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ABSTRACT 

Embryonic stem (ES) cells can differentiate into many specialized cell 

types, including neural cells. Numerous induction protocols have been developed 

to direct their differentiation. Our lab created an in vitro neural stem cell (NSC) 

niche through the induction of 129-derived B5 ES cells. Subsequent attempts 

using the established in vitro NSC niche protocol on the B6 ES cell line (derived 

from the C57BL/6 mouse strain) were unsuccessful. This is not unexpected, as 

genetic, morphological, and neuroanatomical variability has been documented 

between these mouse strains. I proceeded to characterize the B6 ES cell line. B6 

embryonic stem cells grew significantly slower than B5 ES cells under similar 

conditions. After application of the 4–/4+ retinoic acid (RA) neural induction 

protocol, B6 embryoid bodies (EBs) displayed a neural rosette-like morphology. 

Immunohistochemical labeling of the Day 8 EBs revealed neuronal markers 

localized to cells in the center of the EBs and glial markers found in both central 

cells and the periphery. This labeling pattern suggests that the EBs may be 

recapitulating the inside-out formation of cortical development in mammals. 

When dissociated Day 8 B6 EB cells were transplanted into the left striatum of 

syngeneic C57BL/6 mice, teratomas formed. These teratomas were not as large 

as those produced from undifferentiated ES cells, suggesting that the Day 8 EB 

cells were at least partially, if not mostly, neuralized. The slow growth rate of B6 

cells may have contributed to their incomplete neuralization, and to achieve a 

more complete neural induction, a modified RA induction protocol should be 

considered for use in future studies. 



 

1 

Chapter 1 

INTRODUCTION 

 

Stem cells are undifferentiated cell types that have the capacity for self-

renewal and the ability to produce differentiated progeny (Slack 2000; Eisenberg 

and Eisenberg 2003). They may divide asymmetrically to produce one daughter 

stem cell and one differentiated daughter cell, or they divide symmetrically to 

produce two daughter stem cells under some circumstances and two 

differentiated daughter cells under other circumstances (Slack 2000). Stem cells 

are classified by their ability to produce multiple types of specialized cells 

(Eisenberg and Eisenberg 2003). Totipotent stem cells have the ability to 

produce all cells required for development including cells responsible for the 

creation of the placental lining. An example of a totipotent stem cell would be the 

zygote, whose progeny can also produce placental and germ line tissue (Solter 

2006; Alison and Islam 2009; Mitalipov and Wolf 2009). Pluripotent stem cells 

can contribute to germline transmission and differentiate into cells of the three 

embryonic germ layers: ectoderm, mesoderm, and endoderm. These include 

cells of the inner cell mass (ICM) of the blastocyst, which can be isolated in 

culture and are traditionally called embryonic stem (ES) cells (Eisenberg and 

Eisenberg 2003; Solter 2006; Alison and Islam 2009; Mitalipov and Wolf 2009). 

Multipotent stem cells can naturally differentiate into limited cell fates of a specific 

lineage. For example, neural stem cells can differentiate into various neural cells 

including neurons and glia (Eisenberg and Eisenberg 2003; Solter 2006; Alison 
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and Islam 2009; Mitalipov and Wolf 2009). Unipotent stem cells, such as certain 

adult hepatocytes, can self-renew and divide to produce only one differentiated 

cell type (Alison and Islam 2009).  

Due to their differentiation potential, pluripotent stem cells are of particular 

importance in the fields of regenerative medicine and developmental biology. 

Before ES cell lines were created, pluripotent cell lines were established from 

teratocarcinomas, malignant tumors that can produce tissue types originating 

from each of the primary embryonic germ layers (Solter 2006; Li and Tanaka 

2011). In the 1950s, the 129 mouse strain was found to have a 1% spontaneous 

occurrence of testicular teratomas, which allowed for greater study of these 

tumors (Stevens and Little 1954; Solter 2006). Cells from some of these 

teratomas could be extracted, cultured, and injected subcutaneously into a new 

recipient to produce additional teratomas or injected intraperitoneally to form 

aggregates that were organized in a similar manner as embryos, and were 

therefore called embryoid bodies (Kleinsmith and Pierce 1964). These malignant 

teratomas, or teratocarcinomas, possessed a unique stem cell, the embryonal 

carcinoma (EC) cell, which enabled them to proliferate seemingly indefinitely and 

differentiate into multiple cell types (Stevens and Little 1954; Kleinsmith and 

Pierce 1964; Solter 2006). The EC cells could be produced by the ectopic 

transplantation of embryos, and were found to be pluripotent due to their ability to 

form teratomas and differentiate into cells from each of the three embryonic germ 

layers (Solter, Skreb et al. 1970; Martin 1975; Solter 2006; Li and Tanaka 2011). 

Teratoma formation became a standard by which to assess pluripotency and is 
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still used today via histological staining (e.g. hematoxylin and eosin), 

immunohistochemical detection of markers from tissues derived from the three 

embryonic germ layers, or a combination of both (Martin 1981; Takahashi and 

Yamanaka 2006; Shao, Wei et al. 2007; Takahashi, Tanabe et al. 2007; Li and 

Tanaka 2011). Since teratocarcinomas and EC cells were pluripotent, could be 

produced via extra-uterine transplant of embryos, formed aggregates of embryoid 

bodies, and could contribute to chimeras via blastocyst injection, they were 

thought to have properties similar to those of normal embryonal stem cells (Mintz 

and Illmensee 1975; Martin 1981; Solter 2006). 

After identifying embryonal cells that exhibited cell surface antigens 

expressed by EC cells, the first mouse ES cell lines were derived from the 

pluripotent ICM using EC cell culture conditions (Evans and Kaufman 1981; 

Martin 1981). Since this scientific breakthrough in 1981, numerous lines have 

been established and used in cell and developmental research. In 1993, mice 

derived completely from in vitro cultured ES cells were created through the use of 

ES cell-tetraploid aggregates (Nagy, Rossant et al. 1993). Since 1998, human 

ES cell lines have also been established from in vitro fertilized embryos; 

however, the use of human embryos raises ethical issues that delay 

developmental and regenerative research (Thomson, Itskovitz-Eldor et al. 1998; 

Condic and Rao 2010). Additionally, immunorejection of transplanted cells 

derived from ES cells is a concern for cell replacement therapies. In 2006, 

Takahashi and Yamanaka derived induced pluripotent stem (iPS) cells from 

somatic cells using the forced expression of transcription factors Oct3/4, Sox2, c-
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Myc, and Klf4 (Takahashi and Yamanaka 2006). These iPS cells displayed 

molecular and cellular features similar to that of ES cells, could form teratomas in 

vivo, and were able to differentiate into cell types of the three embryonic germ 

layers in vitro. One year after this breakthrough, human iPS cells were 

successfully derived from adult dermal fibroblasts (Takahashi, Tanabe et al. 

2007). Since these developments, iPS cells have been used to produce germline 

competent mouse, rat, and pig chimeras (Okita, Ichisaka et al. 2007; Li, Yu et al. 

