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ABSTRACT 
 
 

Pluripotent stem cells (PSCs) have the potential to differentiate into any cell type of the 

body, including neurons of the central and peripheral nervous system. (Takahashi, K. 

et. al., 2006). Current protocols for differentiating human pluripotent stem cells into 

posterior ectoderm-derived tissues in vitro are time consuming, however, due to an 

initial, protracted, rate-limiting step called neuroepithelialization. This problem of 

protracted timing in differentiation has hindered development of neuron differentiation 

protocols, limiting their usefulness in biomedical applications, drug toxicity studies or 

cell transplantation and/or therapies. The Dutton Lab has reduced the rate-limiting step 

for neural induction of human induced Pluripotent Stem Cells (hiPSCs) from 7 days to 

24 hours, which has enabled rapid protocol development to explore neuronal diversity. 

The current work published in this thesis has been built on these findings to define an 

efficient, systematic step-wise differentiation protocol for the production of hiPSC-

derived vagal neural crest in 4 days, which can be further differentiated into peripheral 

neuron progenitors and Schwann cell precursors by day 7. The peripheral neurons 

derived from this protocol express characteristic proteins Peripherin, Brn3A, and Islet1, 

while the Schwann cells express Egr1 and Etv5. This vagal crest protocol is the fastest 

and most efficient protocol described in the literature and has been validated on a panel 

of three characterised iPSC lines. Peripheral neurons derived from this protocol have 

been further used to study neuro-hepato interactions in an in vitro co-culture system. 
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INTRODUCTION 

 

Human pluripotent stem cells (hPSCs), whether embryonic stem cells (Thomson, J. A. 

et. al., 1998) or induced pluripotent stem cells (iPSCs) (Takahashi, K. et. al., 2006) can 

be used for differentiation in vitro into any cell type of the human body. hPSCs have 

been especially useful for producing cells of the human nervous system (Perrier, A. L. 

et. al., 2004), which is important as these tissues are difficult to obtain from living 

patients. hPSCs have introduced new opportunities to produce cell types useful for 

basic research, disease modelling, drug screening and regenerative medicine. hPSC-

derived nervous tissue will be especially important, as there is a need for effective 

remedies for neurodegenerative disorders or other disorders related to the nervous 

system as these conditions increase in prevalence worldwide. However, to utilize the 

differentiation abilities of these stem cells, improved protocols are needed that improve 

the differentiation control and purity of neuronal populations. Improved protocols will 

be especially important as hPSC-derived neurons are being contemplated for clinical 

use. 

 

Peripheral neurons constitute the neuronal system outside of the CNS. 

Peripheral neurons generated in vitro are valuable for studying pain reception, 

physiology of the enteric nervous system, for modelling peripheral neuropathies such 

as Hirshsprung’s disease and Familial Dysautonomia and could also serve as a platform 

for drug toxicity studies. Production of peripheral neurons from hPSCs first requires 

differentiation into cells with the phenotype of a neural plate intermediate, a 

phenomenon termed “neural induction”. The first efficient monolayer neural inductions 

were performed by Studer and his colleagues in 2009. They exposed hPSCs to Noggin 
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and SB431542 to inhibit bone morphogenetic protein and activin/ nodal signalling 

respectively, conditions which were thought to mimic the embryonic layer of the 

epiblast as it transitioned into the neural plate. This strategy achieved conversion of 

hPSCs into neuroepithelium within 11 day (Chambers, S. M. et. al., 2009). This 

removed the requirement of the then standard method for neural induction using 

embryoid bodies or stromal feeders (Chambers, S. M. et. al., 2009). Termed “dual-

SMAD inhibition”, this protocol generates an early PAX6+ neuroepithelial population 

under high density and a Sox 10/ Sox 9+ neural crest population under low density. 

Owing to easy analysis in a monolayer format, this approach became highly cited and 

a fundamental approach for all subsequent neural differentiation protocols. Despite its 

usefulness, the protocol relied upon undefined factors like Matrigel substrate, and the 

method was sensitive to cell seeding density which hampers the routine application of 

this protocol in a cGMP environment for cell therapy applications. Furthermore, for the 

production of neural crest especially, it is unknown how faithfully the low-density dual-

SMAD induction methodology recapitulates embryogenesis. Closer adherence to 

developmentally guided principles may provide advantages for differentiation of 

hPSCs into neural crest. 

 

                         Peripheral neurons are essential for sensation and enteric nervous 

system control, and could be useful for cell replacement therapies in peripheral 

neuropathies (Tohill, M. et. al., 2004). These peripheral neurons in vivo arise from the 

neural crest. The neural crest is a migratory cell population that arises from the dorsal 

tip of the neural tube. The development of the neural crest in vivo has been explained 

in Figure 1. During neural development, the neural plate comprises of the non-neural 
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ectoderm and the neural ectoderm which are separated by a neural plate border zone. 

There is a gradient of BMP signalling with the non-neural ectoderm requiring a high 

BMP signal and the neural ectoderm requiring a moderate to low which maintains the 

distinction. With emerging signals from the notochord, the neural ectoderm from the 

plate forms a neural grove and finally folds to form the neural tube. This separates the 

non-neural ectoderm which now lays on top of the tube. The neural plate border 

separates from the neural and the non-neural ectoderm and sits at the dorsal apex of the 

neural tube. Under the influence of a high BMP signalling, the cells of the neural plate 

border undergo an epithelial to mesenchymal transition and start delaminating as the 

neural crest, thereby migrating to form other tissues of the body. Along the anterior to 

posterior axis, there are distinct neural crest populations, cranial, vagal, trunk and 

sacral, each of which are defined by Hox gene expression profiles. These Hox 

patterning genes are expressed early in development starting from the vagal neural crest 

and help to specify distinct neural crest subpopulations. The Hox genes depicting 

different neural crest layers are shown in Figure 1. These neural crest cells after 

delamination from the dorsal apex of the tube, migrate as two populations in a laterally 

dorsal or medially ventral fashion to the periphery and gives rise to cell types such as 

peripheral neurons, glia, chondrocytes and melanocytes (each arising from a particular 

crest subpopulation) (Martik, M. L. et. al., 2017) [Figure 1].  

                            One approach of producing iPSC-derived peripheral neurons has been 

a systematic stepwise induction via a neural crest intermediate stage. Differentiating 

the neural crest is an inefficient process and may require cell sorting strategies that hurts 

cell viability (Menendez, L. et. al., 2011). The earliest developments in neural crest 

differentiations encompassed isolating neural crest progenitors from ESC-derived 
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neural rosette structures (Lee, G. et. al., 2007). However, manual passaging of rosettes 

was difficult to reproduce and data varied with different iPS cell lines. Previous in vitro 

differentiation protocols essentially took over 35 days on stromal feeder lines (Lee, G. 

et. al., 2010). The dual SMAD inhibition, published in 2009 by the same group provided 

some directional cues for neural crest differentiations in vitro. However, the ESC-

derived neural crest population was not pure and contained other pigmented cell 

populations, such as the retinal pigment epithelial cells arising from the PAX6+ domain. 

Also, the protocol could only produce cranial crest which was devoid of HOX staining 

profile. 

      The most recent papers that differentiate peripheral neurons from 

hPSCs take about 33 days to execute and extend to 15 days further to show functional 

maturation (Stevens K Rehen et. al., 2018). The aim of this research project has been 

to accelerate lineage directed differentiation of human iPSCs to neural crest and it’s 

derivative populations overcoming the problem of protracted timing with the purpose 

of increasing purity and ease of use.  
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Figure 1: Neural Crest Development In Vivo 

Figure describing A) Morphogenetic events for specification of neural crest. 

Signalling pathways that operate in neural crest differentiation in vivo in a 

chicken embryo are shown. The neural crest border is specified by expression 

of transcription factors Pax3/7, Zic and Snail while the delaminated and mature 

neural crest cells express genes Sox 10, Sox 9, Fox D3, Sox 5 and Pax3/7. 

B) Crest diversity according to neural crest origin. 

The neural crest has four layers each of which gives rise to diverse cell types. 

These      four segments, can be characterized by unique Hox expression 

proteins shown next      to the segments. 

            Modified image adapted from Martik, M. L. et. al., 2017. 

 

                               To replicate the development of the nervous tissue in vitro, it is 

useful to understand the developmental biology in vivo. Earliest fate mapping studies 

for amphibian development have revealed the fate acquisition of neural tissues. During 
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neural development, the blastula marks the presence of two distinct layer of cells, the 

epiblast and the hypoblast. hiPSCs culture in vitro represent the epiblast stage. The 

anterior epiblast eventually gives rise to the anterior part of the central nervous system 

in vivo and expresses Otx2 while the posterior part gives rise to spinal cord progenitor 

population (Gouti et. al., 2015). Soon after blastulation, the embryo changes to a 

bilaminar disc and then to a trilaminar disc, eventually giving rise to three germ layers, 

the ectoderm, mesoderm and endoderm in the process of gastrulation. Gastrulation 

marks the formation of the primitive streak, which is a transient structure that releases 

signals for early patterning (Wilson et. al., 2002). The rostral tip of the primitive streak 

is referred to as the node, which gives rise to the notochord, somites and the neural 

tube. The caudal part of the streak gives rise to the axial mesoderm (James Briscoe et. 

al., 2017). Soon after gastrulation, extrinsic cues differentiate the newly formed 

ectoderm (previously the epiblast) to the neural plate on the dorsal end. The epithelial 

end of the neural plate begins folding to form two grooves and subsequently forms a 

neural tube above the notochord and the mesoderm along the Anterior-Posterior axis. 

