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ABSTRACT 

A Fluorescence Activated Cell Sorting Strategy for Enrichment of Adult Neural 

Progenitor Cells 

by 

Eric Raborn 

The discovery of neural stem cells (NSC) within the adult mammalian brain continues to 

fuel optimism regarding the ability of potential regenerative medicine applications to 

provide enhanced functional recovery from brain injuries. The adult NSC population is 

maintained within a complex microenvironment, referred to as the niche, where a unique 

cellular and extracellular environment maintains and regulates the NSC population and 

their progeny, enabling ongoing neurogenesis throughout adulthood. Characterization of 

how NSC interact with the extracellular environment and other cell subpopulations is an 

active area of research that will generate fundamental design parameters for biomaterial 

and tissue engineering strategies for neural tissue repair. A major obstacle to further 

progress is the lack of access to purified populations of primary NSC, a challenge which 

became the focus of this thesis. To address this obstacle, experimental methods were 

developed and optimized for isolating neural stem and progenitor cells (NSPC) from the 

adult NSC niche with fluorescence activated cell sorting (F ACS). These methods were 

enhanced by the incorporation of a fluorescent reporter mouse driven by the gene Sox2, a 

neural stem cell associated transcription factor, which allowed NSPC enrichment within 

the Sox2+ population. The F ACS based research approach was further developed to 

include additional surface antigens allowing isolation ofNSPC at over 34% purity. The 

highly enriched population ofNSPC was subjected to vital dye cell cycle analysis leading 



to the observation that an active and quiescent fraction exists within the NSPC pool that 

is delineated by ~ 1-integrin expression. Access to enriched primary adult NSPC will lead 

to more a more accurate understanding ofNSC dynamics with implications in 

fundamental biological research as well as biomaterials and tissue engineering. 
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1. Chapter I- Introduction 
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1.1 Introduction 

The existence of neural stem cells (NSC) in the adult mammalian brain has become 

widely accepted only within the past twenty years[l-3]. The identification of a neural 

stem cell population capable of neurogenesis throughout adulthood continues to create a 

great deal of optimism for the potential of regenerative medicine interventions that 

address permanent loss of function injuries to the central nervous system[4-6]. To this 

end, researchers have applied an assortment of labeling and imaging techniques to 

characterize the NSC niche and its heterogeneous cell populations in situ but have failed 

to identify a molecular signature capable of uniquely identifying the neural stem cells[l, 

7-10]. Fluorescence activated cell sorting (FACS) strategies have been employed to gain 

access to enriched populations of neural stem and progenitor cells for molecular 

biological characterization but these research areas also suffer from a lack of definitive 

markers for the target populations[l0-13]. 

In addition to devising strategies for isolation and characterization of the 

phenotype of neural stem and progenitor cells (NSPC), we need to understand how neural 

progenitor cells interact with their environment, neighboring cells and extracellular 

matrix, in order to recapitulate the neurogenic niche microenvironment for ex vivo 

propagation ofNSPC cells, as well as for regenerative medicine strategies. The full 

arsenal of tools available to biomaterial and tissue engineering researchers is of reduced 

value until rational design parameters can be extracted from the in vivo niche. The 

potential for regenerative medicine strategies to provide therapeutic interventions for 

patients with functional deficits due to stroke or traumatic brain injury rests on our ability 

to understand and eventually control NSPC proliferation and fate. Research presented 
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within this thesis works towards that end by demonstrating a method for isolating 

enriched populations of neural progenitor cells from the adult mouse brain and 

demonstrating the ability to perform molecular biological profiling and in vitro functional 

assays on the enriched NSPC populations. 

1.2 Brain Injury and Endogenous Repair 

Stroke and traumatic brain injury are the leading causes of brain injury impacting over 2 

million Americans annually and leading to permanent disability in over 150,000 

Americans every year[14-16]. Until the recent discovery of stem cell niches in the adult 

mammalian brain in the 1990's, the prospects for regenerative medicine strategies 

addressing brain injury were virtually non-existent[!, 17]. The NSC research field is an 

active area of research due to its potential to provide therapeutic options to patients 

suffering from long term detriments resulting from various forms of brain injury. 

The leading cause of brain injury, ischemic stroke, occurs when a vascular 

occlusion starves a brain region of blood flow leading to a biological cascade resulting in 

necrotic and apoptotic cell death. The next leading cause of brain injury, traumatic brain 

injury (TBI), is the result of physical trauma to the brain caused by impacts, punctures or 

shock waves[l8]. While the causes and brain regions typically impacted by each injury 

vary, the primary injury response is similar for both stroke and TBI[19-22]. In both 

cases, the initial injury leads to a breakdown of the blood brain barrier and an 

inflammatory response that is brought under control through reactive gliosis. Reactive 

gliosis culminates in the formation of a dense network of astrocytic cells around the site 

of injury, the glial scar, which allows restoration ofthe blood brain barrier, provides a 
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boundary to minimize the area impacted by tissue necrosis and limits the brain volume 

impacted by the injury. Besides serving as a positive response to injury, the glial scar 

also leaves behind an isolated microenvironment that is a physical impediment to axon 

regeneration and remyelination[21, 23]. 

Although stroke and TBI do not usually occur in the regions of the brain which 

sustain NSC, the stem cell niche, both types of injury stimulate enhanced proliferation 

and neurogenesis in the adult NSC niches and can alter precursor migratory patterns 

towards the site of injury[20, 24, 25]. The contribution of the rerouted progenitor cells to 

functional recovery remains unclear but is insufficient for full functional recovery in 

many patients[20, 25]. The inability ofthe endogenous repair mechanisms to provide 

bulk cell replacement and full functional recovery in the majority of patients leaves cell 

replacement therapy as a logical future direction. Potential therapies will rely on 

endogenous recruitment and/or expansion ofNSPC ex vivo prior to directed 

differentiation, both of which require a firm grasp ofNSC biology. Understanding the 

unique attributes of the adult NSC niche microenvironment and how these specialized 

microenvironments maintain NSC, propagate progenitors and form new neurons 

throughout adulthood will offer vital insight into cellular therapy design. 

1.3 Neural Stem Cells from Development to Adult 

All adult stem cells are distant descendants of one of the three germ layers, the 

mesoderm, endoderm and ectoderm, formed during the gastrulation stage of embryonic 

development. Neural lineage cells arise from the ectodermal germ layer before giving 

rise to the neural tube, which ultimately develops into the central and peripheral nervous 
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systems[26]. The cell layer lining the inner diameter, or ventricle, of the neural tube is 

comprised of a relatively homogenous, proliferating cell population referred to as 

neuroepithelial cells. As the neuroepithelial cells asymmetrically divide and give rise to 

radial glia, the cells that function as NSC during embryonic development, the ventricular 

zone rapidly gains heterogeneity and complexity leading to the formation of more mature 

brain structures in late embryonic and early postnatal development (Figure 1-1) [27, 28]. 

The adult formation resulting from the developmental ventricular zone is the 

subventricular zone, or subependymal zone, which is the niche that supports and 

maintains NSC population throughout adulthood[9] . 

- Direct transformation 

- Asymmetric division 

- Sym metric div1s1on 

Oligodendrocytes ' A 

Neu~pithelial 
cells 

Radial g lial cells 
Ependymal 

cells 

Neuroepithelium Embryonic Bi"h N.onabll Adult 

vz 

Figure 1-1- Origin of adult neural stem cells. The neuroepithelial cells arise from stem cells in the 
ectodermal germ layer. As they divide and differentiate the developing brain increases in size and 
complexity. The radial glial cells give rise to all cell types in the adult SEZ niche which provides a 
supply of neurons for the olfactory bulb throughout adulthood[29]. 

1.3.1 The Subependymal Zone Niche 

The adult subependymal zone (SEZ) NSC niche is the largest and best characterized of 

the two NSC niches in the adult brain[7, 30]. The SEZ is a 20 urn thick, heterogeneous 
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formation extending along the lateral walls of both lateral ventricles in the adult brain 

(Figure 1-2). The niche is a highly vascularized microenvironment and thus is comprised 

of both neural and vascular cell populations. Interaction between the neural and vascular 

compartments is critical for stem cell maintenance and niche homeostasis[31-33]. 

Neural Stem Cell "Activated" 
Neural Stem Cell 

Type 8 

B 

DG svz~ 

Transit Amplifying 
Cell 

TypeC 

RMS --
0, 

Neuroblast 

Type A 

Figure 1-2 - The adult subependymal zone neural stem cell niche. (A) Depicts the location of the 
niche along with the cell populations which comprise it. (C) The neural progenitor lineage 
progression from quiescent neural stem cell to migratory neuroblast which migrates from the niche 
(SVZ in B) along the rostral migratory stream (RMS) to the olfactory bulb (OB). Figures are 
modified from their original form (A) [12] (B)[34] (C)[7]. 

The neural compartment (Figure 1-2A) is comprised of neural stem cells (Type B) 

transit amplifying cells (Type C), neuroblasts (Type A) and ependymal cells which line 

the ventricle[ I, 35]. The current understanding of the cellular progression within the 

progenitor pool, depicted in Figure 1-2C, is that slowly dividing NSC give rise to rapidly 

dividing transit amplifying cells which give rise to migratory neuroblasts which function 
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as immediate precursors to neuronal cell types. Research identifying the Type B cell 

began with ultra-structural characterization before the cells were established as the 

putative neural stem cell[l, 36]. Due to their radial glial origin, the B cells have 

structural similarities to more prevalent mature astrocytes making identification of the 

rare stem cell population difficult[!, 36]. The B cell was eventually established as the 

neural stem cell population by a combination of experimental approaches that together 

demonstrated that the B cell possesses the ability to self renew along with multi-lineage 

potential, hallmarks of a stem cell [1, 2, 8, 17]. Recent research has attempted to define 

an active and quiescent subcategory ofNSC but this concept remains under 

investigation[?]. 

The first experimental approach designed to identify NSC was based on a long 

term label retention protocol using 5'-Bromo-2-deoxyuridine (BrdU), a thymidine analog 

which incorporates into the DNA of cells undergoing DNA synthesis. BrdU was 

administered for 7 days followed by a 30 day chase period which allowed rapidly 

dividing cells to dilute the label and migratory cells to leave the niche. The labeled cells 

remaining in the SEZ were identified as slowly dividing stationary cells and therefore 

considered candidate stem cells[37]. Long term BrdU labeling remains the most robust 

experimental method for identification of the neural stem cell population within the SEZ 

niche[l, 12, 37, 38]. The presence and characteristics of the neural stem cell population 

were further established through an ablation-regeneration model based on administration 

ofthe anti-mitotic agent arabinosylcytosine (AraC)[8]. AraC administration kills actively 

dividing cells by inhibiting DNA synthesis and causing chromosomal breaks and 

abnormalities which lead to cell death[8, 39]. The anti-mitotic agent does not kill the 
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quiescent NSC and after the treatment regimen these cells begin to proliferate and restore 

the niche to pre-treatment condition within two weeks[?]. The ablation-regeneration 

model further solidified claims that the Type B cells were NSC since it demonstrated the 

cells are quiescent in a homeostatic environment and possess the ability to repopulate the 

progenitor pool in the niche[8]. The final technique used to identify NSC potential is the 

culture based neurosphere assay, depicted in Figure 1-3, which allows assessment of the 

cell's ability to self-renew and differentiate into multiple lineages in vitro. Cells are 

placed in a growth factor rich culture media which induces cells with neural stem cell 

potential to proliferate and form clonal, floating cell aggregates called neurospheres[3]. 

The spheres can be dissociated and passaged multiple times proving their ability to self

renew, and then differentiated into either glial, neuronal or oligodendrocytic cells to 

demonstrate their multipotentiality[3, 40]. The three experimental methods employed to 

establish the existence of NSC in the adult brain remain critical for ongoing research into 

the cellular and extracellular composition and cell-cell and cell-extracellular matrix 

interactions that allow the niche to persist and function throughout adulthood. 

As the existence of stem cells in the adult brain has become widely accepted, the 

role the downstream progenitors play in niche maintenance became an increasingly 

important area of investigation. When the NSC divide asymmetrically[29] they give rise 

to a transit amplifying cell (T AC) which is a rapidly dividing progenitor cell, as indicated 

by its vulnerability to AraC ablation[8]. The TAC proliferates leading to the formation of 

Type A neuroblasts (Figure 1-2C) which are highly migratory neuronal precursors that 

travel along the rostral migratory stream (RMS in Figure 1-2B) from the SEZ niche to the 

olfactory bulb. The cells then migrate radially away from the RMS, terminally 
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differentiate and integrate as functional neurons required for olfactory memory[25, 35, 

36]. 

The Neurosphere Assay 

r-
Neural Stem/Progenitor 

Cells Form Neurospheres 

Demonstrate 
Multi potentiality 

Demonstrate 
Self Renewal 

Figure 1-3- The neurosphere assay. Cells possessing neural stem cell potential form neurospheres in 
vitro which can be passaged to demonstrate self renewal or placed in differentiation media to 
demonstrate multipotentiality. The illustration is a modified from its original form[lO]. 

The last of the well classified neural lineage constituents of the adult SEZ are the 

ependymal cells. The ependymal cells, labeled E-cells in Figure 1-2, are multi-ciliated 

cells that line the ventricle and regulate the flow of cerebrospinal fluid through organized 

beating of their cilia. Besides the structural role, the ependymal cells also facilitate 

transport from the cerebrospinal fluid into the niche and secrete neurogenic factors which 

possess a regulatory function within the niche [27, 41]. As an indication of the dynamic 

state of the NSC research field, debate is ongoing as to whether or not ependymal cells 

are actually quiescent neural stem cells [13, 37]. Evidence is accumulating in favor of 

the argument that the ependymal cells are in fact not quiescent neural stem cells with 



10 

much of the confusion being attributed to the Type B cell being mistaken for an 

ependymal cell due to its intimate contact with the lateral ventricle [1, 12, 13, 37, 42]. 

Figure 1-4 - Proliferating cells and the niche vasculature. The image is taken from a flat mount 
perspective of the SEZ NSC niche and shows proliferating cells (Ki67+), in green, in close proximity 
to the vasculature, shown in red. 

The final major cell populations within the NSC niche constitute the vasculature. 

The vasculature is composed of endothelial cells, which form the endothelial tubes, and 

mural cells which attach to the outer diameter and form the vessel walls. Endothelial 

cells form the vessel tube through robust cell-cell adhesions capable of regulating 

transport across the vessel wall[43]. The mural cells are responsible for vessel 

maturation and control vessel diameter by constriction or relaxation[44]. In the central 

nervous system, vasculature associated astrocytes contact the vessels forming the blood 

brain barrier which tightly regulates the transport properties of the vasculature in most 

regions of the brain[43]. 

Recent research has demonstrated a physical relationship between the NSPC and 

the vasculature within the adult NSC niche. Research into this relationship has also 
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indentified unique characteristics of the vasculature within the NSC niche compared with 

other brain regions and demonstrated the ability of vascular endothelial cells to influence 

NSC in culture [32, 33, 45]. In vitro co-culture experiments containing endothelial cells 

and neurospheres caused a proliferation increase and differentiation impairment within 

the neurosphere cell population. An all inclusive accounting of the soluble factors 

responsible for the behavioral changes was not completed but the result further 

establishes the importance ofthe relationship between NSC and the vasculature[45]. In 

situ immunofluorescence imaging demonstrates that proliferating cells within the niche 

are in close proximity to the vasculature (Figure 1-4) and that processes from progenitor 

cells are in physical contact with the vasculature [32]. The complex interactions between 

neural progenitors in the niche and the vasculature play an important role in stem cell 

maintenance and niche homeostasis throughout adult hood. 

Close physical associations and complex cellular and molecular relationships 

observed with ultrastructural and immunofluorescence imaging highlights the challenges 

of studying individual subpopulations within the niche. The need for access to purified 

niche subpopulations for molecular biological profiling, in vitro assays and transplant 

studies has motivated a broad effort to employ fluorescence activated cell sorting 

technology. F ACS is a powerful tool but strategies for subpopulation identification are 

necessary for the benefits of the technology to be realized. The potential insight afforded 

by application ofF ACS strategies to the niche subpopulations and the abundance of 

F ACS resources at Baylor College of Medicine made F ACS a cornerstone of this thesis. 
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1.4 Fluorescence-Activated Cell Sorting 

Fluorescence-activated cell sorting is a high throughput technology designed to 

analyze and isolate cell populations based on the fluorescence emission profile of 

individual cells. The fluorescent signal is generated by uptake of fluorescent dyes, 

fluorophore conjugated antibodies or endogenous expression of fluorescent proteins by 

engineered cells and mice[46]. The FACS machine interrogates individual cells as they 

pass through an array of lasers and detectors allowing the researcher to assign the events 

to electronic gates based on the multi-channel fluorescence profile of each cell as 

depicted in Figure 1-5. As the stream travels through the nozzle it is broken into droplets 

which are given an electric charge, positive or negative, based on the fluorescence profile 

of each particle and where it falls within the operator assigned gates. The charged 

particle travels through a constant electric field deflecting it into assigned collection tubes 

resulting in highly purified populations. Modem F ACS machines can support up to four 

lasers, each with a dedicated array of long-pass and band-pass filters, allowing 

discrimination between over 15 fluorophores simultaneously[47]. The ability to 

implement complex multi-color strategies has made F ACS a critical research tool for the 

isolation of rare stem cell populations which require an array of markers for 

discrimination, each typically represented by a different fluorophore. 
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Figure 1-5 - Fluorescence activated cell sorting schematic. The diagram depicts the basics of cell 
sorting along with the researcher interface with the machine. The photo-multiplier tubes (detectors) 
pick up emitted fluorescence which is displayed on a dot plot. The researcher assigns gates which 
instruct the machine to assign a corresponding charge to all events falling within the gate. The 
charged droplets are sorted into collection tubes as they travel through an electric field. The FACS 
cartoon is modified from its original form [ 48] 

1.4.1 Utility in Stem Cell Research 

F ACS technology remains a critical research tool in efforts to enrich 

subpopulations from heterogeneous bulk populations and to isolate and characterize rare 

cell types such as stem cells. The hematopoietic stem cell (HSC) field continues to serve 

as a model of how FACS can be employed to gain valuable insights into stem cell 

populations, which in the bone marrow, comprise only 0.01 o/o of the total cell 

number[ 49]. The ability to identify and isolate the rare HSC with an assortment of 

surface antigens and dye exclusion properties led to transplantation experiments allowing 

for major advances in our understanding of the hematopoietic system, making HSC the 

paradigm for stem cell research[50]. Despite the progress, after over 20 years of 
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intensive research the purity ofF ACS isolated populations of HSC is thought to remain 

around 50%[51]. While pure populations ofHSC remain elusive, progress in the field 

has demonstrated that simplified top down progenitor progression models are most likely 

insufficient to account for the plasticity and complex regulatory environment that governs 

stem and progenitor cell behavior[ 50, 52]. Researchers in other stem cell fields realized 

the utility of this powerful technology and have employed F ACS to further research in 

neural, mammary and skin stem cell biology amongst others[ 53-55]. Each stem cell 

environment presents unique obstacles to progress and the neural stem cell field is no 

exception. 

1.4.2 Utility in Neural Stem Cell Research 

The NSC field has followed the lead of HSC researchers and embraced the potential of 

F ACS for isolating and studying the rare stem cell population. Utilizing F ACS for NSC 

research faces similar obstacles as those in the HSC field as well as some unique 

challenges. The adult NSC niche is a mature tissue microenvironment deep within the 

brain that requires delicate dissection followed by tissue dissociation in order to prepare 

the cells for analysis and sorting. The NSC field also suffers from a lack of defined 

neural stem cell markers that allow identification ofNSC from their closely related 

progeny and other niche subpopulations[51]. 

Initial efforts to isolate and characterize NSC with F ACS strategies focused on 

neurosphere culture expanded cells which can be derived from both the embryo and adult 

[56-58]. Neurospheres offer an abundant and easy to dissociate cell source that is 

comprised of up to 3% progenitor cells capable of forming a next generation clone[59]. 

The neurosphere culture system propagates and expands neural progenitor cells but does 
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so in non-physiologic levels of growth factors which skew differentiation bias and keep 

the usually quiescent stem cell population in a state ofrapid expansion[11, 60, 61]. 

Ultimately, the neurosphere assay provides a method to test neural stem cell potential in 

vitro but can only offer limited value in understanding the quiescent adult neural stem 

cell population or its supporting microenvironment[10]. 

With a clear focus on primary progenitor isolation, recent research demonstrates 

the potential of using fluorescent reporter mice in conjunction with surface makers to 

achieve higher NSPC enrichment and more precise subpopulation fractionation [11, 12]. 

