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Abstract

Sexual dimorphism has been long noted in human neurobiology, apparent most notably in sex-

biased distribution of multiple neurological disorders or diseases, from autism spectrum disorder 

to Parkinson’s disease. With the advances in molecular biology, genetics and epigenetics have 

come into focus as key players in sexually dimorphic neural development; and yet, many studies 

in the field of neuroscience overlook the importance of sex for the human brain. 

For this project, human embryonic and neural stem cells were chosen for three main reasons. 

Firstly, they provide an easily obtainable, scalable and physiologically native model for the early 

stages of development. Secondly, neural stem cells populations are retained within the adult human 

brain, and are implicated to play a role in cognition and mental illness, and as such are of interest 

in themselves. Thirdly, stem cell lines are widely used in research, including clinical trials of 

transplantation treatments, and for this reason should be meticulously examined and characterized. 

Here, the morphology, behaviour, and expression of selected genes in four stem cell lines, two of 

female and two of male origin, was examined in side-by-side comparisons prior to and during 

neuronal differentiation using a variety of methods including light microscopy, time-lapse two-

photon microscopy, quantitative real-time PCR and immunocytochemistry. The obtained results 

have shown previously uncharacterised differences between those cell lines, such as a higher rate 

of proliferation but a slower rate of neuronal differentiation in male cell cultures compared to 

female cells cultivated in the same conditions, and a sex-biased expression of several markers of 

neuronal maturation at late stages of differentiation, as well as diverse patterns of expression of X- 

and Y-linked genes involved in stem cell proliferation and neural development.  



Introduction

Sex differences in neural development 

For years, empirical evidence has been mounting to show a sexual dimorphism in the development 

and function of the human brain. Whilst the general morphology and physiology of the whole 

central nervous system remains highly similar regardless of sex, specific features appear dimorphic 

(Lin et al., 2015; McCarthy et al., 2017). Considering that the brain controls sex-specific functions 

such as reproductive behaviors or ovulation and lactation, this comes as no surprise; but sex 

differences were also observed in cognitive and behavioral traits not directly related to 

reproduction. Nevertheless, many scientists were cautious in drawing their conclusions, given the 

social and cultural factors related to human behavior, and the well-known gender biases therein 

(Arnold, 2004; McCarthy et al., 2017). On the other hand, as perhaps the most compelling piece 

of evidence, multiple neurological conditions and disorders have been noted to occur and develop 

in a sex-biased manner (Becker, 2008; McCarthy et al., 2017; Qureshi & Mehler, 2010), pointing 

to some underlying differences that would contribute, for instance, to a higher incidence of 

Parkinson’s disease in men than women (with studies suggesting even a 2:1 ratio), as well as 

differences in time of onset and presented symptoms (Gillies et al., 2014), or sex differences in the 

occurrence and symptoms of autism spectrum disorder (Jazin & Cahill, 2010; Johansson et al., 

2016; Kaminsky et al., 2006; McCarthy et al., 2017; Ross et al., 2015). With the advances in 

molecular science, more and more sex differences at a genetic and epigenetic level could be 

discovered and studied, helping to understand what gives rise to those already observed, as well 

as point to new, previously unseen variation. 

When researchers began investigating the influence of sex on brain function, they began by 

examining the action of gonadal hormones - and indeed, in many cases sex hormones act as gene 

regulators, thus affecting multiple processes such as cell migration, cell differentiation, 

neurogenesis, axon guidance or synaptogenesis (Arnold, 2004; Jazin & Cahill, 2010). This is 

achieved primarily through specific DNA sequences called estrogen-responsive elements (EREs) 

and androgen-responsive elements (AREs), which bind estrogen and androgen receptors 

respectively, allowing the control of target gene expression by the gonadal hormones. However, 

many genes expressed in a sex-biased manner do not contain any known EREs or AREs, and 



furthermore, sexual dimorphism has been noted in the earliest stages of development, preceding 

gonadal differentiation. The combined evidence suggested that other, hormone-independent 

mechanisms are also at play (Arnold et al., 2004; Arnold & Burgoyne, 2004; Bermejo-Alvarez et 

al., 2011; Budefeld at al., 2008; Dewing et al., 2003; Jazin & Cahill, 2010; Johansson et al., 2016); 

and indeed, many such mechanisms are being discovered and characterized. For example, a study 

by Bramble et al., intended to investigate the effects of testosterone on neural stem cells, in its 

initial stage revealed over 100 transcripts that were already expressed differently between male- 

and female-derived cells prior to the hormone treatment (Bramble et al., 2016). 

Epigenetic regulation is an emerging key player in brain structure and function (Mehler, 2008); 

and as it turns out, epigenetic mechanisms such as DNA methylation, histone modifications, or 

gene expression regulation via non-coding RNAs are also sexually dimorphic. DNA methylation 

profiles are sexually dimorphic in the brain, as is the expression of several histone and chromatin 

regulatory factors, e.g. the UTX/Y gametologous gene pair (Qureshi & Mehler, 2010). Epigenetic 

mechanisms also control some of the most important genes in sexual dimorphism and sexual 

differentiation. The SRY gene, responsible for initiation of male embryonic development, is 

regulated by DNA methylation (Nishino et al., 2004). The XIST gene product, initiating X 

chromosome inactivation in females, is a non-coding RNA, and is only one of multiple ncRNAs 

influencing the mammalian sexual phenotype. Studies have also shown epigenetic effects 

contributing to sex bias in neurological conditions such as multiple sclerosis, autism spectrum 

disorder, Alzheimer’s and Parkinson’s diseases, and brain tumors (Qureshi & Mehler, 2010). 

Additionally, it is worth noting that the early stages of preimplantation development are 

susceptible to major epigenetic influences; given the sex differences in the expression of epigenetic 

factors, it is possible that male and female embryos undergo different alterations, dependent on 

environment as well as intrinsic epigenetic stimuli, whose effects may carry over to further stages 

of development (Bermejo-Alvarez et al., 2011; Gabory et al., 2009; McCarthy et al., 2017; Ratnu 

et al., 2017). 

