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Abstract

Objective: To explore a novel and dynamic role for neurogenin-2 in promoting cortical neurogenesis in cells
produced from co-culturing neonatal cortical neural progenitor cells with bone marrow stromal cells.

Method: The experimental study was conducted from June 2016 to January 2019 at the neuropharmacology
laboratory of the Hussein Ebrahim Jamal Research Institute of Chemistry, International Centre for Chemical and
Biological Sciences, Karachi. The growth of cells at different stages in harvested cells was determined by 3-(4, 5-
dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide assay. Immunocytochemistry was used to evaluate the
protein expressions of neuronal markers and transcription factors. Data was analysed using SPSS 20.

Results: Data showed significant generation of neuronal cells and this was also verified by increased expression of
nesting in cortical co-cultures with bone marrow stromal cells. Immunoreactive outcomes showed over expressions
in co-cultured chlorotoxin cells. Subsequently, neurogenin-2 was found intermixed with induced expressions of
transcriptional factor NeuroD1 and reduced glial fibrillary acidic protein-labelled cells.

Conclusion: Better understanding of the mechanisms underlying transcriptional modulation of neurogenic events
hold the key for emerging treatment approaches towards neurodegeneration.
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Introduction

The development of appropriate in vitro strategies
demonstrating differential potential of brain cells can
minimise the gaps in understanding the functions of the
nervous system. Progress in stem cell differentiation into
neurons has opened the way for constructive strategies to
understand the human brain better!. The in vitro co-
culture system to generate neurons and promoting
neurogenesis from neural progenitor cells (NPCs) may
result in successful therapeutic approaches for
neurodegenerative disorders along with cell replacement
therapies. However, instant and effective procedures to
produce neurons appears to be a problem with respect to
the fabrication of a functional neuronal circuit. Moreover,
the cure of neurological disorders also requires the
production of specific neuronal lineages2.

Pluripotent stem cells co-cultured with embryonic stem
cells have been utilised to produce neuronal-like cells, or
neurons. Their neuronal differentiation is a multifaceted
process linked with several regulatory mechanisms and
transcriptional factors3. It has been shown that co-
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culturing of isolated midbrain cells of neonatal mice with
BMSCs substantially upregulated the neuronal expressing
bone marrow stromal cells (BMSCs)4.

To date, a wide range of transcription factors has been
used in various protocols for induction of neuronal
differentiation according to their contribution in
developing brain and neurogenesis, assuming that they
might play a role like stem cells. Although the resultant
neurons are typically characterised once when they are
differentiated, the role of regulatory cascades or
transcriptional activation during process of differentiation
are still unknown.> Further, studies have documented
various important transcriptional regulators promoting
neuronal differentiation in vivo and in vitro6. However,
the precise and sufficient knowledge on fundamental
factors mediating neurogenesis in differentiated stem
cells has not been evaluated.

The recognition of possible transcriptional factors would
enhance the differentiation processes of targetted
neurons. A group of neural transcription family (basic
helix-loop-helix [bHLH]), comprising Neurogenins (NGNs)
and Neuro D, are major mediators of neurogenesis. The
NGNs are key players for neuronal commitment and in
vivo neuronal development.” The specified factors of this
family have been utilised formerly to increase neuronal
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yield from differentiated mouse embryonic stem (ES) cells
or cancer cells. Additionally, they have induced
differentiated neuronal cells from human NPCs 8 and
human fibroblasts.? Furthermore, the induction of NGN-2
in human stem cells and later the generation by glia cell
co-cultures system has resulted in larger and
homogenous yields of neuronal cells in only 14 days.10
Previously, both NGNs independently induced neuronal
lineages from stem cells and their co-expressions were
found in NPCs in vivo."" Moreover, the fate specification
and activation of pronounal genes is linked with NGN-2.
The regulation of neural fate by NGN-2 is committed with
reduced expressions of glial genes in neural progeny.
NGN-2 also augments proliferated state of progenitor cell,
hence preserving the undifferentiated cells  before
conversion to granule cells by NeuroD1 activation.'2

To the best of our knowledge, there is no appropriate
data yet that represents how upregulated NGN
expressions efficiently modulate neurogenic
differentiation. In addition, the role of NGN-2 in BMSCs
differentiation or co-cultured BMSCs with cortical
neurons is not elucidated and co-culturing strategy may
advance the therapeutic objectives of transplantation
therapy and neurodegenerative disorders. The current
study was planned to fill the gap in literature by exploring
a novel and dynamic role for NGN-2 in promoting cortical
neurogenesis in cells produced from co-culturing
neonatal cortical NPCs with BMSCs.