As the purity of the isolated populations increases, high throughput molecular biological 

profiling, such as gene expression arrays, will provide additional insight into the 

discerning attributes of the various niche subpopulations. Profiling efforts focused on 

highly purified populations will allow the development of a slate of surface markers for 

neural stem cell isolation without the need for a reporter mouse. Besides facilitating 

further enrichment, access to purified populations of stem cells, as well as the associated 

progenitors, will allow for an improved understanding of how the cells interact with their 

microenvironment and how researchers may be able to develop strategies to direct the 

regenerative potential towards clinical needs. Valuable research will result from 

successful isolation ofNSC, but much remains to be done before researchers can gain 

access to purified fractions ofthe niche subpopulations. 

Table 1-1 summarizes a selection of published F ACS strategies for NSPC 

enrichment along with the percent of neurosphere formation, the standard output reported 

for NSPC enrichment. The in vitro neurosphere formation assay, illustrated in Figure 1-

3, is the standard assay employed in the field and the only existing assay that 
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demonstrates the self renewal capacity and multi-lineage potential ofNSPC[3, 17]. Glial 

fibrillary acidic protein, GFAP, is expressed by the NSC population[!] and was recently 

employed in two high impact F ACS studies. Pastrana, et al. (2009) utilized a GF AP:GFP 

reporter in conjunction with surface antigens to demonstrate approximately 30% 

enrichment ofNSCs along with successful fractionation of the NSCs from the transit 

amplifying cells, which had not been reported previously[12]. The second study used a 

complex split reporter depending on co-expression of intracellular proteins GF AP and 

Promininl (CD133), a protein expressed by ciliated cells. Sorting based on a reporter 

activated by expression ofboth GFAP and Promininl resulted in high enrichment, over 

70% according to the neurosphere assay. The strategy was successful because NSC 

(GFAP+) have been shown to the penetrate the ependymal layer and possess a single cilia 

[42], therefore expressing Promininl. The split reporter allows discrimination of the 

NSC from both niche astrocytes (GFAP+ Promininl-) and the surrounding ependymal 

cells (GFAP- Promininl +)[11]. Despite the high levels of enrichment for cells appearing 

to be NSC, the study did not address or account for the transit amplifying cells, which are 

also known to form neurospheres. 

Both studies are advances in the NSC field, but fail to further the understanding of 

the active and quiescent states of the NSPC, establish a definitive surface marker profile 

for these cell types or move beyond the neurosphere assay for functional assessment of 

neural stem cell potential. The lack of an established in vivo assay to assess neural stem 

cell potential, through demonstration of self-renewal and multi-lineage potential, hinders 

efforts to fully characterize the nature of the neurosphere forming cell populations. 

Again using the HSC field as an example, the HSC field relies upon an in vivo assay to 
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definitely demonstrate the stem cell potential of a transplanted cell or cells by an 

established lethal radiation rescue protocol[ 50, 62, 63]. The radiation dose would be fatal 

if the mouse was not given a cell transplant including hematopoietic stem cells which are 

able to repopulate the depleted niche, demonstrating self renewal, and ultimately 

repopulate the hematopoietic lineages and restore function to the hematopoietic system, 

demonstrating multi-lineage potential[SO, 62, 63]. Unfortunately, a definitive NSC assay 

has not yet been devised due to an assortment of unique challenges not present in the 

HSC field. First, established markers for the isolation of the rare, primary NSC have not 

been identified. Next, the putative HSC are transplanted intravenously and home to the 

HSC niche while any effort to repopulate the NSC niche requires invasive injections into 

the brain's interior. Finally, assessing the outcome ofHSC transplantation only requires 

flow cytometry based analysis of whole blood while assessing the outcome of a NSC 

transplant requires killing the animal followed by F ACS or immunofluorescence imaging 

to identify the small population of transplanted cells within the relatively large transplant 

region. The lack of a definitive in vivo assay, such as the lethal radiation rescue protocol, 

hampers the NSC field's ability to fully characterize the stem cell properties of cells 

identified as NSC or neural progenitor cells via the neurosphere assay. As capabilities 

for neural stem cell enrichment and characterization progress, the findings will provide a 

wealth of knowledge for the maturation of design philosophies for neural regenerative 

medicine strategies. 
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Table 1-1 - Summary of published FACS strategies. The table summarizes a selection of the more 
successful adult neural progenitor studies including strategies based on cell surface markers alone 
and in combination with reporter mice. 

1.5 From Basic Research to Applied Research 

The ability to isolate highly enriched neural stem and progenitor cell populations from 

the adult neural stem cell niche will enable rigorous characterization and molecular 

profiling which will begin to unlock the regulatory elements controlling stem cell 

proliferation and differentiation. The stem and progenitor cell populations hold the key 

to data regarding cell-cell adhesions, cell-extracellular matrix interactions, transcriptional 

profile and soluble factor receptors. Understanding how stem cells interact with their 

extracellular environment and support cells within their niche to maintain sternness, 

regulate proliferation and determine progeny fate is an area of intense research with 

broad implications for regenerative medicine design strategies[64, 65]. 
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Progress in regenerative medicine is fueled in part by progress within the 

subfields of biomaterials engineering and tissue engineering. A fundamental component 

of most tissue repair strategies is a biomaterial based cell scaffold which serves roles 

varying from structural support to cellular guidance. Scaffolds are constructed from a 

broad spectrum ofbiocompatible materials ranging from naturally derived extracellular 

matrix[66] to natural polymers[67, 68] to synthetic polymers[69-71]. While some 

naturally derived scaffold materials are inherently bioactive, a range of techniques have 

been employed to make relatively bioinert materials bioactive such as the incorporation 

of functional cell adhesion sites[72, 73], proteolytically degradable sequences[74, 75] and 

soluble factors with a controlled release profile[76, 77]. Engineers have developed 

methods for precise control of ligand density and spatial presentation of bioactive 

molecules through patterning techniques in both two and three dimensions[78, 79]. 

Combinations of these engineering tools allow researchers to create "smart" biomaterials 

capable of modulating cells spatiotemporally, guiding stem cell differentiation and even 

maintaining sternness in vitro[65, 80-82]. 

The tools of biomaterials and tissue engineering have been applied to NSC based 

studies to drive enhanced proliferation of cultured NSC[4] and increased neuronal 

differentiation[83]. Engineering strategies have also been employed to extract design 

parameters from cultured NSC by means ofbiopanning for unique adhesion ligands[84] 

as well as validating the appropriateness ofbiomaterials for NSC culture[85]. The recent 

research demonstrating the utility of engineering techniques and approaches to influence 

and direct NSC is telling of progress. However, the studies are based on the response of 

cultured NSC which do not necessarily reflect endogenous adult NSC[lO, 59, 60]. The 
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discrepancy between model system and reality is inevitable and better access to and 

characterization of the freshly isolated NSPC will allow for a more clear understanding of 

the model system's strengths and weaknesses leading to conclusions with a higher 

probability of clinical relevance. The current tissue engineering approaches are sufficient 

for proof of principle, however, goals of creating "smart" biomaterials designed to be 

truly biomimetic are elusive when access to biological design parameters remains limited. 

The research presented in the following chapters is motivated by this conundrum. 

1.6 Conclusion 

Progress stemming from F ACS strategies for NSPC isolation will have broad 

impact ranging from advances in basic stem cell biology to the development of rational 

design for regenerative medicine strategies. The ability to reverse engineer the NSC 

niche and identify critical design variables for controlling neural stem cell proliferation 

and fate will further efforts to develop clinically relevant therapeutic interventions. For 

progress on this front to occur, robust experimental methods focused on primary NSC 

and their niche must improve our understanding of the NSC regulatory environment so 

the rapidly developing tools ofbiomaterials engineering and regenerative medicine are 

provided with relevant design criteria. 
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2. Chapter II - Preliminary Studies Characterizing Cell-Cell 
Adhesion in the Adult SEZ Niche 
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2.1 Introduction 

The first effort to characterize the adult SEZ niche within the scope of this thesis 

was an attempt to define the expression profile of cell-cell adhesion proteins, the 

cadherins, within the niche. The cadherin superfamily is comprised primarily of single

pass transmembrane proteins whose calcium dependent adhesive function stems from 

interactions between extracellular cadherin repeats [86]. The cadherin superfamily 

consists of over 1 00 proteins grouped into ten families, most of which are expressed in 

the nervous system [87]. The classic cadherin family, including the Type I and Type II 

subfamilies, was the focus of our characterization because the associated adhesive 

interactions and intracellular signaling pathways are better characterized and because 

they can influence cell behavior through the formation of adherens junctions[86-89]. 

Adherens junctions are mature cadherin mediated cell-cell adhesions necessary for 

formation of tight junctions and gap junctions which are integral in cellular organization 

and communication[90]. The transmembrane cadherins interact with the actin 

cytoskeleton through intermediate proteins such as alpha and f3-catenin to perform a 

structural role in the microenvironment's architecture as well as influence cellular 

behavior through the signaling pathways associated with the intermediate proteins[86, 

91]. The role cadherins play in cellular organization, cell-cell adhesion, structural 

integration and pathway activation through intermediate protein interactions makes them 

a vital and interesting component of the adult NSC niche. 

Within the NSC niche, cadherins possess the ability to influence cell proliferation, 

differentiation, division symmetry and the architecture ofthe microenvironment [87, 88, 

92-94]. A broad characterization of cadherin expression within the SEZ niche has not 
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been performed at the subpopulation level, in part due to challenges associated with 

accessing enriched subpopulations. The presence and role of cadherins has been better 

characterized in other stem cell niches, such as the drosophila germline niche (Figure 2-

1), where the E-Cadherin homolog has an established role in stem cell asymmetric 

division[95, 96]. Cadherin regulated division has also been observed in drosophila 

neuroblast cells, the drosophila NSC, where cadherin based adhesion to epithelial cells is 

required for asymmetric division[97]. While the drosophila germline and NSC 

environments are not directly transferrable to the mouse SEZ NSC niche, the ability of 

cadherin based adherens junctions to impact stem cell behavior merits further 

investigation. 

Figure 2-1- E-Cadherin in the drosophila germline niche. E-Cadherin (red) is expressed by the hub 
cell which anchors the germline stem cells (GSC) through adherens junctions shown by the 
concentration of alpha tubulin (green) at the cell-cell interface[95]. 

E-Cadherin and N -Cadherin, the best characterized molecules in the cadherin 

superfamily, are both expressed within the adult SEZ but the expression profile for the 

other cadherin family members is not well defined at the subpopulation level[92, 93]. 

Cadherins also play a role in the structure and function of vasculature where several 

cadherins, such as VE-Cadherin, T-Cadherin, N-Cadherin and Cadherin-11 , are typically 
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expressed by vascular cells throughout the body. The cadherin expression profile of the 

SEZ niche vasculature is not well characterized[43, 98-100] and may differ from other 

sites in the body due to the reported uniqueness of the niche vasculature[32]. The 

expression profile between the NSPC and the vasculature is of interest because of the 

close physical alignment of progenitors to the vasculature[32, 33] and the role cadherins 

can play in asymmetric division[95, 101]. Together, the catalog of cadherin expression 

amongst the niche subpopulations may have a role in NSC polarity and therefore 

asymmetric division, both of which are critical to NSC self renewal, proliferation and fate 

decisions[29, 102]. 

Initial studies into the composition of the SEZ niche focused on identifying 

cadherin molecules of interest, optimizing methods needed to characterize them, and 

prioritizing a list of molecules to investigate. A broad screen of classic cadherin family 

gene expression within the SEZ was performed by taking advantage of the Allen Brain 

Atlas online database of in situ RNA hybridization libraries[103]. Based on this broad 

sweep, gene expression was confirmed with RT-PCR on eDNA synthesized from both 

the SEZ niche and from neurosphere cultures. Immunofluorescence imaging was then 

performed on several target cadherins to demonstrate protein expression and begin to 

develop a characterization of cadherin expression amongst the subpopulations. 

2.2 Materials and Methods 

2.2.1 Allen Brain Atlas 

The Allen Brain Atlas[103] is a library ofRNA in situ hybridization studies 

targeting a broad array of genes throughout the adult mouse brain. The expression 
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profiles from the database provide an initial means of screening the cadherins, at the 

transcript level, for expression within the SEZ. An example of an output from the data 

base for N-Cadherin is shown in Figure 2-2. The expression profile of the classic 

cadherins was accessed from the database and visually scored based on the presence or 

absence of the gene transcript. 

·" t 

' J 

Figure 2-2- Allen Brain Atlas output for N-Cadherin. The dark regions in this coronal slice of the 
adult brain represent areas where RNA coding for N-Cadherin was detected. The signal intensity 
from the SEZ niche, along the outer wall of the lateral ventricles, indicates strong expression relative 
to the rest of the brain. 

2.2.2 Gene Expression Analysis 

RNA was extracted from the adult SEZ niche and from cultured neurospheres to 

assay cadherin expression. The adult mouse SEZ was microdissected as previously 

described [1] and mechanically dissociated in Trizol or stored in RNAlater (Qiagen) at-

20C for later RNA extraction. Neurospheres were cultured from the dissected and 

dissociated dorsal telencephalon of E 14.5 pups and passaged at least two times as 

previously described[3]. The cells were then collected by centrifugation and 

mechanically dissociated in Trizol. RNA extraction was performed according to the 



Trizol manual followed by DNAse treatment and RNA content quantification via a 

spectral analyzer (NanoDrop) before conversion to eDNA with the SuperScript III 

protocol and reagens (Invitrogen). Primer sets were taken from the literature or 
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Primer Bank or designed with the assistance of Primer3 software and optimized on control 

eDNA samples. Reactions contained 50 ng of eDNA each and used the HPRT gene as a 

positive control. Reaction products were run on a 1.5x agarose gel and imaged in 

comparison to a 1 Okb ladder (Invitrogen). 

2.2.3 Immunofluorescence Imaging 

Coronal slices of the adult mouse brain, including the SEZ NSC niche, were 

prepared for imaging by fixation through cardiac perfusion with 4C 4% 

paraformaldehyde. The brains were then removed and post-fixed overnight at 4C in 4% 

paraformaldehyde and sliced into 70 urn sections with a vibratome. SEZ flat mounts 

were also prepared, providing an en face perspective of the NSC niche, by 

microdissection and fixation by 4% paraformaldehyde at 4C for 15 minutes. 

The fixed tissue samples were rinsed at least three times in lx phosphate buffered 

saline (PBS) before blocking and antibody labeling per the MOM Kit (Vector Labs). 

Primary antibodies were incubated with the tissue samples overnight at 4C and optimal 

antibody concentrations were determined by testing a range around the manufacturer's 

recommended concentration. Fluorescently conjugated secondary antibodies were added 

at a 1:500 dilution and incubated at room temperature before rinsing and the addition of 

the nuclear stain, DAPI. All samples were imaged on a Zeiss 510 Meta confocal 

microscope and resulting images were processed with Zeiss LSM Image Browser 

software. 
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2.3 Results 

2.3.1 Broad Assessment ofCadherin RNA Expression in the SEZ 

The initial screening of the large classic cadherin subfamily was performed by 

evaluating data, such as the image in Figure 2-2, contained within the Allen Brain Atlas 

database of RNA in situ hybridization experiments in the adult mouse brain. The initial 

screening allowed identification of cadherins expressed, at the transcript level, in and 

around the SEZ as well as eliminating cadherins from consideration that showed no 

expression. A priority, with one being the highest, was assigned to each cadherin based 

upon a visual assessment of the in situ hybridization data within the SEZ region and is 

summarized in Table 2-1. Several cadherins, such as N-Cadherin and Cadherin 11, 

were assigned to the highest priority due to the observed signal intensity in the Allen 

Brain Atlas data or their vascular expression profile. The vascular expression profile, 

which was not typically identifiable in the low resolution Allen Brain Atlas images, was 

included as a high priority due to the established proximity ofNSPC and the 

vasculature[32, 33]. Other cadherins, such as Cadherin 7 and Cadherin 9, showed 

transcript expression within the SEZ and were assigned a second tier priority because 

little is known about their function. The use of literature and the large body of data 

available through the Allen Brain Atlas provided a rational means of focusing attention 

on cadherins most likely expressed in the niche and by the vasculature. 
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Table 2-1 - List of Cadherins considered for further investigation. The location of expression within 
the niche was listed, if known, along with the signal intensity for the Allen Brain Atlas data. Based 
on this information each cadherin was assigned a priority for further study with (1) being high and 
(3) representing no further attention. AnN/A in the Allen Brain Atlas field indicates coronal sections 
were not available. 

2.3.2 RT-PCR Characterization of Cadherin Expression in Neurospheres and the SEZ 

RT-PCR experiments for the prioritized cadherins (Table 2-1) were performed on 

eDNA synthesized from whole SEZ tissue samples and from neurosphere cultures. 

Microdissected SEZ samples were used as an RNA source to allow for a more precise 

look into the cadherin expression within the SEZ than the data from the Allen Brain Atlas 

allowed and served to validate the data within the database. The cultured neurospheres 

were assayed since they are comprised ofNSPC without the complexity of the niche 

microenvironment. The most surprising result from this experiment was the presence of 

transcript from vascular associated cadherins, such as VE-Cadherin and T -Cadherin, in 
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the neurosphere samples (Table 2-2). The results in Table 2-2 validate the conclusions 

drawn from the Allen Brain Atlas data since all the cadherins identified as positive in the 

database search were expressed at the transcript level in the microdissected SEZ. 

Table 2-2- RT-PCR results assessing cadherin expression in neurospheres and the adult SEZ. 

2.3.3 Immunofluorescence Imaging of Cadherins in the SEZ 

Antibodies against E-Cadherin, N-Cadherin and VE-Cadherin were applied to 

tissue samples containing the NSC niche to further validate the RT-PCR data and to 

begin establishing associations between niche subpopulations and cadherin expression. 

These cadherins were chosen because they were within the high priority category (Table 

2-1 ), are expressed at the transcript level within the SEZ and have established 

commercially available antibodies against them. The preliminary immunofluorescence 

images show that both N -Cadherin and E-Cadherin were expressed within the SEZ with 

N-Cadherin localizing to the ependymal layer, nearest the lateral ventricle (LV), and E

Cadherin expression existing throughout the SEZ (Figure 2-3). Figure 2-3 also shows 

colocalization between these two cadherins and Sox2, a transcription factor expressed by 

NSPC and required for stem cell maintenance, which is broadly expressed within the 

SEZ[1 04, 1 05]. 
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Figure 2-3 - Cadherin and Sox2 expression in the SEZ. The two coronal cross-sections of the SEZ 
are immunostained for Sox2 and E-Cadherin (A) and N-Cadherin (B). E-Cadherin is expressed 
throughout the SEZ while N-Cadherin is localized the to the ependymal layer, nearest the lateral 
ventricle (LV). DAPI (Blue) identifies cell nuclei. 

The intermediate filament protein GFAP is expressed by NSC and GFAP+ 

processes belonging to NSC have been shown to penetrate the ependymallayer[l, 104]. 

Figure 2-4 shows both a flat mount view and a coronal view of GFAP and N-Cadherin to 

demonstrate that only the fraction of GFAP+ cells extending a process through theN-

Cadherin+ ependymal layer colocalize with N-Cadherin. Focusing on the niche 

vasculature, Figure 2-5 shows a lack of colocalization between N-Cadherin and VE-

Cadherin, which is a surprising observation because endothelial cells typically express 

both N-Cadherin and VE-Cadherin[lOO]. 
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Figure 2-4- GFAP and N-Cadherin in the SEZ. The whole mount, or en face, view of the SEZ (A) 
and a coronal cross-section (B) show the relationship between the N-Cadherin rich ependymal layer 
and GFAP+ processes. The GFAP+ processes extending through the ependymal layer are likely 
associated with NSC. DAPI (Blue) identifies cell nuclei. 

Figure 2-5 - Cadherins and the SEZ vasculature. Both images are z-stack projections of whole 
mounts of the SEZ with the niche vasculature identified by CD-31 (A) and VE-Cadherin (B). There 
is no colocalization between N-Cadherin and CD-31 (A) while VE-Cadherin is expressed by the 
vasculature (B). DAPI (Blue) identifies cell nuclei. 

2.4 Discussion 

The preliminary results presented within this chapter demonstrate how a methodical 

study employing an array of tools can narrow down a large list of target molecules into a 

manageable compilation. In this case, the classic cadherin family of molecules was 
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investigated with published data bases for gene expression within the brain, followed by 

gene expression studies on eDNA isolated from the adult SEZ or cultured NSPC and then 

further validated by immunofluorescence imaging to confirm protein expression and 

begin establishing an expression distribution amongst the niche subpopulations. 

The initial gene expression screen, based on data within the Allen Brain Atlas of 

RNA in situ hybridization experiments, provided a rational approach for eliminating 

cadherins that were not expressed within the SEZ from further consideration. We further 

validated the Allen Brain Atlas findings with RT-PCR on eDNA from the adult SEZ and 

cultured neurospheres to confirm the data within the Allen Brain Atlas. There are no 

similar characterizations within the literature but several studies have described both E

Cadherin and N-Cadherin within the SEZ[93, 102] which supports our observations that 

both of these cadherins are expressed at the transcript and protein level. We verified 

translation of the transcript by following up our gene expression studies with 

immunofluorescence imaging. 