                                 Previous studies performing clonal analysis have shown that these 

neural progenitors and para-axial mesodermal cells arise from one common population 

known as the neuromesoderm progenitors (NMP/NMps) as shown in Figure 2 (Wilson 

et. al., 2009). In mammalian embryos, however, a neuromesoderm progenitor layer is 

thought to generate the par-axial mesodermal populations and well as some neural 

populations (Cambray and Wilson, 2002; Tam and Beddington, 1987; Tzouanacou, E. 

et. al., 2009; Wilson et. al., 2009). The neural populations would then further become 

the spinal cord while the para-axial mesoderm can give rise to cartilage tissues, 

connective tissues and dermis (Garriock, R. J., et. al., 2015).  
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FIGURE 2: Schematic diagram showing early embryonic fate decisions for a 

Neuromesoderm Progenitor (NMP) cell 

An epiblast cell can have multiple fates, forming either a Pre-neural tube (PNT) 

structure, a Neuromesoderm Progenitor (NMP)or a Primitive streak (PS). These cells 

are formed from a Retinoic acid gradient. The NMP can either form a pre-somitic 

mesoderm population (PSM) or a neural progenitor cell (NPP) population. 

Image adapted from Gouti, M. et. al., 2017 

 

The rostral 5-10% of the primitive streak and the caudal part of the node is defined as 

the neural streak border (Tzouanacou, E. et. al., 2009). The neuromesoderm progenitors 

stay in this node-streak border, the caudal lateral epiblasts (CLE) and the chordoneural 

hinge (CNH). The study of these neuromesoderm progenitors is an emerging field and 
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is being used only recently as a starting point for differentiations recently owing to its 

ability to produce different germ layer derivates. 

 

          FIGURE 3: NEUROMESODERM SPECIFICATION 

A) Lateral view of an embryo showing Mesoderm and spinal cord derivatives in 

vivo arise from a common progenitor. The presence of Wnt signalling pushes 

the neuromesodermal progenitors towards a paraxial mesoderm. 

 

B) Ventral view showing location of mesodermal progenitors with respect to 

somites. 

 

          Image adapted from Martin, B. L. (2016) 

 

Previous experiments in mouse have shown that progenitors in the primitive streak near 

the embryonic node give rise to neural and the para-axial mesoderm (Tzouanacou, E. 

et. al., 2009). These neuromesoderm cells are known to express neural cell markers  
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Sox 2, as well as the primitive streak marker, Brachyury which is encoded by the T 

gene (Tzouanacou, E. et. al., 2009). This balance between differentiation towards para-

axial mesoderm and neural tissue is maintained by a Wnt3a signalling pattern [ Figure 

3]. This fate decision between spinal cord and mesoderm involves a gene, T that 

promotes mesoderm production by repressing Sox 2 expression (Gouti, M. et. al., 2014). 

The neuromesoderm cells initially co-express T and Sox2, however, when neural 

differentiation is promoted, T is supressed and Sox2 is upregulated. However, as the 

Wnt signalling is active, the NMPs begin differentiating into the para-axial mesoderm, 

upregulating the mesodermal marker Tbx6. 

                                Much work has been conducted in the field of developmental 

biology that indicates that the neuroectoderm arises from the epithelium of the neural 

tube independent of the mesoderm. (Bellairs 1986; Schoenwolf, 1993;  Tam, P. P. et. 

al., 1997). Until now, the default reprogramming induction principle for neural tissue 

(neural default hypothesis) has been that a default anterior identity is acquired in the 

absence of extrinsic cues whereas specific instructions could guide it towards a 

posterior identity (Nieuwkoop, PD et. al., 1952). When no extrinsic cues are provided, 

the neural progenitor cells take an anterior identity. Exposing these progenitor tissues 

to an SHH agonist pushes them towards a ventral fate, however, addition of Retinoic 

acid(RA), helps in the induction of posterior cell fate. Since the discovery of the 

neuromesoderm cells, exploring differentiation capabilities gives new information 

about developmental biology and more flexibility in being able to choose cell fates.  
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                 Since obtaining neuromesoderm from human embryos is difficult and there 

hasn’t been significant work addressing neural crest differentiation using a NMP, we 

attempted here to use the hiPSC-derived NMP cell in vitro (Dutton et. al., unpublished) 

as a platform to create the neural crest. The Dutton Lab has previously developed a 

platform for the rapid production of neuromesoderm from hPSCs. Undifferentiated 

hPSCs are maintained by ERK/SMAD signaling stimulated by addition of FGF2 and 

TGFβ1 exogenously. Using small molecule inhibitors of BMP and FGF signaling 

pathways, undifferentiated hPSCs can be converted from pluripotency to differentiate 

into neural plate phenotype. This protocol can be modified using high levels of Wnt 

signalling to promote formation of NMPs. These NMPs can be further caudalized into 

vagal NMPs by combined WNT/FGF signalling for an additional 24 hours, as indicated 

by Sox 2 and Brachyury immunopositivity. This 2-day protocol to produce vagal NMPs 

from hPSCs is accelerated compared to standard methods/published protocols 

(Lippmann et. al., 2015). We further sought to utilize this NMP population to produce 

vagal neural crest, which has previously never been demonstrated.    

In vivo, it is seen that the sympathetic and parasympathetic neurons arising from the 

vagal level of the neural crest migrate caudally to form the enteric nervous system. 

These neurons innervate the liver, heart and other organs in the gut. Much work has 

been done towards understanding liver innervation in vivo, however not sufficient 

information is available about any post-ganglionic or pre-ganglionic innervation in the 

liver ( Akiyoshi, H. Gonda et. al., 1998; Nobin, A. et. al., 1978). Currently, there is a 

lack of good liver models in vitro that can recapitulate the in vivo conditions. Another 

objective for this research was an attempt to create a co-culture system for the two cell 

types. This is important for studying neuro-hepato interactions in vitro. Finally, it is 
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also sought to differentiate neural crest to Schwann cells to illustrate the developmental 

flexibility of the NMPs derived in this system.  

                              For allowing iPSC-derived glial cell production, the developmental 

fate map was defined by Balakrishnan and her colleagues in 2016 (Balakrishnan, A. et. 

al., 2016) [Figure 4]. It was observed from their experiments that in an E9.0 day 

SOX10+ neural crest cell, the first markers expressed are Sox9, AP2α, Pax 3 and 

Nfatc4. The embryo enters a migratory phase at day 10.5 and expresses a high Etv5 

expression along with the previously expressed factors. At Day 12.5, a Schwann cell 

precursor (SCP) is first observed characterized by the presence of Sox10, Sox 9, AP2α 

and Pax3, along with Sox2 and Egr1 expression. As they reach Day 14.5, they lose their 

Pax 3 expression. An E18.5 is characterized by the upregulation of transcription factors 

Oct6 and Yy1 and is termed as a pro-myelinating Sox10/Sox 9+ Schwann cell. Mature 

adult Schwann cells continue to express Sox 10, Sox 9 and other pro-myelinating 

markers while initiating the expression of Nfatc4 and Egr2 expression. 
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FIGURE 4:  GENE EXPRESSION PROFILE FOR SCHWANN CELLS IN VIVO 

Figure shows expression levels of 12 transcription factors that are upregulated or 

downregulated at different time points in a developing mouse embryo. At all given time 

points, the cells are positive for Sox 10 and are co-expressing these transcription factors 

of interest. 

Image adapted Balakrishnan, A. et. al., 2016  

 

In summary, the work submitted in this research has attempted to explore the 

differentiation capabilities of an iPSC-derived NMP cell to form neural crest cells and 

it’s derivatives while minimizing time and increasing purity under defined conditions.  
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MATERIALS AND METHODS 

GENERATION AND MAINTENANCE OF hiPSCS LINE 

Human iPSCs lines, 9-1 (UMN PCBC16iPSC), UMN poly and X-7 were obtained from 

the Dutton lab. hiPSCs were reprogrammed from human neonatal dermal fibroblasts 

using Sendai 2.0 reprogramming vectors (ThermoFisher Scientific, Waltham) and 

characterized previously (Lei Ye et al., 2013) (check Appendix I). These iPSCs were 

supplemented with E8 essential Flex Basal Medium with the E8 cell supplement by 

Life technologies (ThermoFisher Scientific) that maintain the pluripotency of these 

cells. The iPSCs were plated on 5ng/mL vitronectin coated T25 flasks and 48 well 

plates (BD Falcon) before passaging. A recombinant human vitronectin stock solution 

(500 ug/mL, Peprotech AF-140-09, Rocky Hill, NJ, USA) was diluted 1 :10 in 

DPBS+/+ (ThermoFisher Scientific cat# 14040-133, Waltham, MA, USA) and used to 

coat 9.6cm2 tissue-culture treated wells (Fischer Scientific, Hampton, NH) and 2.5cm2 

for one hour at room temperature. For passaging, the cells were first washed with 2.5mL 

hypertonic citrate buffer and then incubated for 6 minutes at 37 degrees Celsius with 

the hypertonic citrate buffer. After incubation, the buffer was carefully aspirated to 

remove all traces of citrate. 1mL of E6 was added to the T25 and the loosened colonies 

were detached by shaking the plates around the corners. 2-4mL of E6 was then added 

to the T25 making a total volume of 3-5 mL assuming a 1:6-1:10 split ratio depending 

on confluency of culture. 0.5mL cultures were then seeded onto rhVTN coated T-25 

flask containing Essential 8 medium. The cells were regularly passaged every 3 days 

depending on the confluency of the culture to make sure they do not touch each other. 