Another more and more extensively studied factor affecting sexual dimorphism in the brain is the 

immune system. For example, the microglia, immunocompetent cells of the brain, were found to 

differ in numbers and morphology between males and females (McCarthy et al., 2017; Schwarz et 

al., 2012); similarly to another type of immune cells, the mast cells, they were recently implicated 



to cause masculinization of the brain, namely male-typical synaptic patterning and, in effect, 

reproductive behaviors (McCarthy et al., 2015; McCarthy et al., 2017). On the other hand, the T-

cells, which have been shown to affect learning and anxiety-like behaviors in mice (Brynskikh et 

al., 2008; Rilett et al., 2015), appeared to cause brain feminization (McCarthy et al., 2015; 

McCarthy et al., 2017).  The picture, so it seems, is far more complex than it was previously 

thought, and there is at least one more important factor: the sex chromosomes. 

The role of sex chromosomes 

Many of the genes encoded on the sex chromosomes are involved with neural development and 

behavior (Arnold, 2004; Jazin & Cahill, 2010; Johansson et al., 2016; Skuse, 2005). Consequently, 

neurological disorders or atypical behaviors are often a symptom displayed by individuals with an 

irregular number of sex chromosomes (Arnold & Burgoyne, 2004; Bardsley et al., 2013); but even 

with the standard karyotype, there are differences in gene expression that contribute to, for 

example, sex bias in cortical development (Johansson et al., 2016), although some scientists 

believe that the overall X and Y function has similar effects on cortical anatomy (Raznahan et al., 

2014). Sex chromosome genes have also been shown to be a significant contributor to the 

aforementioned sex bias displayed in a plethora of neurodevelopmental conditions.  

For example, the often discussed gene NLGN4Y is considered to be a candidate gene involved in 

autism spectrum disorders (ASDs) (Johansson et al., 2016; Ross et al., 2015), particularly 

associated with autistic mannerisms in social responses, and it is highly similar to its paralog 

NLGN4X, also an ASD risk factor. Whilst females typically express only one copy of the X-linked 

NLGN4, males can express NLGN4 from both X and Y chromosomes, leading to overexpression 

and higher incidence of ASD symptoms; this imbalance is even higher in individuals with 47, 

XYY syndrome (Ross et al., 2015). The effect of NLGN4X knockdown on delayed neural 

development has been recently studied on neural stem cell models, further elucidating the gene’s 

role in neurite formation, cell-cell interaction, and consequently the possible role of NLGN4 

mutations in neurodevelopmental disorders (Johansson et al., 2016; Shi et al., 2013). 

Even though female mammals possess two copies of the X chromosome, while males have only 

one, most X-encoded genes are expressed in a very similar or equal proportion in both sexes. This 

is achieved through a process called X inactivation, initiated by the aforementioned gene named 



XIST, which causes the silencing of one of the X chromosome pair. However, some genes are 

known to escape X inactivation, leading to a higher level of expression in females (Arnold & 

Burgoyne, 2004; Brown & Greally, 2003; Carrel et al., 1999). Moreover, during early development 

X inactivation is a dynamic, partially reversible process, leading to complex and variable patterns 

in expression of X-linked genes in females (Bermejo-Alvarez et al., 2011). The silencing of genes 

is also a random process, resulting in a mosaicism that further deepens the difference between male 

and female tissues (Arnold, 2004; Bermejo-Alvarez et al., 2011; Gillies et al., 2014; Jazin & Cahill, 

2010; Lin et al., 2015). Exempt from the silencing process are only the so-called pseudoautosomal 

regions (PAR) of complete sequence identity between the X and Y chromosomes, fully 

homologous and freely recombining during meiosis (Arnold, 2004). In humans, only two short 

PARs are found (Arnold, 2004; Raznahan et al., 2014); a trend leading to further shrinking of the 

PARs has been observed, which means that the divergence between the X and Y is still growing 

(Mangs & Morris, 2007). 

The Y chromosome is generally smaller and contains fewer genes than its X counterpart (Arnold 

2004; Graves, 1995; Johansson et al., 2016; Raznahan et al., 2014). In addition, many of the Y-

linked genes are paralogues for X chromosome genes, as it is the case with NLGN4 described 

previously; it is thought that their function is most often to compensate for the “overabundance” 

of product of genes that escape X inactivation in females. However, several of those genes have 

already been discovered to be regulated in different ways, or expressed in a different spatial or 

temporal pattern in the two sexes, suggesting that their function might differ; in such a case, this 

would be a significant contributor to sexual dimorphism (Jazin & Cahill, 2010). 

For example, a protocadherin family gene found in the pseudoautosomal region of the X 

chromosome, PCDH11X, whose product affects cell-cell interactions during neural development 

and is important for cell fate determination (Jazin & Cahill, 2010; Morishita & Yagi, 2007), UTX, 

encoding a histone demethylase, and thus involved in epigenetic regulation, or ZFX, encoding a 

zinc-finger protein required as transcriptional regulator of stem cell renewal, all escape X 

inactivation and have different expression patterns in the brain compared to their Y chromosome 

paralogues (Jazin & Cahill, 2010; Johansson et al., 2016). The PCDH11X/Y gene pair is 

particularly interesting as playing a role in language development, handedness, and brain 

asymmetry, but also a candidate factor involved in psychosis. Even though it arose through a 



duplication event, thus showing some degree of redundancy, in males different subpopulations of 

cells express the two genes in different proportions, which suggest a possible divergence in 

function and, in consequence, sex bias (Crow, 2002; Johansson et al., 2016); and although it is 

considered to escape X inactivation, its expression does not fully conform to known patterns 

(Lopes et al., 2006; Wilson et al., 2007). 

Stem cells as a model of brain development 

Embryonic stem cells (ESCs) and ESC-derived neural stem cells (NSCs) are a self-renewing, 

easily scalable and obtained, physiologically native cell culture material (Oikari et al., 2016; Zhu 

et al., 2011). The ESCs are pluripotent; the NSCs, under specific environments, are capable of 

differentiation into neurons, astrocytes and oligodendrocytes (Lopez-Ramirez & Nicoli, 2014; 

Stevanato et al., 2015; Zhu et al., 2011). 

The progression from the so-called ‘stemness’ towards specific cell-type determination in both 

embryonic and neural stem cells requires a large scale genetic reprogramming. It is already known 

that epigenetic control mechanisms such as histone modifications, chromatin remodeling or 

transcriptional feedback loops, as well as regulation via non-coding RNAs, play a significant role 

in facilitating and modulating these changes, but the details of these processes remain to be 

elucidated (Broccoli et al., 2015; Lopez-Ramirez & Nicoli, 2014). 