2009; Hamanaka, Yamaguchi et al. 2011; West, Uhl et al. 2011). Though future 

treatments may rely more heavily on induced pluripotent stem cells, therapies 

originally designed for human and mouse ES cells have been shown to 

successfully induce iPS cells to specified cell types (Karumbayaram, Novitch et 

al. 2009; Kitazawa and Shimizu 2011). Therefore, it is important to continue to 

use and modify existing mouse and human ES cell induction protocols to 

continue ES cell research for regenerative medicine and developmental biology. 

One area of particular interest for ES cell-based therapies concerns 

neurodegenerative disorders. These diseases, such as amyotrophic lateral 

sclerosis or Parkinson’s disease, are debilitating and have no cure; however, ES 

cell derived therapies could potentially replace lost neurons and restore 

neurological function (Srivastava, Malhotra et al. 2008). Many induction protocols 

have been developed to produce a variety of neuronal cell types including 

cholinergic, dopaminergic, serotonergic, GABAergic, and glutamatergic neurons, 

and glial cells, such as oligodendrocytes and astrocytes (Bain, Kitchens et al. 

1995; Okabe, Forsberg-Nilsson et al. 1996; Lee, Lumelsky et al. 2000; Bjorklund, 
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Sanchez-Pernaute et al. 2002; Bibel, Richter et al. 2004; Meyer, Katz et al. 2004; 

Cai and Grabel 2007; Wang, Wang et al. 2009).  

A protocol for producing an in vitro neural stem cell (NSC) niche with 

properties of the vertebrate in vivo subventricular zone NSC niche was recently 

developed in our lab and the transplantation of such a niche into mouse models 

of human neurodegenerative disorders could lead to more effective therapies 

(Pierret, Spears et al. 2007; Pierret, Morrison et al. 2010). The Kirk lab produced 

this in vitro NSC niche from 129/Sv-derived mouse ES cells (Pierret, Spears et 

al. 2007; Pierret, Morrison et al. 2010), and I proposed to assess the in vitro 

niche when transplanted into a neurodegenerative mnd mouse model. As the 

mnd mouse mutant is a subline of the C57BL/6 mouse, I attempted to create the 

niche from cells with the C57BL/6 background to avoid an adaptive immune 

response after transplantation (Nagata, Fujita et al. 1998). However, genetic, 

morphological, behavioral, and neuroanatomical variability exists between 

members of different mouse strains and even among substrains of specific 

murine lineages (Crusio, Schwegler et al. 1991; Kawase, Suemori et al. 1994; 

Tabibnia, Cooke et al. 1999; Auerbach, Dunmore et al. 2000; Ledermann 2000; 

Cook, Bolivar et al. 2002; Wahlsten, Metten et al. 2003; Chen, Kovacevic et al. 

2006; Bryant, Zhang et al. 2008). Due to their relative ease of derivation, the 

most widely used ES cell lines in research are derived from 129 mice; 

unfortunately, 129 mouse strains have abnormal development of the corpus 

callosum, a high incidence of spontaneous testicular teratocarcinoma, 

inconsistent backgrounds with intrastrain variability produced by both accidental 



 

6 

and deliberate outcrossing, and behavioral differences among substrains 

(Stevens and Little 1954; Simpson, Linder et al. 1997; Cook, Bolivar et al. 2002; 

Wahlsten, Metten et al. 2003; Ware, Siverts et al. 2003; Keskintepe, Norris et al. 

2007). C57BL/6-derived ES cell lines have been readily available for the past 

twenty years; however, they have not been as widely used as their 129 ES cell 

line counterparts, despite being syngeneic with excellent mouse models for 

studies of diabetes, neurodegeneration, and immune system disorders 

(Ledermann and Burki 1991; Kawase, Suemori et al. 1994; Hughes, Qu et al. 

2007; Gertsenstein, Nutter et al. 2010). This is likely  due to the fact that 

C57BL/6-derived ES cells generally exhibit slower growth rates when compared 

to 129-derived ES cells, have proven difficult to establish as stem cell lines and 

grow in culture, and have been less efficient at establishing germline chimeras 

and knockout mice (Ledermann and Burki 1991; Kawase, Suemori et al. 1994; 

Brook and Gardner 1997; Auerbach, Dunmore et al. 2000; Ware, Siverts et al. 

2003; Cheng, Dutra et al. 2004; Seong, Saunders et al. 2004; Collins, Rossant et 

al. 2007; Keskintepe, Norris et al. 2007; Gertsenstein, Nutter et al. 2010). In light 

of this, it is consistent that identical growth and induction procedures using the 

C57BL/6J-eGFP (B6) ES cell line were unable to create the optimal cellular 

conditions required for niche formation. Though identical induction protocols were 

used in our studies on both cell lines, their resulting cellular behavior was quite 

distinct. In this study, I characterize the growth response of the B6 ES cell and 

test their response to the 4–/4+ RA neural induction protocol in vitro and in vivo 

after implantation into the brain of mature syngeneic mice. 
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Chapter 2 

MATERIALS AND METHODS 

 

2.1 Cell Culture 

Mouse embryonic stem cells were cultured according to protocols 

previously described (Bain, Kitchens et al. 1995; Meyer, Katz et al. 2006). Briefly, 

enhanced green fluorescent protein (GFP) expressing mouse B6 ES cells 

[C57BL/6J-Tg(ActinB:eGFP)OsbY01], obtained from the Murine Embryonic Stem 

Cell Core (Washington University, St. Louis) and B5 mouse ES cells (S129; 

Meyer, Katz et al. 2004; Meyer, Katz et al. 2006; Pierret, Spears et al. 2007; 

Pierret, Morrison et al. 2010), obtained from Dr. Andras Nagy, Samuel Lunenfeld 

Research Institute (Mt. Sinai Hospital, Toronto, Ontario, Canada) were cultured 

on feeder free gelatin-coated T25 flasks (Midwest Scientific, Catalog number: 

TP90025) containing 5 mL ES cell growth medium (ESGM) and 1000 U/mL 

leukemia inhibitory factor (LIF; Millipore, Catalog  number: ESG1106). ESGM 

contained Dulbecco's modified Eagle medium (DMEM; Gibco, Catalog  number: 

11965-092), 10% newborn calf serum, 10% fetal bovine serum, 5% nucleoside 

stock (consisting of 0.80 mg/mL adenosine, 0.85 mg/mL guanosine, 0.73 mg/mL 

cytidine, 0.73 mg/mL uridine, and 0.24 mg/mL thymidine), and 1 mM β-

mercaptoethanol (βME). After growth to approximately 70% confluency, cells 

were exposed to 0.25% trypsin, mechanically dissociated, and passaged to new 

T25 flasks at a ratio of 1:2 or 1:3.  