Besides verifying protein expression, the immunofluorescence imaging studies 

also began to establish cadherin expression patterns within the SEZ. We observed that 

N-Cadherin was localized to the ependymal layer (Figure 2-3, 2-3, 2-5) while E-Cadherin 

expression is detected throughout the SEZ (Figure 2-3). When N-Cadherin and the 

intermediate filament protein GF AP are imaged together we observed GF AP+ processes 

colocalizing with N-Cadherin as they penetrated the ependymal layer, a phenotypic trait 

ofNSC. Since NSC are known to contact both the ependymal layer and the vasculature, 

the lack ofN-Cadherin colocalizing with the niche vasculature opens the possibility of a 

role in NSC polarity and therefore asymmetric division. The lack of detectable N-
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Cadherin associated with the niche vasculature is an interesting observation because N

Cadherin is typically involved in endothelial cell-pericyte interactions and a lack of the 

protein may play a role in the observed uniqueness of the niche vasculature[32, 33]. 

The cadherin family role in cell-cell interaction, division symmetry and 

proliferation regulation make them of particular interest within the NSC niche. 

Ultimately, a lack of access to purified or enriched niche subpopulations turned this 

research path into a dead end. The initial goal of the investigation into cadherin 

expression profiles within the niche was to determine which proteins are expressed by the 

NSC subpopulation to allow for rational biomaterial designs capable of mimicking the 

cadherin based interactions to improve control over stem cell behavior. Executing this 

initial study demonstrated that current techniques available for screening cadherin 

expression within the niche were not suitable to draw conclusions at the subpopulation 

level, much less within the NSC subpopulation which continues to lack a definitive 

phenotype. These challenges demonstrated that access to enriched subpopulations of 

primary cells was critical because this would allow for functional assessment ofNSC 

potential through the in vitro neurosphere assay. While the assay has shortcomings, as 

discussed in Chapter 1, Section 1.4.2, it remains the gold standard in the field for 

assessing stem cell potential. Demonstrating enrichment ofNSPC within a sorted 

subpopulation followed by an assessment of the cadherin expression profile by methods 

similar to those applied in this preliminary study, could allow for powerful insight into 

cell-cell interactions within the niche. As a result of this conclusion, the research 

presented in the following chapters will focus on gaining access to enriched primary 

NSPC. 



3. Chapter III- Adult Subependymal Zone Fluorescence 
Activated Cell Sorting Optimization 
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3.1 Introduction 

The adult subependymal zone NSC niche is a heterogeneous microenvironment 

comprised of diverse cell populations (See Figure 1-2). Efforts to better understand the 

role each subpopulation plays in stem cell maintenance, niche homeostasis and 

neurogenesis have led to extensive characterization by confocal immunofluorescence 

imaging[32, 33, 41], scanning electron microscopy[1, 8] and cell sorting strategies[12, 

55]. Fluorescence-activated cell sorting strategies provide unique advantages over in situ 

approaches because isolated cells are available for in vitro functional assessment, 

molecular biological characterization and in vivo experimentation. F ACS strategies 

decipher differences in physical parameters through cell light scattering properties, 

surface antigen based fluorescence through antibody labeling and reporter based 

fluorescence through cell and mouse engineering. The body of literature dealing with 

markers and reporters employed for NSC F ACS enrichment is covered in Chapter 1, 

Section 1.4.2 of this thesis. 

The fundamental challenge with F ACS based studies of the SEZ is devising a 

protocol capable of isolating pure, or highly enriched, viable populations of interest. The 

complex architecture ofthe niche, comprised of an extensive GFAP+ process network 

(Figure 2-4 ), must be dissociated in a way that allows recovery of a viable and 

representative single cell suspension. Robust protocols for tissue dissociation and F ACS 

operation must be established before F ACS strategies capable of isolating enriched 

populations ofrare stem cells can be devised. Currently, the FACS protocol descriptions 

within the literature are inconsistent between research groups and lack the details 
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necessary to provide an experiment ready protocol [55, 106, 107]. For instance, the two 

recent studies achieving high levels ofNSPC enrichment[ll, 12] discussed in Chapter 1, 

Section 1.4.2 used different enzymatic dissociation enzymes to attain their results. 

Besides inconsistent dissociation methods, the published protocols for microdissection of 

the SEZ were inadequate for replication and therefore required extensive optimization. 

The delicate microdissection of the SEZ from the adult brain requires repetition and 

honing to achieve consistency and will inevitably lead to high variability between 

investigators due to the manual nature of the task. Taken together, the range of digestion 

enzymes used by the different groups, the number of cells recovered and the post

dissociation viability was not consistently reported which created uncertainty regarding 

the best protocol to adopt. The difficulty in interpreting the quality of the published 

dissociation techniques relative to one another led to the conclusion that optimization 

experiments were essential before attempting to pursue hypotheses with the F ACS based 

experimental platform. 

After dissociation optimization, the F ACS operating conditions, nozzle diameter 

and operating pressure, were tested for their impact on cell viability after processing 

through the F ACS machine. Understanding the impact of operating conditions on cell 

viability is critical since higher processing speeds, more cells per second, are possible at 

higher pressures which decrease experimental duration and equipment usage costs. 

However, smaller nozzle diameters and higher operating pressures have been reported to 

increase shear stress on the cells leading to increased mortality[ I 08, 1 09]. If operating at 

higher pressures with a smaller nozzle increases cell mortality, then the value of a higher 
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processing speed is diminished since post-FACS in vitro assays, such as the neurosphere 

assay, depend upon a viable cell population. 

In addition to optimizing the sample preparation and equipment operating 

variables, we will characterize an engineered reporter mouse expressing enhanced green 

fluorescent protein (EGFP) under control ofthe Sox2 gene promoter elements[110]. We 

will determine if the reporter accurately reflects endogenous Sox2 expression, is 

detectable with F ACS and serves as a tool for enriching the NSPC population via F ACS. 

The literature indicates the Sox2:EGFP reporter has not been previously utilized for 

F ACS based studies, but if it is detectable, the benefit of the reporter mouse over cell 

surface labeling strategies is that it allows detection of intracellular Sox2 proteins in live 

cells via the fluorescent reporter. The Sox2:EGFP reporter is expected to be useful for 

research into the adult NSC niche due to Sox2's established expression profile 

therein[110]. Sox2 is a transcription factor expressed in embryonic pluripotent stem cells 

before becoming restricted to the neural lineage during development[104, 105]. Sox2 is 

required for neural stem cell maintenance and plays a key role in precursor 

proliferation[105, 111]. The Sox2:EGFP reporter was created by replacing the Sox2 gene 

with the gene for EGFP therefore leaving the reporter under the control of the 

endogenous regulatory regions ofthe Sox2 gene[110]. The literature indicates the 

Sox2:EGFP reporter has not been previously utilized for FACS based studies, but ifthe 

reporter is noble and detectable via F ACS it will offer a unique research perspective into 

the adult NSC niche. 

The research presented within this chapter focuses on establishing a robust F ACS 

protocol to serve as the foundation for investigating the SEZ NSC niche. A range of SEZ 
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niche tissue dissociation techniques, both mechanical and enzymatic are investigated to 

determine which methods provide the highest cell viability with the least debris. F ACS 

operating variables are tested on cultured NSPC, maintained as neurospheres, to optimize 

cell viability post-F ACS. The final objective establishes that the Sox2:EGFP reporter 

accurately reflects endogenous Sox2 expression and that the fluorescence intensity 

associated with the reporter is suitable for population identification via F ACS. Taken 

together, the optimization experiments will lay the foundation for a robust experimental 

technique optimized for cell viability which will maximize recovery and utility of the rare 

NSPC populations within the adult NSC niche. 

3.2 Materials and Methods 

3.2.1 Mice 

Wild type (CD1) and Sox2:EGFP (C57/B6 background)[110] at 10-12 weeks were used 

for all experiments. Sox2:EGFP mice were genotyped by assessing EGFP fluorescence 

of hair follicles on ear punch samples to determine which animals possessed the reporter 

gene. All animal work was performed under an animal care and use protocol approved 

by Baylor College of Medicine. 

3.2.2 Subependymal Zone Dissection 

The adult mice were deeply anesthetized with Isofluorane prior to cervical dislocation. 

The brain was removed and placed into ice cold DMEM containing penicillin-
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streptomycin before the SEZ was removed with the aid of a dissecting microscope. The 

isolated SEZ was then cut into thin slices to facilitate digestion. 

3.2.3 Physical Dissociation 

Primary tissue and neurospheres were dissociated by physical and enzymatic methods per 

experimental need. Physical dissociation was accomplished by vigorously triturating the 

cells or tissue with a syringe or pipette until tissue aggregates were no longer visible with 

the naked eye. 

3.2.4 Enzymatic Dissociation 

Enzymatic dissociation was performed by incubation of the sample in either papain 

(Worthington) or TrypLE (Invitrogen). For papain based dissociation, tissue isolated 

from the SEZ or whole neurospheres were placed into DMEM (Invitrogen) containing 10 

U/ml of activated Papain (Worthington), 10 U/ml ofDNase (Roche). The Papain enzyme 

was activated by incubation in DMEM at 37C for 30 minutes prior to addition ofDNase 

and cells or tissue. The samples were incubated in the activated Papain solution at 37C 

per the manufacturer's protocol with modifications described in the results section. For 

TrypLE based dissociation, cell aggregates were resuspended in whole TrypLE solution 

and incubated at 37C per the manufacturer's protocol. 

3.2.5 Neurosphere Culture 

Single cell suspensions of digested tissue microdissected from the SEZ of 1 0-12 week old 

adult mice were cultured in defined neurosphere media containing 20 ng/ml epidermal 

growth factor (EGF) and 20 ng/ml basic fibroblast growth factor (bFGF)[17]. For bulk 

culture of neurospheres, the cells were grown in a 10 em tissue culture polystyrene dish at 
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37C and 5% C02. The media was replaced every two to three days and the resulting 

neurospheres were passaged every seven days by dissociation into a single cell 

suspension, as described above, before being returned to neurosphere culture media. All 

experiments were performed on neurospheres between passage two and four. 

3.2.6 Fluorescence-Activated Cell Sorting 

All fluorescence-activated cell sorting experiments were carried out on a BD F ACSAria 

machine. Nozzle diameter and sheath pressure were varied according to experimental 

need. All cell samples were strained through a 40 urn filter to exclude cell aggregates 

and large debris which could negatively impact the F ACS machine fluidics system. 

Propidiurn Iodide (PI) was used as a live/dead indicator, as dead cells are labeled by the 

DNA intercalcating dye, at a concentration of 1 ug/ml and was added at least 15 minutes 

prior to sorting. All F ACS gating was established based on negative controls and the 

fluorophores (EGFP and PI) were compensated against one another based on single color 

controls. 

3.2. 7 Immunofluorescence Imaging 

Adult mouse brains were dissected and immersion fixed with 4% paraformaldehyde 

overnight at 4C. The fixed brains were sliced into 80 urn thick coronal sections with a 

vibratome. The tissue sections were processed for immunostaining with the mouse on 

mouse (MOM) kit (Vector Labs). Antibodies against Sox2 (Santa Cruz) were incubated 

overnight at 4C at a 1:200 dilution. Sections were washed with PBS before incubation 

with secondary antibodies (Alexa Fluor 568, Invitrogen) at room temperature for one 

hour. Sections were then incubated in nuclear marker DAPI (500 nM) for 15 minutes and 
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washed before mounting. All tissue sections were imaged using a Zeiss LSM 510 

confocal microscope and the images were processed using Zeiss LSM Image Browser 

software. 

3.2. 8 Cell Viability Assays 

Post-dissociation and post-sorting cell viability were assessed based on the uptake of PI. 

Propidium iodide is a fluorescent DNA intercalcating dye that cannot effectively 

penetrate the membrane of live, intact cells but does bind the nuclear DNA of dead or 

dying cells where membrane integrity has been compromised[ 46]. The effect of different 

dissociation techniques on cell viability was assayed by flow cytometry based on the 

fraction of cells with a positive PI signal (Figure 2-1 ). The post-sort viability was 

assayed by sorting live, PI negative, individual cells into media containing PI, incubating 

for at least 15 minutes and reanalyzing with the flow cytometer. 

3.2.9 Statistical Analysis 

All statistical analysis data was generated with the student's t-test where p-values less 

than 0.05 were considered statistically significant. GraphPad Prism 4 was used for all 

statistical analysis. 
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Figure 3-1 - Live cell discrimination. Typical live cell discrimination using fluorescence intensity 
from Propidium iodide (PI). The live gate is established based on the control (A) and then applied to 
the sample (B). 

3.3 Results 

3.3.1 Optimization of Dissociation Techniques 

The utility of cell sorting cannot be realized unless a vital, single-cell suspension can be 

prepared for analysis by the F ACS machine. The first obstacle to establishing a robust 

F ACS protocol was the optimization of cell aggregate and tissue dissociation into a single 

cell suspension while minimizing cell morbidity. Neurosphere cultures were subjected to 

mechanical dissociation via trituration with a 23 gauge needle or 200 ul pipette tip and 

enzymatic dissociation by TrypLE or papain. TrypLE, a purified synthetic trypsin, and 

papain were selected because they have been previously used to dissociate brain 

tissue[12, 106] and act on different adhesion complexes[112, 113]. The differential 

mechanisms of action were important to include because each enzyme has been shown to 
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cleave cell certain cell surface antigens which could impact future experimental design 

and results[l 06]. 
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Figure 3-2 - Cell viability based on tissue dissociation technique. Dissociation with the 23G needle 
and the P200 were based solely on mechanical dissociation while TrypLE and Papain were enzyme 
based methods. 

Dissociation effectiveness was quantified with media containing PI to label dead 

cells and F ACS analysis. Mechanical dissociation techniques led to poor cell viability 

compared to both enzymatic methods tested (Figure 2-2). The observed cell viability 

associated with the enzymatic methods was significantly different and the forward-scatter 

(FSC) and side-scatter (SSC) profiles were dissimilar (Figure 2-3). The larger percentage 

of cells within the "Cells' gate in Figure 2-3 for the papain prepared sample indicates a 

higher ratio of cells to debris than the TrypLE sample. This result was also validated 

visually while using the hemocytometer to assess cell density (data not shown). The 

dissociation optimization experiments indicate that enzymatic methods are preferable to 

mechanical methods and that papain dissociation leads to less cell death and less debris 

than TrypLE. 
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Figure 3-3 - Forward-scatter vs Side-scatter plots for enzymatic dissociation methods. TrypLE (left) 
and papain (right) are compared based on the forward-scatter and side-scatter properties of the 
resulting single cell suspensions. The large amount of debris in the TrypLE is denoted by the 
decreased proportion of events falling in the "Cells" gate compared with the papain sample. 

3.3.2 Optimization of FACS Variables 

Cultured neurospheres utilized for FACS variable optimization were dissociated with 

papain into a single cell suspension in media containing PI. The PI+, or dead, cells were 

excluded and the live cells sorted under the three standard operating conditions for the 

BD FACSAria: 70 urn nozzle at 70 psig, 70 urn nozzle at 35 psig and 100 urn nozzle at 

20 psig. The live cells were sorted into collection tubes containing DMEM plus PI 

allowing identification of cells which lost membrane integrity as a result of the sorting 

process. The lower fluid shear stresses associated with a larger nozzle, and therefore a 

larger distance between the orifice and the cell within the stream, and/or lower pressures 

were expected to lead to lower cell mortality. The results displayed in Figure 2-4 confirm 

initial expectations but fail to demonstrate a statistically significant difference between 

the 70 urn/35 psig setting versus the 100 urn/20 psig setting with respect to cell viability 

post -sort. The result is important because knowing there is little difference in cell 



45 

viability between the settings gives greater experimental flexibility since the F ACS 

machine can reliably process a higher sample rate at the 70 um/35 psig setting therefore 

decreasing sample run times. 
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Figure 3-4- Post-sort cell viability based on FACS variables. Cell viability was assessed after sorting 
based on standard nozzle diameters and operating pressures available on a BD FACSAria. 

3.3.3 Sox2:EGFP Reporter Characterization 

The accuracy with which the Sox2:EGFP reporter reflects endogenous Sox2 expression 

and the reporter's utility for FACS-based experimentation were characterized to develop 

confidence in the value of the reporter for future experimentation. In order to assess the 

reporter' s accurate reflection of endogenous Sox2 expression, coronal slices of the adult 

brain from Sox2:EGFP mice containing the SEZ were immunostained with antibodies 

against Sox2 and with nuclear maker DAPI (Figure 2-5). Fluorescence, from the 

Sox2:EGFP reporter, colocalized with the Sox2 antibody indicating good fidelity of 

endogenous expression. Next, the ability of the F ACS machine to detect the fluorescence 

from the reporter was tested by running dissociated tissue from Sox2:EGFP mice through 

the F ACS machine along with a negative control from a wild type mouse that does not 
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express EGFP. A representative FACS fluorescence plot from the Sox2:EGFP reporter 

compared with a negative control is shown in Figure 2-6. The Sox2:EGFP positive 

population is clearly identifiable confirming the reporter's utility for FACS based 

experimentation. The Sox2:EGFP reporter accurately represents endogenous Sox2 

expression 4nd Sox2 expressing cells are clearly identifiable via FACS establishing the 

reporter as a valuable tool for future investigation. 

Figure 3-5 - Sox2:EGFP reporter and antibody colocalization. The confocal microscope images, 
taken from coronal sections of the adult SEZ from a Sox2:EGFP reporter mouse, show consistent 
colocalization between reporter and antibody. 
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Figure 3-6- Sox2:EGFP reporter fluorescence intensity via FACS. The control mouse sample (A) 
from the dissociated SEZ of a CDl adult was used to establish the EGFP+ gate. The sample (B), 
dissociated SEZ from a Sox2:EGFP mouse shows a distinct EGFP+ population. 

3.3.4 Sox2:EGFP and the Neurosphere Assay 

The standard in vitro functional assessment of neural stem and progenitor cells is the 

neurosphere assay where cells possessing NSC potential respond to the growth factor rich 

media by proliferating and forming floating clonally derived cell aggregates referred to as 

neurospheres[3, 10, 17]. After establishing a solid FACS experimental foundation, the 

neurosphere assay was utilized to test for enrichment based on Sox2:EGFP expression. 

Cells from Sox2:EGFP mice were sorted into four populations based on EGFP intensity, 

placed in neurosphere culture media and scored for neurosphere formation seven days 

later (Figure 3-7). The majority of neurosphere forming cells resided in the population 

with the highest Sox2:EGFP intensity (EGFP+++) while there was no neurosphere 

formation observed in the Sox2:EGFP negative (EGFP-) population despite assaying over 

10,000 live EGFP- cells. The concentration of neurosphere activity in the 

Sox2:EGFP+++ fraction also led to a substantial enrichment of NSPC versus the baseline 

control. The baseline control was established by collecting PI negative, or live, cells and 
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subjecting them to the neurosphere formation assay. The neurosphere assay results 

demonstrate enrichment ofNSPC at higher Sox2:EGFP intensities which further 

validates the utility of the Sox2:EGFP reporter for F ACS based studies in the adult SEZ. 
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Figure 3-7 - Neurosphere formation from EGFP+ fractions. Populations sorted based on EGFP 
signal intensity from the adult SEZ of the Sox2:EGFP reporter mouse were placed in neurosphere 
culture conditions. The population gated as EGFP+ was divided into thirds to create the different 
EGFP intensities. Neurosphere formation percentage is based on colonies formed per cells plated. 

3.4 Discussion 

The data presented here establishes a robust protocol for isolating the SEZ niche 

from the mouse brain, dissociating the tissue into a viable, single cell suspension and 

minimizing cell mortality during F ACS based experimentation. Along with developing a 

robust FACS protocol, the Sox2:EGFP reporter was assessed for accurate representation 

of endogenous Sox2 expression and for its utility in F ACS based research. The outcome 

of the optimization experiments were deployed to test the neural stem cell potential, or 

neurosphere forming capacity, of sorted subpopulations based upon their Sox2:EGFP 

intensity. 
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As expected, we observed significantly less cell death associated with tissue 

dissociation based on enzymatic versus mechanical methods. This result was expected 

because of the anticipated effect ofthe more violent mechanical methods on the dense 

process networks extending throughout the adult SEZ (Figure 2-4). Within the enzymatic 

methods tested, Papain outperformed TrypLE in both cell viability and debris to cell 

ratio. The ratio of debris to cells is a concern because the event processing rate of the 

F ACS machine does not discriminate between a cell and debris so the debris particles 

count towards the maximum analysis rate. This means the higher the debris to cell ratio 

the more time necessary to process a given number of cells which increases the cost of 

the experiment and makes identifying the cell populations more challenging. 