Apart from being a model of early developing brain tissue in the embryo, neural stem cells 

themselves present an interesting area of study. Not only do they differentiate into neurons and 

glia during the development of the central nervous system, but a fraction of them is also retained 

in the state of stemness in the two so-called neurogenic niches of the adult human brain: one in the 

subventricular zone of the lateral ventricles and the other in the subgranular zone in the dentate 

gyrus of the hippocampus (Lopez-Ramirez & Nicoli, 2014; Massirer et al., 2011; Ohtsuka et al., 

2011). Therefore, disruptions or alterations in the balance of proliferating to differentiating NSCs, 

their abundance or distribution can occur not only during embryonic stages, but also in adult 

neurogenesis, and they are observed in various mental illnesses, neurodevelopmental and 

neuropsychiatric disorders, such as for example autism or schizophrenia (Gigek et al., 2015; 

Ohtsuka et al., 2011; Sacco et al., 2018); those disruptions can affect cognition, emotional and 

social behaviors (Sacco et al., 2018), or contribute to depressive and anxiety disorders (Miller & 



Hen, 2015). Additionally, both ESCs and NSCs constitute a potential tool in regenerative treatment 

of neurological deficits (Stevanato et al., 2015; Trounson & McDonald, 2015), and as such should 

be thoroughly examined. 

The aim of this project was to investigate the potential sex differences before and during neuronal 

differentiation of four stem cell lines, two of male and two of female origin. Their rate of 

proliferation, morphology and behavior prior to and throughout neuronal differentiation, and 

expression of selected genes of interest was examined in side-by-side comparisons using light 

microscopy, time-lapse two-photon microscopy, quantitative real-time PCR and 

immunofluorescence, with the goal of highlighting any differences that might be relevant for future 

studies in the field of neuroscience that are utilizing or concerning embryonic or neural stem cells. 

 

Materials and methods

ESC culture protocol 

Proliferation: human embryonic stem cells of female (LT2e-H9CAGGFP) and male (WA14) 

origin (WiCell) were grown as monolayer in mTeSR™1 medium (STEMCELL Technologies), on 

6-well plates coated with Matrigel® (Corning). The cell cultures were maintained in 5% CO2 at 

37°C.  

Differentiation: the cells were grown as monolayer on plates coated with poly-L-ornithine/laminin 

(Sigma-Aldrich), and maintained in the same temperature and gas conditions as described above. 

A series of the following media was used, used successively every few days: KSR-a (KnockOut 

DMEM/F12, Knockout Serum Replacement, non-essential amino acids, GlutaMAX™, 2-

mercaptoethanol, Thermo Fisher; SB431542, ApexBio; LDN193189, TargetMol); KSR-b 

(KnockOut DMEM/F12, Knockout Serum Replacement, non-essential amino acids, 

GlutaMAX™, 2-mercaptoethanol, Thermo Fisher; SB431542, CHIR99021, ApexBio; 

LDN193189, TargetMol; Cyclopamine, Sigma-Aldrich); KSR-c (KnockOut DMEM/F12, 

Knockout Serum Replacement, non-essential amino acids, GlutaMAX™, 2-mercaptoethanol, 

Thermo Fisher; CHIR99021, ApexBio; Cyclopamine, Sigma-Aldrich); N2-a (DMEM/F12, N2 

supplement, non-essential amino acids, GlutaMAX™, 2-mercaptoethanol, Thermo Fisher; BSA, 



Cyclopamine, Sigma-Aldrich; SB431542, CHIR99021, ApexBio; LDN193189, TargetMol); N2-

b (DMEM/F12, N2 supplement, non-essential amino acids, GlutaMAX™, 2-mercaptoethanol, 

Thermo Fisher; BSA, Cyclopamine, Sigma-Aldrich; CHIR99021, ApexBio); NB-ESC 

Differentiation (neurobasal medium, non-essential amino acids, GlutaMAX™, B-27 supplement, 

2-mercaptoethanol, Thermo Fisher; cAMP, ApexBio; ascorbic acid, Sigma-Aldrich; GDNF, 

BDNF, β-NGF, PeproTech). 

NSC culture protocol 

Proliferation: human embryonic stem cell-derived NSCs of female (H9) and male (H14) origin 

(WiCell) were grown as a monolayer in NB-Complete medium (neurobasal medium, non-essential 

amino acids, GlutaMAX™, B-27 supplement, Thermo Fisher; FGF, Tebu-bio), in 6-well plates 

coated with GelTrex® (Thermo Fisher). The cell cultures were maintained in 5% CO2 at 37°C.  

Differentiation: the cells were grown as monolayer in NB-Differentiation medium (neurobasal 

medium, non-essential amino acids, GlutaMAX™, B-27 supplement, Thermo Fisher), in 6-well 

plates coated with poly-L-ornithine/laminin (for RNA sampling) and Millicell® EZ slides 

(Millipore) coated with poly-L-ornithine/laminin (for immunofluorescence staining), and 

maintained in the same temperature and gas conditions as described above. The medium was 

changed every 2-3 days. 

Proliferation rate 

To measure proliferation rate of the ESCs, the medium was changed to fresh mTeSR™1 and the 

cells were imaged every day for 5 days. The area of cell islets was calculated based on the obtained 

images using ImageJ software. 

To measure proliferation rate of the NSCs, the medium was changed to fresh NB-Complete and 

the cells were imaged every day until 100% confluency. The number of cells was estimated based 

on the obtained images using ImageJ software. 

Each experiment was performed independently three times. The collected data is presented as ratio 

of average cell number relative to starting density. Statistical significance was determined using 

the Holm-Sidak method with α = 0.05 for each time point. The data was fitted into growth curves 



using an exponential growth equation with nonlinear regression. All graphs and calculations were 

made using the GraphPad Prism 7.0 software. 

RNA sampling and cDNA synthesis 

At multiple time points (T0, 96h and 14 days since the start of differentiation for NSCs, plus an 

additional 20 days H14 sample, and T0, 14 days and 22 days since neuronal induction for ESCs), 

RNA was harvested directly from the cell cultures using the lysis buffer supplied with the 

PureLink® RNA Mini Kit (ThermoFisher) with the addition of 1% 2-mercaptoethanol, and 

mechanical homogenization (passing the sample several times through a syringe). The samples 

were purified using the PureLink® kit according to manufacturer’s instructions. RNA was eluted 

in RNase-free H2O. The concentration and quality of samples were determined with a NanoDrop 

spectrophotometer. The samples were then DNase-treated using the DNA-free™ DNA Removal 

Kit (Thermo Fisher) according to manufacturer’s instructions. 