Dead cells were aspirated and new E8 medium was fed to the cells every day.  
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ACCELERATED DIFFERENTIATION OF hiPSC TO NEUROMESODERM. 

 Essential 6 media supplemented with an FGFR inhibitor, BGJ398 (100 nM 

Selleckchem cat# S2183 Houston, TX USA); BMP receptor antagonist, LDN-193189 

HCl (500nM Selleckchem cat# S7507, Houston, TX USA) and a Wnt agonist, (or 

GSK3 inhibitor) CHIR 99021 (3000nM Fisher Scientific cat# 442310). 255 µL of this 

media was added to each well of a 48 well plate. The undifferentiated iPSCs were then 

passaged using citrate assuming a 1:10 split ratio as described above. The passaged 

cells were suspended in 5mL E6 and 30µLwas added to each well of the 48-well plate. 

The plate was agitated to evenly distribute hiPSC colonies, and was left for incubation 

in a 37degree incubator for 24 hours and 5% CO2.  After 24 hours of incubation, the 

media was aspirated out of the plates using a pipette tip. Day 2 media was compounded, 

consisting of E6 supplemented with a potent TGF-ß1 receptor inhibitor, A8301 (500nM 

Sigma cat# SML0788); CHIR 99021 (3000nM Fisher Scientific cat# 442310) and 

Fibroblast Growth Factor (20ng/mL PeproTech cat# 100-18B). This differentiation 

media  was carefully pipetted to each well at 255 uL/well to avoid disturbing the 

monolayer and incubated for 24 hours at 37 degrees Celsius. For a T25 flask, we seeded 

0.5mL of cells in 5.6mL of media.  

 

EXPERIMENTAL METHODOLOGY FOR DIFFERENTIATION 

EXPERIMENTS  

The discovery methodology was executed on day-2 neuromesoderm cultures that were 

passaged to 48 well plates, to allow the screening of various small molecules and their 

influence on fate decisions. This was observed across different time points using 
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permutations and combinations on a 48 well plate. Two wells of the 48 well plates were 

assigned to one media condition which comprised combinations of small molecules and 

proteins. The two wells per condition were utilized so that each well could be assigned 

a different antibody combination (For example, A or B), which provided opportunity 

to capture up to six different cell fate attributes per condition. Figure 5 provides a 

sample immunopanel. 

 

FIGURE 5: Graphical Timeline explaining experimental methodology 

The figure displays a graphical abstract of the discovery method. 

Undifferentiated iPSCs were passaged as described in methods and seeded on 

48 well plates in the neuromesoderm induction media. The 2-day 

neuromesoderm protocol was followed. The media was changed on day 3 in the 

48 well plates which is unique to the experiment. Two wells of a  48 well plate 

represent a unique condition. These two wells are then immunostained with two 

different unique combination of antibodies. The odd columns of a plate 

represent combination A of antibodies and even columns represent B of 

antibodies. The plates are fixed and stained at a one-day time interval and then 

imaged for these markers. 
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DIFFERENTIATION PROTOCOLS 

A) DIFFERENTIATION TO NEURAL CREST 

The two-day neuromesoderm culture was subsequently treated with E6 supplemented 

with BGJ (100 nM Selleckchem cat# S2183 Houston, TX USA); BMP4 (30ng/mL 

PeproTech, Inc.cat# 120-05) and an inhibitor of hedgehog signaling, Cyclopamine 

(500nM Fisher Scientific R&D Systems, cat# 16231). Media from T25 was aspirated 

as before and 255 µL of new media was added. The plates were left for incubation for 

24 hours in a 37 degrees Celsius 5% CO2. Following 24 hours, new media for neural 

crest differentiation and maintenance was made with E6 supplemented with Human 

basic FGF (20nM PeproTech cat# 100-18B-500UG) and BMP4 (30ng/mL PeproTech, 

Inc.cat# 120-05). 255 µL of this media was added to each well. 

 

B) PERIPHERAL NEURON INDUCTION FROM NEURAL CREST 

Day-4 neural crest cultures were treated daily for 48 hours with Essential 6 Medium 

containing BGJ398 (100 nM Selleckchem cat# S2183 Houston, TX USA) and nerve 

growth factor (NGF, 20 ng/mL PeproTech cat# 450-01) to promote differentiation into 

peripheral neurons. These cultures were maintained up to an additional 4 days with 

daily media exchanges using Essential 6 supplemented with just NGF (20 ng/mL 

PeproTech cat# 450-01) 
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C) SCHWANN CELL INDUCTION FROM NEURAL CREST 

Day-4 neural crest cultures were treated daily for 48 hours with Essential 6 

supplemented with retinoic acid (RA, 1000 nM Sigma R2625, neuregulin beta 1 

(NRG1, 100 ng/mL R&D Systems cat# 396-HB-050), platelet derived growth 

factor  ((PDGF, 10 ng/mL Peprotech 100-13A) and ciliary neurotrophic factor 

(CNTF,  20 ng/mL R&D Systems 257-NT-010).  

 

D) PERIPHERAL NEURON INDUCTION FROM THAWED FROZEN iPSCs  

Once the iPSCs were freshly thawed after removal from liquid nitrogen, it was observed 

that the peripheral neuron induction protocol failed to generate neuron progenitors and 

neural crest cells from iPSCs. Hence, to facilitate NMP production from iPSCs, the 

protocol was modified by addition of A8301 (500nM) on Day 2 along with the already 

existed media components and small molecules. Also, an increased concentration of 

BMP4 (30ng/mL) on Day 3 was used to allow neural crest induction along with the 

already existed media components and small molecules.  

 

NEURAL CREST MIGRATION ASSAY 

The iPSCs were passaged from a T-25 flask to 2 wells of a 6-well plate using 2.5mL of 

citrate solution (check passaging protocol above). These cells were then differentiated 

to neural crest cells using the protocol described above. On day 5, when the cells were 

committed to a neural crest stage, the middle of one well of the 6-well plate was gently 

scratched with a 1000 uL pipette tip to create a gap between the cells. After scratching, 

the well was washed with E6 medium to remove detached cells. The plate was then 
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monitered in the automated Teccan cytation where a video was recorded for a time span 

of 24 hours. The cytation uses the Leica Application suite for imaging.  

 

FIXATION AND IMMUNOCYTOCHEMISTRY 

The cells were fixed with 10% formalin (Fisher-Scientific) at room temperature for 10 

minutes. After incubation, the formalin was aspirated and cultures were rinsed twice 

with Phosphate Buffered Saline (PBS; Sigma-Aldrich). After washing, PBS was added 

to the wells and plates were stored at 4oC. For immunostaining, the cells were 

permeabilized for 10 minutes with 0.2% Triton X-100 in PBS.  Antigens were blocked 

for two hours in blocking buffer (PBS, 1% w/v bovine serum albumin (BSA, Sigma), 

0.1% Tween-20 (Biorad). Primary antibodies were diluted in blocking buffer and 

incubated with cells at 4°C overnight (check appendix 3 for list of antibodies used). 

The following day, cultures were washed with blocking buffer to remove primary 

antibodies, and secondary antibodies diluted into blocking buffer were incubated for 

one hour at room temperature in darkness. Cultures were washed twice with PBS and 

counterstained with DAPI (ThermoFisher cat#D3571), diluted in PBS to 1 uL/mL.  

Cultures were washed with PBS and plates were sealed with parafilm, wrapped in 

aluminium foil, and stored 4°C in darkness until analysis. 

 

IMAGING/MICROSCOPY 

After immunocytochemistry, the cells in the 48 well plates were imaged using a 

fluorescence microscope and each condition/well was screened. The software used for 

imaging on the microscope was Leica Application Suite. 
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CO-CULTURE EXPERIMENTS 

A) THAWING AND PLATING HEPATOCYTES 

Prior to thawing hepatocytes, 12-well plates were coated with Collagen (InVitrogen 

cat# 17101-015). A stock solution of collagen was diluted to 1:40 ratio using dPBS 

(PBS; Coring, Sigma-Aldrich) and 500 µL was added to each well of 12 well plate. The 

plates were incubated for one hour under room temperature. Primary human 

hepatocytes were purchased from Sigma-Aldrich (lot# LHUF15907B). Prior to 

thawing, the Human Hepatocyte Plating Medium (HHPM) (Sigma-Aldrich HHTM cat# 

MED-HHPM) and the Human Hepatocyte Thawing Medium (HHTM) (Sigma-Aldrich 

HHTM cat# MED-HHTM) was removed from -20 degree celsius and thawed overnight 

at 4 degrees. The plating medium can be made by adding components A,B,C,D and E 

to the base media as indicated by Sigma Aldrich and filtered using 0.2 µM filter. Right 

before usage, the HHPM is warmed up at 37 degrees for 20-30mins. All the components 

above are protected from light and covered with foil. 