The only published study regarding dissociation and F ACS optimization in the 

brain dealt primarily with embryonic and post-natal tissue which does not yet have the 

extensive process networks making dissociation much simpler[l06]. The study applied 

slightly different methods, but came to similar conclusions regarding the advantages of 

enzymatic methods over mechanical dissociation methods[l 06]. Our findings regarding 

the effects ofF ACS nozzle diameter and operating pressure on cell viability were in line 

with other published conclusions which found that larger nozzle diameter and lower 

pressures increased post-FACS cell viability[108, 109]. Using neurosphere cultured cells 

for optimization is not exactly representative of the adult SEZ tissue, but the cultured 

cells do provide a relatively homogenous cell source which minimizes confounding 

variables and allows a sound characterization based on the variables being tested. The 

optimization of dissociation technique and F ACS operating conditions provides a solid 
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experimental foundation for applying the potential ofF ACS for researching the adult 

SEZ. 

Another potentially powerful tool for gaining insight into the adult SEZ is the 

Sox2:EGFP reporter mouse. Before attempting to utilize the reporter for F ACS based 

experimentation we confirmed that the reporter accurately reflects endogenous Sox2 

expression and that the reporter was detectable via FACS. Next, we subjected the Sox2 

positive and negative populations to the neurosphere assay which is an assessment of 

neural stem cell potential. We only observed neurosphere formation within the Sox2 

positive population which was expected since Sox2 is expressed by NSC and is required 

for NSC maintenance[104, 105]. A surprising initial observation afforded by the 

Sox2:EGFP reporter is that the neurosphere forming capacity increased with the 

reporter's EGFP intensity. The ability to assay the Sox2:EGFP reporter for neurosphere 

assay formation is in itself a demonstration ofthe utility ofthe FACS protocol. The 

above conclusions form a research foundation from which greater experimental 

complexity can be added. 

The hematopoietic stem cell field has shown that F ACS is a powerful tool for 

studying rare stem cell populations[49]. The first step for bringing this technology into 

the arsenal for probing the adult SEZ neural stem cell niche is the development of a 

robust experimental platform. From this foundation, antibodies against cell surface 

markers can be included to increase the resolution of cell population isolation and reliable 

cell recovery will allow for more precise in vitro assays along with molecular biological 

profiling. The potential of a F ACS based strategy will be demonstrated with the research 

presented in Chapter 3 and Chapter 4. 
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4. Chapter 1111 - Quiescence and activation of stem and 
precursor cell populations in the subependymal zone of the 
mammalian brain are associated with distinct cellular and 
extracellular matrix signals• 

• This chapter, excluding Section 3.1, has been published as follows: I. Kazanis, J.D. Lathia, T.J. 
Vadakkan, E. Raborn, R. Wan, M.R. Mughal, D.M. Eckley, T. Sasaki, B. Patton, M.P. Mattson, 
K.K. Hirschi, M.E. Dickinson, C. ffrench- Constant; Quiescence and activation of stem and 
precursor cell populations in the subependymal zone of the mammalian brain are associated with 
distinct cellular and extracellular matrix signals; The Journal of Neuroscience 30 (2010), 9771-
9781. 
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4.1 Unpublished Addendum- Clarification of Contribution 

My contribution to the collaboration resulting in the following publication 

consisted of development and execution of all F ACS based studies, in vitro functional 

assessment and immunofluorescence imaging ofthe Sox2:EGFP reporter. The FACS 

strategy followed by the in vitro neurosphere assay allowed demonstration of enriched 

NSC potential within the p 1-integrin negative subpopulation. The neurosphere results 

also added important evidence to the overall hypothesis that cells with NSC potential lack 

P 1-integrin expression despite the presence of laminin, a target for integrin binding, 

within the extracellular matrix throughout the NSC niche. 

The ability to isolate and functionally test specific subpopulations from the adult 

NSC niche proved to be a very powerful experimental method with the potential for 

impactful contributions to the field. This realization provided motivation for the research 

presented in Chapter 4 of this thesis where the basic F ACS study presented in this chapter 

is expanded with a focus on maximizing progenitor enrichment to further characterize the 

cell cycle profile with respect to P1-integrin expression. Besides contributing to our 

understanding of neural stem cell biology, the current study demonstrated that FACS 

enrichment of neural progenitor cells was within the reach of my established 

experimental methods and that such pursuits could generate impactful findings. The 

remainder of this chapter consists of the manuscript in its published form. 
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4.2 Abstract 

The subependymal zone (SEZ) of the lateral ventricles is one of the areas of the adult 

brain where new neurons are continuously generated from neural stem cells (NSCs), via 

rapidly dividing precursors. This neurogenic niche is a complex cellular and extracellular 

microenvironment, highly vascularized compared to non-neurogenic periventricular 

areas, within which NSCs and precursors exhibit distinct behavior. Here, we investigate 

the possible mechanisms by which extracellular matrix molecules and their receptors 

might regulate this differential behavior. We show that NSCs and precursors proceed 

through mitosis in the same domains within the SEZ of adult male mice, albeit with 

NSCs nearer ependymal cells, and that distance from the ventricle is a stronger limiting 

factor for neurogenic activity than distance from blood vessels. Furthermore, we show 

that NSCs and precursors are embedded in a laminin rich extracellular matrix, to which 

they can both contribute. Importantly, they express differential levels of extracellular 

matrix receptors, with NSCs expressing low levels of integrin-a.6p 1, syndecan-1 and 

lutheran, and in vivo blocking of integrin-P 1 selectively induced the proliferation and 

ectopic migration of precursors. Finally, when NSCs are activated in order to reconstitute 

the niche after depletion of precursors, expression of laminin receptors is upregulated. 

These results indicate that the distinct behavior of adult NSCs and precursors is not 

necessarily regulated via exposure to differential extracellular signals, but rather via 

intrinsic regulation of their interaction with their microenvironment. 
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4.3 Introduction 

Stem cell niches are protective microenvironments constructed by supporting cells and 

blood vessels, that contain stem cells and some of their progeny [51, 114]. A neurogenic 

stem cell niche in the adult rodent brain is the subependymal zone (SEZ) of the lateral 

walls ofthe lateral ventricles (LVs). Here, astroglial-like neural stem cells (NSCs, also 

known as type-B cells) generate neuroblasts (NBs, or type-A cells) and oligodendrocyte 

precursors via transit-amplifying precursors (TaPs, or type-C cells) [1]. The cell cycle 

behavior ofNSCs and of their downstream more committed progenitors (collectively 

referred to as "precursors") within the niche is distinct. In the normal CNS, NSCs are 

relatively quiescent while precursors actively proliferate [2]. Following ablation of the 

precursors, however, the NSCs become activated and rapidly generate a new population 

of TaPs. However, the intrinsic and extrinsic signals that determine these distinct 

behaviors remain elusive. 

A necessary first step in determining the identity of these signals is to establish 

the cellular and extracellular environment ofNSCs and TaPs. Previous studies have 

shown that proliferating cells in the SEZ reside in close proximity to blood vessels [32, 

33] and to fractones [115], extracellular matrix (ECM) structures proposed to be 

continuums of the blood vessel basement membrane, and that NSCs intercalate between 

ependymal cells creating specific pinwheel cyto-architectures at the ventricular wall [42]. 

However these studies did not examine whether NSCs and TaPs differed in their 

proximity to ependymal cells and blood vessels, critical information in the formulation of 

hypotheses as to which cell type generates the signals for each stem/precursor population. 

Nor, in addition, was the role ofECM examined by determining expression of its 
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components and their receptors. Here we have performed this analysis and show that, 

while stem and precursor cells are equidistant from blood vessels, stem cells are also in 

close proximity to ependymal cells. Laminins are expressed throughout the niche but 

only precursors express laminin binding integrins in the normal CNS, and functional 

studies show that these regulate proliferation and migration. During regeneration NSCs 

also express integrins, and our study therefore shows for the first time how laminins 

could regulate proliferation of the different populations in the niche during maintenance 

and regeneration. 

4.4 Materials and Methods 

4.4.1 Tissue preparation and immunostaining 

Experiments were performed in accordance with the Animals (Scientific Procedures) Act 

1986. Adult (4- 6 months) C57BL/6 and 129sv male mice were fixed in 4% 

paraformaldehyde in PBS. Cryostat (6Jlm) or vibratome (70Jlm) brain sections were cut 

from the area extending from Bregma up to 2.0mm posterior. For immunostaining, 

sections were treated with 0.1% Triton X-1 00, 10% normal goat serum (Sigma) in PBS 

and subsequently incubated overnight with the appropriate primary antibodies at 4°C 

(antibodies used are listed in Supplemental Figure 4-8). For laminin immunostaining 

sections were also post-fixed with acetone (10 min) and the blocking buffer contained 3% 

BSA (Sigma). Alexa Fluor 350, 488, 568 and 647 (Invitrogen) were used as secondary 

antibodies. To identify slowly dividing, BrdU-retaining cells mice received 2 BrdU 

injections/day (Sigma; 50 mg/kg b.w.) for 3 days and were sacrificed 40 days later. 
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Brains were processed and analyzed as described above with the addition of a pre

treatment in 2N HCl for 30 min at 37°C. HCl treatment resulted in significant alterations 

of the immunostaining for most laminins and laminin receptors, therefore only the BrdU/ 

P 1-integrin double staining results have been incorporated to the analysis. Images were 

acquired using an Olympus IX50 or a Zeiss fluorescence microscope and with a Leica 

SP5 confocal microscope and were processed using MagnaFire and Photo shop (Adobe) 

software. Triple labelings were analysed using deltavision imaging as previously reported 

[116]. Briefly, an Olympus IX60 inverted microscope was used as the platform for image 

acquisition (Applied Precision, Issaqua, WA). The interface for stack building was done 

with a SoftWorx acquisition module (Resolve3D). The centre of an image stack was 

determined by the autofocus function ofResolve3D and images were automatically 

compiled into interleaved colour stacks from that plane outward using a custom script. 

Tiffs were generated via a SoftWorx command and exported to Adobe Photoshop for 

figure assembly. Each experimental image was acquired as a stack of 100 nm slices with 

20 slices per cell using a 60x objective. Images were displayed using the medium 

intensity quick projection function. 

For the structural analysis, coronal vibratome sections, rather than SEZ whole 

mounts, were used so as to allow comparison of the neurogenic niche with neighbouring 

non-neurogenic striatal and periventricular areas. While this is advantageous, we 

considered two possible limitations introduced by the use of coronal sections - the loss of 

adjacent structures such as blood vessels due to separation by the plane of section and the 

possibility of the micro vessel densities being unrepresentative due to the limited volume 

of the section. For the analysis of the position of dividing cells all work was therefore 
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done with confocal microscope z-stacks from 70J.1M sections and in measuring the 

proximities of the nuclei to the nearest blood vessel, we excluded those nuclei that were 

less than lOJ.lm from the edge ofthe z-stacks ifthe distance to the vessel was greater than 

20J.1m as for these cells the nearest vessel may not be present in the z stack. Based on our 

measurements the density of vessels in the SEZ is 2.5%. Hence the error introduced by 

cutting off vessels in the coronal sections is about 3%. Additionally, since we are 

excluding the cells on the boundary the error in the measurements of the proximities that 

may be caused by the finite size of the coronal sections is further reduced. When the 

densities of microvessels were calculated these were not equal in all z-stacks - however 

this variability is also present in whole mounts and there was no significant difference in 

the mean vessel densities we measured using coronal sections and whole mount sections 

(data not shown). 

Stainings were imaged using a confocal microscope (LSM 510 MET A, Carl 

Zeiss) with a Plan-Apochromat 63 X/1.4 Oil DIC objective lens. Images were analyzed 

using automated image processing software FARSIGHT [117]. The cell types in a multi

channel image were enumerated as described below. First, all the DAPI stained nuclei in 

an image were counted using FARSIGHT. In the case of nuclear markers, all the nuclei 

above a certain intensity threshold in the corresponding channels were counted. For 

membrane markers, boundary pixels of the DAPI stained nuclei were inspected and the 

nuclei were deemed positive or negative if the pixels were above or below an intensity 

threshold. The fraction of a cell type in the SEZ was defined as the ratio of the total 

number of nuclei counted from various images to the total number of DAPI stained nuclei 

in the corresponding images. The cell types were catalogued from a pool of 2200 cells in 
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the SEZ. To measure the distance of the various cell types to the blood vessels, the nuclei 

were segmented as described above, the vessels were then segmented, and the distance 

from the centroid of the nuclei to the surface of the vessels were measured using 

FARSIGHT. The density of vessels was measured using a custom program written in 

MA TLAB and vessel diameters as well as the proximity of vessels to the ventricle was 

measured using LSM image browser from 60 z-stacks which were 10 urn to 45 urn thick. 

The size of each image that was analyzed was 143 J.lm (parallel to the lateral ventricles) x 

20 J.lm (distance from the ventricle). The measurements involving GF AP immuno

staining were made using Imaris 5.0.3. 

4.4.2 AraC treatment and Pl-integrin blocking experiments 

Adult mice were anesthetized and a cannula (BIK-11, Alzet) was fixed on the skull (1mm 

lateral to bregma) connected to a subcutaneously implanted mini-osmotic pump (1007D, 

Alzet). For AraC treatment, 4% AraC (Sigma, UK) or saline alone was infused for 4 days 

onto the surface of the brain and animals were sacrificed at different time-points after the 

end ofthe infusion [118]. For J31-integrin blocking experiments, isotype-control or 

blocking antibodies (clone Ha2/5, BD Biosciences Pharmingen, USA) were infused for 3 

days in one ventricle and mice were sacrificed 1 or 4 days post-treatment. 

4.4.3 Fluorescence Activated Cell Sorting (FACS) and neurosphere assays 

The SEZ from 10-12 week old heterozygous Sox2:EGFP [110] and CDl male mice was 

microdissected into DMEM/F12 (Sigma). Samples were digested with Papain 

(Worthington) for 30-45 minutes with occasional re-suspension [13, 106]. The sample 

was passed through a 40J.lm filter to exclude undigested tissue and large debris and the 
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cell concentration adjusted to 106 cells/ 1 00~-tl for staining. Cell suspensions were 

incubated with antibodies against ~ 1-integrin conjugated to Alexafluor 700 (Biolegend) 

at a concentration of 1: 100 on ice for 20 minutes. Propidium iodide was added (1: 1 00), at 

least ten minutes before sorting, to exclude dead or dying cells. Experiments were 

performed with a BD F ACSaria machine. Samples from wild type mice were used as 

negative controls to set up voltages and to establish positive and negative gates (Supp 

Fig. 3-1). Data were collected using FACSdiva software and analyzed using Flowjo 

software. Sorted cells were plated at clonal density (50 cells/cm2) [13] in neurosphere 

medium (containing FGF2 and EGF). Fresh medium was added after three days to 

maintain growth factor concentrations and the sphere forming potential was assessed at 

seven days. Single primary spheres were placed in individual wells of a 96-well plate and 

dissociated into single cells to assess formation of secondary spheres. 
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4.5 Results 

4.5.1 Structural characteristics of the neurogenic niche 

The SEZ neurogenic niche is a narrow periventricular area extending few 

micrometers into the mature brain tissue at the lateral side of the LV wall, with the 

middle and ventral parts being thin and compact areas and the dorsal part being wider and 

dominated by large clusters of migrating NBs (Figure 4-1 and Supp Figure 4-2). We 

compared the structure of the SEZ on the lateral side of the LV with the non-neurogenic 

area situated at the medial side (middle and dorsal parts) of the SEZ (Figure 4-1), 

focusing on the ependymal cells, astrocytes and vasculature. Ependymal cells form a 

monolayer that lines the ventricle and at the medial side below the ependymal layer 

multiple astrocytes form a layer of processes running in parallel to the ventricular wall 

(Figure 4-1, inset 1). This ependymal- astrocyte architecture was not observed in the 

SEZ, where astroglial processes run radially, or randomly (Figure 4-1, inset 2). The SEZ 

niche was also characterized by an extensive network of blood vessels, many positioned 

in parallel to the ventricle (Supp Figure 4-3). Using image processing software (see 

Materials and Methods) we compared the vessel network on the lateral and medial sides 

throughout a range of dorso-ventral and rostro-caudallevels [from bregma (Omm) to 

2.0mm rostrally)] (n=6 mice). The vessel network in the SEZ was positioned nearer to the 

ventricle (average distance was 12.06J.tm±4.07, versus 21.15J.tm±10.43 at the medial side, 

p <0.02 using the Kruskal-Wallis test), with the shortest distance of vessels from the 

ventricle also being significantly smaller (10.21J.tm±2.56 compared to 20.07J.tm±8.64 at 

the medial side). Therefore, the area that encompasses the niche is significantly more 
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Figure 4-1 - Structural characteristics of the SEZ. Two low power views of a coronal section showing 
the entire lateral ventricle of the adult mouse brain are shown, single labeled on the left for Ki67 
(red) and double labeled for Ki67 and GFAP (green) on the right. As indicated, medial is to left, 
lateral to the right. Note that proliferation (KI67+ cells) occurs only immediately adjacent to the 
lateral side of the ventricle, extending almost the entire length of the lateral side - the basal limit of 
proliferation is marked by the arrowhead. GF AP labelling reveals structural differences between the 
two sides; at the medial (non-neurogenic) side, ependymal cells are underlined by astrocytic 
processes (box 1, shown in higher power in inset 1, arrows show GFAP+ astrocyte processes), a 
cytoarchitecture absent from the neurogenic side (box 2, shown in higher power in inset 2 - note the 
lack of astrocyte processes running parallel to the ventricular surface). GFAP+ processes can also be 
seen surrounding blood vessels (box 3, shown in higher power in inset 3). Note here that 
proliferating cells reside next to blood vessels but are only seen up to a certain distance from the 
ventricle, as revealed by their absence from the lateral side of the blood vessel [scale bars: 100fJ.m]. 

vascularized as compared to the medial side (with vessels representing 2.48% ± 1.65 of 

the tissue volume on the lateral side versus 0.42% ± 0.39 on the medial side; p<0.01 

using the Kruskal-Wallis test), even though the average diameter of vessels was similar 

(5.75~m ±1.85 medially and 4.64~m ±1.85 laterally). Based on the above mapping, 
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vascularization of the SEZ appeared to be stratified and could be divided (for analysis 

reasons) in 4 layers, each one being 5 ~m thick. The first comprised the ependymal cell 

layer and was totally devoid of blood vessels. The second layer showed the major 

differences with blood vessels seen in the SEZ but not on the non-neurogenic side. In 

both regions, however, the 3rd and 4th layers were highly vascular. 

4.5.2 Mitotic activity of NSCs and precursors occurs in the same micro-domains of 

theSEZ. 

Having defined the position of ependymal cells and blood vessels within the SEZ, we 

next asked whether the location ofNSCs and TaPs relative to these structural components 

suggested a dominant role for one or the other in providing a cellular environment for 

neurogenesis. First, we established the number of the different cell types within the SEZ 

using an automated object recognition software (FARSIGHT): ependymal cells (33%), 

transit-amplifying precursors (TaPs/ 12%), neuroblasts (NBs/ 23%; commonly found in 

clusters), astrocytes including NSCs (16%), neurons (11 %) and unidentified cells (5%) 

(see Supp Figure 4-2 for cell-type specific markers)- figures that agree closely with 

previous studies [36]. 

Our analysis then focused primarily on mitotic cells (i.e. the "real-time" 

neurogenic activity as opposed to cells that might be resting in G 1 phase of the cell 

cycle), marked by the expression of phosphorylated histone 3 (PH3). We used expression 

ofGFAP to distinguish the combined population ofTaPs and NBs (that are GFAP

negative) from the NSCs (that are GFAP-positive), so enabling the necessary triple 

labeling experiments for the structural analysis using antibodies against PH3 and 

laminins (to identify blood vessels). The addition of antibodies against further markers 
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that distinguish between TaPs and NBs resulted in a level of signal inadequate for 

analysis. 157 mitotic cells from 7 mice were identified and separated to potential NSCs 

(co-expressing GFAP) or more committed precursors (GFAP-negative). For the analysis 

of the positional characteristics of different cell types, the shortest distance from the 

center of the nucleus of each PH3+ cell to the ventricle and to the nearest blood vessel 

was measured (Supp Figure 4-4), using FARSIGHT. As expected, the vast majority of 

mitotic cells were GFAP-negative (91 %±2) and they were observed at all rostro-caudal 

and dorso-ventral levels although with lower average density at the middle of the niche, 

while no GFAP+ mitotic cells were observed in the ventral SEZ (Supp Figure 4-4). 

All mitotic cells were located within a 20J.tm-wide zone adjacent to the ventricle. 