For cDNA synthesis, in accordance to the Maxima H Minus RT-PCR protocol (Thermo Fisher), 

200 ng of DNase-treated RNA was incubated with Anchored Oligo(dT)20 primers (2,5 μg/μl; 

Invitrogen) and 10 mM dNTPs at 65°C for 5 min in a reaction made up to 25 μl with RNase-free 

H2O, and then incubated at 50°C for 30 min and at 85°C for 5 min with RiboLock RNase inhibitor 

and Maxima H-RT enzyme in RT buffer (5X) in a total reaction volume of 30 μl. 

All obtained cDNA was diluted 1:30 in molecular grade water and used for qPCR. 

qPCR 

Relative gene expression was detected and quantified using quantitative real-time PCR (qPCR). 

The 15 μl reaction volume contained 6 μl of SYBR®-Green PCR Master Mix (Thermo Fisher), 

0.6 μl of forward and reverse primer, 4 μl (0,80 ng) cDNA template and 3,8 μl molecular grade 

water. 

Amplification was monitored on an Applied Biosystems 7500 Real-Time PCR system with an 

enzyme activation stage of 2 min at 50°C and 2 min at 95°C, followed by 40 cycles of 15 s at 95°C 

and 1 min at 62°C. The cycle threshold (Ct) values were adjusted manually based on previously 

obtained data. All obtained values were normalized with an average of 5 housekeeping genes 

(threshold: 1). Relative gene expression was determined in relation to the expression in a male T0 



(pre-differentiation) sample. All calculations were based on the method presented by Haimes and 

Kelley, 2010. 

The list of primers used and the characteristics of their target genes (based on the information 

obtained from the GeneCards database: https://www.genecards.org/) is presented in Table 1. 

Live imaging by multi-photon microscopy 

Time-lapse live cell imaging of male and female NSCs was carried out at the Intravital Microscopy 

Facility at Stockholm University (IVMSU), using an inverted Leica microscope equipped with a 

pulsed laser source (tunable between 680 and 1300 nm), spectrally tunable ND detectors, and an 

incubation system with temperature control and CO2 supply, adjusted to the optimum of 37°C and 

5% CO2. In between the overnight imaging sessions, the cells were incubated in the same 

temperature and gas conditions. The cells were cultured in the same cultivation and differentiation 

media as described previously, on Ibidi® Glass Bottom μ-Slides coated with poly-L-

ornithine/laminin. 

The cells were imaged at time points T0, 96h and 14 days since start of differentiation, for a period 

of 5-6 hours at a time, using three sequential imaging channels: one, using an Argon laser tuned to 

514 nm, coupled with a PMT transmitted light detector, to visualize the outline of the cells; second, 

using a pulsed MP laser tuned to 750 nm, coupled with a HyD reflected light detector, to visualize 

the autofluorescence of the cells; and third, using a pulsed MP laser tuned to 900 nm, coupled with 

a PMT reflected light detector set to standard Cy5 settings, to visualize F-actin stained with SiR-

actin probe (Spirochrome AG). The images were obtained using LAS-X software (Leica), and 

processed and analyzed using LAS-X and ImageJ software. 

Immunofluorescence 

Fixation: At time points T0 and 14 days since the start of differentiation, NSCs cultured on 

Millicell® EZ slides were washed with NB medium, rinsed with PBS (1X) + Ca + Mg, incubated 

for 15 minutes in PBS (1X) + 4% PFA + 4% sucrose, washed with PBS (1X) + 4% sucrose, and 

kept refrigerated in PBS (1X) + 0,01 % Thimerosal. 

Immunostaining: The cells were permeabilized with PBS(1X) + 0,1% Triton X-100 + 4% Donkey 

serum, incubated with primary antibodies diluted in PBS(1X) + 4% Donkey serum at RT for 2h, 



incubated with secondary antibodies diluted in PBS(1X) + 4% Donkey serum at RT for 90 min (in 

the dark), and counterstained with DAPI at RT for 10 min (in the dark). The slides were washed 

with PBS(1X) between all steps, mounted in Moviol and left to stabilize overnight at RT in the 

dark. Afterwards, the slides were kept at 4°C in the dark. 

For staining of PCDH11X, 0,2% Saponin was used as permeabilization agent instead of Triton X-

100. There, 0,2% Saponin was also added to the washing solution and the blocking buffer. 

Imaging: Presence of selected target proteins was detected using an inverted confocal microscope 

and images acquired using LAS-X software (Leica). 

The list of antibodies used and their properties is presented in Table 2. 

 

Results

Cell proliferation 

Cell proliferation was measured three times for both NSCs and ESCs during independent 

cultivation experiments (Fig.1). Generally, it was observed that male neural stem cells populations 

tended to reach a higher density in a shorter time compared to female cells; for this reason, in the 

subsequent differentiation experiments, the amount of male and female cells seeded was adjusted 

accordingly to achieve a more comparable amount of cells after the change from proliferation to 

differentiation medium. It was also noted that the rate of proliferation depended on the starting 

density of cells seeded. For both ESCs and NSCs, a higher starting density would promote faster 

proliferation, with a negligible difference between male and female cells, whilst a low starting 

density would slow down the rate of proliferation, but cause a more prominent sex bias. It would 

appear that over a certain threshold value of starting density both male and female cells proliferate 

at a comparably fast rate, but that this threshold value is higher for the female cells, both ESCs and 

NSCs. However, a statistical analysis of all collected data showed a significant sex difference only 

in the NSCs, at time points from Day 4 onwards (Table 3). This is also visible in the obtained 

growth curves (Fig.2): the curves representing the two ESC lines lie close together, within each 



other’s margin of error; in the two NSC lines, the curve representing male cells is much steeper, 

and the margins of error do not overlap in the late time points. 

Additionally, in every NSC culture, the male and female cells displayed visible differences in their 

morphology and behavior: female cells tended to be smaller, more elongated, and grow in isolated 

groups that would only merge when they grew large enough for cell-cell contact between 

neighboring islets, whilst male cells tended to be larger, more rounded, and grow in spread-out, 

net-like networks of uniform density all over the culture dish (Fig.3a, 3b). As for the ESCs, no 

discernible difference was observed in the morphology of male and female cells, nor their 

distribution across the culture dish (Fig.3c). 