 

Base HHPM     For 50mL 

Component A 2.5mL 

Component B 0.5 mL 

Component C 0.5 mL 

Component D 5 µL 

Component E 50 µL 

 

TABLE 1: COMPOSITION OF HUMAN HEPATOCYTE PLATING MEDIUM 

(HHPM) 
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Primary human hepatocytes (PHH) were thawed from liquid nitrogen storage by 

submersion into a 37C water bath.  The cell suspension was transferred to a 50 mL of 

conical tube and Human Hepatocyte Thawing Medium (HHTM) was added dropwise 

to a total volume of 50 mL. Hepatocytes were pelleted by centrifugation 100g for 8 

minutes. Supernatant was aspirated and pellet was resuspended into 5 mL of HHPM 

with gentle pipetting. The live cells were counted using a haemocytometer 

(FisherScientific cat # 0267110) and Trypan blue (gibco by LifeTechnologies).   PHH 

were then plated down in the collagen coated 12-well plates and on ultralow attachment 

96-well plates (Corning® Costar® cat # CLS3474). 

Prior to plating the hepatocytes, the Human Hepatocyte Culture Medium (HHCM) 

(Sigma Aldrich cat # MED-HHCM) was removed from -20 degrees and kept at 4 

degrees overnight.  

The media was made using components as described by Sigma Aldrich and filtered 

using 0.2 µM filter. 

BASE HHCM     50mL 

Component A  0.5 mL 

Component B  0.5 mL 

Component C   0.5 µL 

 

TABLE 2: COMPOSITION OF HUMAN HEPATOCYTE CULTURE MEDIA 

 

We decided on plating the hepatocytes at a concentration of 2000 cells/well for four of 

96 well plates. We also plated hepatocytes on three collagen coated 12-well plates. The 

12 well plates had 4 wells with 2.5 x 105 cells/hepatocytes, 4 wells with 5 x105  
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cells/hepatocytes and 4 wells with 7.5 x 105. Cells/hepatocytes making a total of 12 

wells. For 96 well plates, we added 100 µL of suspended cells/hepatocytes in each well 

for a total of four plates  

 

 PLATE TOTAL CELL 

COUNT 

    NO OF PLATES 

96-well ultralow attachment 2000 per well 4 

12- well collagen coated 2.5 x 105.           (4 wells) 3 

 5 x 105               (4 wells)  

 7.5 x 105             (4 wells)  

 

  TABLE 3: OUTLINE OF THE HEPATOCYTE DISTRIBUTION 

 

After 4-6 hours of plating, the plates were aspirated to remove the plating media and 

replaced with Human Hepatocyte Culture Medium (HHCM). The plates are left in 

incubator overnight.  

 

PLATING NEURONS WITH HEPATOCYES 

A) PASSAGING NEURONS 

hiPSCs were differentiated to neural crest on vitronectin T25 flasks via the 4-day 

induction protocol described above. On Day 5 of differentiation, 2.5mL of Accutase 

was added to the T-25 flask and incubated for 3 minutes at 37 degrees in an incubator. 

After incubation, the cells completely detached from the bottom of the flask and were 

collected in a 15mL falcon after gentle slapping on the walls of the T25. The volume 
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was filled with 15mL of E6 media. The cells are centrifuged at 1000rpm for 4minutes. 

After centrifugation, the pellet is resuspended in 3mL of E6 media.  

B) PLATING HEPATOCYTES WITH NEURONS     

The hepatocytes were plated down on 12-well collagen coated plates one day prior to 

co-culture with neurons.  The following day, the hepatocytes were fed with new HHCM 

media and Day 5 passaged neurons suspended in E6 media were added evenly to 12 

well plates.  

 

IMMUNOCYTOCHEMISTRY OF CO-CULTURE PLATES 

Following fixation, the plates were characterized with immunocytochemistry. Primary 

antibodies were used, namely, Tubulin (EMD Millipore cat# MAB1637MI 1:1000) 

which is expressed in immature neurons, albumin (DAKO cat# F0117 1:1500) which 

is expressed in hepatocytes and ZO1(Invitrogen cat#61-7300 1:500) which is expressed 

in the assembly of tight junctions in hepatocytes. Secondary antibodies were used, 

namely,  Alexa-Fluor 488 Donkey-anti mouse, Alexa-Fluor 555 Donkey-anti goat and 

Alexa-Fluor 647 Donkey-anti rabbit (check appendix 3 for details). 

 

CELL COUNTS AND STATISTICAL ANALYSIS   

The cell counts done in this work have been generated using an open software called 

Cell Profiler. The counts were made by measuring fluorescence intensity of DAPI 

positive cells. A threshold fluorescence intensity for set for every antibody and cells 

expressing significantly higher fluorescence intensity  than threshold were counted as 
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positive. Some of the cell counts generated have also been done using the automated 

Teccan cytation. The cytation uses the Gen 5 program for imaging and cell counting.  
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RESULTS 

1) INDUCTION OF THE iPSC-DERIVED NEURAL CREST CELLS 

                   The process of neural crest induction was a stepwise method, where 

cultures were screened for neural crest markers, Sox 10 and Sox 9 each day. In vivo, 

the crest forms in response to a high BMP signalling. Hence, a hypothesis was 

generated that adding BMP in increasing concentration gradients across wells along 

with an active Wnt agonist would direct crest differentiation. However, very low 

protein expression of Sox 10, Sox9 was observed after immunocytochemistry(data not 

shown). The methodology was iterated through numerous permutations until a “hit” 

was achieved in one experiment. Previous studies had indicated that inhibition of FGF 

signalling was useful for accelerating crest induction in vitro (Jaroonwitchawan, T. et. 

al., 2016).  Hence, this experiment was designed to address this finding, with the 

hypothesis that exposing NMP cultures to increased/decreased FGF signalling along 

with BMP signalling may induce crest. Table 4 lists the various small molecule 

combinations used in the experiment which was performed using the previously 

described experiment method on 48-well plates.  Once specified or committed to the 

neural crest, the cells require a transient FGF and BMP signaling for delamination and 

migration (Burstyn-Cohen, T. et. al., 2004). Hence, BMP agonist was supplemented in 

gradients in the media for the next day (Day 4) along with continued FGF signalling. 
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TABLE 4 :  Experimental conditions for crest induction on a 48-well plate across 

Day 3 and Day 4. 

The table depicts the 24 conditions mapped to a 48 well plate, with two wells 

representing one condition. Undifferentiated iPSCs were passaged and plated on 48 

well plates. The cells were treated with neuromesoderm induction media for 2 days. On 

Day 3, the 48 well plate served as a discovery platform where small molecules were 

used for activation/inhibition of pathways. The Day 3 has E6 media supplemented with 

FGF activation/inhibition, Hedgehog activation/inhibition and BMP4 activation. Day 4 

media had FGF activation with BMP activation/inactivation. The hedgehog activation 

served as a negative control since in vivo, it doesn’t allow neural crest induction. 

 

Two combinations of antibodies (A and B) were used for the above experiment: 
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 Raised 

in 

Mouse 

 Raised 

in 

Goat 

 Raised 

in 

Rabbit 

 

Panel A 

(Antibody)  

TFAP 

2A 

Expressed 

in neural 

Crest  

 Sox 1 Expressed in 

neuroectoderm 

Pax 6 Expressed in 

neuroepithelial 

cells 

Panel B 

(Antibody) 

 Pax 3 Expressed 

in neural 

crest 

 Sox 

10 

Expressed in 

neural crest 

Sox 9 Expressed in 

neural crest 

TABLE 5: ANTIBODIES USED FOR IMMUNOCYTOCHEMISTRY  

The primary antibodies used in the above experiment are listed above. Secondary 

antibodies used for this experiment were Alexa Fluor 488 Donkey Anti-Mouse, Alexa 

Fluor 555 Donkey Anti-Goat and Alexa Fluor 647 Donkey Anti-Rabbit. (See Appendix 

III) 

 

A stepwise comparison was done by looking at the immunopositivity for all the neural 

crest protein markers. It was observed that condition 19th  (BGJ 100nM/ BMP4 

20ng/mL) was 97% positive for Sox 10 expression on Day 4 as seen in Figure 6A. 

TFAP 2A was not detected in any of the conditions.   

This result could be compared with a negative data for neural crest depictive of 

condition 21 which had low protein expression of Sox 10 as seen in Figure 6B. 
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FIGURE 6: KEY FACTORS INVOLVED IN NEURAL CREST 

SPECIFICATION  

6A) Condition 19 of the above experiment is positive for inducing iPSC-derived neural 

crest. The media conditions for the experiment are shown above. On exposing the cells 

with 100nM BGJ and 20ng/mL of BMP4, faint protein expression of Sox 10 and Sox 9 

is detected. Cells expressing Sox 10 and Sox 9 protein increase on Day 4 by keeping 

the FGF2 at 20ng/mL and 20ng/mL BMP4. 

All images were taken on 20X under fluorescence microscope. Scale bar: 150 µm. N=2 
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6B) Condition 21 of the above experiment is negative for inducing neural crest. The 

media conditions for the experiment are shown above. On exposing the cells with 

100nM BGJ and 500ng/mL on Day 3 of differentiation, faint expression of Sox 10 and 

Sox 9 is seen. On keeping the FGF2 at 20ng/mL on Day 4 and no BMP4, Sox 10 is still 

at low levels. 

All images were taken on 20X magnification under fluorescence microscope. Scale bar: 

150 µm.  N=2 

 

 

It was also observed that BGJ and BMP are both necessary and sufficient for neural 

crest induction. When exposed with cells as a single factor, none would alone allow 

Sox 10 and Sox 9 protein expression.   