Few mitotic nuclei were positioned among ependymal cells (below 5J.lm from the 

ventricular surface; 7% of all mitotic cells) and these included almost half of dividing 

astrocytes (40% ofGFAP+/PH3+ cells) and a small fraction ofthe mitotic GFAP- cells 

(6% ofGFAP-/PH3+ cells). More mitotic cells (43% of all mitotic cells) were observed 

in the second cell layer (5-10J.lm from the ventricular surface), belonging both to GFAP+ 

(60% ofGFAP+/PH3+ cells) and GFAP- (42% ofGFAP-/PH3+) cells. Reflecting this, 

the average distances from the ventricle were 7.2J.lm±1.5 for the mitotic GFAP+ cells 

(NSC) and 10. 7J.lm±4.3 for the mitotic GF AP- precursors (p=0.316 using the non

parametric Friedman test). The third and fourth cell layers (1 0-20J.lm) contained 

numerous GFAP- mitotic nuclei (35% and 17% of GF AP-/PH3+ cells, respectively) but 

no mitotic astrocytes, although these layers were rich in non-dividing astrocytes 

(containing 25% of all SEZ astrocytes, with another 9% positioned farther than 20J.tm). 

These data therefore demonstrate that neurogenic activity (either ofNSCs or downstream 
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precursors) occurs in the periventricular area, with the GFAP+ mitotic cells (NSCs) 

restricted to the 10f.1m adjacent to the ventricle while the GFAP- cells (precursors) are 

dispersed throughout the 20f.1m depth of the SEZ 

Having established above that the neurogenic regions of the SEZ are more 

vascularized than non-neurogenic regions, we next examined the position of the mitotic 

cells relative to blood vessels. The average distance of mitotic NSCs, mitotic precursors 

and non-mitotic astrocytes from the nearest blood vessel was not statistically different 

(NSCs: 16.6f.1m±15.4, precursors: 13.7f.1m±10.6, non-mitotic astrocytes: 16.8f.1m±10.7; 

p=0.12 using the non-parametric Friedman test) and we observed significant numbers of 

mitotic NSCs and precursors at distances greater than 20f.1m from the nearest blood vessel 

(NSCs: 20% 0-Sf.lm, 30% 5-10f.1m and 50% >20f.1m; precursors: 29% 0-Sf.lm, 19% 5-

10f.1m, 6% 10-15f.1m, 23% 15-20f.1m and 23% >20f.lm). Indeed, when the distance from 

the ventricle and from the nearest blood vessel was compared for each mitotic cell, using 

the non-parametric paired Wilcoxon test, it was found that both mitotic NSCs and 

precursors were positioned significantly nearer to the ventricle rather than to blood 

vessels (p=0.007 for NSCs and p=0.013 for precursors) even though many of the latter 

population are located 1 0-20f.1m away from the ventricle. 

4.5.3 The neurogenic microenvironment is rich in laminins 

Having established that NSC and precursors differ in their distribution within the SEZ, 

we next asked whether this resulted in differences in the extracellular matrix environment 

of the two populations. We focused on laminins, as these molecules are found in other 

niches and have previously been shown to be present in fractones within the SEZ. 

Laminins are trimers consisting of one a, one ~ and one y chain, and we examined the 
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expression of these chains using available chain-specific antibodies as detailed in Table 

4-1. Blood vessels of the niche were immuno-positive for numerous laminin chains as 

well as for agrin, collagen IV and fibronectin (Table 4-1). No difference was detected in 

this ECM profile among blood vessels within the SEZ and those within the adjacent 
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Table 4-1- Expression profile ofECM molecules in the normal and regenerating SEZ. 

striatal area (data not shown). Examination of blood vessels revealed that laminin 

expression was confined at the outer surface of vessels and GF AP+ cells were often 

found to be in close contact with the laminin rich zone of vessels (Supp Figure 4-3A,B). 

The parenchyma of the ependymal and subependymal regions was also immunopositive 

for the same laminins (Table 4-1 ). In contrast, in the adjacent striatal area lamimin 

immunoreactivity was associated mainly with vessels. The immunoreactivity was diffuse 

within the SEZ but notably higher at the ependymal layer and around clusters of TaPs 

and NBs (Supp Figure 4-5 and data not shown). In addition, immunopositive fractone-

like structures were observed (Table 4-1, Supp Figure 4-5). Importantly, no differences in 

the chains expressed were seen between any of these regions. Overall, therefore, these 

data indicate that the neurogenic niche is characterized by high concentrations of 
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laminins, as compared to adjacent non-neurogenic areas, with NSCs and precursors 

equally exposed to this ECM and with no differences in trimer composition as judged by 

the expression of specific chains. 

4.5.4 Differential expression of laminin receptors on NSCs and progenitors 

A uniform expression of laminins could still generate distinct signals in stem and 

precursor populations if the expression of laminin receptors differed on the two 

populations. We therefore performed an immunohistochemical analysis of the expression 

of the major receptors for laminins: integrins (consisted of one a and one 13 chain), 

syndecans, dystroglycans, and lutheran -which is a laminin-a5 chain specific ligand. The 

laminin receptors with the widest distribution of expression were integrins a6 and 131, 

expressed by blood vessels, ependymal cells and progenitors (Table 4-2). Double 

immunostaining showed that these subunits were highly co-localized (data not shown), 

consistent with the expression of the a6131 laminin-binding integrin. Double 

immunostaining for 131-integrin and the transcription factor Sox2 (expressed on NSCs, 

precursors and ependymal cells) revealed that most, but not all, of Sox2-positive cells 

expressed 131-integrin (Figure 4-2A). To identify the integrin-negative population, we 

used cell-type specific markers. These confirmed that ependymal cells, TaPs and 

neuroblasts were 131-integrin positive (Figure 4-2) and that all actively dividing cells in 

the SEZ expressed high levels ofl31-integrin (Figure 4-3). Interestingly, however, the cell 

bodies and processes of astrocytes did not express 131-integrin (Figure 4-2), suggesting 

that the integrin-negative, Sox2+ cells might include the NSC population. 
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The finding that NSC did not express ~ 1-integrin was surprising, as this integrin 

has been reported to be highly expressed on other stem cells. We therefore verified this 

conclusion in two further ways. First, we performed label-retaining studies, where mice 

were given a cumulative dose of BrdU and sacrificed 40 days later. This identifies the 

slowly dividing cell population within which NSC will be found, while rapidly dividing 

precursors dilute out BrdU and so are unlabelled. In keeping with our initial results, we 

found that 90% ofBrdU-retaining cells were ~1-integrin-negative (Figure 4-3). As a 

second way to confirm this conclusion, we used a neurosphere assay. Neurospheres are 

3D-aggregates containing a mixture of stem, precursor and more differentiated cells that 

grow from a single stem cell and can be passaged to form secondary neurospheres, and 

therefore provide a semi-quantitative method for assessing stem cell numbers within 

dissociated cell populations. We used F ACS to collect subpopulations of cells, isolated 

from microdissected SEZs of adult Sox2-EGFP mice and immunostained with ~ 1-

integrin conjugated antibodies (n=4). In these mice EGFP reporter has been shown to 

represent accurately endogenous Sox2 expression [110] and we validated this within the 

adult SEZ by comparing EGFP expression with Sox2 immunoreactivity (Figure 4-4A). 

Four populations were sorted in the F ACS analysis based on high or low expression of 

EGFP and ~1-integrin, with the EGFP+ ~1 integrin- population then containing the 

putative GFAP+ NSCs, (Figure 4-4B and Figure 4-2A,D) and each was collected and 

seeded into growth medium in order to assess neurosphere formation (Figure 4-4C). Over 

60,000 cells were assayed and the results revealed that virtually all cells with 

neurosphere-forming ability were Sox2+ but ~1-integrin negative, with 830 of 833 
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Figure 4-2- Cell-type specific expression of f31-integrin in the SEZ. Expression of f31-integrin by 
different cell types of the SEZ was investigated with double immunostainings on coronal sections. 
Sox2 marks numerous cells within the niche (panel A) most of which are immunopositive for f31-
integrin, although few Sox2+/ f31-integrin negative cells are also observed (arrows in A). Transit 
amplifying precursors identified by Mashl expression (panel B, arrow indicates one example) and 
PSA-NCAM positive neuroblasts (panel C) co-express f31-integrin. Astrocytes do not express 
detectable levels of f31-integrin (panel D, arrows indicate two f31-integrin negative astrocytes). 
Ependymal cells (indicated by arrowheads in all panels) and blood vessels ("bv" at C and D) also 
express high levels of f31-integrin. [the lateral ventricle is to the right in all images, scale bar: 30J1m] 
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spheres formed from the Sox2+/J31 integrin- population. Secondary spheres were formed 

by 83% (75/90) of primary spheres from this population. These results therefore 

confirmed that the Sox2+/J31 integrin- population of the SEZ is highly enriched for NSCs, 

and thus we conclude that the great majority ofNSCs in the normal SEZ does not express 

detectable J31-integrin. Examination of other laminin receptors revealed that lutheran co

localized with J31-integrin (Supp Figure 4-6). Syndecan-1 was expressed on TaPs and 

NBs (Supp Figure 4-7) but, unlike integrin-J31, only low levels of expression were 

observed in the ependymal cell layer. Additionally, and again in contrast to J31-integrin 

and lutheran, a fraction ofastrocytic cell bodies and processes (10%±1.5, n=3 mice) 

expressed syndecan-1. Finally, blood vessels were also immunopositive for integrin-a7 

and dystroglycan (Table 4-2). 
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Figure 4-3 -IH-integrin expression and cell cycle. Actively dividing cells immuno-labelled with anti
phospho histone 3 (panel "a", one PH3+ cell is indicated by the arrow), or anti-Ki67 antibodies 
(panel "b", two Ki67+ cells are indicated by arrows) express pt-integrin. In al, a2, bland b2 single 
channel immunolabelling is shown. In a3 and b3 these are merged with PH3/Ki67 in green and 
integrin in red. Blue shows DAPI in a3. In contrast, slowly dividing cells, that retain BrdU 40 days 
after the last injection, are negative for Pl-integrin (arrows in panels "c" and "d"). Note the presence 
of multiple Pl-integrin+ cells in close proximity to BrdU-retaining cells. In panel "d", the BrdU
retaining cell is also GFAP+, compatible with a NSC identity. Panels c3 and d4 show merged images 
with BrdU in green, integrin in red and, in d4, GFAP in blue [scale bars: lOJ!m (a,b,d)- SJ!m (in c)] 

There are two possible interpretations of the result that NSCs do not express 

detectable levels of P1-integrin. Firstly, P1-integrin may be expressed only on dividing 

cells and as the great majority of NSCs are quiescent they are p 1-integrin-negative. 

Secondly, NSCs and precursors may differ in integrin expression such that NSCs are 

always P 1-integrin-negative whatever their cell cycle status. These two possibilities could 

in theory be distinguished in the normal niche by examining dividing NSCs, but these are 

very rare cells. To distinguish these possibilities we therefore took advantage of the 

regenerative properties of the SEZ where significant numbers of NSCs become activated 

and re-enter the cell cycle to reconstitute the TaP and NB populations after their ablation 

with the cytotoxic drug AraC. AraC was infused on the surface of the brain for 4 days 
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and mice were sacrificed immediately after the end of treatment (day 0, n=5) and 2 or 4 

days later (n=5 per time-point). 184 PH3+ cells were identified and as expected, in these 

initial phases of regeneration the majority were astrocytes, with their percentage 

declining later on (data not shown). Notably, few mitotic astrocytes were now observed 

farther than 10jlm from the ventricle (in contrast to the normal SEZ), but never beyond 

20jlm from the ventricle (the distribution was: 11% 0-5jlm, 63% 5-10jlm, 22% 10-15jlm, 

4% 15-20jlm). As in the normal SEZ, these cells were closer to the ventricle than they 

were to blood vessels (8.6jlm±3.4 from the ventricle and 15.8jlm±10.5 from the vessels; 

p<0.05 using the non-parametric Wilcoxon test). Mitotic GF AP- cells were very sparse 

immediately after the end of AraC treatment but their numbers increased thereafter and 

their distribution was similar to those of the normal niche (20% 0-5jlm, 36% 5-10jlm, 

34% 10-15jlm, 10% 15-20jlm from the ventricle). The expression oflutheran and 

syndecan-1 was upregulated on SEZ astrocytes immediately after the end of AraC 

infusion (Figure 4-5), while expression of a6p 1-integrin remained non-detectable. 

However two days later, when neuroblasts were still absent and the TaP pool had only 

partial been reconstituted, p 1-integrin expression was upregulated on GF AP-positive 

cells. Triple immuno-staining revealed that these p 1 integrin+/ GF AP+ astrocytes were 

also Sox2+, confirming that NSCs in the SEZ niche upregulate P1-integrin at the time of 

their mitotic activation (Figure 4-5e,f). We conclude that integrin expression correlates 

with mitotic status rather than being a difference between stem and precursor cells. 
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Figure 4-4- Sox2+ /Pl-integrin negative cells of the SEZ show high neurosphere-forming ability. (A) 
Immunofluorescence with Sox2 antibodies (red) shows co-localization with the EGFP reporter 
(green) in the SEZ of an adult Sox2:EGFP mouse. (B) Typical FACS data displaying gating for 
populations expressing Sox2(EGFP) and/or Pl-integrin. Four populations can be distinguished. (C) 
Percentage of cells which form neurospheres from each of the four populations shown in (B). Note 
that only Sox2+ cells generate neurospheres and predominantly those that are Sox2+ /Pl-integrin 
negative. [data in the graph represent means and SEM] 

Interestingly, although blood vessel and ependymal cell related laminin 

immunoreactivity, as well as the occurrence of fractone-like dots, was unaffected by 

AraC treatment there was a significant reduction in the levels of diffuse parenchymal 

laminin expression (Figure 4-6). This indicates that TaPs and NBs (that constitute 

approximately 35% of the total number of cells in the niche) contribute laminins to this 

compartment of the niche microenvironment. No other change in laminin expression was 

seen except for high levels of laminin-P 1 expression that was co-related with processes 

and cell bodies of astrocytes (Figure 4-6). 
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Figure 4-5 - Laminin receptors in the normal and regenerating SEZ. Characteristic images of the 
SEZ from coronal sections immunostained for GFAP (green) and syndecan-1 or P1-integrin (red), 
with DAPI in blue. Expression of syndecan-1 and P1-integrin on astrocytes is very low in the normal 
SEZ (a,b). Immediately after the end of treatment with the anti-mitotic drug AraC (day 0, panels c 
and d), syndecan-1 expression is upregulated on astrocytes (examples of double-positive cells 
indicated by arrows in c), while P1-integrin is still expressed only on ependymal cells and blood 
vessels (panel d). Note the decrease in overall P1-integrin immunoreactivity caused by the absence of 
TaPs and NBs due to AraC treatment (compare panels band d). 2 days after AraC treatment, when 
NSCs become mitotic in order to regenerate the niche, expression of P1-integrin is also upregulated 
on SEZ astrocytes (examples of syndecan1 and P1-integrin positive astrocytes are indicated by 
arrows in e and f, respectively). At the right of panel "d" a higher power view of a triple-labeled 
section is shown, illustrating a GFAP+/ P1-integrin+/ Sox2+ cell that is therefore a neuronal 
progenitor. [lateral ventricle is to the left in all images; scale bars: 20J.1m] 
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normal Ara.C day 0 

Figure 4-6 - Laminin expression in the normal and regenerating SEZ. Characteristic images of the 
SEZ from coronal sections immunostained for different laminin chains. In the normal SEZ (shown in 
the left upper three panels) laminin immunoreactivity (green, with DAPI in blue) is high around 
clusters of cells. White arrows in the top panel indicate laminin-a1 immunoreactivity at the dorsal 
horn of the SEZ, while stars in the middle panels indicate small clusters of cells in the SEZ after 
immunostaining with laminin-y1 and laminin-~1. Laminin expression is also high at the ependymal 
cell layer (arrowheads in middle panels where the lateral ventricle is at the bottom). After AraC 
treatment (shown in the right upper three panels), resulting in the ablation of TaPs and NBs, the 
laminin content of the niche is decreased (yellow arrows at the top and stars in the middle panels 
indicate groups of cells in areas similar to the ones shown at the left) although it remains high around 
ependymal cells (arrowheads). One exception is the expression of laminin-~1, whose 
immunoreactivity is maintained (as shown in the lowest of this set of panels) and co-related with 
GF AP+ processes as shown in the set of three panels at the bottom of the figure, where a section has 
been double labelled for laminin-~1 (red) and GFAP (green). [scale bars: 10Jtm] 

4.5.5 Blocking of integrin-Pl results in increased proliferation and migration of 

precursors 

Having shown that ~ 1-integrin is expressed on mitotic stem and precursor cells, we asked 

what the function of these integrins was by infusing a blocking antibody into the ventricle 

for 3 days and sacrificing the mice either 1 or 4 days after the end of infusions. Two 
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different concentrations ofblocking antibody were administered. The high dose (1J.tg/ 

day) resulted in significant disorganization of the ependymal cell layer and the 

occurrence ofbig clusters ofNBs in the ventricle (Figure 4-7A,B) not allowing any 

further analysis to be performed. The infusion of lower dose ofblocking antibody 

(lOOng/day) did not cause such profound disruption of the tissue, although some clusters 

ofNBs were still observed within the LV. When the percentage ofKi67-positive 

(proliferating) cells was compared to that of the normal niche, a significant increase was 

found at 4 days post-treatment (13.0%±5 of total cells in the isotype antibody infused 

SEZ; 18.6%±4 at 4d, p<0.05 using one-way ANOV A). This increase in the percentage of 

proliferating cells after blocking of integrin-~ 1 was observed almost exclusively within 

the population of high Sox2 expressing cells. Sox2 high/ Ki671 + cells represented 

1.9%±1 of total cells in the normal niche, and increased to 4.8%±2 after 4d with integrin

~ 1 blocking antibody (p<0.05 using t-test). In contrast, the percentage of Sox2 low/ 

Ki67+ cells did not change significantly: 11.1 %±2.4 of total cells in the normal niche and 

13. 7±2. 7 at 4d (p=0.54 using t-test). As approximately 85% of dividing cells in the 

normal SEZ are neuroblasts expressing Dcx and low levels of Sox2 (Supp Figure 4-8), 

while the other 15% that express high levels of Sox2 are predominantly TaPs (NSCs and 

ependymal cells that are also Sox2 high-expressing cells divide only occasionally or are 

quiescent, respectively) (Supp Figure 4-8), we conclude that the majority of the increased 

proliferation is present in the TaP cells. As we would have predicted given their lack of 

integrin-~ 1 expression, there was no increase in the numbers of proliferating astrocytes 

(that remained below 0.5% both in the normal and the infused niche). These results 

therefore confirm a role for integrin-~ 1 in the regulation of TaP proliferation in the SEZ. 
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They also revealed a migration phenotype, with an increase in the appearance of Dcx-

positive and proliferating cells on the medial side of the ventricle (Figure 4-7) where 

normally only very few migrating cells are seen. 

Figure 4-7 - Effects of blocking integrin-pl. Infusion of an integrin-Pl blocking antibody in the 
lateral ventricle for 3 days resulted in disruption of the ventricular wall and in the appearance of 
Dcx+ neuroblast clusters within the ventricle (A) and at the bottom of the ventricle (arrowhead in D), 
as well as in protrusions of the ventricular wall (B) consisting of GF AP+ astrocytes and dividing cells 
(Ki67+). In addition, it resulted in the increased occurrence of proliferating cells at the medial side 
(arrows inC, D); these cells were mainly Dcx+ neuroblasts (E and F show high magnifications of the 
medial wall of the ventricles from sections adjacent to the ones shown in C and D, respectively; note 
the increased number of Dcx+ cells (red) in F). [scale bars: 50J.1m] 
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4.6 Discussion 

The exact position of stem cells within their niche will be critical for the regulation of cell 

behaviour, as it will determine to which extracellular cues the stem cell is exposed. In the 

case ofthe SEZ neurogenic niche both the ventricle (CSF, ependymal layer) and the 

vasculature have been implicated in the regulation ofneurogenesis [32, 33, 42, 119]. In 

keeping with this, our analysis revealed that the periventricular area where neurogenesis 

occurs is characterized by significantly higher vascularisation, compared to non

neurogenic areas, a result of the penetration of the blood vessel network nearer to the 

ventricle. This specialization of the vasculature of the niche might be very important not 

only for homeostatic neurogenesis (ie the turnover seen in the undamaged CNS), but also 

for the regenerative responses after injury, since inflammation mediated by the innate 

microglia and the blood vessel-derived infiltrating T -cells has been shown to modulate 

NSC and precursor behaviour [120, 121]. Interestingly, however, within the 3D SEZ 

microenvironment the distribution of mitotic cells within both the normal and 

regenerating was not tightly linked to blood vessels, with either NSCs or precursors going 

through mitosis at a diversity of distances, from <5~m to >30~m from the vessels. This is 

not to say that NSC do not receive signals from vessels, as previous work has shown that 

fine processes from astrocytes can extend significant distances to contact blood vessels 

[42]. However, as the distance from the ventricular wall emerged as a strong limiting 

factor, with all mitotic activity being restricted within a 20~m-thick zone adjacent to the 

ventricle, we conclude that the ependymal cell layer generates signals that may be at least 

as important as the vasculature in regulating the mitotic activity of stem and precursor 

cells in both the homeostatic and regenerating niche. 
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The nature of these signals remains to be determined, as only a few possible 

ependyma-derived regulators of neurogenesis have been identified previously such as 

Pigment Epithelium-Derived Factor [122], and molecules of the Bone Morphogenetic 

Protein pathway [123, 124]. Interestingly, and in support of the hypothesis that 

ependymal cells provide critical signals for neurogenesis, in non-neurogenic 

peri ventricular regions an additional layer of astrocytic processes running parallel to 

ependymal cells is observed. Thus, it is only within the neurogenic area that the 

subependymal region is separated from the ventricle only by the ependymal cell 

monolayer. Moreover, specific subtypes of ependymal cells (e.g. E2 hi-cilia cells) are 

observed exclusively in the neurogenic region of the ventricular wall [42]. Nevertheless, 

the possible role of ependymal cells in the regulation of adult NSCs remains controversial 

since hippocampal neurogenesis occurs in a niche devoid of ependymal cells [ 41 ], albeit 

one producing different types of neurons via intermediate progenitors distinct from those 

seen in the SEZ [125, 126]. In the future it will therefore be important to extend this type 

of structural investigation to other CNS niches and also to include in the analysis other 

cell types such as microglia that have been shown to regulate the behavior of neuronal 

progenitors [127]. 