 

8 

The 4–/4+ protocol of Bain et al. (1995) was used to induce ES cells to a 

neural fate. To achieve this neural induction, colonies near 70% confluency were 

dissociated as described above and transferred to uncoated Petri dishes 

containing ES cell induction media (ESIM) for 4 days. ESIM consisted of the 

same components as ESGM, but lacked βME. The cells established spherical 

aggregates called embryoid bodies (EBs) that were then cultured for an 

additional 4 days in the presence of 500 nM all-trans retinoic acid (RA; Sigma-

Aldrich, Catalog number: R2625) to form neural precursors. Prior to 

transplantation, neuralized embryoid bodies were treated with 0.25% trypsin for 8 

minutes and dissociated using repeated pipetting. Cell counts were performed 

using a hemocytometer and trypan blue exclusion was used as a measure of cell 

viability.  
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2.2 Transplantations 

Since B5 and B6 embryonic stem cells have an XY karyotype, male mice 

were used for all experiments. Undifferentiated or induced ES cells were 

resuspended at a concentration of 500,000 cells per microliter in DMEM. Mature 

male C57BL/6 mice were anesthetized using 0.10 mL mouse anesthetic cocktail 

(25 mg/mL ketamine, 25 mg/mL LA xylazine, and 0.5 mg/mL acepromazine in 

0.1M PBS). Animals were placed in a stereotactic device and an incision was 

made anteroposteriorly across the midline of the head and a drill bit was used to 

make a hole in the cranium using the following coordinates: anteroposterior -0.72 

mm from bregma; lateromedial -1.73 mm from midline; dorsoventral -2.00 mm 

from skull. A 10 µL Hamilton syringe with a 31 gauge needle was inserted 3 mm 

below the surface of the cerebrum then pulled back 1mm, targeting the left 

striatum. This method also created a space for the cells after injection. Two 

microliters of cell suspension was injected for a total of 1 million implanted cells. 

Vetbond™ tissue adhesive was used to mend the incision site.  

Mice were euthanized 3 or 6 weeks after transplantation; mice were 

anesthetized using 0.10 mL mouse cocktail. The mice were then perfused via 

cardiac puncture with 30 mL 0.1 M phosphate buffered saline (PBS = 137 mM , 

KCL, 5.4 mM Na2HPO4, 0.56 mM KH2PO4, pH = 7.4) followed by 30 mL of 

fixative consisting of 4% paraformaldehyde in 0.1 M PBS. Brains were removed 

and placed in fixative overnight at 4 °C. After fixation, whole brains were then 

placed in sodium cacodylate solution (0.17M sodium cacodylate in 0.1M PBS) 

and subsequently sucrose protected in successively increasing concentrations of 
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sucrose (10%, 20%, and 30% sucrose diluted in 0.17M sodium cacodylate). The 

brains were embedded using OCT and frozen at -20 °C. All animal care and 

treatment protocols followed Office of Animal Research guidelines and were 

approved by the MU Animal Care and Use Committee.  
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2.3 Immunohistochemistry 

Embryoid bodies cultured for four days in the absence of RA (Day 4) or for 

eight days with the last four day in the presence of RA (Day 8), were pelleted and 

fixed overnight at 4 °C in 4% paraformaldehyde in 0.1 M PBS, then equilibrated 

in 20% sucrose in 0.17 M sodium cacodylate, embedded in OCT, and frozen at  

-20 °C. Serial frozen sections of EBs and of brain tissue were cut with a Leica 

Cryostat (Molecular Cytology Core, University of Missouri-Columbia) at a 

thickness of 10 µm, mounted on SuperFrost™ Plus slides (Fisher, Catalog 

number: 12-550-15), immersed in 0.1 M PBS, and washed on a rocker at low 

speed for 15 minutes. Sections were then put into a permeabilization and 

blocking solution of 10% normal goat serum (NGS) and 0.3% Triton X-100 in 0.1 

M PBS for one hour at room temperature. Primary antibodies selective for 

pluripotent stem cells (mouse monoclonal for Oct3/4, 1:250, Santa Cruz, Catalog 

number: sc-5279), neural precursors (mouse monoclonal for Nestin, 1:200, 

Millipore, Catalog number: MAB353), immature neurons (mouse monoclonal for 

β-III Tubulin, 1:100, Promega, Catalog number: G7121), astrocytes (rabbit 

polyclonal for glial fibrillary acidic protein, 1:1000, Dako, Catalog number: z0334), 

mature neurons (rabbit polyclonal for Neurofilament-M, 1:200, Millipore, Catalog 

number: AB1987), mesoderm (rabbit polyclonal for Brachyury, 1:100, Abcam, 

Catalog number: ab2068), and endoderm (mouse monoclonal for α-fetoprotein, 

1:100, Cell Signaling, Catalog number: 3903S) were diluted in 0.1 M PBS 

containing 2% NGS and 0.5% Triton X-100 and applied overnight at 4 °C. The 

samples were washed 5 times with 0.1 M PBS at 5 minute intervals. Appropriate 
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fluorescent-tagged goat anti-mouse (Alexa Fluor® 546, Molecular Probes, 

Catalog number: A11003) or goat anti-rabbit (Alexa Fluor® 546, Molecular 

Probes, Catalog number: A11010) antibodies were diluted 1:200 in 0.1 M PBS 

containing 2% NGS, 0.5% Triton X-100, and the nuclear stain, DAPI  (1:300, 

Molecular Probes, Catalog number: D3571) and applied individually for 1-4 hours 

at room temperature. Controls lacking the primary antibody were used for each 

treatment group. Samples were then washed 8 times at 5 minute intervals with 

0.1 M PBS. Coverslips were mounted using Mowiol solution [0.1 M TRIS at pH 

8.5, 10% MOWIOL® Reagent 4-88 (Calbiochem, Catalog number: 47904), 25% 

glycerol]. Brain sections were imaged using a Leica M205 FA stereomicroscope 

with a Leica DFC 345 FX camera and processed using LAS AF Lite version 2.4.1 

build 6384 and ImageJ version 1.43u. Embryoid body sections were imaged 

using an Olympus IX70 inverted microscope equipped with a Hamamatsu 

ORCA-AG deep-cooled CCD camera, and the 8-bit TIF images were processed 

using MetaMorph version 6.3r6 and ImageJ version 1.43u. Images of 

immunolabeled sections as well as unlabeled brain sections were captured and 

processed at the Molecular Cytology Core, University of Missouri-Columbia. 
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2.4 Measurements and Statistics 

Embryonic Stem Cell Colonies 

Images of adherent ES cell cultures were captured using an inverted 

Olympus IX70 microscope equipped with a Photometric Sensys CCD camera 

OpenLab 2.2.5 software (Improvision). Diameters were measured using ImageJ 

software, version 1.43u. A minimum of six colonies were randomly chosen (using 

a coordinate grid and random numbers generated in Microsoft Excel) from a 

minimum of three different preparations for each treatment group (B6 colonies 

passaged at a ratio of 1:2, B6 colonies passaged at a ratio of 1:3, and B5 

colonies passaged at a ratio of 1:3) and means and standard deviations were 

determined.   

Embryoid Bodies 

Images of EBs were taken using an inverted Olympus IX70 microscope 

equipped with a Photometric Sensys CCD camera and OpenLab 2.2.5 software 

(Improvision). Data were analyzed as described above for ES cell colonies. 

