
to contribute to peculiar accumulation and end to end swirling
of Golgi affecting their functionality in hESC-MNs.

Cortical hyperexcitability is found in both FALS and
SALS; it is considered as an early feature that precedes clinical
onset [81, 82]. Cortical neurons with mSOD1 in culture elic-
ited action potentials even with less current injection com-
pared to control suggesting reduced time and threshold poten-
tial in mSOD1 neurons. Similarly, rate of firing was increased
in the spinal motor neurons in culture carrying mSOD1 [83,
84]. iPSC-MNs and motor neurons from brain slice prepara-
tion of pre-symptomatic mSOD1 mice showed an increase in

Fig. 7 a–d Lowered mitochondrial respiratory complex activities in
ALS-CSF-exposed hESC-MNs: a, b, c, and d represent complex I, II,
III, and IV activities. The activities were normalized to citrate synthase
activity. The activities of complexes I, II, III, and IV were lowered by ~
40, ~ 30, ~ 30, and ~ 60% respectively in the ALS group compared to
those in the control (*NC vs ALS, #NALS vs ALS, $NC vs NALS p <
0.05, n = 3). e–j Altered expression of cytoskeletal proteins in the hESC-
MNs exposed to ALS-CSF: e representative histogram of flow cytometry
analysis showing βIII tubulin-positive neurons and f quantification data
showing unchanged βIII tubulin-positive neurons in the ALS-CSF group

compared to those in the other control groups; g representative histogram
of flow cytometry analysis showing MAP2-positive neurons and h
quantification data showing increasing trend of MAP2-positive neurons
in the ALS-CSF group compared to those in the other control groups. i
Representative histogram of flow cytometry analysis and j quantification
data showing significant increase in phosphorylated neurofilaments in
ALS-CSF group compared to those in the other control groups (*NC vs
ALS, #NALS vs ALS, p < 0.05, n = 3). Data were analyzed using one-
way ANOVA followed by Tukey’s post hoc test
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the ratio of slope of the frequency vs injected current (F-I)
emphasizing intrinsic hyperexcitability of motor neurons in
ALS [85, 86]. Similarly, hESC-MNs also showed hyperexcit-
ability by discharging increased number of spikes following
ALS-CSF exposure, even in the absence of any injected cur-
rent. This is in agreement with our earlier observations of
ALS-CSF-induced alterations in local field potentials and an
increased rate of firing by rat primary motor cortical neurons
[87, 88]. Defects in Na+ and K+ currents, increased calcium
influx, and mitochondrial defects are related to hyperexcitabil-
ity [89–92]. Our earlier studies showed perturbed expression
of Nav1.6 and Kv1.6 in the spinal motor neurons of rats in-
fused with ALS-CSF and also the rat spinal cord cultures
exposed to ALS-CSF [93].

BDNF required for the survival of motor neurons was sig-
nificantly down-regulated in ALS-CSF-exposed hESC-MNs
supporting our earlier studies. It has been previously shown
from our laboratory that ALS-CSF induced aggregation of
phosphorylated neurofilaments, reduced ChAT expression,
and increased apoptosis could be reverted with exogenous
BDNF supplementation [52, 94]. Autocrine secretion of
BDNF is required for axon differentiation and growth; it acts

in a self-amplifying manner by elevating cyclic AMP levels
[95]. BDNF increased the survival of axotomized motor neu-
rons, synaptic plasticity, and long-term potentiation [96].
Alteration in the synthesis and activity of BDNF signaling
was reported in various neurodegenerative diseases [97–99].
As coordinated interaction between the different organelles is
crucial for the proper functioning of neurons, morphological
and functional deterioration of the organelles along with im-
paired respiratory chain activity and reduced BDNF expres-
sion found in ALS-CSF group can compromise the survival of
hESC-MNs following exposure to ALS-CSF.