Previous experimental work has shown that the SEZ is rich in ECM molecules, 

such as fibronectin and laminins 131, y1 [128], chondroitin sulfate proteoglycans [129, 

130] and tenascin-C [118, 131, 132]. Here, we showed that NSCs and precursors are 

exposed to high levels of many additionallaminin chains within the niche including 

laminin-a5. Laminins are important for proliferation and survival of neuronal progenitors 

[93, 133], for hippocampal regeneration [134] and regulate growth factor concentrations 
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in the SEZ [115]. Moreover, recent in vivo studies have revealed a role oflaminins and 

especially oflaminin-511 (the a.5~ 1 y 1 trimer), produced both by vessel endothelial cells 

and other sources, in the regulation of adult stem cells in the skin [ 13 5] and pancreas 

[136]. In vitro work has also demonstrated a role for a.5 laminins in the survival and 

proliferation of embryonic stem cells [ 13 7 -140]. This laminin may therefore have a 

significant role in the regulation of adult NSCs within the SEZ. 

Our experiments indicate at least three different sources of laminins. The marked 

reduction of the laminin content of the niche after ablation of precursors revealed that 

cells of the NSC lineage are one major source ofthese molecules. In contrast, laminin 

immunostaining around ependymal cells and blood vessels remained stable after AraC 

treatment, showing that both these two additional sources -containing cells that are not 

affected by anti-mitotic treatment [8]- are producing laminins independently of the 

presence of precursors. Finally the preservation of laminin-~ 1 expression in the 

parenchyma of the SEZ after AraC treatment and its correlation with astrocytic cell 

bodies and processes, suggests that SEZ astrocytes may represent a fourth cell-type 

specific expression pattern oflaminins seen only following injury. 

How do NSCs and precursors interact with the ECM derived from all of the 

cellular components of the niche? We found that NSCs and precursors express different 

levels of laminin receptors, with the latter expressing high levels of integrin-a.6~ 1, 

syndecan1 and lutheran while the former did not express detectable levels of these same 

receptors. Specifically for integrin-~ 1, this result was confirmed with neurosphere 

generation assays after F ACS separation of SEZ cells by expression levels of Sox2 and 

integrin-~ 1. Integrin-~ 1 has been previously identified as a marker of actively dividing 
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neuronal progenitors [57, 141, 142]. Therefore, we propose that expression ofECM 

receptors such as integrin-a.6131 could be a mechanism that NSCs use in order to regulate 

their activity (Figure 4-8). Although NSCs and precursors reside in similar niche domains 

[42] and are thus exposed to similar extracellular signals from the ECM, during normal 

conditions NSCs will have limited interaction with their microenvironment (as a result of 

low receptor expression) and so remain relatively quiescent. This conclusion is supported 

by the lack of any effect on NSC behaviour in the integrin-131 blocking experiments. 

When NSCs are stimulated to become active, in order to replenish the depleted niche 

after AraC infusions, their position relative to the ventricle and the vasculature remains 

unaltered, but they upregulate expression of integrin-a.6131, lutheran and syndecan-1 and 

thus increase their interaction with their cellular and extracellular environment (Figure 4-

8). Integrin-131 has been shown to mediate interactions with laminin-511 [136, 138, 140], 

while lutheran is a laminin a.5 specific receptor [143]. Syndecan-1 has been previously 

shown to promote proliferation ofbreast cancer cells[144] and to enhance FGF2 activity 

[145] via paracrine activity, in some cases signaling in cooperation with integrins [146]. 

The correlation between the level of activity of adult NSCs and alterations in laminin

integrin interactions is reminiscent of recent findings in the follicle stem cell niche ofthe 

Drosophila ovary [147] where follicle stem cells cell-autonomously control their self

renewing behavior in a two-step process: firstly by producing laminin and secondly by 

upregulating integrin expression. 
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Figure 4-8- Cell-cell and cell-ECM interactions in the normal and regenerating SEZ. In the normal 
niche (left panel) ependymal cells, blood vessels and precursors produce laminin (orange outlining) 
and express laminin receptors (blue and red stars), while NSCs do not express detectable levels of 
laminin receptors. Immediately after the depletion of TaPs and NBs (elicited by treatment with AraC 
- day 0, middle panel) the niche microenvironment becomes depleted of laminins, with the exception 
of NSC-produced laminin-Pl and laminins correlated with blood vessels and ependymal cells. In 
addition, NSCs up regulate expression of syndecan-1 and lutheran. Two days later (day 2, right 
panel), when NSCs become mitotic in order to regenerate the niche, Pl-integrin expression is also 
upregulated on NSCs, possibly regulating proliferation and interactions with adjacent, laminin
positive cells. [BV: blood vessel; E: ependymal cell; NB: neuroblast; NSC: neural stem cell; TaP: 
Transit-amplifying precursor] 

What is the role of integrin-~ 1 on activated NSCs and precursors? The increased 

proliferation of precursors after antibody blocking of integrin-~ 1 activity, similar to 

results obtained previously after antibody blocking of integrin-a6 [33], suggests that an 

important function of integrins might be to control levels of proliferation in actively 

dividing cells. Here, the observation that increased proliferation was seen in cells 

expressing high levels of Sox2 suggests that the affected population is the TaPs rather 

than NBs, but further work using specific TaP markers such as Mash1 and Olig2 [148] 

and cell surface markers of activated NSCs and TaPs such as the EGF receptor [12] will 

be required to confirm this. In the intestine adult stem cell niche, perturbation of~ 1-

integrin also resulted in increased proliferation of progenitors, partially due to defective 

Shh signaling [149] . Another aspect of integrin function is the control of cell migration 

and it has been shown that genetic deletion or blocking of integrin-~ 1 results in disrupted 
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architecture of the rostral migratory stream[144] and altered migration ofNBs [150]. In 

agreement with this, we showed that blocking integrin-~ 1 resulted in increased ectopic 

migration ofNBs at the medial side ofthe LVs. 

In conclusion, our descriptive and functional study highlights three important 

properties of the cellular and extracellular architecture of the SEZ in the regulation of 

stem cell behaviour. First, the greater proximity of mitotic cells to the ependymal cells 

than to blood vessels. Second, is the lack of change in this architecture during NSC 

activation and niche regeneration. Third, the generation by neural precursor cells of their 

own ECM microenvironment, the interaction to which depends on the state of activation 

and variation in the level of receptor expression by the NSCs. The recognition that 

ependymal cells are likely to be an important source of signals in addition to blood 

vessels for the regulation ofNSC behaviour, and that NSCs alter their interactions with 

their microenvironment during successful regeneration not by exposure to a different 

ECM production but by altering their receptor expression, has significant implications in 

regenerative medicine and in any attempt to transplant (into areas of degeneration) neural 

stem and precursor cells while providing them with the signals required to retain their 

self-renewing capacity and promote repair. 
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4.7 Supplemental Information 
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Supplemental Figure 4-1 -Debris exclusion and control sample gating. (A) Forward scatter (FSC) 
versus side scatter (SSC) showing debris exclusion. (B) Negative control sample used to establish 
gating. 
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Supplemental Figure 4-2 - LEFT: The structure and the immunohistological profile of the SEZ. (A) 
Dlustration showing the two areas of the SEZ that were analyzed. (B) Graphic illustration of the 
cyto-architecture of the middle part of the SEZ. (C-H) Characteristic immunofluorescence images of 
the SEZ with cell-type specific markers used in the study. The lateral ventricle is to the right in all 
images, scale bar= 10 urn. 
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Supplemental Figure 4-3- The blood vessel network of the SEZ. Stack of optical stacks (total depth 
= 50 urn) with immunostaining for Pl-integrin. The two main multi-cellular structures, the 
ependymal layer (indicated at the top with "E") and the blood vessels both express high levels of Pl
integrin. Inset (A and B) shows the laminin-rich basal membrane at the outer surface of the vessel. 
Astrocytes (a) are often surrounding vessels (arrowheads in both insets indicate astrocytic processes) 
while all vascular cells are Pl-integrin positive (inset A). 
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Supplemental Figure 4-4 - Distribution of mitotic cells within the SEZ. (A) Mitotic cells are 
immunoreactive for PH3 and blood vessels are immunostainted with a pan-laminin antibody. The 
distances between the centre of the nuclei of dividing cells (red dots) from the lateral ventricle (LV; 
al, bl. .. ) and from the nearest blood vessel (a2, b2 ... ) were measured and compared using non
parametric tests (al to bl to cl: Friedman's test; al to a2 etc: paired Wilcoxon analysis). PH3+ cells 
were distinguished as putative NSCs (GFAP+, B) and precursors (GF AP-, C). (D) In the normal 
niche, dividing astrocytes are found mainly dorsally (blue) with few at the middle (red) and are 
absent from the ventral portion (green). Scale bar = 10 urn. 
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Supplemental Figure 4-5 - Expression of ECM molecules in the SEZ. Characteristic images of 
coronal sections immunostained for several components of the ECM are shown. Immunoreactivity 
for agrin, collagen IV and Fibronectin (A-C) is localized mainly on blood vessels (white arrows). 
Immunorectivity for laminin chains (D-K) and chondroitin sulfate proteoglycan (L) is diffuse within 
the niche, with higher levels at the ependymal cell layer (yellow arrowheads) and around clusters of 
cells (white arrowheads). Spots of high immunoreactivity for some laminin chains are observed near 
the lateral ventricle, indicative of fractone-like structures. Scale bar = 10 urn. 
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Supplemental Figure 4-6 - Cell-type specific expression of Lutheran in the SEZ. Characteristic 
images of coronal sections immunostained for the laminin-aS receptor, lutheran and various markers 
of SEZ cell types. PSA-NCAM+ neuroblasts (A) and Mashl transit amplifying cells (C) express 
lutheran, while astrocytes do not express detectable levels of this receptor (B). Blood vessels are 
strongly immunoreactive for lutheran (bv: blood vessel) and immunoreactivity for lutheran is largely 
co-localized with ~1-integrin immunoreactivity (D). Scale bar= 20 urn. 
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Supplemental Figure 4-7 - Cell-type specific expression of syndecan-1 in the SEZ. Characteristic 
images of coronal sections immunostained for the laminin receptor syndecan-1 and various markers 
of SEZ cell types. PSA-NCAM+ neuroblasts (A) and Mash1+ transit amplifying precursors (C) 
express syndecan-1. A fraction of astrocytes express detectable levels of this receptor while 
ependymal cells are largely negative (D). Scale bar = 20 urn. 
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Antibody I>ilution Source 

Rabbit polyclonal anti-Agrin ( 1123+) 1:500 Dr. T. Sasaki 

Mouse monoclonal anti-BrdU 1:500 B-2531, Sigma 

Rabbit polyclonal anti-Collagen IV 1:100 AB756P., Millipore 

Rat monoclonal anti-CD31 1:100 550274, BD :Pharmingen 

Mouse monoclonal anti-DystrogJycan 1:500 05-298, Millipore 

Rabbit polyclonal anti-Dcx 1:500 abl8723, Abeam 

Rabbit polyclonal anti-Fibronectin 1:1000 F3647, Sigma 

Mouse monoclonal anti-GFAP 1:200 G3893, Sigma 

Rabbit polyclonal anti-Integrin a4 1:500 Ab 1924, Millipore 

Rat monoclonal anti-Integrin a6 1:100 MAB1378, Millipore 

Mouse monoclonal anti-Integrin a7 1:100 K0046-3, MBL 

Rat monoclonal anti-Integrin JH 1:100 MAB1997, Millipore 

Rabbit polyclonal anti-Kalanin 1:500 Dr. T. Sa..<~aki 

Rabbit polyclona1 anti-Ki67 1:500 NCL-Ki67p, Novocastra 

Laboratories 

Rat monoclonal anti-Laminin al 1:50 MAB 198 

Rat monoclonal anti-Laminin a2 1:2000 MBA 4H8-2, Axxora 

Rabbit polyclonal anti- Laminin a.3 1:200 Dr. J. Miner 

Rabbit polyclonal anti-Laminin a4 ( 11 00+) 1:600 Dr. T. Sasaki 

Rabbit polyclonal anti-Laminin aS ( 1113+) 1:500 Dr. T. Sasaki 

Rat monoclonal anti-laminin J3l 1 :500 MAB1928, Millipore 
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Rabbit polyclonal anti-Laminin J32 (PAB 1:5000 Dr. T. Sasaki 

1117+) 

Rabbit polyclonal anti-Laminin yt ( 1 083+) 1:500 Dr. T. Sasaki 

Rabbit polyclonal anti-Laminin yl (1097+) 1:500 Dr. T. Sasaki 

Rabbit polyclonal anti-Laminin y3 ( 11 05+) 1:500 Dr. T. Sasaki 

Rabbit polyclonal anti-Lutheran (1145+) 1:200 Dr. T. Sasaki 

Mouse monoclonal anti-Mash 1 1:200 556604, BD Pharmingen 

Rat monoclonal anti-Nidogen-1 1:500 MAB 1946, Millipore 

Mouse monoclonal anti- NeuN I: 100 MAB377, Chemicon 

Mouse monoclonal anti-PCNA 1:500 ab29,Abcam 

Rabbit polyclonal anti-PHJ 1:500 06-570, Upstate 

Mouse monoclonal anti-PSA NCAM I: 100 5A5,DSHB 

Rat monoclonal anti-Perlecan 1:100 MAB1948, Millipore 

Mouse monoclonal anti-Sox 2 1:200 MAB20 18, R&D Systems 

Rabbit polyclonal anti-SlOOp 1:200 Z 0311, Dako 

Rat monoclonal anti-Syndecan-1 1:500 553712, BD Pharmingen 

Rabbit polyclonal anti-67 kDa. laminin 1:100 ab 711, Abeam 

receptor 

Rabbit polyclonal anti-67 kDa laminin 1:100 ab 2508, Abeam 

receptor 

Supplemental Figure 4-8- List of antibodies used for immunofluorescence imaging. 
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5. Chapter V- Pl-Integrin Delineates an Active and Quiescent 
Fraction within the Adult Neural Progenitor Cell Pool 
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5.1 Introduction 

The adult brain contains two germinal niches that maintain stem cell populations capable 

of neurogenesis throughout adulthood. The subgranular zone in the dentate gyrus 

generates progenitors which integrate and differentiate into granule cell layer 

neurons[151, 152]. The subependymal zone (SEZ) niche, the focus ofthis chapter, exists 

along the lateral walls of the lateral ventricles. The SEZ niche is comprised of 

ependymal cells, quiescent neural stem cells (Type B), transit amplifying cells (Type C) 

and neuroblasts (Type A). The slowly dividing neural stem cells asymmetrically give 

rise to rapidly proliferating transit amplifying cells which further give rise to migratory 

neuroblasts[l, 35]. Efforts to characterize the neural stem and progenitor cells in the SEZ 

niche have depended on ultrastructural assessment[!, 8], immunofluorescence imaging 

and quantification [32, 33, 41] and a wide array ofFACS strategies[l2, 55] to allow for 

functional and molecular assessment of the isolated subpopulations. 

Previous research has attempted to identify combinations of surface antigens 

capable of isolating highly enriched populations of neural stem and progenitor cells 

(NSPC). Surface antigens, such as CD24[12, 55, 107], CD133 (prominin)[ll, 13, 153] 

and CD 15 (LeX) [ 1 07] have been utilized with varying degrees of success. Epidermal 

growth factor receptor (EGFR), which is expressed by NSPC populations in the adult 

niche[?, 32], has also been used as a means to enrich NSPC via FACS with the aid of 

fluorescently conjugated EGF ligands[12, 154]. In addition to antibodies against surface 

antigens, F ACS strategies employing fluorescent reporter mice have allowed researches 

to utilize markers commonly applied for population identification in situ. Studies using 

fluorescent reporters associated with GFAP[ll, 12], Dcx[155] and Sox2[38], all 
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intracellular proteins expressed in the neural progenitor lineage, have been reported in 

recent years. As progress towards more precise subpopulation fractionation and 

enrichment continues, researchers will be able to begin probing the various states of 

progenitor activity and quiescence within the SEZ neural stem cell niche to better 

understand progenitor progression and stem cell maintenance. 

Here, we describe an approach to identify active and quiescent fractions within a 

highly enriched neural progenitor population from the adult SEZ through the use of a 

Sox2:EGFP reporter mouse [110], fluorescently conjugated EGF and antibodies against 

~1-integrin (CD29). The Sox2:EGFP reporter is an ideal platform for the study because 

it allows positive selection of all NSPC[32], the neurosphere forming fraction of the adult 

NSC niche[38]. Sox2 is a transcription factor expressed in embryonic pluripotent stem 

cells before becoming restricted to the neural lineage during development where it is 

required for neural stem cell maintenance[104, 105, 111]. Using the Sox2:EGFP reporter 

and EGFR expression as a foundation, we then tested our hypothesis that ~ 1-integrin 

expression will allow further fractionation of the progenitor pool and allow identification 

of active and quiescent subpopulations within that pool. ~ 1-integrin expression has been 

identified as a feature of several stem cell populations including embryonic stem 

cells[156], mammary stem cells[53] and epidermal stem cells[157]. In the neural stem 

cell field, ~1-integrin is expressed by cultured neural stem cells[141, 142, 158] and by 

neural stem cells during development[141] and it is broadly expressed in the adult NSC 

niche. A recent study indicated differential expression of~ 1-integrin between active 

stem and progenitor cells (~1-integrin positive) and the more quiescent neural stem cells 

(~1-integrin negative) which survive AraC ablation[38]. In this study we apply vital cell 
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cycle analysis techniques, widely used in the hematopoietic stem cell field[49, 159], to a 

highly enriched neural progenitor population in an attempt to delineate quiescent and 

active subpopulations within the progenitor pool based upon p 1-integrin expression. The 

ability to isolate the active and quiescent fractions of the progenitor pool opens research 

directions which could identify the regulatory elements responsible for stem cell 

maintenance and activation. 

5.2 Materials and Methods 

5.2.1 Mice 

All mouse studies within this report utilized 10-12 week old male CD1 or Sox2:EGFP 

[110] reporter mice. All animal work was performed under an animal care and use 

protocol approved by Baylor College of Medicine. 

5.2.2 SEZ Dissection and Dissociation 

The SEZ was microdissected from 10-12 week old male CD1 or Sox2:EGFP mice with a 

modified version of a previously reported protocol[160]. Removal of the SEZ was 

performed using curved microscissors (Roboz) to minimize striatal tissue inclusion. The 

isolated tissue was cut into small pieces and resuspended in DMEMIF12 (Invitrogen) 

with activated papain (Worthington) at 10 U/ml, DNase (Roche) at 10 U/ml. DNase was 

included in the digestion media to avoid cell aggregate formation caused by DNA from 

lysed cells. The tissue was incubated at 37C for 45 minutes in a rolling incubator to 

minimize settling and provide constant agitation. At 30 minutes, the tissue was triturated 

with a 5 ml pipette approximately 10 times before being returned to the rolling incubator. 
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At 45 minutes, the tissue suspension was collected via centrifugation and resuspended in 

DMEM/F12 with 0.7 g/ml of ovomucoid (Sigma-Aldrich), a papain inhibitor, and 10 

U/ml DNase. The solution was triturated again with a 5 ml pipette until no aggregations 

were visible with the naked eye before passing the solution through a 40 urn strainer to 

remove large debris and cell aggregates. 