Neuronal differentiation 

During the differentiation of the ESCs, no significant sex difference was visible - observed under 

the microscope, the male and female cells were undergoing similar changes in morphology over 

the same period of time (Fig.4). A distinct difference was, however, noted in the differentiation of 

the NSCs (Fig.5). 

At the beginning of the experiment, the male cells again went through more divisions, reaching 

higher numbers than the female cells in the same period of time. Just as it has been observed in the 

proliferation experiment, they tended to form a network or sheet of cells uniformly covering the 

well of the slide or plate, whilst the female cells grew in isolated, densely packed islets; no other 

differences were observed before the change from proliferation to differentiation medium. 

During the initial 4 days since the medium change, large amounts of female cells have died or 

detached; conversely, at that time the male cells were still proliferating. During the imaging at Day 

4 since the start of differentiation, the female cells were undergoing bigger changes in morphology, 

especially the formation of long extrusions; single bipolar neurons were already forming. The male 

cells were beginning to undergo similar changes, but to a lesser degree. By Day 14, both the male 

and female cells have progressed further in their differentiation, as described above; however, the 

male cells still appeared less differentiated, only at this time point resembling the differentiating 

female cells at the Day 4 mark or shortly afterwards; in other words, the differentiation of male 

cells appeared to be delayed by several days in relation to the female cells. 



The dynamic processes such as cell division, cell migration, and formation and retraction of 

protrusions during differentiation were also imaged in real time through the use of time-lapse two-

photon microscopy (see: Materials and methods). The experiment was intended to visualize and 

measure the frequency and extent of those processes; however, due to technical difficulties and a 

time-consuming period of protocol optimization the possibilities were limited. In particular, the 

incidence of stage drift in both the x-y and z planes made it difficult to perform reliable 

measurements, and could be only partially compensated for in image processing using ImageJ 

software. However, it was observed that consistently with what has been seen before in the static 

images, the male cells went through more divisions, whilst the female cells appeared to enter 

differentiation earlier. During differentiation, single cells or small groups of cells were observed 

migrating across the set field of view, pulled together or apart by the connecting projections; 

similar action was observed in the male cells, although they displayed more local, short-distance 

movements and less projections formed. 

Additionally, single cells in both male and female populations, but especially the latter, emitted a 

distinctly stronger autofluorescence signal, suggesting a variation in metabolism of cells at 

different stages of differentiation, and a sex difference therein (Fig.6). 

Gene expression by qPCR 

RNA harvested in two independent differentiation experiments, one of ESCs and one of  NSCs, 

was converted into cDNA and used for quantitative PCR (q-PCR) analysis (see: Materials and 

methods). Two sets of primers were used: one of selected gametologous genes expressed during 

neural development, and one of typical stem cell proliferation and neuronal differentiation 

markers, plus a set of housekeeping genes to act as reference (see: Table 1). 

Out of the gametologous genes, PCDH11X, the previously described protocadherin-encoding 

gene, and the zinc-finger protein gene ZFX, showed the most significant sex bias in expression; 

the former being more highly expressed in male samples, and the latter in female ones. Both the 

level of expression and the disparity between sexes were larger in every subsequent time point; a 

similar ratio of expression vs. time was observed with PCDH11Y and ZFY in male cells, although 

the Y homologs were expressed at much lower levels compared to their X counterparts. EIF1AX, 

PRKX, TXLNGX and USP9X were also expressed at much higher levels than their Y homologs, 



but at equal proportions in both sexes. DDX3X, KDM5C, NLGN4X and UTX were also expressed 

at similar levels in both sexes, but at lower level than their Y homologs; the disparity was most 

prominent in the case of KDM5C(X)/D(Y). The expression profiles of TMSB4X/Y varied between 

time points, but the combined levels of X and Y homologs in male samples were equal to the levels 

of TMSB4X expression in female samples (Fig.7). Those findings were also consistent with an 

independent NSC differentiation experiment conducted previously in our laboratory by PhD 

student Philipp Pottmeier (unpublished). 

As for the neural stem cell lineage markers, even though all of them but one (DCX) were autosomal 

genes, some showed a significant difference in expression levels between male and female 

samples. Those differences tended to increase in the later stages of differentiation, both in the ESCs 

and the NSCs. At the late time points, DCX, TUJ1 and VIM, involved in neurogenesis, neural 

migration and neurite formation, showed the most prominently higher expression in male rather 

than female samples; on the other hand, transcriptional regulators PAX6 and RMST were 

consistently, across all time points, more highly expressed in female samples. A number of 

additional markers such as ASCL1, NES, SOX10 and RELN showed a certain fluctuation between 

different cell lines, but no definitive results (Fig.8). 

Expression of ASCL1, DCX, PAX6, RELN, RMST, SOX2, TUJ1 and VIM – the 8 markers that 

showed the most prominent differences between male and female NSCs – was additionally tested 

on an H14-Day 20 sample (Fig.9). It was speculated that the expression of those markers in a male 

sample at Day 20 might resemble that in the female sample at Day 14, consistently with the time 

frame shift that has been observed in the changing phenotype of the differentiating cells, as 

described previously. However, that was not the case, suggesting that there is a permanent 

difference in the expression of those genes, and not merely a delay in expression between the two 

populations of cells. 

Gene expression by immunofluorescence 

Expression of selected genes: neuronal differentiation markers ASCL1, DCX, PAX6, RELN and 

TUJ1, which showed sex differences in the qPCR results; PCDH11X, gametologous gene 

expressed during neuronal differentiation, also showing a sex bias in qPCR results; Nestin (NES), 

a marker of NSC self-renewal; PCNA, a marker of DNA replication (and therefore dividing cells); 



and the glial marker SOX10 was additionally tested on the protein level via immunofluorescence 

(see: Table 2), using male and female NSC samples fixed at time points T0 and 14 days since the 

start of differentiation (see: Materials and methods). 

Consistently with what has been shown by the qPCR results, DCX expression was the highest at 

14 days in the male sample, whilst PAX6 expression was the highest at 14 days in the female 

sample. PCDH11X and TUJ1, which showed a high bias towards males at 14 days in the qPCR 

results, here showed negligible differences between sexes and time points, as did ASCL1, RELN 

and (Fig.10), which had inconclusive qPCR results; it would appear that despite the variability in 

expression on the RNA level, post-transcriptional regulation brings the amount of protein product 

to a value similar between the male and female cells. 