Mitochondrial degeneration and electron transport chain
impairment induced by ALS-CSF persuaded us to explore
the activation of downstream apoptotic pathway. BCL2 is in-
volved in repressing cell death, whereas Bax in contrary ac-
celerates cell death. Increased expression of Bax and DNA
fragmentation was detected in the spinal cords of ALS patients
[100]. Consistent with this, we also found an up-regulated
expression of Bax in ALS-CSF group with an unchanged
BCL2 expression. The ratio of BCL2/Bax showed a decreas-
ing trend following exposure to ALS-CSF. Bax is known to
permeabilize the mitochondrial outer membrane and release

Fig. 8 Altered expression of
apoptotic proteins in the hESC-
MNs exposed to ALS-CSF: a
Representative histogram of flow
cytometry analysis and b
quantification data showing
unaltered BCL2 levels in the
ALS-CSF group compared to
those in the other control groups.
c Representative histogram of
flow cytometry analysis and d
quantification data showing
up-regulated Bax-positive motor
neurons in the ALS-CSF group
compared to those in the other
control groups (**NC vs ALS p
< 0.01, #NALS vs ALS p < 0.05,
n = 3). eRepresentative histogram
of flow cytometry analysis and f
quantification data showing
increased caspase 9-positive
motor neurons in the ALS-CSF-
and NALS-CSF-exposed groups
(*NC vs NALS p < 0.05, **NC
vs ALS p < 0.01, #NALS vs ALS
p < 0.05, n = 3). g Bar graph
showing decreasing trend in the
BCL2/Bax ratio in the ALS-CSF
group compared to that in
controls. Data were analyzed
using one-way ANOVA followed
by Tukey’s post hoc test (n = 3)
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cytochrome c which in turn can activate caspase 9 [101–104].
Compromised trophic support with increased Bax accentuated
apoptotic response with a marked upsurge of caspase 9, as
seen in this study. Elevated levels of caspase 9 were also
documented in the serum of ALS patients. Increased caspase
9 in turn can cleave caspase 7 and caspase 3 executing apo-
ptosis [103, 105–107]. The presence of above mentioned
changes along with organelle pathology suggests the com-
mencement of apoptosis in hESC-MNs following ALS-CSF
exposure. We also observed an increased caspase 9 level in
NALS-CSF group which could be attributed to reactive oxy-
gen species and free radicals in patients with intracranial hy-
pertension. There are reports on rodents with increased intra-
cranial pressure being associated with increased expression of
proteins that are hallmarks of apoptosis including elevated
caspase levels and DNA damage. A field study has reported
oxidative stress response to acute hypobaric hypoxia and its
association with increased intracranial pressure [108, 109].

However, ALS-CSF showed a significant increase in caspase
9 levels compared to NALS group.

ALS-CSF has been used to develop ALS phenotype in
rodent models for more than two decades, and the toxicity of
ALS-CSF in inducing neurodegenerative changes has been
well established. To identify the toxic factors in ALS-CSF,
mass spectroscopic analysis was performed, and we reported
significant increase in the levels of chitotriosidase-1 (CHIT1)
a potent inflammatory protein in ALS-CSF (tenfold increase
compared to that in control CSF) [110]. CHIT1 was up-
regulated in microglia that were transformed into phagocytic
phenotype releasing pro-inflammatory cytokines following
ALS-CSF exposure. Exposure of microglia to recombinant
CHIT1 induced changes like those observed with ALS-CSF
exposure [111]. Recombinant CHIT1 when intrathecally
injected in newborn rats significantly reduced ChAT expres-
sion (manuscript under preparation). Experiments are being
carried out to unveil the mechanisms downstream to CHIT1
activation.

Fig. 9 Hyperexcitability induced by ALS-CSF exposure: a–c Scatter plot
showing the number of spikes exerted by principal neurons in different
study groups (frequency < 5 Hz). The spiking pattern was different in the
CSF-exposed groups; however, there was no significant difference
between the normal control and NALS groups. The number of spikes
was significantly increased in the ALS-CSF group indicating

hyperexcitability. d Bar graph representing increased number of spikes
(with < 5 Hz) in the hESC-MNs following ALS-CSF exposure. Data
were analyzed using Kruskal-Wallis test. Mann-Whitney U tests were
done as post hoc test and Bonferroni corrected p values (0.05/3 = 0.017)
(***NC vs ALS p < 0.001; ###NALS vs ALS p < 0.001)
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Conclusion

In this study, we have successfully derived motor neurons from
BJNHem20 and characterized those using specific markers and
electrophysiological function. These motor neurons were vulner-
able to the toxic effects of ALS-CSF, which induced an array of
neurodegenerative changes such as reduced viability, organelle
dysfunction, alteration in BDNF expression, perturbed cytoskel-
etal proteins, hyperexcitability, and increased apoptotic proteins,
like the changes observed in ALS patients as well as in animal
models of ALS. Accordingly, our humanized model comprehen-
sively captures the molecular pathways and their complex inter-
play in the pathogenesis of ALS, thereby validating the utility of
this model for future studies in this field.
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