5.2.3 Fluorescence-Activated Cell Sorting 

Single cell suspensions from microdissected adult SEZ tissue or from neurosphere culture 

were counted with a hemocytometer before adjusting cell density to 1E6 cells/100 ul in 

DMEM/F12 for antibody incubation. Cells were incubated with antibodies against P1-

integrin conjugated to PE or PerCp-eflour 710 ( eBioscience, clone ebioHMB 1-1) and 

with Alexa-Fluor 647 conjugated epidermal growth factor (EGF) (Invitrogen) for 15 

minutes at room temperature. Antibodies were diluted 1: 100 from manufacturer stocks 

and EGF was added to a 20 nM final concentration. Samples were washed and 

resuspended in DMEM/F12 before the addition ofpropidium iodide (PI) at least 15 

minutes prior to analysis to allow for dead cell discrimination. 

All F ACS experiments were performed on a BD F ACSAria cell sorter using the 

100 urn nozzle at 20 psig based on previous studies described in Chapter 2. Cells were 

sorted either directly into multi-well plates or into collection tubes depending on 

experimental purpose. Post sort purity was assessed for samples sorted to collection 

tubes by running the sorted samples back through the machine. All samples were 

compensated for spectral overlap through the use of appropriate negative and single color 

controls. All data analysis was performed with FlowJo. 
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5.2.4 Cell Cycle Analysis 

Cell cycle analysis experiments were performed with a modified version of a previously 

reported protocol employing Hoechst 33342 and Pyronin Y to label DNA and RNA, 

respectively, in live cells[161]. The adult SEZ cells used in the cell cycle experiments 

were isolated with a slightly modified dissociation protocol from that described above to 

allow for incubation with the cell cycle reagents. Hoechst 33342 (Invitrogen) was added 

to the sample while in the papain digestion solution at 10 ug/ml in conjunction with 

verapamil (Sigma-Aldrich) at 500 nM for a total incubation time of 45 minutes at 37C. 

Pyronin Y (Sigma-Aldrich) was added to the solution at 1 ug/ml during the last 15 

minutes of incubation. The sample was then processed as described above for 

appropriate antibody labeling. Hoechst 33342 and Pyronin Y only samples were 

prepared as single color controls. Sytox Blue (Invitrogen) was used for dead cell 

discrimination (1 ul/ml) instead of PI due to spectral overlap between PI and Pyronin Y. 

All cell cycle samples were analyzed on a BD LSR II flow cytometer with all data 

analysis performed with FlowJo. 

5.2.5 Immunofluorescence Imaging 

Immunofluorescence imaging was performed on the subependymal zone within 80 urn 

thick coronal sections of the adult brain and on cells adhered to coverslips. Adult SEZ 

tissue was fixed by cardiac perfusion with 4% paraformaldehyde (PF A) followed by 

overnight immersion fixation in 4% PF A. Samples were then rinsed in PBS before 

slicing on a vibratome. Blocking was carried out using the MOM kit protocol (Vector 

Labs) before addition of primary antibodies. DAPI was used to label cell nuclei in all 

samples. For immunofluorescence imaging ofF ACS isolated cells, the sorted cells were 
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incubated for one hour at 37C on a poly-1-lysine (Sigma-Aldrich) coated slide in 

neurosphere media without growth factors. Slides were coated with 30 ug/ml poly-1-

lysine by incubation at 37C for one hour before rinsing with PBS. After cell-slide 

adhesion was verified with a microscope, the samples were fixed for 20 minutes with ice 

cold 4% PF A before processing for immunofluorescence imaging as described above. 

Neurosphere derived cells subjected to differentiation conditions were washed with PBS 

and fixed in ice cold 4% PF A for 20 minutes. Primary antibodies against GF AP (Sigma) 

and PIII-tubulin (Covance) were used at 1:500 and fluorescently conjugated anti-mouse 

and anti-rabbit secondary antibodies (Invitrogen) were used at 1:500. All imaging was 

performed using a Zeiss LSM 510 Meta confocal microscope and either LSM Image 

Browser (Zeiss) or ImageJ was used for image analysis. 

5.2.6 Neurosphere Assay 

Initial assessments ofneurosphere forming capacity were done at clonal density,< 1 

cell/ul, and populations with neurosphere formation rates above 2% were assayed 

exclusively in a single cell per well culture environment. For clonal density culture 

experiments, cells were sorted into collection tubes and then placed in 24-well plates with 

400 ul of neurosphere media[3, 17] per well. Growth factor concentrations were 

maintained by addition ofEGF and bFGF every two to three days. For single cell per 

well culture, single cells were directly sorted into individual wells containing 100 u1 of 

neurosphere media and the presence of only a single cell was confirmed visually under a 

microscope. Neurosphere formation was assessed 7 days post-FACS. For 96-well 

culture, primary neurospheres were dissociated via trituration with a P200 before adding 

100 ul ofneurosphere media for the secondary formation assay. For 24-well culture, 
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individual neurospheres were isolated and placed into a 96-well plate containing 200 ul 

of neurosphere media for the secondary formation assay. 

5.2. 7 Differentiation Assay 

Primary, or first generation, neurospheres derived from F ACS isolated cells were 

enzymatically dissociated with papain into a single cell suspension and resuspended in 

neurosphere media without growth factors. Glass cover slips (8 mm) were coated with 

reduced growth factor Matrigel (BD Biosciences) in a 24-well plate by incubating at 37C 

for 1 hour. Approximately 150,000 cells in 400 ul of media were added to each well and 

maintained in culture for 5 days with a media change at day 3. The differentiated cells 

were then processed for immunofluorescence imaging, as described above. Images were 

segmented to allow for automated counting of nuclei in ImageJ followed by a manual 

scoring ofPIII-tubulin (neural) or GFAP (glial) immunoreactivity. 

5.2.8 qRT-PCR 

The Sox2High and Sox210w populations were isolated via F ACS and collected in 

neurosphere media without growth factors. The cells were immediately collected via 

centrifugation and resuspended in lysis buffer (Ambion) before proceeding with RNA 

isolation (Ambion RNAqueous-4PCR Kit) per the manufacturer's protocol. The amount 

of isolated RNA was assessed with a NanoDrop Spectrophotometer (Thermo Scientific). 

Synthesis of eDNA was performed using Superscript II Reverse Transcriptase 

(Invitrogen). Real time PCR assays were performed using Taqman (Applied Biosystems) 

reagents and probes in an Applied Biosystems thermal cycler. RNA was isolated from 

three different F ACS experiments and all reactions were run in triplicate. Sox2 
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(Mm03053810_s1) expression levels were analyzed with 18S RNA (Mm03928990_g1) 

as a control using the LlilCt method [162]. 

5.2.9 Statistical Analysis 

All statistical analysis data was generated with student's t-test where p-values less than 

0.05 were considered statistically significant. GraphPad Prism 4 was used for all 

statistical analysis. All error bars represent the standard error of the mean. 
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5.3 Results 

5.3.1 Bimodal Expression of Sox2 in the Adult SEZ 

Previous research established that Sox2 is expressed by neural stem and progenitor cells 

in the adult SEZ niche and in culture[104, 105]. We employed a Sox2:EGFP reporter 

mouse[110] to facilitate emichment and isolation of neural stem and progenitor cells 

from the adult neural stem cell niche. Previous studies have validated the Sox2:EGFP 

reporter's accurate recapitulation of endogenous Sox2 expression via 

immunofluorescence and FACS[38, 110]. In this study, we observed two distinct 

Sox2:EGFP expressing populations within the adult SEZ via flow cytometry (Figure 5-1). 

The bimodal distribution displayed in Figure 5-1 has not been reported previously in the 

SEZ or in studies using other Sox2 reporter mice in the adult subgranular zone 

niche[163]. The bimodal Sox2:EGFP distribution was not observed during analysis of 

post-natal day 3 SEZ tissue or neurosphere cultured cells (Supplemental Figure 5-1). To 

determine whether fluorescence intensity levels were indicative of gene expression levels 

we performed qRT-PCR analysis ofSox2 expression levels from Sox2:EGFPHigh and 

Sox2:EGFPLow FACS isolated cell populations. We observed a 2.8 fold increase in Sox2 

expression when comparing the Sox2:EGFPHigh to the Sox2:EGFPLow populations 

indicating that higher EGFP intensity does reflect higher Sox2 expression at the transcript 

level (p<0.001). 
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Figure 5-l - Sox2:EGFP FACS Profile from the adult SEZ. The fluorescence profiles of a control 
sample (A) and cells from a Sox2:EGFP sample (B) are shown with the inset (b) clearly showing the 
two intensity peaks observed in the adult SEZ. 

Next, we subjected the Sox2High and Sox2Low populations to the neurosphere assay 

to determine if higher Sox2 expression was associated with greater enrichment for neural 

stem cell potential. The neurosphere formation results from the Sox2Low population 

yielded a neurosphere formation from 0.014% of the cells assayed (21,800 cells) while 

the Sox2High population yielded 3.13% neurosphere formation (Figure 5-2). Since Sox2 is 

well established as a stem cell marker, we expected to see elevated neurosphere 

formation from the cell populations expressing greater levels of Sox2, but were surprised 

to find the Sox2Low population formed neurospheres at a rate significantly below the 

experimental baseline (p=0.013). The baseline was established by sorting live cells, 

negative for propidium iodide (PI) uptake, from dissociated SEZ and assessing 

neurosphere formation rates (Figure 5-2). Our findings demonstrate the existence of 

differential Sox2 expression within the adult NSC niche and localization of the neural 

stem cell potential within the Sox2High fraction. 
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Figure 5-2- Neurosphere Formation Data. Neurosphere formation data was based on single cell per 
well culture conditions except for the PI-, Sox2Low, Sox2HighJH +, Sox2HighEGFR- populations which 
were cultured at clonal density as noted in the Materials and Methods section. Raw data is presented 
in Supplemental Figure 5-7. 

5.3.2 NSPC Concentrated in Sox2High EGFR+ Population 

Fluorescently conjugated epidermal growth factor (EGF) has been shown to retain 

bioactivity[ 164] and has been employed in several F ACS based studies to identify cells 

expressing the epidermal growth factor receptor (EGFR). The previous studies 

demonstrated that presence of EGFR is associated with an increased propensity for 

neurosphere formation [12, 154]. We utilized EGF-Alexa Fluor 647 (EGF-647) in 

conjunction with the Sox2:EGFP reporter to attempt further NSPC enrichment from the 

adult SEZ (Figure 5-3). Again, we subjected the FACS isolated cells to the neurosphere 

assay to assess subpopulation neural stem cell potential and found that 34.8% ± 2.5% of 

the Sox2High EGFR+ population formed neurospheres, a 63-fold increase over baseline. 

We observed sphere formation from the SoxHigh EGFR- population (0.89%), but it was 
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not significantly above baseline (p=0.10). The utility of Sox2:EGFP in conjunction with 

EGFR is reflected by the data showing a 1.6 fold increase in neurosphere formation from 

the Sox2High EGFR+ fraction versus the EGFR+ fraction alone (p < 0.05). Thus, the 

Sox2High EGFR+ subpopulation represents a highly enriched neural progenitor population 

which captures the majority of all neurosphere forming cells from the adult SEZ. 
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Figure 5-3- Sox2High EGFR+ Pl-integrin FACS Gating. Adult SEZ cells were gated as Sox2High' then 
that population was gated for EGF-647 detection followed by fractioning as Pl-integrin (+/-). Single 
color controls were used to establish gating (Supplemental Figure 5-6). 

5.3.3 Pl-Integrin Expression Delineates Active and Quiescent Fractions in the NSPC 

Pool 

We have demonstrated highly efficient enrichment of the neural stem and progenitor cell 

population, 63 fold compared to whole SEZ, by employing the Sox2:EGFP reporter in 

conjunction with EGF-64 7. From this foundation, we included ~ 1-integrin expression as 

an additional variable to further fractionate the NSPC pool (Figure 5-3). ~ 1-integrin 

expression has been observed within the adult NSC niche[38], and by NSPC in 

neurosphere culture [158]. A recent report, presented in Chapter 4, demonstrates that ~1-

integrin expression is present on active progenitor cells within the niche but absent from 

the more quiescent BrdU label retaining cells[38]. In order to test whether ~1-integrin 
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expression in the adult NSPC pool fractions active and quiescent populations we again 

utilized the neurosphere assay to assess neural stem cell potential within the F ACS 

isolated subpopulations. Based on previous experiments showing neurosphere formation 

was more prevalent in the Sox2+P I- fraction, we expected to see further progenitor 

enrichment from the Sox2High EGFR+ PI- compared with the Sox2High EGFR+ PI+ 

fraction. The neurosphere data (Figure 5-2) shows neurosphere formation between the 

two fractions to be statistically the same with both fractions having the ability to generate 

secondary spheres. After failing to observe further enrichment in the Sox2High EGFR+ 

PI- fraction, despite observing a significant enrichment when EGFR was excluded from 

the analysis (Figure 5-2), we examined the cell cycle profile of the two fractions. 

We employed Hoescht 33342, a DNA binding dye, and Pyronin Y, an RNA 

binding dye, to assess the cell cycle profile ofthe Sox2High EGFR+PI(+/-) fractions. A 

typical scatter plot ofHoescht 33342 vs. Pyronin Y for the Sox2High EGFR+ Pl (+/-) 

fractions is presented in Figure 5-4. The assigned gates for Go and G1 represent a diploid 

DNA content while the S-G2/M gate represents cells in a state of DNA synthesis up to 

and including mitosis. Pyronin Y intensity reflects cellular RNA content which is greater 

within cells in active cycle, delineating Go from Gt. and in cells in S-Gz/M[16I, I65]. 

While the experiments were initially designed to characterize the Sox2High EGFR+ 

progenitor pool with respect to p I-integrin expression, we also made several observations 

regarding the cell cycle profile of the other niche subpopulations. The observed cell 

cycle distributions based on Sox2 and EGFR expression are presented in Figure 5-5 and 

in table form in Supplemental Figure 5-3. The Sox2Low fraction is predominantly in Go 

while the distribution in the Sox2High population reflects a more actively cycling cell 
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population which is further supported by an increased rate of neurosphere formation 

which requires proliferative capacity (Figure 5-2). The cell cycle profile differences are 

also pronounced between the Sox2HighEGFR+ and Sox2HighEGFR- (Figure 5-5 and 

Supplemental Figure 5-3) fractions where the EGFR+ fraction contains a greater 

percentage of cells in S-G2/M and fewer in Go which implies a more active 

subpopulation, which again is further supported by the neurosphere data. 

The Sox2High EGFR+ ~1 +fraction in Figure 5-4 represents a typical Pyronin Y 

profile because the cells in S-G2/M have elevated RNA content[46, 161]. The cell cycle 

profile associated with the Sox2High EGFR+ ~1- fraction led to two noteworthy 

observations. First, the ratio of cells in Gt to all cells with 2N DNA content (Go + G1) 

was 0.98 ± 0.01 for the Sox2High EGFR+ ~1- fraction and 0.50 ± 0.11 for the Sox2High 

EGFR+ ~1+ fraction (p=O.Ol, n=3) indicating that the Sox2High EGFR+ ~1- fraction is a 

quiescent population. Second, in the Sox2High EGFR+ ~1- fraction there is larger 

proportion of cells in S-G2/M phase but these cells possess low levels of RNA for cells 

with greater than 2N DNA content. Cells with greater than diploid DNA content and low 

RNA content have been described previously and were determined to be in a state of 

quiescence[46, 161]. Interestingly, the cell cycle profile associated with ~1-integrin 

expression within the Sox2HighEGFR+ and Sox2HighEGFR- fractions was similar based on 

the ratio ofG0 versus (Go+Gt) being significantly higher in the Sox2HighEGFR-~1-

fraction compared with the Sox2HighEGFR-~l+ (p<O.OOl). From these data, we 

concluded that ~ 1-integrin expression delineates active and quiescent fractions of cells 

within the NSPC pool represented by Sox2High EGFR+ cells. 
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5.3.4 Sox2High EGFR+ GFAP+ Cells Reside in Pl-Integrin +1- Fractions 

The co-expression of glial-fibrillary acidic protein (GFAP) and Sox2 are hallmarks of 

adult NSC[1, 104] and other research groups have demonstrated successful FACS NSPC 

enrichment with a GFAP:GFP reporter mouse[11, 12]. Post-FACS 

Figure 5-6- Post FACS GFAP Expression. GFAP (Green) and DAPI (Blue) were applied to FACS 
isolated cells. Panels (A) and (B) are controls with (A) representing a secondary antibody only 
control and (B) a positive control of Sox2High cells. A representative image from the Sox2High EGFR+ 
Pl-integrin+ fraction is presented in (C) and Sox2High EGFR+ Pl-integrin- fraction in (D). The inset 
(C') shows a higher magnification image of a GFAP+ cell where the GFAP+ filaments are visible 
further reinforcing the immunofluorescence imaging (inset scale bar = 20 urn). 

immunofluorescence imaging (Figure 5-6) was performed with antibodies against GFAP 

to characterize the distribution of the putative NSC between the Sox2HighEGFR+~l( +1-) 

fractions. FACS isolated cells were subjected to post-sort purity checks (Supp Figure 5-

2) before incubation on poly-D-lysine coated slides in neurosphere media without growth 
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factors for 60 minutes to allow for adhesion prior to fixation. Imaging was performed on 

a confocal fluorescence microscope and the detector gain was established with negative 

and secondary only controls. In the Sox2High EGFR+ Pl+ fraction, 61.6% (53 of86 cells) 

ofthe observed cells were GFAP+ and 58.5% (48 of82 cells) ofthe Sox2High EGFR+ PI

fraction were GFAP+. While there is not a statistically significant difference in GFAP+ 

cells between the two fractions, these results indicate that the GFAP+ NSC population is 

distributed between Sox2High EGFR+Pl +and the Sox2High EGFR+Pl- fractions of the 

NSPC pool. Taken with the cell cycle data, the data indicate that Pl-integrin expression 

delineates populations of active and quiescent NSPC in the adult SEZ 

5.3.5 Lineage Bias and Pl-integrin Profile ofPl-Integrin (+/-)Derived Primary 

Neurospheres 

After characterizing the neurosphere formation and cell cycle profile of the 

Sox2HighEGFR+Pl(+/-) fractions, we assessed whether the Pl-integrin expression profile 

at the time ofF ACS isolation resulted in a lineage bias in the clonally derived 

neurospheres. The primary neurospheres were differentiated on Matrigel coated 

coverslips in neurosphere media without growth factors before fixation and 

immunostaining. Lineage bias was scored by manually counting the number of PIII

tubulin (neural) and GFAP (glial) expressing cells and then dividing the number of PIII

tubulin+ cells by the GFAP+ cells to provide a ratio of neural lineage to glial lineage. 

Figure 5-7 shows a representative immunofluorescence image of the differentiation assay 

along with a graph displaying the data of the lineage bias experiment. Both fractions 

generated PIII-tubulin and GF AP immunoreactive cells and the difference in PIII

tubulin+ to GFAP+ was not statistically significant between the populations (n=4). We 
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concluded that the presence or absence of~ 1-integrin at the time of isolation did not 

impart a neural or glial lineage bias amongst the clonally derived neurospheres. 
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Figure 5-7 - Lineage Bias Assay Results. A representative immunofluorescence image of the 
differentiation assay is presented on the right showing both neural and glial lineage cells. The 
lineages were scored manually and the data presented as a ratio of PIII-tubulin+ cells over GFAP+ 
cells and the difference was not statistically significant. 

~1-integrin expression in primary neurospheres derived from Sox2HighEGFR+~1 + 

and Sox2HighEGFR +~ 1- F ACS isolated fractions were analyzed to determine if the 

fractions retain a differential ~ 1-integrin profile after 7 days in culture. Figure 5-8 

displays the results compared with a control which omitted antibodies against ~ 1-

integrin. The ~ 1-integrin profile of the sample populations demonstrates that all 

neurosphere cells are Sox2:EGFP+ and greater than 95% are ~ 1-integrin+. These results 

suggest that the proliferation inducing neurosphere culture environment activated the 

quiescent cells (~ 1-integrin negative fraction) causing the profile of the two sample 

populations to be similar. 
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Figure 5-8 - Primary Neurosphere Pl-integrin Profile. Primary neurospheres were cultured from 
Pl-integrin positive (B) and Pl-integrin negative (C) FACS isolated primary cells before dissociation 
and analysis. (A) displays a control sample without the Pl-integrin antibody. 

5.4 Discussion 

In this study, we investigated the neural stem cell potential of a FACS enriched 

neural progenitor population and assessed the cell cycle profile of several subpopulations 

delineated by Sox2, EGFR and ~1-integrin expression. Our results demonstrated that 

expression of~ 1-integrin delineated an active and quiescent fraction within a highly 

enriched population of neural progenitor cells from the adult SEZ. The F ACS strategy 

combining the Sox2:EGFP reporter mouse, fluorescently conjugated EGF and anti-~ 1-

integrin antibodies provided access to a highly enriched progenitor pool and vital dye 

DNA and RNA analysis provided insight into the cell cycle profile of the progenitor pool. 