Materials and Methods

The experimental study was conducted from June 2016 to
January 2019 at the neuropharmacology laboratory of the
Husein Ebrahim Jamal (HEJ) Research Institute of
Chemistry, International Centre for Chemical and
Biological Sciences (ICCBS), University of Karachi, Karachi.
The wistar rat (120-150gm) and their two days old pups
were raised at the ICCBS animal house. The experiments
were conducted under ethical principles designed by the
National Institutes of Health (NIH) for use of animals for
experimental purposes. Approval was obtained from the
institutional advisory committee on animal standards.

After flushing the bone marrow from the shaft of the
femur bone, it was centrifuged and the resultant cell
pellet was collected, and 1TmL of Dulbecco's Modified
Eagle's medium (DMEM) supplemented with 5% FBS
(foetal bovine serum)along with 1% pen strep and
sodium pyruvate was added. Before seeding the cells, the
number of viable cell was determined by trypan blue
exclusion method'3. The cells were distributed into 2
equivalent portions. the first portion was grown as a
control group and the other one was co-cultured with
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dissociated cortical cells freshly dissected from neonatal
rat pups. The concentration of cells for co-cultures was set
at 160,000 cells/mL that contained 1:2 ratios for cortical
and BMSCs, respectively. The cultured flasks were then
incubated at 37°C and 5% carbon dioxide (CO,) for 24
hours. After that, the floating haematopoietic cells and
debris were removed and the adherent cells were further
kept in incubation and monitored properly until the cells
got approximately 80% confluent.

DMEM was then aspired and the cells were splashed with
1X phosphate buffer saline (PBS) twice. To obtain cell
pallet, TmL trypsin- ethylenediaminetetraacetic acid
(EDTA) (0.05%) solution was used. Cell cultures were
incubated at 37°C for 4min for the detachment of cells
from the flask. The action of trypsin-EDTA was deactivated
by adding 5% DMEM. The pellet was obtained by
centrifugation of cell suspension at the speed of 1000 rpm
for 8min. The resultant pellet was re-suspended in TmL
fresh 5% DMEM, and evenly divided into 2 cell culture
flasks to grow. Both flasks were labelled with passage 1
(P1), and incubated at former conditions in the incubator.

The viability of full-grown cells at different time periods
was assessed by 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT) assay. The cells were
trypsinised and seeded onto 96-well plate at the density
of 8000 cell/well, and kept for 24h incubation at 37°C. The
next day, MTT dye (0.5 mg/mL; Sigma-Aldrich, CAS-No,
298931) was added to each and every well after removal
of culture medium, and the plates were re-incubated for
3h. After incubation, the dye was aspirated and 100pL of
DMSO (Dimethyl sulphoxide) was added. Percentage of
viable cell was calculated by the formation of purple
formazan crystals. The absorbance was measured using a
spectrophotometer (TECAN Trading AG, Switzerland) at
the wavelength of 570nm. The recorded absorbance
revealed the relative number of proliferating cells in
different cultured groups. All assays were conducted in
triplicates.

For immunocytochemical analysis, the confluent cells
were dispensed in chambered slides. The cells were
subjected to fixation with treatment of 4%
paraformaldehyde. Subsequently, the cells were cleaned
with PBS at least three times and incubated for 1h in the
blocking solution, which comprised 2% bovine serum
albumin (BSA), 2% normal goat serum and 0.2% Tween20,
at 37°C. After 1h incubation, the cells were splashed thrice
with PBS. The dilution of each primary antibody (glial
fibrillary acidic protein [GFAP], nestin, NeuroD1 and NGN-
2) was prepared in PBS with concentration ranging 8-
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15pg/ml as per the protocol (R and D). The slides were
then kept for overnight incubation at 4°C. Following
incubation, washing was done three times with PBS, and
the secondary antibody (1:200) was added and re-
incubated at room temperature for 60min. The cells were
washed thrice and stained with DAPI (1:500). Stained
wells were mounted with PBS/glycerol (1:1) and
examined under 20X magnification with a fluorescent
microscope (Nikon, Japan) equipped with Nuance 2.0
software.

The immunofluorescent photographs were evaluated
using ImagelJ software. The intensity of fluorescence was
calculated from randomly selected fields after subtracting
the background intensity. Percentage intensity of protein
expression was calculated as per the counting of
cells/field. The data was composed of 3 individual
experiments.

Data was analysed using SPSS 20. Data was expressed as
mean + standard error of mean (SEM). One-way analysis
of variance (ANOVA) was used to assess the difference
between various groups. P<0.05 were considered
statistically significant.