SOX10, which in the qPCR results showed a spike in expression in a male ESC sample, but low 

levels of expression in all NSC samples, gave a very weak fluorescence signal in all samples tested 

with IF, suggesting a minor presence of glia in the differentiating NSCs. NES showed no 

significant sex difference in the qPCR results, and gave a similarly strong fluorescence signal in 

both sexes at both time points. In the T0 samples, PCNA gave a stronger signal in female than 

male cells (Fig.10), despite the previously observed higher rate of proliferation in the male cells. 

Negative control staining with secondary antibodies only gave no signal, indicating that there was 

no unspecific binding of secondary antibodies that could give rise to false positive results (Fig.11). 

 

Discussion

Cell morphology and behavior 

One of the most prominent sex differences, observed predominantly the NSCs, was the disparity 

in the rate of proliferation, with the male cells reaching higher numbers in a shorter period of time 

compared to female cells cultured in the same conditions. This was also observed to some degree 

in the ESCs, and such consistency is not surprising - considering that the H9 and H14 NSC lines 

examined in this project are derived from the LT2e and WA14 ESC lines, it would be logical to 

assume that some of their characteristics could carry over. However, this difference was larger and 



more statistically significant in the NSCs, as if it was amplified with the cells becoming more 

specialized. 

Similarly, in the continued differentiation of the NSCs, the female cells appeared to advance faster: 

they would start changing their morphology, cluster, elongate and produce extrusions earlier than 

the male cells, which tended to still proliferate for approximately 3 days since the switch to 

differentiation medium, and “catch up” to a similar state of advanced differentiation several days 

after the female cells. It is possible that this is at least partially due to the different morphology of 

the cell colonies during proliferation stage, when female cells already tend to form tight, rosette-

like clusters of elongating cells, often forming longer projections to contact neighboring islets - a 

pattern more similar to that of differentiating cells, as opposed to the male cells, more rounded, 

growing in more evenly distributed networks, that at higher numbers form densely packed sheets 

where lesser changes in cell morphology or organization can occur. Still, even if the disparity in 

the rate of proliferation and differentiation is a result of the difference in the organization of cell 

colonies, it has not been determined what causes each type of cells to organize in its particular 

manner in the first place. It is also possible that this effect occurs only in cells grown in laboratory 

conditions, and does not translate to a sex difference in the proliferation or differentiation of cells 

in vivo; still, it is of potential interest to researchers working on stem cell lines. 

Gene expression 

Out of the gametologous genes, only PCDH11X did not produce a result conforming to what is 

described in literature, as it is usually characterized as overexpressed in females, whilst here it was 

overexpressed in the male samples; and albeit the overexpression in males was not confirmed on 

the protein level by immunofluorescence, no bias towards females was observed either. However, 

as it has already been mentioned, the reported patterns of expression of this gene vary between 

different studies. 

Most of the remaining gametologous gene pairs showed a difference in levels of expression 

between the X and Y homolog, usually with the former being more highly expressed, with the 

exception of UTY and KDM5D, both expressed at much higher levels than their X counterparts. 

TMSB4Y seemed to compensate for lower expression of TMSB4X in males; in most other cases, 

the expression of the X homolog was equal in both sexes, and the additional expression of the Y 



homolog skewed the balance slightly towards males. Generally, the observed differences in 

suggest a possible divergence in function between the X and Y homologs, whilst the expression 

of most of the tested X homologs themselves does not show a significant sex bias. 

What is most interesting is the sex bias in expression of the autosomal marker genes, noted at both 

the RNA and the protein level. A recent study on macaques has correlated the expression of RMST 

to age and sex, showing it to be more temporally regulated in female rather than male brains (Liu 

et al., 2017), which is consistent with the findings of this project; however, apart from this one 

case, I have found no reports of sex bias in the expression of the other markers tested here. In fact, 

many studies appear to work under an assumption that their expression is the same regardless of 

sex; for example, the study by Oikari et al., which among others formed the basis for this 

experiment, used H9 cells as representative of NSCs in comparison with other types of stem cell 

lines (Oikari et al., 2016). Another study by Kamei et al. also used the H9 cell line as a 

representative of the NSCs; interestingly, their results showed a high expression of pluripotency 

markers OCT4 and NANOG (Kamei et al., 2016), both of which were expressed at low levels in 

this experiment, even in undifferentiated NSCs. Other marker genes cited as typical for the NSCs 

include NES and SOX2, expressed during early development as well as, together with VIM, in the 

neurogenic niches of the adult brain; ASCL1 and DCX, expressed in more differentiated cells 

(Bergström & Forsberg-Nilsson, 2012; Massirer et al., 2011). Given the fact that a number of the 

marker genes used in such studies have showed a difference between male and female ESCs and 

NSCs, predominantly at later stages of differentiation, their conclusions might not be fully 

exhaustive.  

 

Conclusions

Despite all evidence pointing to sex as a key factor in brain development and disease, there has 

been a long and well-established bias in neuroscience research, both in animal and human studies, 

where a male model was often considered a default standard, leading to incomplete, generalized 

results (Beery & Zucker, 2011). And whilst the importance of sex has been increasingly 

highlighted and acknowledged in organismal studies, it is still frequently overlooked when it 

comes to cells or cell lines.  



Human embryonic and neural stem cells, the subject of this project, are widely used in research, 

largely due to their therapeutic potential (Tang et al., 2017), but it is becoming apparent that there 

is a need for a more in-depth, comparative characterization of SC lines. Factors such as different 

culture protocols - culture media, substrates and additives, passage number and methods, as well 

as reported aneuploidy incidence in some cell lines affect the potential of ESC lines as study 

models and make it more difficult to translate or compare results obtained in different laboratories 

or using different cell lines (Allegrucci & Young, 2007). 

Despite such gaps in knowledge, and a lack of standardized protocols, both ESCs and NSCs have 

already been undergoing trials as therapeutic material for repairing various types of damage to the 

central nervous system, from neurodegenerative disorders such as Parkinson’s disease (Grealish 

et al., 2014) to spinal cord injuries (Trounson & McDonald, 2015). Clinical trials in treatment of 

stroke, amyotrophic lateral sclerosis (ALS) or spinal cord damage have yielded varying results, 

but significant benefits are yet to be achieved (Trounson & McDonald, 2015). In many cases, the 

researchers have used only the neurons differentiated from cells of one sex for transplantation into 

patients of both the same and different sex as the source stem cells. However, judging by the 

observed differences in cell behavior and gene expression, it would seem that sex might be a key 

factor in the success of the transplantation procedure. 