Embryoid bodies were randomly chosen, using a coordinate grid and random 

numbers generated in Microsoft Excel, from a minimum of five preparations and 

diameter means and standard deviations were determined.  

Percentages of marker labeling were determined for B6 embryoid bodies. 

Images of EB sections obtained near the center of the EB spheres were taken 

through a GFP filter. Images were analyzed with ImageJ version 1.43u software 

to determine the overall area of the EB cross section. Images were also taken 
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 with a Texas Red filter of the identical regions. The latter images were analyzed 

to determine the area within the embryoid body sections that expressed a 

specific marker. The percentage of the embryoid body labeled was obtained by 

dividing the area containing the marker by the area expressing GFP; GFP was 

expressed by most if not all the cells. The mean percentages of B6 EBs 

expressing a given marker were determined (n = 5). Comparisons of percentages 

of EBs with marker expression were made within the Day 4 and the Day 8 EB 

treatment groups for all markers tested and between Day 4 and Day 8 treatment 

groups for β-III tubulin and nestin.  

Quantification of Tumor Volume 

Volumetric comparisons of tumors were made from serial frozen sections. 

To estimate sampled tumor volume, images were taken every tenth section from 

the beginning to the end of each tumor. Sections were imaged through a GFP 

filter with a Leica M205 FA Stereomicroscope using the Leica AF6000 software 

application. ImageJ version 1.43u was used to threshold and select GFP-labeled 

tissue and estimate section area containing donor cells and their progeny (An). 

Area measurements were converted to volume (Vf) by summing the product of 

the area and section thickness (Vn) for all sections analyzed (n = 4). 

    ∑             ∑   
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Statistical Significance Values 

Data were analyzed using OriginPro 8 SR0 software, version 8.0724. 

Pairwise comparisons were made using a t-test assuming a two-tailed sample 

distribution and unequal variance was used for all statistical tests (p < 0.001). 

Comparisons of three or more treatment groups were made using a one-way 

analysis of variance (ANOVA) and a Scheffé post hoc test. The significance 

levels for ANOVA and Scheffé post hoc tests were set at p < 0.01. 
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Chapter 3 

RESULTS 

 

3.1 Characteristics of B6 ES cells grown in culture 

Murine B5 and B6 embryonic stem cells were passaged from one T25 

flask to three T25 flasks (a ratio of 1:3). After 2 days of growth in attached cell 

cultures containing LIF, B6 ES cells produced small, irregularly circular colonies 

that typically lacked the sharply defined edges characteristic of the circular 

colonies produced by S129-derived ES cells (Figure 1A, B, Keskintepe, Norris et 

al. 2007; Limaye, Hall et al. 2009). B6 ES cell colonies averaged 130 ± 10 µm in 

diameter and were significantly smaller than B5 ES cell colony diameters (p < 

0.0001), which averaged 450 ± 60 µm in diameter (Figure 2A).  

To improve B6 ES cell colony morphologies, cells were grown to 

approximately 70% confluency in T25 flasks and passaged into two T25 flasks (a 

ratio of 1:2) for high density cultures. After 2 days of growth, B6 ES cell colony 

diameter significantly increased (p < 0.0001, average diameter = 210 ± 30 µm) 

(Figure 1E, Figure 2A). However, B6 ES cell colony diameters were still 

significantly smaller than B5 ES cell colonies passaged at a 1:3 ratio. Analysis of 

variance and Scheffé tests showed statistically significant (p < 0.001) differences 

among the colony mean diameters of the three treatment groups (B5 ES 1:3 > B6 

ES 1:2 > B6 ES 1:3). 
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Figure 1:  Embryonic stem (ES) cells derived from the mouse strain C57BL/6J-

eGFP (B6) grow more slowly and form less compact colonies when compared to 

ES cell colonies derived from the 129SvJ (B5) mouse strain. A, B, Morphologies 

of B5 and B6 ES cell colonies two days after passaging cells at a ratio of 1:3 from 

70% confluent T-25 flasks. B5 ES cells form larger colonies with sharply-defined 

edges, compared to colonies formed by B6 ES cells. C, D, Morphology of 

representative B5 and B6 embryoid bodies (EBs) following the neural induction 

protocol. Neurally induced B6 EBs were smaller in diameter than B5 EBs. E, 

Morphology of B6 ES cell colonies two days after passaging cells at a ratio of 1:2 

from 70% confluent T-25 flasks. Note that these cell colonies are larger than B6 

ES cell colonies passaged at a ratio of 1:3, showing the positive correlation 

between cell density and colony growth. Scale bar in E is 200 µm and applies to 

all panels. 

. 
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Figure 2:  Growth characteristics of B6 ES cells in culture and after transplanta-

tion into brains of C57BL/6 mice. A, Comparisons of the diameters of B5 and B6 

ES cell colonies and B5 and B6 EBs at Day 4 and Day 8 of the neural induction 

protocol. B6 embryonic stem cells passaged at a ratio of 1:2 produced colonies 

with mean diameters significantly greater (p < 0.001) than those produced by B6 

ES cells passaged at a ratio of 1:3 (*). B5 embryonic stem cells passaged at a 

ratio of 1:3 produced colonies with mean diameters significantly greater (p < 

0.001) than the B6 colonies under all conditions tested (**). B5 embryoid bodies 

at Day 4 and B6 EBs at Day 8 had mean diameters that were significantly greater 

(p < 0.001) than those of B6 Day 4 EBs (***). B5 Day 8 embryoid bodies had 

mean diameters that were significantly greater (p < 0.001) than all other EBs 

grown in all other conditions tested. B, Sampled tumor volumes post-

transplantation of undifferentiated ES cells were significantly greater than those 

produced by neuralized ES cells. Six weeks after implantation of neuralized ES 

cells into the left striatum of syngeneic C57BL/6 mice, sampled tumor volume 

was significantly greater (p < 0.001) than for implanted neuralized ES cells 3 

weeks post-transplantation (*). However, 3 weeks after undifferentiated ES cells 

were injected, sampled tumor volumes were significantly greater (p < 0.001) than 

those of neuralized ES cells at either 3 weeks or 6 weeks post-transplantation 

(**). For both panels, error bars indicate standard deviations from the mean. 

Means are indicated by small black squares. Boxes indicate the upper and lower 

25% of the data range, while horizontal lines within the boxes show the median.  
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3.2 Characteristics of B6 EBs grown in culture 

Embryoid bodies were analyzed at Day 4 and Day 8 of neural induction. 

Embryoid bodies from B5 cells at Day 4 and B6 cells at Day 8 had mean 

diameters that were significantly greater than those of B6 Day 4 embryoid 

bodies, with means of 390 ± 60 µm, 400 ± 60 µm, and 190 ± 20 µm respectively 

(Figure 2A). Embryoid bodies from B5 cells at Day 8 had mean diameters that 

were significantly greater than EBs grown in all other conditions tested (p < 

0.001, average diameter = 690 ± 80 µm) (Figures 1C, D and 2A). 