Results

The morphology of BMSCs after 72h of seeding appeared
as tiny spheres with adherent potential. However, 2 weeks
later, the bulk of cells displayed large spindle-like irregular
cells showing long processes (Figure 1). After 14-28 days,
the cells were 80% confluent and transformed into
homogenous clusters, like fibroblast cells grown in
parallel way. The cells were kept incubated till P1 and P3
passages of cells.

The co-culturing of BMSCs and cortical cells was done at a
ratio of 1:2, respectively. After 24 h, a mixture of adherent
cells was observed under the microscope. Around 7-14
days after incubation, most cells expressed minute
processes with irregular shape. Morphological variations
from BMSCs were analysed comparable to co-cultured
BMSCs with cortical cells (Figure 1). A large population of
co-cultured cells showed resemblance to cortical cells
following 2 weeks. Fibroblastic structures were rarely
observed. However, significant growth of cells showed
particularly differentiated and specialised morphology
identical to cortical cells. After day 14, neuronal
connections having retraction in the cell body were
observed. The homogenous neuronal cells maintained
their morphology till P2 and P3.

The percentage of viable cells was estimated with MTT
assay on days 3, 7 and 14 after culturing. The maximum no
of live cells was assessed in co-cultured group, whereas
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Figure-1: Morphological variations and increased proliferation of co-cultured cells.
bone marrow stromal cells (BMSCs) appeared as fibroblast cells growing in parallel
way. (1) A large population of co-cultured chlorotoxin (CTX-COCUL) cells were identical
to cortical cells following 14 days. (Il) Statistically significant difference was
demonstrated among CTX-COCUL cells and BMSCs (***p<0.001) on days 7 and 14.
Arrow keys show distinct synaptic alteration in proliferated cells between cortical and
(TX-COCUL cells (###p<0.001).

the BMCSs and cortical cells showed significantly reduced
viability compared to the co-cultured cortical cells.
Significant difference was noted among co-cultured
chlorotoxin CTX-COCUL) cells and BMSCs (p< 0.001) on
days 7 and 14 (Figure 1). Distinct alteration in proliferated
cells between cortical and CTX-COCUL cells was noted
(p<0.001).

Neurogenic differentiation of co-cultured cortical NPCs
and BMSCs was evaluated through immunoreactivity for
neural and glial progenitor markers. Furthermore,
immature neuronal expressions were examined with
tubulin  fluorescence levels. The results of
immunocytochemistry  exposed the significant
upregulation of nestin and GFAP in the cortical cells
compared to BMSCs where the expression of GFAP was
absent and minor expressions of nestin were examined
(Figure 2). In case of co-cultured cells, significantly higher
immunoreactivity of nestin was expressed, while the glial
marker was down-regulated compared to the cortical
cells (Figure 2). In CTX-COCUL cells, the comparable
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Figure-2: Potential increase in protein expression of glial fibrillary acidic protein (GFAP) and nestin, which were determined through immunocytochemistry of co-cultured chlorotoxin
(CTX-COCUL) cortical cell. In case of co-cultured cells significant higher expression of nestin was found, while the glial marker was down=regulated compared to the cortical cells (IA
and IA). Expression levels were significantly increased in cortical cells compared to the bone marrow stromal cells (BMSCs). In CTX-COCUL cells, the comparable morphology to
neuronal-like cells was sustained. Data was expressed as mean + standard error of mean (SEM) (n=3). ** and *** show significant results comparied to BMSCs and CTX cells (1B and
IIB, respectively).
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Figure-3: Neurogenin-2-mediated enhanced neuronal differentiation in cells. Significant NGN expressions were noticed in cortical cells and co-cultured chlorotoxin (CTX-COCUL) cells
(IA-B). Enhanced NeuroD1 expression was found in CTX-COCUL cells compared to BMSCs, and cortical cells alone (IIA-B). Elevated NeuroD1 expression demonstrated increased
neurogenesis. Data was expressed as mean =+ standard error of mean (SEM) (n=3). ** and *** showed significant results compared to bone marrow stromal cells (BMSCs) and CTX
cells, respectively.
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morphology to neuronal-like cells as well as the
immunophenotypic alteration towards neuronal fate was
sustained till 2 passages, and it was achieved without the
addition of N2/B27 (ndiff neuro-2 Medium supplement)
or EGF (epidermal growth factor) and any conditioning
strategy, like treatment with neurobasal medium.

Significant NGN-2 (Figure 3) expressions were detected in
cortical cells and CTX-COCUL cells. However, comparative
measurements showed significant over expressions in co-
cultured cells, thus representing the role of NGN-2-
induced neuronal differentiation of co-cultured cells. The
results were also examined by comparison with
expression of NGN-2 in BMSCs (Figure 3). The NGN-
2expressions were hardly observed compared to CTX-
COCUL and cortical cells. This demonstrated high
immune expressions of NGN-2 in co-cultured cells due to
fate alteration from mesenchymal to neuronal lineage
which might be regulated with co-culturing method. The
outcomes also proved that NGN-2 regulated the neuronal
induction in BMSCs, or the cells originated from co-
cultures.