Data collected in this project points to a discernible sexual dimorphism in the neuronal 

differentiation of selected human stem cell lines. The observed differences begin with the 

morphology of single cells as well as entire cell colonies during proliferation stages, affect the rate 

of cell division and differentiation, and extend to patterns of gene expression in the differentiated 

cells, as seen on the RNA and protein levels in the qPCR and immunofluorescence data. Those 

differences occur at the earliest stages of stem cell differentiation, potentially translating to the 

earliest stages of fetal development, and amount to sexual dimorphism that is entirely independent 

of hormonal influences. Moreover, some of those differences appear to involve classical autosomal 

markers of neuronal maturation, and as such have been previously overlooked in comparative 

studies, under a presumption that the expression of those genes is not sex-biased. However, it is 

unclear if those particular genes correlate with the observed difference in the rates of proliferation 

and differentiation; testing more genes might be necessary. 



This project could constitute a pilot study opening up several avenues for further investigation. 

For example, as discussed before, it might be worthwhile to test the expression of additional genes 

related to stem cell proliferation and differentiation, or study the current genes of interest in more 

depth. An unforeseen but interesting result of the time-lapse imaging was the observed difference 

in autofluorescence of male vs. female NSCs; this too would be worthy of further exploration. A 

follow-up study could also include mixtures of female and male cells to examine if or how they 

influence each other, which would simulate the processes occurring during stem cell 

transplantation, and as such would be of medical significance. 

Ultimately, to fully assess whether the observed differences are a more universally occurring sex 

bias, it would be necessary to repeat this experiment on other cell lines; however, I believe that 

even if the results of this project turn out to be applicable only to the four cell lines tested, they are 

still of importance considering the widespread use of these cell lines in research. 
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Tables and figures

 

Primer Product function 

Housekeeping genes 

ACTB Cytoskeleton formation. 

B2M Presentation of peptide antigens to the immune system. 

CYC1 Electron transfer in the mitochondrial respiratory chain. 

GAPDH Glycolysis and nuclear functions. 

RPL13 A component of the 60S ribosomal subunit. 

Stem cell neural lineage markers 

ASCL1 (MASH1) 
Pioneer transcription factor allowing access to neuronal pathways, key in neural 

differentiation. 

DCX Directing neuronal migration. 

DLX1 Transcription factor, craniofacial patterning, terminal differentiation of interneurons. 

GLUT Glucose transport across the blood-brain barrier. 

MAP2 Microtubule assembly; determination of dendritic shape during neuron development. 

MBP Major constituent of the myelin sheath of oligodendrocytes and Schwann cells. 

NANOG ESC proliferation, renewal, and pluripotency. 

NEFH Heavy neurofilament protein. 



NES Intermediate filament protein expressed primarily in nerve cells. 

NEUN 
A marker for post-mitotic neurons; neural tissue development, regulation of adult brain 

function. 

OCT3/4 Embryonic development, stem cell pluripotency. 

OLIG2 
Oligodendrocyte and motor neuron specification in the spinal cord; development of somatic 

motor neurons in the hindbrain. 

PAX6 Transcriptional regulator; neural tissue development in the central nervous system. 

PSD95 Scaffolding for postsynaptic receptors and ion channels. 

RELN Control of cell-cell interactions during neuronal migration in brain development. 

REST Transcriptional repression of neuronal genes in non-neuronal tissues. 

RMST 
Long non-coding RNA involved in neurogenesis, aiding the binding of Sox2 transcription 

factor. 

S100B Cell cycle progression; stem cell differentiation; mainly secreted by glial cells. 

SOX2 
Forms a complex with OCT4. Stem cell maintenance in the central nervous system, ESC 

pluripotency; critical for early embryogenesis. 

SOX10 Development and maturation of glia. 

SRY Testis-determining factor; male sex determination. 

SYP Integral membrane protein of small synaptic vesicles. 

TBR1 
Probable transcriptional regulator involved in brain development; mouse ortholog thought 

to play a role in neuronal migration and axonal projection. 



TH 
Conversion of tyrosine to dopamine; plays a key role in the physiology of adrenergic 

neurons. 

TUJ1 Neurogenesis, axon guidance. 

VIM Cytoskeleton formation, neuritogenesis. 

Gametologous gene pairs 

DDX3X/Y 
Transcriptional regulation, mRNP assembly, pre-mRNA splicing, mRNA export; 

translation, cellular signaling, viral replication. 

EIF1AX/Y Translation initiation factor. 

KDM5C(X)/D(Y) Regulation of transcription and chromatin remodeling. 

NLGN4X/Y 
Neuronal cell surface proteins; formation and remodeling of synapses in central nervous 

system. 

PCDH11X/Y 
 Cell-cell recognition essential for the segmental development and function of the central 

nervous system. 

PRKX/Y Serine/threonine protein kinase; regulation of myeloid cell differentiation. 

TMSB4X/Y 
Regulation of actin polymerization; cell proliferation, migration, and differentiation. 

TMSB4X escapes X inactivation. 

TXLNGX/Y Intracellular vesicle trafficking; cell cycle regulation. 

USP9X/Y Product similar to ubiquitin-specific proteases. USP9X escapes X-inactivation. 

UTX/Y Demethylation of histone H3. 

ZFX/Y Transcriptional regulator for self-renewal of embryonic and adult hematopoietic stem cells. 

 



Table 1. (Previous page) The list of primers used for qPCR, and brief characteristics of their target genes 

(based on the information obtained from the GeneCards database: https://www.genecards.org/). 

 

Primary antibodies 

Antibody Host 

species 

Company Dilution Permeabilization Expected staining 

ASCL1 

(MASH1) 

Rabbit Thermo Fisher 1:400 Triton X-100 Nuclear (transcription factor), 

neuronal cell body (inferred from 

electronic annotation) 

DCX Rabbit Thermo Fisher 1:150 Triton X-100 Cytoplasmic (binding and 

organization of microtubules) 

NES Rabbit Merck 1:100 Triton X-100 Cytoskeleton (neuronal marker 

during development) 

PAX6 Mouse Santa Cruz 

Biotechnology 

1:125 Triton X-100 Nuclear (transcription factor) 

PCDH11X Rabbit Abcam 1:100 Saponin Plasma membrane (transmembrane 

protein) 

PCNA Mouse Abcam 1:150 Triton X-100 Nuclear (cofactor of DNA 

polymerase - DNA replication) 

RELN Rabbit Atlas 

Antibodies 

1:100 Triton X-100 Extracellular matrix (secreted 

protein) 

SOX10 Goat Abcam 1:100 Triton X-100 Nuclear (transcription factor), 

cytoplasmic (based on experimental 

data) 

TUJ1 Mouse Abcam 1:2000 - 

1:2500 

Triton X-100 or 

Saponin 

Cytoskeleton (tubulin) 

Secondary antibodies 

Antibody Species Company Dilution Fluorescent dye Absorption 

max. 