Before application of RA, B6 embryoid bodies displayed markers for the 

three primary embryonic germ layers, ectoderm, mesoderm, and endoderm, and 

for pluripotent stem cells (Figure 3). Immunolabeling of B6 EBs collected at Day 

4 revealed embryoid bodies expressing Oct3/4, a pluripotent stem cell marker 

(Nichols, Zevnik et al. 1998), in approximately 13% of their cross-sectional area 

(Figure 3B). The mean percentage of Oct3/4 labeling for B6 Day 4 EBs was 

significantly greater than that of all other conditions tested (Table 1). Slightly 

fewer cells were labeled for the neural precursor marker, nestin (Walker, Goings 

et al. 2010), the immature neuronal marker, β-III tubulin (βIII; Katsetos, Del Valle 

et al. 2001), and the early mesodermal marker, brachyury (BRY; Kispert and 

Herrmann 1994) (Figure 3C – E , Table 1). Also, at Day 4 in B6 embryoid bodies, 

relatively few cells labeled for the early endodermal marker α-fetoprotein (AFP; 

Abe, Niwa et al. 1996) (Figure 2F, Table 1). The mean percentage of nestin, β-III 

tubulin, and BRY labeling was significantly greater than that of AFP in B6 Day 4 

EBs (Table 1).  
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After the application of RA starting on day four of the induction, cells in the 

embryoid bodies were induced towards a neural fate, with a greater percentage 

of cells expressing neural precursor, glial, and mature neuronal markers (Figure 

4, Table 1). Immunolabeling of B6 Day 8 embryoid bodies revealed a high 

percentage of cross-sectional EB area expressing nestin (Figure 4A, Table 1). 

Likewise, a large percentage of cells within the EBs were labeled for the 

immature neuronal marker β-III tubulin, while less area was labeled for the 

astrocyte marker glial fibrillary acidic protein (GFAP) or the mature neuronal 

marker neurofilament-M (NF-M; Figure 4B – D, Table 1). There were significantly 

greater areas within the Day 8 B6 EBs labeled for nestin or β-III tubulin compared 

to Day 4 B6 EBs (p < 0.001), while there was no detectable expression of GFAP 

or NF-M in Day 4 B6 EBs. No detectable labeling was found for AFP, BRY, or 

Oct3/4 in B6 Day 8 embryoid bodies. Relatively equal percentages of NF-M and 

GFAP markers were expressed in the Day 8 B6 EBs. The percentage of β-III 

tubulin expression was significantly greater than both GFAP and NF-M, and the 

percentage of nestin expression was significantly greater than all other markers 

in the Day 8 B6 EBs (p < 0.001). 

Cells within cross sectioned Day 8 B6 EBs were arranged in a rosette-like 

formation (Figure 4A, E). A spherical region at the core of these EBs, which 

contained fewer cells than the surrounding periphery, expressed markers for 

immature and mature neurons; these markers were also sparsely expressed in 

peripheral locations within the EBs (Figure 4B – D). Nestin was expressed 

throughout the Day 8 B6 EBs, with some areas of concentrated expression along 
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the periphery. For Day 8 EBs with a minimum diameter of 340 µm, a central core 

containing cells that expressed β-III tubulin, GFAP, and/or neurofilament-M were 

observed in 95% of all preparations sampled (Figure 4, n ≥ 20).  
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Figure 3:  Cells in embryoid bodies on Day 4 of the neural induction protocol 

express markers for pluripotent stem cells, neural precursors, and derivatives of 

the three primary embryonic germ layers. A, B6 EBs express enhanced green 

fluorescent protein. B – F, EBs express markers for a pluripotent stem cell 

transcription factor (Oct3/4, B), neural precursors (nestin, C), neuroectoderm (β-

III tubulin, D), mesoderm (brachyury, E), and endoderm (α-fetoprotein, F). No 

labeling was observed in any EBs when the primary antibody was omitted (data 

not shown). Nuclei were stained with DAPI (blue). Immunolabeling was 

performed on 10 µm thick frozen sections of EBs. The scale bar in F equals 50 

µm and applies to all panels.  
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Table 1:  Mean percentages of areas labeled in B6 embryoid bodies using 
specific markers 

Stage Markera Meanb (%) ± S.E.  

Day 4 embryoid bodies α-fetoprotein 1.9 ± 0.3 

β-III tubulin 6.8 ± 0.6 

Brachyury 8.8 ± 0.5 

Nestin 8.8 ± 0.3 

Oct3/4 12.9 ± 0.4 

Day 8 embryoid bodies β-III tubulin  30.5 ± 1.6 

GFAP 16.1 ± 1.5 

Nestin 56.7 ± 0.6 

Neurofilament-M 15.0 ± 1.2 

a Only markers with detectable labeling are shown. 

b The mean percentage of embryoid bodies labeled was determined by the 
area labeled with specific markers divided by the area expressing GFP. 
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Figure 4:  Cells in embryoid bodies on Day 8 of neural induction are arranged in 

rosette-like formations and express markers for neural precursors, astrocytes, 

and neurons. A – D, B6 Day 8 EB sections express markers for neural 

precursors (nestin, A), immature neurons (β-III tubulin, B), astrocytes (glial 

fibrillary acidic protein, C), and mature neurons (neurofilament-M, D). Note, in 

panels B, C, and D that a core of cells within the EBs exists that contains cells 

that label for β-III, GFAP, or NF-M. Although nestin was also expressed within 

the core, its expression was more widely distributed throughout the EBs. E, GFP 

expression shows a rosette-like formation of cells. No expression of Oct3/4, α-

fetoprotein, or brachyury was observed (see also Table 1). No labeling was 

observed in any EBs when the primary antibody was omitted. Nuclei were 

stained with DAPI (blue). All images were taken from 10 µm thick frozen sections 

and the scale bar in E equals 100 µm and applies to all panels. 
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3.3 Neuralized B6 ES cells produce teratomas in syngeneic C57BL/6 

mice 

Both undifferentiated and neuralized B6 ES cells produced tumors when 

injected into the left striatum of mature syngeneic C57BL/6 mice (Figures 5 and 

6). Stereotactic procedures were used to target this region of the brain (see 

Methods). Transplanted cells were allowed to grow for 6 weeks, a period shown 

to be sufficient for induced ES cells to integrate into neural tissue (Meyer, Katz et 

al. 2004; Xu, Fan et al. 2005). Tumor growth was more rapid in mice that 

received undifferentiated ES cells; consequently, all subjects receiving this 

treatment were sacrificed at 3 weeks, at which time tumors had begun to press 

against the skull causing it to become thin and translucent (Figure 5A2). Tumors 

displaced tissue into the space of the left ventricle (Figures 5 and 6). Most tumors 

(n = 8) formed discrete masses, which protruded from dorsal brain tissue. These 

circumscribed masses were typically distinct from surrounding brain tissue and 

required delicate handling to prevent separation from the brain mass during brain 

extraction. Sampled tumor volumes (see Methods) at six weeks post-

transplantation of neuralized embryonic stem cells were significantly larger (p < 

0.001) than at 3 weeks post-transplantation, having a mean volume of 16.6 ± 1.3 

mm3, while 3 week old tumors had an average volume of 0.77 ± 0.12 mm3 

(Figure 2B). Sampled tumor volumes three weeks after implantation of 

undifferentiated embryonic stem cells were significantly greater (p < 0.001) than 

at either three weeks or six weeks post-transplantation of neuralized ES cells, 

having a mean volume of 29.8 ± 3.5 mm3 (Figure 2B). 
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Tumors produced by undifferentiated and neuralized B6 ES cells were 

teratomas as evidenced by their immunohistological features including the 

presence of markers for the three primary embryonic germ layers. Teratoma 

formation was observed in all C57BL/6 transplant recipients. Expression of 

markers for the three embryonic germ layers was tested as follows. Endodermal 

cells were present in the teratomas as indicated by the expression of AFP for 

both transplanted undifferentiated and neuralized B6 ES cells (Figures 7 – 9). 