Manual cell counts were done using a free online software tool Cell Profiler to facilitate 

the data with numbers (Figure 7). 
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FIGURE 7:  CELL COUNTS FOR EACH CONDITION. 

Figure shows cell counts generated for cells expressing protein Sox 1, Sox 10 and Sox 

9. The threshold for fluorescence intensity was set using Sox 1, Sox 10 and Sox 9 

protein expression on control undifferentiated iPSCs respectively. Cells expressing 

flurescence intensity higher than the threshold value significantly were considered 

positive. The yellow bars represent Day 4 cell counts while the grey bars represent Day 

3 cell counts. Day 4 cell counts jump to 97% for Sox 10 immunopositive cells in 

condition 19. Sox 9 staining also increases about 10% from Day 3 to Day 4 in condition 

19. 

 

Since exposing iPSC-derived NMPs with 100nM BGJ and 20 ng/mL of BMP4 

on day 3 had maximum Sox 10 and Sox 9 protein expression, it was chosen as an 

optimum neural crest induction condition. This served as a new starting point for 
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optimization, and therefore was held constant. This allowed to re-interrogate the 

influence of day-4 conditions on promoting neural crest differentiation. Specific neural 

crest induction conditions were carried forward to understand their importance for day 

4, including modulated FGF and BMP4 signalling. Epidermal growth factor signalling, 

which has been used previously in protocols for differentiation of neurons from neural 

crest cells was also included (Garcez, R. C. et. al., 2009). Finally, it was desired to 

include a “zero point” (Essential 6 media only) to understand the endogenous 

“momentum” these cultures contained in their differentiation trajectory.  Hence, the 

next experiment was hypothesized to understand the role of EGF signalling along with 

FGF and BMP4 activation/inhibition. Table 6 includes the media conditions assayed in 

this experiment. 

 

TABLE 6:  Experimental conditions showing Day 4 optimisation for the neural 

crest protocol using permutations and combinations on a 48-well plate. 
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The table depicts the 24 conditions laid across a 48 well plate, with two wells 

representing one condition. Undifferentiated iPSCs were passaged and plated on 48 

well plates. The cells were treated with neuromesoderm induction media for 2 days. On 

day-3 cells were fed with E6 supplemented with BGJ 100nM and BMP4 20ng/mL. 

Different concentrations of FGF, BGJ, EGF and BMP4 were used to generate 24 

conditions across the plate on day 4 and day 5. 

 

For this experiment, two combinations of antibodies were used: A and B 

 

 
 Raised 

in 

Mouse 

 Raised 

in 

Goat 

 Raised 

in 

Rabbit 

 

Panel A  

(Antibody) 

Tubulin  Expressed 

in neurons 

 Sox 1 Expressed 

in neural 

crest 

Pax 6 Expressed in 

neuroepithelial 

cells 

Panel B 

(Antibody) 

 Pax 3 Expressed 

in neural 

crest 

 Sox 10 Expressed 

in neural 

crest 

Sox 9 Expressed in 

neural crest 

 

TABLE 7: Antibodies used in the above experiment 

The primary antibodies used in the above experiment are listed above. Secondary 

antibodies used for this experiment were Alexa Fluor 488 Donkey Anti-Mouse, Alexa 

Fluor 555 Donkey Anti-Goat and Alexa Fluor 647 Donkey Anti-Rabbit. (See Appendix 

3) 

 

It was observed that without any addition of small molecules, the “zero point” condition 

7 (Day 3: BGJ 100nM/BMP4 20ng/mL Day 4: E6 with no small molecules) would still 

result in significant Sox 10 and Sox 9 protein expression and considerable amount of  

Tubulin positive neurons, as seen in Figure 8.  Interestingly, the spontaneous 

differentiation of neural crest cells to  β-III Tubulin positive neurons, could suggest 

downstream commitment of neural crest into peripheral neurons.  (Figure 8) 
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FIGURE 8 : SPONTANEOUS DIFFERENTIATION OF NEURAL CREST TO 

Β-III TUBULIN POSITIVE NEURONS 

The figure represents condition 7 out of 24 conditions spread out on a 48-well plate. 

Undifferentiated cells were passaged and plated on 48 well plates.  Cells were fed daily 

with E6 media that was supplemented with BGJ,LDN,CHIR on day 1 followed by 

CHIR,FGF on day 2 followed by BGJ/BMP4 on day 3. No small molecules were added 

on day-4 and day-5 and cells were simply fed with E6. An increase in the cells that 

express β -III Tubulin is seen from day 4 to day 5. 

All images were taken on 20X under fluorescence microscope. Scale bar: 150 µm.  N=1 

 

 

However, the intention in this experiment was to optimize for non-committed neural 

crest.  As such, the presence of β -III Tubulin was interpreted to be undesirable.  

Therefore, a condition was selected to maximize day-4 Sox 10/Sox 9 positivity, that 

had the least β -III Tubulin immunopositivity. Cells supplemented with 20 ng/mL 

BMP4 and 20 ng/mL FGF2 promoted the highest Sox 10 protein expression, while 

minimizing the presence of β -III Tubulin positive neurons (Figure 9).  Therefore, this 
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condition was utilized in future experimentation to understand fate decisions on day 5 

and onward.  However, it is worth noting the “default” crest derivative appears to be 

neurons, due to condition 7.  It was also noted that EGF alone promoted increased β -

III Tubulin immunopositivity (data not shown), which has been suggested in previous 

studies to be important for neural crest commitment toward peripheral neurons (Garcez, 

RC et al., 2009).  

 

 

FIGURE  9 : NEURAL CREST INDUCTION CONDITION 

The figure represents condition 21 out of 24 conditions spread out on a 48-well plate. 

Undifferentiated cells were passaged and plated on 48 well plates.  Cells were fed daily 

with E6 media that was supplemented with BGJ,LDN,CHIR on day 1 followed by 

CHIR,FGF on day-2 followed by BGJ,BMP4 on day-3. The 21st condition had E6 

supplemented with 20ng/mL of FGF2 and 20ng/mL of BMP4 across day 4 and 5. The 

cells change their morphology from having a closed compact organization on day-4 to 

more flattened out structures on day-5. The expression of Sox 10 also appears to 

decrease indicating differentiations. 
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All images were taken on 20X under fluorescent microscope. Scale bar: 150 µm. N=1 

 

2) NEURAL CREST MIGRATION ASSAY 

One of the major properties of neural crest is its ability to migrate as shown widely in 

other animals such as zebrafish and chick embryo. Hence, a scratch assay was 

performed. A time lapse video was recorded at the end of Day 4 which showed cells 

migrating across the gap. (Figure 10 ) 

 

FIGURE 10: STILLS FROM 24 HOUR TIME LAPSE VIDEO OF A SCRATCH 

ASSAY PERFORMED ON hiPSC-DERIVED NEURAL CREST CELLS  

hiPSC cells were differentiated to neural crest cell fate using the protocol described 

above. The well with the hiPSC-derived neural crest cells was scratched with a pipette 

tip to create a gap and were a video was recorded for 24 hours. The images above show 

time points 0 seconds, 2 seconds and 10 seconds of a 11 second time lapse video 

depicting cells migrating across the gap. 

Scale bar: 200 µm 

 

3) INDUCTION OF hiPSC-DERIVED PERIPHERAL NEURON 

PROGENITORS 

                       Having established a culture of pure hiPSC-derived neural crest 

cells (~97% Sox 10 protein expression), the next objective was to establish conditions 

that would direct differentiation towards Peripheral neurons on 48 well plate using 
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small molecules. Exposing the cells with 20ng/mL of FGF and  BMP4 on day-4 from 

the previous experiment provided highest Sox 10 protein expression while minimizing 

β -III Tubulin protein expression and was therefore chosen for downstream 

differentiation beyond day 4. Hence, the next experiment interrogated interactions 

between FGF, Notch, BMP, and Wnt pathways on downstream differentiation of 

neural crest into peripheral neurons, as these pathways have been implicated in 

neurogenesis in previous literature (Borghese, L. et. al.,2010 ; Jaroonwitchawan, T. 

et. al., 2016; C̆ajánek, L et al., 2009).  A full-factorial matrix was designed to probe 

these interactions between days 5 and 6 of differentiation (Table 8). FGF receptor 

inhibitor BGJ398, BMP pathway inhibitor LDN, BMP pathway agonist BMP4, Notch 

signalling inhibitor DAPT and Wnt pathway inhibitor Wntc59 were all used at 

different concentrations as shown below. 
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TABLE 8 : Experimental conditions for Peripheral neuron induction on a 48-well 

plate across Day 5 and Day 6.  

The table depicts the 24 conditions laid across a 48 well plate, with two wells 

representing one condition. Undifferentiated iPSCs were passaged and plated on 48 

well plates. The cells were treated with neuromesoderm induction media for 2 days. 

Day 3 and Day 4 had neural crest induction media conditions as shown in previous 

experiments. Different concentrations of  BGJ, LDN,BMP4, DAPT and Wntc59 were 

used to generate 24 conditions across the plate on day 4 and day 5. 