Immunoreactivity was checked for NeuroD1 to confirm
the onset of differentiation and cortical neurogenesis in
BMSC-derived CTX-COCUL cells. Significant increase in
the NeuroD1 expression was found in CTX-COCUL cells
compared to BMSCs and cortical cells alone (Figure 3). The
marked expression of NeuroD1 correlated with the over-
expression of NGN in co-cultures that demonstrated that
the increase in neurogenesis or differentiated neurons
were the results of transcriptionally-induced NGN along
with NeuroD1.

Discussion

The current study examined the expression of NGN-2 by
using the co-culturing approach. As transcription factor,
bHLH family of neurogenins transitorily expressed pro-
neural protein in DG progenitors before their
differentiation into granule neurons 3. Furthermore, it is
vital for proper growth of the DG neurons''.14. However,
its expression in case of cortical neurogenesis and co-
cultured-derived cortical neurons has not been studied
previously.

The present study demonstrated increased NGN-2
immunoreactivity in cortical and co-cultured cortical
neurons. However, the expression in case of CTX-COCUL
more compared to the cortical-only cells. Concurrently,
the high expressions of nestin displayed direct correlation
with the upregulation of NGN-2. These outcomes
supported the evidence that the proliferation of neural
progenitors was related to the upregulated expressions
and activation of NGN-2 since pronounal bHLH proteins
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regulate the production of progenitor cells and their
differentiation towards neurogenic programme of the
nervous system'5. Moreover, NGN-2 is importantly linked
to limit differentiation of the multipotent progenitors
into the astrocytic cells, and tend to direct the
progenitor’s fate towards neural specification. The GFAP
immunoreactivity in co-cultures exhibited reduced levels
compared to grown cortical cultures. This linked with the
fact that NGN-2 constrained differentiation into glial
progeny and excited cell differentiation towards neuronal
fate. The less expression of GFAP compared to NGN-2 and
nestin in CTX-COCUL confirmed that co-culturing of CTX
cells with BMSCs had the capacity to boost neural
progenitor differentiation into particular neuronal cortical
cells with increased expressions of NGN-2.

Interestingly, in addition to the cortical cultures, a marked
upregulation in calretinin expression was also detected in
CTX-COCUL. These findings proposed an approach of
stem cell differentiation, especially BMSCs, into neurons
through significant increments of NGN-2 intensities. To
further confirm this approach, the current study also
explored another transcription factor NeuroD1 related to
NGN-mediated neurogenesis in cortical or co-cultured
cells. The stimulation of NeuroD1 is evident to instigate
the neurogenesis!?.18, and NGN-2 is associated with
conserving the undifferentiated state of progenitor cell
by augmenting NPC proliferation before differentiation
into granule cells regulated by expression of NeuroD1
genes'®. Guo et al. revealed reactive microglial conversion
by retroviral expression of NeuroD in Alzheimer’s disease
and aged mice models. However, inducing expressions of
NeuroD1/NGN-2 to control neurogenesis for the
treatment of neurodegenerative illness is still
challenging.20

NeuroD1 and NGN have induced in vitro differentiation in
neuroblastoma.2’ On the contrary, the current results
expressed prominent NeuroD1 expression in cortical
cultures compared to BMSCs, but at the same time CTX-
COCUL revealed significant over-expressions compared
to cortical cell culture. All these findings are in accordance
with previous studies and were indicative of enhanced
proliferation with increased expression of neuronal
markers.22 The in vitro evaluation of co-culturing the cells
by inducing transcriptional activation of NeuroD1 and
NGN-2 has never been studied formerly. However, the
current observation demonstrates the significant
expression of NGN-2 compared to CTX cells, which
validates the result of amplified levels of both factors in
CTX-COCUL cells compared to cortical cells, and confirms
the initiation of neuronal sequencing in co-cultured
cells.3
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The current study has limitations as the findings
presented relate to research that was completed 5 years
ago. The delay in publication was owing to inadvertent
circumstances, and may have affected the worth of the
findings. It was owing to the novelty of the research
related to mechanisms regarding neuronal transcription
factors that the results have been made public. However,
advanced working is in progress and the results would be
published immediately.

Conclusion

Upregulated transcriptional factors NGN-2 and NeuroD1,
and neural protein expressions might be the result of the
onset of neurogenesis in CTX-COCUL cells. These findings
provide an important insight into molecular mechanisms
and transcriptional modulation of neurogenic events for
emerging treatment approaches towards neurological
diseases.
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