Ectodermal tissue was detected via the expression of β-III tubulin, a marker for 

immature neurons (Figures 7 – 9). Scattered expression of β-III tubulin was found 

in all teratomas, and brachyury, an early mesodermal marker, was also observed 

in all treatment groups (Figures 7 – 9). Markers for mature neural tissue (NF-M 

and GFAP) were also detected within all teratomas; however, expression of the 

latter markers within the tumors was not as extensive as expression of these 

markers in the adjacent brain parenchyma (Figures 7 – 9). Teratomas also 

showed some expression of octamer-binding transcription factor 4 (Oct3/4), a 

protein associated with stem cell pluripotency (Figures 7 – 9). 
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Figure 5:  Examples of brains with tumor formation removed at 3 weeks post-

transplantation of undifferentiated B6 embryonic stem cells. GFP expression by 

undifferentiated B6 ES cells is found in the left striatum of syngeneic C57BL/6 

mice. A – D, Tumors displaced tissue into the left ventricle and produced large, 

circumscribed growths external to the normal brain tissue, some of which overtly 

pressed against the skull causing it to become thin and translucent (A2). In this 

instance, the tumor pressed on the skull (arrows) such that the skull fragment 

could not be separated from the tumor without disrupting the structure of the 

tumor (brackets). B2, D2, Coronal sections showing the extent of internal tumor 

invasion. Nuclei were stained with DAPI and images were taken from 10 µm thick 

frozen sections. All scale bars are equal to 2 mm.  
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Figure 6:  Examples of brains removed at 6 weeks post-transplantation of GFP 

expressing neuralized B6 ES cells that grew into the left striatum of syngeneic 

C57BL/6 mice. A – C, Internal tumors were seen in all samples. B, C, In most 

cases, the tumor further developed into a large, circumscribed mass external to 

the main brain mass. C2, In some cases, the external tumor mass was easily 

isolated, such as this case where the external tumor was removed from the 

sample shown in C1. B2, C3, Coronal sections showing the extent of tumor 

damage. Note the differential GFP expression within tumor cells. Nuclei were 

stained with DAPI and images were taken from 10 µm thick frozen sections. All 

scale bars are equal to 2 mm.  
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Figure 7:  Teratomas formed by undifferentiated B6 ES cells three weeks after 

transplantation into syngeneic C57BL/6 mice expressed markers for the three 

primary embryonic germ layers, mature neurons and glia, and pluripotent stem 

cells. A – C; Coronal sections of 3 week growths displayed markers for 

endoderm (AFP, A), mesoderm (BRY, B), and ectoderm (β-III tubulin, C). These 

teratomas also expressed mature neuronal and glial markers to a lesser degree 

than the surrounding endogenous neural tissue. D, Coronal sections expressed 

GFAP more strongly in non-tumor areas; however, GFAP was expressed within 

the tumor. E, Similarly, coronal sections showed differential expression of NF-M 

between tumor and non-tumor areas. F, The pluripotency transcription factor 

Oct3/4 was found within GFP-labeled tissue. In all panels, GFP expression 

(green) indicates donor B6 cells. Nuclei were stained with DAPI (blue). All 

images were taken from 10 µm thick frozen sections and scale bars equal 250 

µm for all large panels. Inserts are 4x additional magnification of the region 

indicated by the small white box in the merged panels. Note the co-expression of 

specified markers.  
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Figure 8:  Brains removed at 3 weeks after transplantation of neuralized B6 ES 

cells into syngeneic C57BL/6 mice revealed teratomas containing cells that 

express markers for the three primary germ layers, mature glia and neurons, and 

pluripotent stem cells. A – C, Coronal sections of 3 week growths display 

markers for endoderm (AFP, A), mesoderm (BRY, B), and ectoderm (β-III 

tubulin, C). D, Sections differentially expressed GFAP more strongly in non-tumor 

areas; however, GFAP was expressed by some cells within the tumor. E, NF-M 

was more strongly expressed in adjacent non-tumor areas. F, The pluripotent 

stem cell transcription factor Oct3/4 was expressed within the tumor. In all 

panels, GFP expression (green) indicates donor B6 cells. Nuclei were stained 

with DAPI (blue). All images were taken from 10 µm thick frozen sections and 

scale bars equal 250 µm for all large panels. Inserts are 4x additional 

magnification of the region indicated by the small white box in the merged 

panels. Note the co-expression of specified markers.  
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Figure 9: Tumors formed by neurally induced B6 ES cells at 6 weeks post-

transplantation (C57BL/6 hosts) expressed markers from the three primary germ 

layers, mature glia and neurons, and pluripotent stem cells. A – C, Coronal 

sections of 6 week growths displayed markers for endoderm (AFP, A), 

mesoderm (BRY, B), and ectoderm (β-III tubulin, C). D, Sections expressed 

GFAP more strongly in non-tumor areas; however, GFAP was expressed by 

many cells within the tumor. E, Coronal sections similarly expressed NF-M more 

strongly in non-tumor areas. F, Labeling of coronal sections revealed cells 

expressing the pluripotency marker Oct3/4. In all panels, GFP expression (green) 

indicates donor B6 cells. Nuclei were stained with DAPI (blue). All images were 

taken from 10 µm thick frozen sections and scale bars equal 250 µm for all large 

panels. Inserts are 4x additional magnification of the region indicated by the 

small white box in the merged panels. Note the co-expression of specified 

markers.  
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Chapter 4 

DISCUSSION 

 

4.1 B6 Embryonic Stem Cell Growth is Significantly Different from that of 

B5 Embryonic Stem Cells 

Our results indicate that B6 embryonic stem cells plated in culture 

conditions sufficient for the proliferation of B5 ES cells grow relatively slower and 

consistently produce smaller, irregularly shaped colonies in vitro. The Day 4 and 

Day 8 embryoid bodies formed after the neural induction of B6 embryonic stem 

cells were also significantly smaller than those produced by B5 ES cells. 