 

Two combinations of antibodies (A and B) were used for this experiment: 

 

 
 Raised 

in 

Mouse 

 Raised 

in 

Goat 

 Raised 

in 

Rabbit 

 

Panel A 

(Antibody)  

β-III 

Tubulin 

Expressed 

in 

immature 

neurons 

 Sox 

10 

Expressed in 

neural crest 

Sox 9 Expressed 

in neural 

crest 

Panel B 

(Antibody) 

Pax 3 Expressed 

in neural 

crest 

 Sox 1 Expressed in 

neuroectoderm  

GFAP Expressed 

in glial 

cells 

 

Table 9:  Combination of antibodies used for the above experiment 

The primary antibodies used in the above experiment are listed above. Secondary 

antibodies used for this experiment were Alexa Fluor 488 Donkey Anti-Mouse, Alexa 

Fluor 555 Donkey Anti-Goat and Alexa Fluor 647 Donkey Anti-Rabbit. (See Appendix 

3). 

 

 

It was observed that using BGJ398 alone at 100nM, generated an increased protein 

expression of β-III Tubulin from Day 5 through Day 6 (Figure 11A). This data 

generated suggested that added FGF prevents differentiation of neural crest cells into 

peripheral neurons. 
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FIGURE 11A: NEURAL CREST DIFFERENTIATE IN RESPONSE TO 

INCREASED FIBROBLAST GROWTH FACTOR INHIBITION 

The figure represents condition 17 out of 24 conditions spread out on a 48-well plate. 

Undifferentiated cells were passaged and plated on 48 well plates. Cells were fed daily 

with E6 media that was supplemented with BGJ/LDN/CHIR on day 1, CHIR/FGF on 

day 2 followed by BGJ/BMP4 on day 3 and FGF/CHIR on Day 4. It is seen above that 

cells that had E6 supplemented with BGJ398 across Day 5 and 6 show an increase in 

cells expressing β- III Tubulin. No GFAP expression is observed indicating that glial 

cells were not differentiated from the neural crest. 

All images were taken on 20X under fluorescent microscope. Scale bar: 150 µm. N=1 

 

It was also observed that inhibiting Notch, Wnt and BMP pathways at the same time 

provided low to no protein expression of β- III Tubulin from Day 5 to Day 6.  
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FIGURE 11B: NO NEURONAL DIFFERENTIATION WITH NOTCH, BMP 

AND Wnt INHIBITION 

The figure represents condition 10 out of 24 conditions spread out on a 48-well plate. 

Undifferentiated cells were passaged and plated on 48-well vitronectin coated plates. 

Cells were fed daily with E6 media that was supplemented with BGJ/LDN/CHIR on 

day 1, CHIR/FGF on day 2 followed by BGJ/BMP4 on day 3 and FGF/CHIR on Day 

4. The 10th condition had E6 supplemented with WntC59, DAPT and LDN across Day 

5 and 6. Compared to the positive neuronal induction condition, there are lesser cells 

expressing β- III Tubulin across the two days. No GFAP expression is observed 

indicating that glial cells were not differentiated from the crest. 

All images were taken on 20X under fluorescent microscope. Scale bar: 150 µm.  N=1 

 

Numerous other pathways have been implicated in neurogenesis, such as neurotrophic 

pathways, LIF activating pathways etc. (Sun et. al., 2001; Oshima, K. et. al., 2007; 

Alshawaf, A.J. et. al., 2018; Henderson, C. E. et. al., 1996), however, when these 

pathways were interrogated using the discovery method, none of the pathways 

substantially increased neuronal differentiation (data not shown). 
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Therefore, BGJ398 at a concentration of 100nM at Day 5 and Day 6 was utilised as a 

Peripheral neuron induction condition for future experiments. 

 

4)  UNDERSTANDING CELL DIFFERENTIATIONS EACH DAY 

Since the iPSC-derived Peripheral neuron protocol had been established with the 

discovery method, the next objective was to understand the phenotypic and molecular 

changes occurring with differentiations each day.  Undifferentiated cells were passaged 

and plated on 48-well plates. The protocol for peripheral neuron induction was executed 

and plates were fixed every 24 hours for 6 days. These plates were then characterized 

using immunocytochemistry.  

 

 

FIGURE 12: GRAPHICAL TIMELINE FOR THE TIMECOURSE 

EXPERIMENT 

Graphical timeline explaining sequence of events to understand phenotypical and 

molecular events occuring with the 6 day Peripheral neuron differentiation protocol. 

Undifferentiated cells (vSHIPS9-1 UMN PCBC16iPSC) were passaged on to 48-well 
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vitronectin coated plates. The differentiation protocol for iPSC-derived peripheral 

neurons was executed using E6 supplemented with small molecules as shown above. 

The 48-well plates were fixed and characterized using immunocytochemistry at each 

day for 6 days of the differentiations process. 

 

 

As seen from Figure 13, positive expression of Oct-4 was achieved in undifferentiated 

cells which began decreasing from Day 3 showing that cells lose their pluripotent 

characteristics. It was observed that the iPSCs differentiated to neuromesoderm 

progenitors expressing Brachyury and Sox 2 on day-1. Following day-2, there was a 

decrease in the Sox 2 and Brachyury protein expression as seen in Figure 13. The NMP 

cells then differentiated to the neuroectoderm on day-3 which was significant with an 

increased expression of the Sox 1 protein. The morphology of the culture began to 

change the following day as cells start to flatten out expressing neural crest protein Sox 

10. Under continued FGF inhibition, the neural crest cells began to differentiate into 

peripheral neuron progenitors as is evident with expression of β- III Tubulin and 

Peripherin (check appendix 3 for antibodies).  
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FIGURE 13: hiPSCs differentiate to Peripheral neuron progenitors in 6 days.  

Undifferentiated hiPSCs differentiate to neuromesoderm progenitors in 24 hours. 

They further differentiate to neural crest at the end of day-4 and peripheral neuron 

progenitors by day-6. 

Scale bar: 150 µm. 
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The axial position of neural crest cells in the body is defined by expression of Hox 

genes that are shown in Figure 1. Positive expression of Hox B4 protein on Day 6 

explains that neurons are arising from the level of the vagal crest [Figure 13]. This 

experiment provided information about molecular changes related to cellular 

differentiations each day. However, it was not known if experiment was reproducible 

with other cell lines. Hence, the Peripheral neuron induction protocol was executed 

on iPSCs - X7s and fixed again at one day time intervals as previously shown. Positive 

expression for peripheral neuron proteins could be achieved in cell line X-7s as well 

in a pattern similar to that observed in 9-1s (UMN PCBC16iPSC) (data not shown). 

 

5) PERIPHERAL NEURON INDUCTION ACROSS DIFFERENT CELL 

LINES 

       Since all the work for optimizations had been primarily standardized on only the 

9-1 (UMN PCBC16iPSC) hiPSC cell line, the protocol was then tested across two 

more cell lines to check for neuronal induction. Two different cell lines UMN Poly 

and X7 were used (details defined in methods).  

The neural induction protocol worked to induce peripheral neurons at the same density 

for the line X7s and UMN Poly [Figure 14].  
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FIGURE 14: DIFFERENTIATION OF ADDITIONAL hiPSC LINES TO 

PERIPHERAL NEURON PROGENITORS  

The iPSC-derived neural crest cells were cultured and fed daily using the protocol 

described above. At the end of Day 4, they were passaged on to laminin coated plates 

and fed with the neuronal induction media. Plates were fixed at Day 5 and Day 6 and 

characterized using immunocytochemistry. An increase in cells expressing β- III 

Tubulin and Peripherin is seen from day-5 to day-6 for both cells line  

  Scale bar: 150 µm. 
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Since Brn 3A expression was not observed in this experiment, a new Brn 3A antibody 

that is raised in mouse (SantaCruz Biotech sc-8429) was used for all future experiments. 

 

6) INDUCTION OF hiPSC-DERIVED SCHWANN CELL PRECURSORS 

 

Considering the developmental flexibility of the neural crest in vivo, the next 

objective was to attempt induction of neural crest derivative cell populations using 

the hiPSC-derived neural crest cells achieved at the 4th day of differentiation as 

the starting cell. Taking cues from published literature about important signals and 

switches that are required for neural crest differentiation to Schwann cell fate, it 

was found that Notch signalling has been an important factor in pushing neural 

crest cells towards gliogenesis. Hence, it was hypothesized that using JAG2, an 

active agonist of Notch pathway might induce Schwann cells. However, 

significant expression of the important Schwann cell proteins such as Egr1, GFAP 

or Etv5 could not be achieved in that experiment (data not shown). Published 

protocols that attempted to induce Schwann Cell Precursors (SCPs) from neural 

crest stem cells have utilized Platelet-derived Growth Factor (PDGF) as an 

important factor for induction (Woodhoo, A et. al., 2008). Also, Neuregulin has 

also been established as an important factor in neural crest signalling in vivo 

(Garratt, A.N et al., 2000) therefore an experiment was hypothesized which had 

PDGF and Neuregulin added to the 48-well plate matrix. Yee Sook Cho and his 

colleagues could induce differentiation of hPSC to SCPs (Schwan cell Precursors) 

in 18 days using RA, N2B27 and Dual SMAD inhibitors.  Hence, their potential 
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for Schwann Cell induction was explored on the 48-well plate matrix, that 

involved gradients of PDGF, CNTF, Neuregulin and Retinoic Acid (Table 10) 

  

TABLE 10:  Experimental conditions for Schwann cell induction  

The table depicts the 24 conditions spread across a 48-well plate, with two wells 

representing one condition. Undifferentiated iPSCs were passaged and plated on 

vitronectin coated 48 well plates. The iPSCs were differentiated to make neural crest 

cells using protocol described above. The matrix had E6 media supplemented with 

PDGF addition/no addition, RA addition/no addition, CNTF addition/no addition and 

NRG1 addition/no addition spread across Day 5 and Day 6. 