Emission 

max. 

anti-Rabbit Donkey Thermo Fisher 1:800 Alexa Fluor 594 590 617 

anti-Mouse Donkey Sigma Aldrich 1:800 Cy3 554 568 

anti-Goat Donkey Thermo Fisher 1:800 Alexa Fluor 488 496 519 

 

Table 2. The list of antibodies used for IF, and their brief characteristics.  

https://www.genecards.org/


Embryonic stem cells 

Day P value Mean of 

LT2e 

Mean of 

WA14 

Difference SE of 

difference 

t ratio df Adjusted 

P value 

Significant? 

0 0,0792 21452 32362 -10910 4657 2,343 4 0,3379 No 

1 0,1389 36948 52422 -15473 9935 1,557 16 0,3681 No 

2 0,1629 113346 164644 -51298 35073 1,463 16 0,3681 No 

3 0,0531 296172 461385 -165214 79126 2,088 16 0,2794 No 

4 0,1771 839332 1097472 -258140 182811 1,412 16 0,3681 No 

5 0,1084 1621454 2083611 -462157 271812 1,7 16 0,3681 No 

Neural stem cells 

Day P value Mean of 

H9 

Mean of 

H14 

Difference SE of 

difference 

t ratio df Adjusted 

P value 

Significant? 

0 0,4092 157,1 138,5 18,56 21,9 0,8475 16 0,4483 No 

1 0,2572 148,6 166,5 -17,92 15,25 1,175 16 0,4483 No 

2 0,0486 191,8 258 -66,22 31,02 2,135 16 0,1388 No 

3 0,0141 308,9 600,6 -291,7 105,9 2,754 16 0,0553 No 

4 0,0088 422,1 1006 -584,2 196 2,981 16 0,0433 Yes 

5 0,0002 541,8 1601 -1059 220,8 4,794 16 0,0012 Yes 

6 0,0000 586,2 2279 -1693 203,8 8,307 10 0,0001 Yes 

 

Table 3. Analysis of the combined proliferation experiments results. Statistical significance was determined 

using the Holm-Sidak method with α = 0.05 for each time point. 



 

 

Fig.1. Results of the three independent ESC (top) and NSC (bottom) proliferation experiments. As it can 

be observed, despite a similar starting amount of cells seeded, the male cells generally reach higher numbers 

in a shorter period of time compared to female cells cultivated in the same conditions, although the disparity 

is greater in the NSCs, and there are fluctuations depending on minute differences in the starting density. 



 

Fig.2. Growth curves of ESCs (top) and NSCs (bottom). Although in both cases the curve is steeper for the 

male cells (WA14, H14), the curves of the two ESC lines lie close together, with the margins of error 

overlapping; the difference is more prominent in the NSC lines, and of statistical significance in the later 

time points.  



 

Fig.3a. Microscopic images of female (H9) and male (H14) NSC cultures, taken with a 10X magnification 

objective at Day 0 (immediately after cell seeding and attachment to the well surface), 3 and 5 since the 

start of the experiment. As it can be seen here, the cells were evenly distributed to begin with, but after 3 

days, there is a visible difference in distribution of the cells in the culture dish - the female cells tend to 

form isolated, densely packed clusters, with very few single cells, whilst the male cells form more uniformly 

distributed networks of single cells or small clusters. After 5 days, the male cells easily grow confluent; the 

female cell clusters are expanding and merging, but are still separated, and don’t fill the culture dish yet. 

This pattern was observed in all experiments.  



 

Fig.3b. At one instance, the cells have formed clumps during passaging, still visible at Day 1; however, at 

Day 4 it is clearly visible that the female cells remained in isolated islets, whilst the male cells have reverted 

to the usual network pattern.  



 

Fig.3c. Microscopic images of female (LT2e) and male (WA14) ESC cultures, taken with a 10X 

magnification objective at Day 0 (immediately after cell seeding and attachment to the well surface), 3 and 

5 since the start of the experiment. Just as with the NSCs, the cell islets are of comparable size at the 

beginning, but after 3 days the male cell islets are significantly larger, and this disproportion persists 

throughout the experiment.  



 

 

Fig.4. Microscopic images of female (LT2e) and male (WA14) ESC cultures, taken with a 10X 

magnification objective at Day 0, and with a 20X magnification objective at Day 13 and Day 21 since 

neuronal induction. No significant difference in morphology between the female and male cells was 

observed.  



 

Fig.5. Microscopic images of female (H9) and male (H14) NSC cultures, taken with a 10X magnification 

objective at Day 0, Day 4 and Day 14 since the start of the experiment. Despite higher numbers of female 

cells at Day 0, at Day 4 they were outnumbered by the male cells, which were initially still proliferating 

after the change to differentiation medium; during that time many female cells have died or detached, and 

the remaining cells began undergoing changes in morphology.  



  

Fig.6. Microscopic images of female (H9) and male (H14) NSC cultures, taken with a 25X magnification 

objective at Day 0, Day 4 and Day 14 since the start of the experiment. The autofluorescence of the cells is 

shown in green, and the actin staining is shown in red.  



  



 

Fig.7. Expression of selected gametologous gene pairs in female (H9) and male (H14) NSCs, relative to X 

homolog expression in a male (H14) T0 sample.  



  



  



 

Fig.8. Expression of selected stem cell neural lineage markers in four cell lines: LT2e (ESC, female), WA14 

(ESC, male), H9 (NSC, female) and H14 (NSC, male), relative to expression in WA14 – T0 sample.  



 

Fig.9. Expression of selected stem cell neural lineage markers in the NSCs, including additional time points 

(96h since start of differentiation for both female and male cells, and 20 days for male cells), relative to 

expression in male (H14) T0 sample.  



 

  



 

  



 

Fig.10. Immunostaining of female (H9) and male (H14) NSC cultures.  



 

Fig.11. Control staining of an H9 – Day 0 sample with secondary antibodies only. Shows no false positive.  
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