Embryoid bodies from B5 cells on Day 4 were twice the size of B6 EBs at the 

same time point and the same size as B6 EBs at Day 8. These findings are in 

line with previous reports of C57BL/6-derived ES cells exhibiting slower growth 

when compared to 129-derived ES cells (Ware, Siverts et al. 2003; Keskintepe, 

Norris et al. 2007). A gene expression profile comparing a 129-derived ES cell 

line (IMT11) with a C57BL/6 cell line (SMHBl6) showed an upregulation of Ki-67 

in IMT11 cells (Mansergh, Daly et al. 2009). Since Ki-67 is a proliferating cell 

marker, this upregulation could suggest a higher growth rate for 129-derived ES 

cells and may further demonstrate the presence of differential growth rates 

between C57BL/6 and 129-derived ES cell lines. The border irregularities found 

among low density B6 ES cell colonies could be due to premature differentiation, 

as jagged borders are indicative of ES colony differentiation (Limaye, Hall et al. 

2009). The B6 ES cells plated at a high density produced colonies with 
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significantly greater diameters than those plated at a lower density. The colony 

borders were also smoother with fewer irregularities when compared to colonies 

formed in low density conditions. This density-dependent growth improvement is 

consistent with other studies suggesting that mouse ES cells plated at higher 

densities experience a decrease in cell death and an increase in colony-forming 

efficiency (Mittal and Voldman 2011). ES cells may be releasing growth 

promoting autocrine survival factors in vitro. One recently identified autocrine 

factor is cycophilin A, a ligand involved in protein folding that is overexpressed in 

several cancers (Mittal and Voldman 2011). Other unidentified autocrine factors 

may contribute to a density-dependent increase in ES cell growth and colony 

forming efficiency. 
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4.2 Immunohistochemical analysis of Day 4 and Day 8 B6 Embryoid 

Bodies Reveals Neural Rosette Formation 

Four days after LIF removal, B6 embryoid bodies contain cells labeling 

positive for early ectoderm, mesoderm, and endoderm, and for pluripotent stem 

cells. This expression pattern is typical of Day 4 embryoid bodies from this and 

other cell lines (Carpenedo, Sargent et al. 2007; Mansergh, Daly et al. 2009; 

Bazou, Kearney et al. 2011). Many induction protocols and embryonic stem cell 

lines have been used to produce neural lineage cells, as the exposure of ES cells 

to different signaling molecules and media can drive them to a variety of neural 

fates. For example, BLC 6 ES cells (derived from 129/Sv) can be induced via a 

modified 4–/4+ protocol involving EB plating on Day 4 to generate neuronal cells 

with post-mitotic nerve cell characteristics (Strubing, Ahnert-Hilger et al. 1995) 

and they can produce neuronal cells when treated with NGF (Wobus, Grosse et 

al. 1988). R1 ES cells (derived from 129S1   129X1) can be grown in adherent 

monoculture in the presence of RA to produce neural cells without EB formation 

(Xu, Wang et al. 2011). R1 ES cells, along with J1 (129S4/SvJae), D3 (129/Sv), 

and CJ7 (129S1/SvImJ) ES cells can be aggregated and cultured in suspension 

for 4 days, reattached as EBs, and conditioned with medium supplemented with 

insulin, transferrin, selenium, and fibronectin (ITSFn) to produce neurons and 

glial cells (Okabe, Forsberg-Nilsson et al. 1996). D3 ES cells can also be used in 

a 4–/4+ induction with the addition of either RA or icaritin, a derivative from the 

genus Epimedium shown to exhibit estrogen-like neuroprotective effects, on Day 

4 to produce neural rosettes, cholinergic neurons, and neuroglia cells (Wang, 
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Wang et al. 2009). R1, E14.1 (129/Ola), and B5 ES cells can be used in a five 

stage induction protocol involving EB formation and plating, culture in ITSFn, 

subsequent culture in N2 medium containing bFGF/laminin, and withdrawal of 

bFGF to produce dopaminergic and serotonergic neurons (Lee, Lumelsky et al. 

2000). R1 ES cells can also be induced through a modified serum-free embryoid 

body culture protocol to form neural rosette cells, which have been hypothesized 

to be an intermediate state between embryonic stem cells and true neural stem 

cells (Elkabetz, Panagiotakos et al. 2008). B5 ES cells can be induced to make 

an in vitro neural stem cell niche when cultured via the 4–/4+ RA protocol and 

successively plated at high density on an entactin-collagen-laminin coated 

surface (Pierret, Morrison et al. 2010). Our lab has used the 4–/4+ retinoic acid 

neural induction protocol developed by Bain et al. (1995) to promote ES cell 

growth towards a neural fate (Meyer, Katz et al. 2004; Meyer, Katz et al. 2005; 

Meyer, Katz et al. 2006; Pierret, Morrison et al. 2010). Retinoic acid is an 

important neuralizing factor in development and the addition of RA during neural 

induction of ES cells drives them towards a neural fate and the production of 

specialized neurons and glia (Bain, Kitchens et al. 1995; Liu, Qu et al. 2000; 

Meyer, Katz et al. 2004; Wang, Wang et al. 2009; Engberg, Kahn et al. 2010; 

Pierret, Morrison et al. 2010; Xu, Wang et al. 2011). Four days after the addition 

of RA to Day 4 embryoid bodies, Oct3/4, BRY, and AFP levels significantly 

decrease and are no longer detected as embryoid body cells are induced to a 

neural lineage (Figures 4 and 5, Table 1; Bain, Kitchens et al. 1995; Okabe, 

Forsberg-Nilsson et al. 1996; Meyer, Katz et al. 2004; Okada, Shimazaki et al. 
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2004; Faherty, Kane et al. 2005; Meyer, Katz et al. 2006; Pierret, Spears et al. 

2007; Nonaka, Yoshikawa et al. 2008; Meyer, Tullis et al. 2009; Xu, Wang et al. 

2011). Using the 4–/4+ neuralization protocol, Liu et al. (2000) 

immunohistochemically show that a genetically modified 129Sv ES cell line, 

ROSA26, produces more glial-like cells than neuronal cells; conversely, our lab 

has previously demonstrated that B5 ES cells produce more neuronal-like cells 

when exposed to the same protocol (Meyer, Katz et al. 2004). Using this same 

neural induction protocol, we now show that B6 ES cells produce embryoid 

bodies containing relatively equal percentages of neuronal and glial markers. 

 It is not clear why these three stem cell lines are affected differently when 

exposed to the same induction protocol; however, intrinsic variances within the 

lines may account for their differing behavior. Genetic, behavioral, and 

morphological differences have been documented among different mouse strains 

and within substrains (Cook, Bolivar et al. 2002; Wahlsten, Metten et al. 2003; 

Chen, Kovacevic et al. 2006; Hughes, Qu et al. 2007; Bryant, Zhang et al. 2008; 

Zurita, Chagoyen et al. 2011). The establishment of embryonic stem cell lines 

also often requires the modification of culture conditions for optimal derivation 

and establishment of germ-line competence for each specific mouse strain used 

(Schoonjans, Kreemers et al. 2003; Baharvand and Matthaei 2004). Future 

studies involving high-throughput methods throughout the cell culture process 

could potentially identify genetic differences among the cell lines and explain 

their different developmental potentials.  
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After induction, the B6 embryoid bodies contain a large area expressing 

the neural precursor marker, nestin. The embryoid bodies also have significant 

numbers of cells expressing β-III tubulin, GFAP, and NF-M, indicating that they 

contain both immature neurons and mature neuronal and glial cells. These 

findings are consistent with others reporting that embryonic stem cells at the end 

of the 4–/4+ induction protocol are a heterozygous population containing cells at 

different stages of neural differentiation (Liu, Qu et al. 2000; Meyer, Katz et al. 