 

The cells were fixed and screened for an early protein expression of ETV5 and/or late 

protein expression of EGR1 as noted from published literature (Balakrishnan,A. et. al., 

2016)(check figure 4). Two combinations of antibodies (A and B) were used for the 

experiment: 
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Raised 

in 

mouse 

 Raised 

in 

Goat 

 Raised 

in 

Rabbit 

 

Panel A 

(Antibody) 

Pax 3 Expressed in 

Neural crest 

 Sox 10 Expressed in 

Neural crest 

and Schwann 

cells 

Etv5 Expressed 

in 

migratory 

neural crest 

and 

Schwann 

cell 

precursors  

Panel B 

(Antibody) 

 Sox 2 Expressed in 

SCPs 

 Sox 10 Expressed in 

Neural crest 

and Schwann 

cells expected 

decrease 

Egr1 Expressed 

in Schwann 

cell 

precursors 

and 

immature 

Schwanns 

 

TABLE 11: Antibodies used in Schwann cell induction experiment  

It was observed that using all four factors (PDGF, CNTF, RA and NRG1) gave some 

Egr1 protein expression on day 6, which is a Schwann cell precursor marker. However, 

the number of cells expressing Egr1 were low. It is speculated that the iPSC-derived 

neural crest cells have not been fully committed to a glial cell at this point in time. 
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FIGURE 15:  DIFFERENTIATION OF hiPSC LINE 9-1 TO SCHWANN CELL 

PRECURSORS 

Cells were differentiated using the media conditions shown above. Addition of all four 

factors resulted in Etv5 protein expression on day-5 and some Egr1 protein expression 

on day-6. Sox 10 protein expression was seen across day-5 to day-6. 

Scale bar: 150 µm. 

 

 

7) MAINTENAINING PERIPHERAL NEURON PROGENITOR CULTURES  

FOR LONGER PERIODS 

The iPSC-derived peripheral neuron progenitors expressing proteins Peripherin, 

Brn3A and Islet 1 were achieved in a short span of 6 days. These neurons 

expressed immature axonal markers (β-III Tubulin) at this point, hence it was 

speculated that keeping them in cultures for longer periods along with a 

neurotrophic growth factor (NGF) might help in neuronal maturation. iPSC-

derived peripheral neuron progenitors were differentiated from iPSCs using the 

above described protocol in 6 days and cultured in 12-well plates. The peripheral 

neuron progenitors were then maintained in maturation media which had E6 

supplemented with NGF (20ng/mL) from Day 7 to Day 10. The 12-well plates 

were fixed using Formalin on day-11 since the culture started becoming highly 
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confluent. Cells were characterized using immunocytochemistry and co-

expression of Peripherin with β-III Tubulin was observed. These Peripherin 

positive neurons were also seen to express Brn3A and Islet1. The expression of 

Peripherin, Brn3A and Islet 1 indicates that the neuron induction protocol can give 

rise to peripheral neuron progenitor populations in 6 days.  

The peripheral neuron progenitors also expressed HOX-B4 as shown in Figure 

16A by immunocytochemistry. HOX-B4 corresponds to the vagal crest, therefore 

it is speculated that the neurons arising from this region might be the 

parasympathetic ganglia or the ganglia of the enteric nervous system. These 

neurons innervate the gut and form the enteric nervous system. Hence, it was 

desired that these neurons might be useful for understanding neuro-hepato 

interations in vitro.To classify the neuron progenitors systematically, they were 

tested for ChAT immunopositivity (Choline Acetyl Transferase) which is 

expressed in preganglionic parasympathetic neurons. All the antibodies have been 

tried on undifferentiated cells (shown in appendix 4). 

 

Neurons were also tested for peptidergic neurotransmitters, such as Substance P 

and iNOS but significant protein expression was not detected [ Figure 16A ]. 
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        FIGURE 16 A:  ADDITIONAL CHARACTERIZATION OF PERIPHERAL    

        NEURONS  

hiPSCs were differentiated to peripheral neuron progenitors using the 6-day 

neuron induction protocol as described above. These progenitors were then 

maintained in E6 media supplemented with NGF (Nerve Growth Factor). At Day 

11, these cells were characterized using immunocytochemistry. Neurons 

expressed proteins β-III Tubulin, Peripherin, Brn3A and Islet1.  

Scale bar: 150 µm. 

 

The nuclear markers were counted using the Gen5 software using the automated 

Cytation 1. It was seen that NeuN (expressed in immature neurons) is present at 

10% in the culture. Brn3A was present at 6.8% suggesting that more than half of 

the neurons in culture are peripheral neurons. However, Islet 1 expression was 

seen at 14%. 
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FIGURE 16 B:  ADDITIONAL CHARACTERIZATION OF PERIPHERAL 

NEURONS  

Cell counts generated for nuclear markers, NeuN, Hox B4, Brn3A and Islet1 using the 

Gen5 software on Cytation. 

Cells maintained for 10 days in neural induction and maturation media. They were 

characterized at Day 11 using immunocytochemistry. Hox B4 and ChAT were present 

at 8.8 and 7.8% in the cultures respectively and Brn3A was present at 6.8%. Islet 1 was 

present at 14% in cultures and NeuN was present at 9.2% in all the 100% DAPI positive 

cells. 

 

 

8) PHH-NEURONS CO-CULTURES 

 

The peripheral neuron induction protocol was successful in differentiating iPSCs 

to Peripheral neuron progenitors across multiple cell lines. The enteric ganglia in 

vivo innervates the gut, including organs such as liver, heart, kidneys and intestine. 

Hence, it was thought-provoking to understand how these neurons would interact 

with hepatocytes in vitro.   
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iPSC-derived Peripheral neuron progenitors were induced via the neuron 

induction protocol and co-cultured with primary human hepatocytes (PHH) in a 

12-well collagen coated plate (check methods). The experimental timeline is 

shown in Figure 17. 

 

Figure 17:   EXPERIMENTAL TIMELINE SHOWING SERIES OF 

EVENTS FOR THE CO-CULTURE OF PRIMARY HUMAN 

HEPATOCYTES (PHH) WITH NEURONS. 

PHH were thawed in a plating media on 12-well plates as described in methods. 6 

hours post plating, the media was changed to Human Hepatocyte Culture Media. 

iPS-derived peripheral neuron progenitors were cultured alongside in T25 flasks. 

On day 5 of neuronal differentiation, the neurons were passaged using accutase 

and added to hepatocytes, cultured on 12-well plates. These plates were fixed at 

time points 1,4 and 7 days after the co-culture was established. 

 

 The PHH-neuron plates were fixed 1, 4 and 7 days after establishing the co-culture 

system. It was observed that cells were able to survive in both neuronal media (E6) 

(data not shown) and Primary Human Hepatocyte Culture Media (HHCM).      



 

52 
 

 

FIGURE 18A: DAY 1 IMMUNOCYTOCHEMISTRY DATA OF PHH-NEURON 

CO-CULTURES.  

Image showing co-culture of PHH and neurons on 12-well collagen coated plates. β-III 

Tubulin positive neurons can be seen labelled in green. The neurons can be seen on top 

of Albumin positive hepatocytes seen in red. The DAPI (blue) represents nuclei. Cells 

are fixed one day after the co-culture is established. 

Scale bar: 150µm 

 

Elongating axonal branches could be seen following 4 days in culture that ensured that 

the two cell types could survive and mature in a dish under similar media conditions. 

Co-culture 12-well plates were fixed and characterized after 4 days in co-culture using 

immunocytochemistry.  β-III Tubulin positive immature neurons could be seen lying 

on top of aggregated hepatocytes which had tight junctions labelled with Zo1. 
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FIGURE 18B: DAY 4 IMMUNOCYTOCHEMISTRY DATA OF PHH-NEURON 

CO-CULTURES.  

Image showing co-culture of hepatocytes and neurons. -III Tubulin positive neurons 

can be seen labelled in green. The neurons can be seen on top of hepatocytes. The 

hepatocytes are labelled with ZO1, a tight junction marker, shown in red. The DAPI 

(blue) represents nuclei.  

Scale bar: 150µm 

 

 

A novel co-culture environment could be demonstrated for two cell types, iPSC-derived 

peripheral neuron progenitors and primary human hepatocytes in the same dish in one 

media condition.  
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DISCUSSION 

 

In this thesis project, a fast and efficient platform, has been developed for screening 

small molecule-driven pathways to enable fast production of neural cell types from 

iPSCs. This platform has enabled the design of a protocol that makes neural crest 

progenitor cells from iPSC, showing positive co-expression for Sox 10 and Sox 9 as 

seen by immunocytochemistry, in a span of 4 days. There are numerous protocols that 

make neural crest, however making a pure population has been difficult due to 

contamination from CNS cell types (Menendez, L. et. al., 2011). Most protocols rely 

on cell sorting technologies which interferes with cell viability. Also, use of undefined 

media conditions restricts their routine use in a cGMP environment (Lee, G. et. al., 

2010). Hence, developing pure neural crest population protocols from stem cells has 

been an ongoing effort. The neural crest, that has been described in this work has been 

shown to successfully differentiate into Peripheral neuron progenitors by Day 6.  

                       The protocols developed in this work had the purpose of developing a 

fast screening to look for pathways that induce cellular differentiation in shortest time 

spans and highest efficiency. The process involved screening essential regulatory 

pathways using small molecules, with the neuromesoderm progenitors (NMPs) as our 

initial defined cell type. iPSCs lines were induced using a protocol defined by Dutton 

lab to NMPs in 2 days. Experiments were conducted, gathering information from 

published literature, about in vitro and in vivo pathways that govern the transition to 

neural crest cell fate. It was discovered in the neural crest induction experiment that 

inhibition of FGF using small molecule FGF inhibitor, BGJ398 along with a BMP 

agonist, BMP4 on day-3 was necessary and sufficient in upregulating the Sox 10 and 
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Sox 9 protein expression, indicative of neural crest in vitro. Also, adding FGF the next 

day (day-4) while keeping the BMP concentration constant helped maintain this neural 

crest immunopositivity. Cell counts generated later through an open software Cell 

Profiler corroborated the results that represented that  97% of total cells expressed Sox 

10 protein [Figure 7]. Considering the fast pace of this platform, the focus has been on 

screening conditions that influence critical decisions in the development of our target 

optimum cell type instead of the only condition that generates the maximum 

immunopositive cell type. A future approach would be to further develop the protocols 

using cell counts to refine the optimal condition from the best candidate conditions. 

                           After achieving a relatively pure iPSC-derived neural crest cell 

population in vitro, the objective was to explore the differentiation capabilities of these 

in vitro neural crest cells, considering it’s multipotent nature in vivo. However, only 

peripheral neuron progenitors could be differentiated from the neural crest and maybe 

to some extent Schwann Cell Precursors (SCPs). Through multiple pathway screenings 

done using permutations and combinations on a 48-well plate, a best condition of 

simple FGF inhibition using BGJ could be achieved that increased β-III Tubulin protein  

expression significantly from Day 5 to Day 6. Another experiment generated important 

cues for other important pathways that came up as equal potential candidates for 

peripheral neuron induction, such as addition of BGJ, DAPT, WNTc59 and BMP4 on 

day-5 and day-6 that proved to be equally efficient, however, they seemed to be a little 

toxic since there was lesser cell survival. Hence, inhibition of FGF (using BGJ) resulted 

in successfully generating neurons co-expressing β-III Tubulin, Peripherin and Brn3A 

protein. However, the percentage of NeuN (mature/immature axonal marker) positive 

neurons was only about 10%. Hence, the goal for next experiments would be to increase 
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the efficiency of the protocol to generate a higher percentage of cells with peripheral 

neuron protein expression and also allow them to survive longer in culture.   

                         A third objective for this research work was to utilise this robust and 

highly efficient platform for co-culture experiments. Peripheral neurons, arising from 

different domains have a very sensitive electric network and migrate in the body 

innervating different cells. One of the important functions of these peripheral neurons 

in vivo is that they migrate caudally and innervate the gut, forming the enteric nervous 

system. The liver is one of the organs that is innervated and forms extremely delicate 

and precise network of connections. A functionally metabolic liver has a very active 

neural network that encompasses innervation by the sympathetic, parasympathetic and 

peptidergic nerve fibres. Although the physiology and metabolic activity of the liver 

has been a subject of study for more than 3 decades, there is not yet sufficient 

information about the interaction of the liver and the nervous system. One reason for 

this is a lack of organoid cultures representing pure cell populations of hepatocytes, 

neurons and nonparenchymal cells (NPCs). There are not any good human liver models 

currently that can replicate in vivo conditions. Another problem is to maintain the 

functionality of the liver, it may be important to innervate it using peripheral neurons.  

However, peripheral neurons are an extremely challenging population to produce and 

maintain in vitro. Hence, we desired to create a co-culture system that can allow the 

two cell types to grow together in a dish with the same media conditions. Furthermore, 

we hoped to visualize any communication between the two cell types by analysing if 

the neurons are able to synapse on the hepatocytes. Being able to replicate the 

parasympathetic or sympathetic innervation in-vitro has not yet been achieved till date. 

One of the first co-culture systems were devised in 1995 when hepatocytes could be 
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co-cultured in a petri-dish with glutamatergic neurons (Westergaard, N. et. al., 1989). 

After that, most co-cultures have utilised microfluidic devices which separates the two 

cells via a septum allowing only fluidic exchanges or have used bioreactor vessels to 

keep an active system (Ahmed, H. M. M. et. al., 2017).  

                          Since a successful platform for rapid and accelerated induction of 

neural cell types had been established, an attempt was made to provide application to 

these neurons by establishing co-culture systems. The parasympathetic and sympathetic 

ganglia arising from the vagal crest are known to innervate the gut and the liver is 

innervated by these neurons in vivo as part of the autonomic nervous system. Hence, a 

co-culture of these two different cell types, neurons and hepatocytes was established 

with the aim of understanding if the two cells could survive together in a dish in a 

common media. The two cells could survive together in wells of 12-well collagen 

coated plates up till 7 days in Human Hepatocyte Culture Media (HHCM). This could 

be a starting step to create organoids and “liver on a dish” experiment that could provide 

significant information about cell-cell communication in-vitro. 

 

                   In summary, the research presented in this field introduces a fast and an 

efficient platform to allow rapid screening of iPSC-derived cell types. The platform has 

been utilised to accelerate neural induction with defined conditions. A novel protocol 

for iPSC-derived cells with neural crest phenotype has been designed in this work. The 

iPSC-derived neural cells show high protein expression of Sox 10 and Sox 9. These 

neural crest cells have been shown to differentiate to peripheral neuron progenitors that 
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express proteins Peripherin, Brn3A and Islet1 and also to Schwann cell precursors that 

express Egr1 and Etv5 protein.   
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APPENDIX (1): Certificate Of Analysis FOR VSHiPS 9-1 (UMN PCBC16iPSC) 

 

 

 

 

 



 

68 
 

APPENDIX (2): Certificate Of Analysis For UMN POLY (2017) 
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APPENDIX (3):  List Of Antibodies 

 Primary Antibodies     

ANTIBODY  DILUTION  DETAILS 

Nanog Anti-goat 1:500 R&D Systems cat# AF1997 

Oct-4 Anti-Mouse 1:500 EMD Millipore cat# MAB4401 

Sox-1 Anti-Goat  1:500 R&D Systems cat# AF3369 

Sox-2 Anti-Mouse 1:500 R&D Systems cat# MAB2018 

Pax-3 Anti-Mouse 1:250 DSHB 

Pax-6 Anti-Mouse 1:25 DSHB 

TubulinJ Anti-Mouse 1:1000 EMD Millipore cat# 

MAB1637MI 

Islet1 Anti-Rabbit 1:1000 Abcam cat# ab102010 

Peripherin Anti-Rabbit 1:500 EMD Millipore AB1530MI 

NeuN Anti-Mouse 1:2000 Millipore Sigma MAB377 

Sox-10 Anti-Rabbit 1:500 R&D Systems AF2864 

Sox-9 Anti-Rabbit 1:2000 Millipore AB5535 

Albumin Anti-Rabbit 1:1000  DAKO cat#F0117 

ZO1 Anti-Rabbit 1:500 Invitrogen cat#61-7300 

HOX B4 Anti-Rabbit 1:500 Abcam cat# ab133521 

GFAP Anti-Rabbit 1:500 Dako cat# No. Z033429-2 

TFAP 2A Anti-Mouse 1:50 DSHB 

T Bra Anti-Goat 1:500 R&D Systems cat# AF2085 

OTX 2 Anti-Rabbit 1:500 Abcam cat# ab21990 

NGFR Anti-Mouse 1:1000 R&D Systems cat# MAB367 
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iNOS Anti-Rabbit 1:200 Abcam ab 15323 

ChAT Anti-Rabbit 1:200 EMD Millipore AB 143 

SUBSTANCE P Anti-Rabbit 1:500 Sigma S-1542 

NF200 Anti-Mouse 1:200 Sigma N-5389 

Etv5 Anti-Rabbit 1:500 Abcam cat# ab102010 

Brn 3A Anti-Mouse 1:200 SantaCruz cat# sc-8429 

MITF Anti-Rabbit 1:500 Abcam cat# ab122982 

Hox C5 Anti-Rabbit 1:500 ThermoFisher cat# A21202 

 

 Secondary Antibodies  

ANTIBODY   DILUTION DETAILS 

Alexa-Fluor 488 Donkey-

anti mouse 

1:1000 ThermoFisher cat# A-

21202 

Alexa-Fluor 555 Donkey-

anti goat 

1:1000 ThermoFisher cat# A-

21432 

Alexa-Fluor 647 Donkey-

anti rabbit 

1:1000 ThermoFisher cat# A-

31573 

DAPI 1:1000 ThermoFisher cat# 

D3571 
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APPENDIX (4) 

 

 

 

 

 

 

FIGURE 19: NEGATIVE EXPRESSION OF NEURONAL GENES ON 

UNDIFFERENTIATED hiPSCs 

Undifferentiated human iPSCs were passaged and plated on 48 well plates. They 

were fixed using formalin and immunocytochemistry was done. The 

undifferentiated cells do not express any neuronal genes and express pluripotent 

genes Sox2 , Oct 4 and Nanog. Scale bar: 150µm. 

 

 