2004).   

The cells in B6 embryoid bodies on Day 8 displayed interesting 

morphology and marker patterning. Sections cut through the EBs revealed 

rosette-like structures (Zhang, Wernig et al. 2001; Ueno, Matsumura et al. 2006). 

Neural rosettes can be formed by neural induction of human, primate, murine, or 

bovine embryonic stem cells and derived from neural plate tissue (Perrier, Tabar 

et al. 2004; Lazzari, Colleoni et al. 2006; Elkabetz, Panagiotakos et al. 2008). 

Rosette neural stem cells (R-NSCs) are thought to be an intermediate between 

embryonic stem cells and true neural stem cells in addition to possibly being a 

model for neural crest cells (Elkabetz, Panagiotakos et al. 2008). They display 

unique markers including promyelocytic leukemia zinc finger (PLZF), a protein 

expressed in the neural plate, in addition to displaying markers from both neural 

and undifferentiated embryonic stem cells (Elkabetz, Panagiotakos et al. 2008; 

Chambers, Fasano et al. 2009). Typically, R-NSCs are formed after neural 

induction and attachment to a flat surface (Germain, Banda et al. 2010). Future 

testing on B6 embryoid bodies should include a subsequent attachment phase 
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after neural induction, where EBs are either left intact or dissociated and plated 

on gelatin-coated flasks, followed by screening for potential R-NSCs using 

markers, such as PLZF. 

Another interesting feature of the B6 Day 8 EBs is the central localization 

of immature and mature neuronal and glial markers within the embryoid bodies. 

The central localization of mature neuronal and glial cells has been observed in 

EBs grown adherently for a week past Day 8 neuralization; however, the 

significance of the formation was not addressed (Nonaka, Yoshikawa et al. 

2008). One possible explanation could be that the embryoid bodies are 

recapitulating the inside-out pattern seen in the development of the cortex (van 

Ooyen 2011). In cortical development, precursor cells are generated in the 

subventricular zone, randomly move until they asymmetrically divide to form 

more mature neural cells, after which they migrate along radial glia to the cortical 

plate (Frisen, Johansson et al. 1998; Zubler and Douglas 2009). The oldest 

neurons are found closest to the ventricular zone, younger neurons push past 

previously formed layers to mature in the periphery, and astrocyte development 

occurs near the ventricular zone (Germain, Banda et al. 2010). Our findings show 

a central core of mature neurons and GFAP expressing cells in the embryoid 

bodies. GFAP-expressing cells are seen extending from the center to the 

periphery, while cells expressing NF-M show peripheral expression to a much 

lesser degree. A large percentage of β-III tubulin expressing immature neurons is 

seen in the both core and periphery, with a much greater disbursement in the 

periphery than that of mature neurons. More testing needs to be performed 
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throughout the EB formation process to document the progression of neural 

development and verify that neuralized B6 embryoid bodies show a similar 

developmental pattern to that of the cortex. 
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4.3 Neuralized B6 ES cells produce teratomas in syngeneic C57BL/6 

mice 

 Neurally induced B6 ES cells were transplanted into the left striatum of 

syngeneic C57BL/6 mice to assess their integration potential for future 

experiments involving transplantation into neurodegenerative Parkinson’s 

disease mouse models. Unfortunately, the injected B6 ES cells form tumors 

within 3 and 6 weeks post-transplantation. These tumors, identified as teratomas, 

contain cells that express markers for the three primary embryonic germ layers 

(Shao, Wei et al. 2007). Undifferentiated B6 embryonic stem cells were also 

injected as a positive control for teratoma formation (Thomson, Itskovitz-Eldor et 

al. 1998; Yamanaka, Li et al. 2008; Pera 2010).  

Two main scenarios could explain the presence of teratomas in neuralized ES 

cell recipients: 1) undifferentiated embryonic stem cells may be present in the 

heterogeneous cell suspension or 2) teratomas formed independent of 

undifferentiated ES cells in the neuralized cells. The 4–/4+ neural induction 

protocol produces a heterogeneous cell population containing approximately 

40% neural stem cells, along with other cell types at various stages of 

differentiation (Cai and Grabel 2007). If some transplanted cells remain in an 

undifferentiated pluripotent state, they would have teratogenic potential 

(Brederlau, Correia et al. 2006). Since as little as two undifferentiated ES cells 

can form a teratoma, it is possible that some undifferentiated ES cells were 

transplanted, even though no Oct3/4 expressing cells were found in the surveyed 

Day 8 EBs (Lawrenz, Schiller et al. 2004). While less likely, teratomas also may 
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have been formed due to an epigenetic change in the injected neural stem cells. 

It has been shown that forced Oct4 expression in both mouse and human NSCs 

is sufficient to induce them into a pluripotent state (Kim, Greber et al. 2009; Kim, 

Sebastiano et al. 2009). These one factor induced pluripotent stem cells have the 

ability to form teratomas and contribute to chimera formation. Others have 

hypothesized that an epigenetic change in early embryonic NSCs could induce 

wide range pluripotency and teratoma formation (Lee, Appleby et al. 2011). The 

tumors that formed in our transplant recipients all express Oct3/4, while the Day 

8 EBs did not. It is unclear if or when the NSCs transformed to express Oct3/4; 

however, this expression is consistent with neural stem cells exhibiting 

teratogenic potential.  

Tumor growth was more rapid in mice receiving purely undifferentiated 

embryonic stem cells. Undifferentiated teratoma volumes at three weeks post-

transplantation were significantly greater than neuralized teratoma volumes at six 

weeks. This suggests that after neural induction, ES cells were at least partially, 

if not mostly, neuralized. While the 4–/4+ induction protocol is sufficient for 

neuralization of B5 ES cells, it is clear it does not have the same effect on B6 

cells. The slower growth rate of B6 ES cells may contribute to a less complete 

neural induction. Future studies involving C57BL/6-derived ES cells should 

consider using a 5–/5+ RA induction protocol. This modification may help prevent 

the formation of teratomas after injection of the neuralized cells into syngeneic 

brains, and might produce cells capable of in vitro NSC niche development. 

Other more effective neural induction protocols, such as those producing 
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substrate-adherent ES cell-derived neural aggregates, should also be 

considered; however, it is unclear whether the resulting cells would react in the 

same manner as RA-induced neural cells in producing an in vitro NSC niche 

(Dihne, Bernreuther et al. 2006). 
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