The observed bimodal Sox2 expression pattern in the adult SEZ (Figure 5-1) has 

not been previously reported. Studies utilizing the same reporter mouse, in an embryonic 

state of development, demonstrated the ability to fractionate radial glia from intermediate 

progenitors by arbitrarily dividing the single Sox2:EGFP+ distribution into 

fractions[ 166]. The current study identifies two EGFP intensity peaks, corresponding to 

different levels of Sox2 gene expression, with the Sox2High fraction containing the neural 
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progenitor population. It is possible that the bimodal distribution of Sox2:EGFP is 

observed in the adult but not in neurospheres or postnatal day 3 (Supplemental Figure 5-

1) because both of these environments are undergoing greater proliferation compared 

with the relatively quiescent adult niche. The ability to focus only on cell populations 

with high Sox2 expression offers a unique perspective, and study, of the neural stem and 

progenitor populations within the adult brain. 

Adding fluorescently conjugated EGF to the Sox2:EGFP FACS strategy allowed 

progenitor enrichment of 34.8% ± 2.5% based on the neurosphere assay. Our results are 

in agreement with previously published reports employing EGF in F ACS strategies with 

one exception. We did observe neurosphere formation from the Sox2HighEGFR

population, although not significantly above baseline, while Pastrana, et al. (2009) did not 

report formation from any EGFR- fractions. It is possible the additional enrichment 

afforded by positive selection for the Sox2High population allowed us to observe a rare 

subset ofEGFR- cells capable ofneurosphere formation. An interesting observation 

from the Sox2HighEGFR- derived neurospheres was a secondary sphere formation rate of 

93% ± 4.7% (13 spheres assayed) compared with 76% ± 3.5% (61 spheres assayed) for 

the Sox2HighEGFR+. Since secondary sphere formation capacity is presumably indicative 

ofselfrenewal capacity, it is possible that the Sox2HighEGFR- population encompasses an 

additional population of quiescent progenitor cells[7, 12]. 

Working with the highly enriched progenitor population, identified as 

Sox2HighEGFR+, we were able to ask whether Bl-integrin expression could be used for 

further progenitor enrichment as well as delineating active and quiescent progenitor cells. 

We did not observe enhanced enrichment ofneurosphere forming capacity within the Bl-
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integrin negative fraction, as was observed when excluding EGFR from consideration 

(Figure 5-2), and this may be due to the exclusion of non-progenitors in the EGFR+ 

fraction. The other aspect of this result that warrants explanation is the lack of 

neurosphere formation from the Sox2High~ 1 + population and greater than 30% 

neurosphere formation from the Sox2HighEGFR+~1 +fraction. This inconsistency can be 

explained based on preliminary data (Supplemental Figure 5-7) where 3,600 Sox2High~ 1 + 

were assayed (n=2) and an average neurosphere formation of 0.5% was observed. The 

experiments which generated the data in Figure 5-2 for the Sox2High~ 1 +population were 

based on sorting one cell per well into a 96-well plate (n=3) to assay neurosphere 

formation. The single cell per well method was used for both the Sox2High~ 1 + and the 

Sox2High~ 1- to keep the experimental conditions identical between the two groups. The 

low neurosphere formation observed in the preliminary experiments escaped detection in 

the 288 Sox2High~1+ events assayed to generate the data displayed in Figure 5-2. Next, 

we examined the cell cycle profile of the SEZ subpopulations to pursue the observation 

that ~1-integrin negative progenitor cells possessed a quiescent phenotype and 

represented the long term BrdU label retaining fraction within the SEZ, as previously 

suggested[38]. 

Dual parameter cell cycle analysis of primary neural progenitor cell populations is 

lacking in the literature with the exception of a study performed on neurospheres and 

unsorted El4.5 dorsal telencephalon derived cells[167]. A major advantage of dual 

parameter vital dye based cell cycle analysis is that data regarding RNA and DNA 

content is collected from the entire sample compared with PI, or an equivalent protocol, 

which requires the target population to be sorted and permeabilized prior to staining and 
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analysis. Our study would have overlooked the cell cycle disparity between the ~ 1-

integrin (+/-)fractions ifwe only considered neurosphere data and DNA content alone 

(Figure 5-9) because we would not have captured the pronounced difference between Go 

and G1 percentages or observed the depressed RNA content in the Sox2HighEGFR+~1-

fraction. The overlay of the two fractions in Figure 5-9 clearly depicts the difference in 

cell cycle profile from the two NSPC enriched fractions. The depressed RNA content of 

cells in S-G2/M phase has been previously described as an indication of quiescence[ 46, 

161]. Taken together with the large percentage of cells in Go from the 

Sox2HighEGFR+~1- fraction, we conclude that ~1-integrin expression delineates an active 

and quiescent fraction within the NSPC pool. The conclusion was further supported by 

the finding that Sox2HighEGFR+GFAP+ cells were present, over 50% in each sample, in 

both fractions indicating cells with stem cell phenotypes are in both an active and 

quiescent state. This evidence further supports the hypothesis that active and quiescent 

stem cells exist within the niche[?]. The caveat to our findings is that we observe active 

and quiescent cells within the EGFR+ population where previous findings assigned all 

EGFR+ cells to the activated state[?, 12]. Our data does leave room for an additional 

quiescent, EGFR- progenitor population since we did observe neurosphere formation 

from the Sox2HighEGFR- fraction, albeit not above baseline, and the cell cycle profile of 

the Sox2HighEGFR- (Supplemental Figure 5-4) does imply a quiescent population. 

The study also touches on the question as to whether or not the quiescent NSC 

population contributes to neurosphere formation in vitro. While the data implies that at 

least a subset of the quiescent NSC do contribute (Sox2HighEGFR+~1-), our study is not 

definitive in this regard and additional experiments will be required to resolve this 
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question. Future FACS experiments utilizing long term BrdU labeled mice in 

conjunction with vital cell cycle dyes should be able to shed light on the nature of the 

putative NSC and further expose dynamics between progenitors in the active and 

quiescent state and whether or not that dynamic is reversible. The demonstrated ability to 

incorporate vital dyes into the dissociation protocol and the proliferation of multi-laser 

flow cytometry should allow this experimental approach to contribute to future studies of 

the niche subpopulations. 
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Figure 5-9 - Cell Cycle Profile Overlay and Hoechst-only Histograms. The cell cycle profiles of the 
Sox2HighEGFR+Pl( +/-) fractions are overlaid (A) demonstrating the marked difference in RNA 
content between the two fractions. The cell cycle differences do not appear as dramatic when only 
DNA content is considered as seen in the histogram for Sox2HighEGFR+Pl+ (B) and 
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Ongoing efforts to characterize the cell populations comprising the NSC niche 

and the microenvironment they inhabit are leading to more dynamic depiction of the NSC 

niche. The F ACS based study reported by Pastrana, et al. (2009) identified gray areas 

between cell types in the standard NSC niche model by reporting overlap of markers 

presumed to be dedicated to either B or C cells. In this report, the data show differing 

cell cycle profiles between two fractions highly enriched for NSPC that each contain over 

50% GF AP+ cells. The improved resolution afforded by increasingly complex F ACS 

analyses is allowing insights into the dynamic nature of the niche that was not possible 

when our only window into the niche was in situ imaging. The hematopoietic stem cell 

field offers an example of what our current and simplistic NSC models may become as 

we probe deeper into the dynamic aspects of this complex microenvironment[ 52]. The 

transition from a minimal and straightforward model of progenitor progression to a 

complicated web of relationships may prove to be the outcome of an improved 

understanding of the dynamic NSC niche as well. 
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5.5 Supplemental Figures 
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Supplemental Figure 5-1- Sox2:EGFP FACS Profiles. (A) embryonic neurospheres, (B) P3 SEZ, (C) 
Adult SEZ. 
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Supplemental Figure S-2- Post FACS purity check. The top figures are the purity check data from 
the Sox2HighEGFR+Pl-integrin+ fraction where (A) shows the Sox2High gate, (A') shows where those 
cells fall within the EGFR+ gate and (A") shows where the Sox2HighEGFR+ fall in the Pl-integrin 
gates. The same gating progression is displayed for the Sox2HighEGFR+Pl-integrin- fraction in the 
(B-B") panels. 
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Population Average Percentage (n=3) 

Go G1 S-G~M 

Sox2Low 82 3 ± 6.6 2.3 ± 1.3 1.7 ± 0.7 

Sox2High 64 .4 ± 3.4 22.0 ± 3.7 9.9 ± 0.7 

Sox2High EGFR- 67.5 ± 2.9 22.1 ± 3.1 7.1 ± 0.9 

Sox2High EGFR- P1- 79.6 ± 3.2 8.1 ± 3.9 8.7 ± 0.6 

Sox2High EGFR- P1 + 31 .6 ± 2.9 62.0 ± 4.4 2.3 ± 1.4 

Sox2High EGFR+ 49.0 ± 2.1 15.3 ± 4.1 31.1±2.5 

Sox2High EGFR+ P1- 55.1 :.t: 0.9 1.0 ± 0.3 40 ± 1.5 

Sox2High EGFR+ P1+ 38.1 :.t: 6.7 38.8 :.t: 10.3 17.0 ± 3.6 

Supplemental Figure 5-3 - Cell cycle data table. Breakdown of cell cycle states for each population 
by percentage of total events. 
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Supplemental Figure 5-4 - Sox2High EGFR- Cell Cycle Profiles. The Sox2HighEGFR- fraction cell 
cycle profile is presented in (A) with the Pl+ fraction (B) and the Pl- fraction (C). The cell cycle 
profile differences between the Sox2HighEGFR-Pl( +/-) fractions resemble those observed from the 
Sox2HighEGFR+Pl( +1-) fractions where an absence of Pl-integrin is associated with fewer cells in Gt 
and depressed RNA content in the S-GJM fraction. 
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Supplemental Figure 5-5 - Sample background gating. (A) shows representative debris exclusion 
gating based on forward scatter (FSC) and side scatter (SSC) profile. (B) shows exclusion of PI+, or 
dead, cells. All sorted samples are subjected to these two gating schemes before being analyzed for 
surface markers or Sox2:EGFP expression. 
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Supplemental Figure 5-6 - FACS negative controls. (A) shows a negative control sample, from the 
Sox2:EGFP reporter mouse, used to establish the EGFR+ gate and (B) shows the same method for 
establishing the Pl-integrin+ gating. 
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Raw Data Dlspla ed in Figure 5·2 (Percent Neurosphere Formation) 
Experiment PI- Sox2 Low Sox2 High Sox2 High ~1- Sox2 High ~1+ EGFR+ Sox2 High EGFR-

1 0.75 0 4.17 4.17 0 20.83 1 
2 0.42 0 2.08 5.21 0 14.58 0.83 
3 1.17 0.03 2.08 5.21 0 30.21 0.83 
4 0.58 3.16 
5 0.44 4.17 
6 0.3 
7 0.25 
8 0.5 

Cells Assayed 
_{Total) 9900 21800 480 288 288 288 1800 

Culture Density 
(cell/well) 150 I well > 600/well 1/well 1/well 1/well 1/well 100/well 

Avg Neurosphere 
Formation (%) 0.55 0.01 3.13 4.86 0.00 21.87 0.89 

Raw Data Displayed In Figure 5·2 (Percent Neurosphere Formation) Preliminary Data Only 
E~erlment Sox2 High EGFR+ Sox2 High EGFR+ /31- Sox2 High EGFR+ B1+ Sox2 Hiah B1- Sox2 Hiah B1+ 

1 21.88 39.58 41.67 2.22 0.5E 
2 33.33 45.83 39.58 1.42 0.4~ 

3 32.29 42.71 26.04 
4 41.67 41.67 36.46 
5 37.5 33.33 51.85 
6 37.5 31.25 42.71 
7 39.58 28.1 
8 39.58 

Cells Assayed 
(Total) 672 768 576 7200 720C 

Culture Density 
(cell/well) 1/well 1/well 1/welll 600 /well 600 /wei 

Avg Neurosphere 
Formation (%) 34.82 37.76 39.72 1.8 0.51 

Supplemental Figure 5-7- Raw neurosphere formation data. 
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6. Chapter VI - Conclusions and Future Directions 
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6.1 Thesis Conclusions 

The research presented within this thesis outlines a robust experimental method for 

enriching adult neural stem and progenitor cells (NSPC) from the adult mouse 

subependymal NSC niche as well as assessing their self-renewal and multi-lineage 

potential in vitro. The research platform was utilized to contribute to a broad, 

collaborative study of the NSC niche where the F ACS based methods added supporting 

evidence to the hypothesis that P1-integrin expression, in combination with Sox2:EGFP, 

delineated active and quiescent progenitors[38]. 

The successful application of the developed experimental approach led greater 

NSPC enrichment via the inclusion of epidermal growth factor receptor (EGFR) 

expression. The demonstrated enrichment ofNSPC from the Sox2HighEGFR+ population 

was over 34% and captured the majority ofNSPC (Figure 5-2), based on the neurosphere 

assay, which provides unique access to the rare NSPC population compared with other 

published FACS strategies (Table 1-1). Additionally, we demonstrated the experimental 

promise for such access when we assayed the NSPC pool with a vital dye cell cycle 

protocol to characterize the cell cycle profile ofthe NSPC with respect to P1-integrin 

expression. These studies further tested the hypothesis that p 1-integrin delineated active 

vs. quiescent fractions within the NSPC pool. Our results added further support to this 

hypothesis through in vitro functional assessment, cell cycle profiling, post-FACS 

immunofluorescence imaging and characterization of the P1-integrin profile within 

neurospheres. Our studies led to the novel observation that a bimodal distribution of 

Sox2:EGFP expression existed within the adult NSC niche and that the NSPC pool is 

localized to the Sox2High population. The experimental approach allows for rapid 
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incorporation of additional (Table 6-1) and/or yet to be identified surface markers to 

allow for increased NSPC enrichment or fractionation of the various subpopulations 

within the NSC niche. The research potential resulting from access to primary adult stem 

cell populations is vast and extends from basic biological research to applied applications 

in tissue engineering and regenerative medicine. 

CELL TYPE 

+ 
+ 

+ + 
+ 

+ 

Table 6-1 - NSC niche subpopulation gene expression profile. The array of genes and niche 
subpopulations demonstrate how additional surface markers (PSA-NCAM, CD24, CD31) can be 
employed to allow additional fractionation of niche subpopulations. Intracellular proteins Mash1 
and GFAP were included because they allow discrimination between the NSC and the transit 
amplifying cells and are both useful for post-FACS assessment[7, 12, 168]. 

6.2 Future Directions 

The research presented within this dissertation establishes an experimental method for 

gaining access to enriched subpopulations within the adult NSC niche. The ability to 

extract specific populations of live cells from the adult NSC niche and perform in vitro 

functional assessment, gene expression analysis, post-FACS immunofluorescence 

imaging or even in vivo transplants makes this a versatile experimental platform that can 

be adapted to a range of pursuits. Research along the path presented in Chapter 5 

presents opportunities to interrogate the differences between NSPC in active and 

quiescent states and determine where the long term label (BrdU) retaining cells, the 

quiescent neural stem cells, reside within the F ACS strategy. The NSC research field 
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continues to face challenges due to a lack of specific cell surface markers for the neural 

stem cells and the transit amplifying cells, together the NSPC, and the addition of cell 

cycle profiling within a F ACS strategy may allow for subpopulation discrimination 

leading to identification of unique surface marker profiles. Repeating some or all of the 

studies presented in Chapter 5 at various stages of the AraC ablation-regeneration model 

could further validate the findings in the study presented in Chapter 4, that ~1-integrin 

expression is indicative of an actively cycling progenitor population. Employing cell 

cycle profiling approach to the non-homeostatic NSC niche would generate new clarity 

on the timing of and cell subpopulations which become activated in response to insult and 

InJury. 

Besides providing opportunities to further tease apart the relationships between 

subpopulations within the niche, the differences in cell cycle profile between the 

Sox2HighEGFR+~l-integrin- and the Sox2HighEGFR+~l-integrin+ fractions (Figure 5-4 

and 5-9) within the NSPC pool offers an opportunity to pursue interesting facets ofNSC 

maintenance and activation that may have implications in the broader adult stem cell 

research field. Besides the pursuit of experimental questions directly tied to this thesis, 

access to an enriched population of primary NSPC cells opens potentially impactful 

research directions investigating the fundamental biology of the NSC niche and leading 

to applied research in biomaterials engineering and regenerative medicine. 

6.2.1 Basic Biology 

Future research directions focused on basic biology can be grouped into two broad 

categories, neural vascular biology and adult neural stem cell biology. Recent research 

has indicated that the NSC niche vasculature plays a vital role in NSPC maintenance and 
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function and that the niche vasculature is itself unique when compared with other brain 

regions[32, 33]. The current evidence for this relationship is based on in situ (Figure 1-4) 

imaging while the interactions and mechanisms responsible have not been identified. 

Table 6-1 and Figure 6-1 demonstrate how the FACS based methodologies are easily 

adaptable to isolate the endothelial cell subpopulation based on the presence of CD-31 

(platelet-endothelial cell adhesion molecule)[l68]. Independent access to both the NSPC 

population and the vascular populations would allow for new insight into this unique 

relationship. Besides facilitating understanding about the NSPC-vascular relationship, the 

unique aspects of the niche vasculature compared to other brain regions could be studied 

by isolating and characterizing endothelial cells from different physical locations within 

the adult brain. 
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Figure 6-1- Vasculature in the SEZ. (A) shows the vascular plexus within the NSC niche with CD31 
(Green) labeling the endothelial cells. (B) shows a FACS dot plot demonstrating the ability to 
identify CD31 + cells, endothelial cells, which allows the isolation of purified populations of NSC 
niche endothelial cells. Also noteworthy is the subpopulation of Sox2:EGFP+CD31 + cell population 
which was observed but its origin and properties are yet to be characterized. 
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The adult NSC niche is comprised of an array of subpopulations, which were not 

addressed within this thesis, but contribute to the functionality of the niche through cell

cell interactions, extracellular matrix production and/or secretion of diffusible signaling 

molecules. Inclusion of additional, or different, surface markers in conjunction with the 

Sox2:EGFP reporter would allow for isolation and characterization of the other niche 

subpopulations and lead to a better understanding of how the subpopulations interact in 

vivo. The ability to probe gene expression at the subpopulation level followed by 

validation of protein expression post-FACS and in situ through immunofluorescence 

imaging is a powerful experimental approach for teasing apart the complex cellular 

interactions within the three-dimensional niche microenvironment. The proliferation of 

low cell number or single cell qRT-PCR[169, 170] allows for massive data extraction 

from small cell populations and would identify a range of target genes for further pursuit. 

Ultimately, the role of the non-NSPC subpopulations must be understood in order to fully 

comprehend the processes at play in the adult NSC niche that allow maintenance and 

regulation of a stem cell population throughout adulthood. Further research with the 

F ACS isolated NSPC populations allows independent verification of other research group 

findings and provides access to the rare population ofNSPC for gene array, or more 

targeted qRT-PCR studies, to further define the molecular phenotype of the NSPC. Data 

extracted from this methodical experimental approach also has implications in applied 

research fields such as biomaterials and regenerative medicine. 

6.2.2 Biomaterials and Regenerative Medicine 

The research presented in this thesis also generates future directions in applied research 

within the biomaterials engineering and regenerative medicine fields by providing 
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enhanced access to primary cells for the development of truly biomimetic design 

paradigms. Access to a more accurate characterization of the NSC niche 

microenvironment will lead to the creation of biofunctionalization strategies more 

precisely tailored to the NSPC population of interest and allow better calibration of 

existing model systems with the in vivo niche. The push towards "smarter" biomaterials 

and biomimetic design hinges on the availability of design variables that are 

representative of the in vivo environment at the focus of the engineering effort. 

Access to an accurate characterization of or the ability to characterize the NSPC 

with respect to how they interact with neighboring cells and the extracellular environment 

could identify target interactions for enhanced control ofNSPC proliferation and fate. 

The ability to incorporate specific bioactive ligands, to mimic cell-cell or cell

extracellular matrix interactions, into otherwise bioinert materials creates a powerful 

research platform where the number of external variables can be aggressively 

controlled[72]. Testing single cell-ligand interactions for impact on quiescence, 

proliferation and differentiation bias is the first step towards more complex material 

designs capable of spatiotemporally controlling stem and progenitor cells. Access to a 

detailed cell adhesion gene expression profile would allow for focused research 

hypothesis development that would make more efficient use of high throughput screening 

technologies which are currently forced to assay ligands with minimal rational 

design[65]. 

Another aspect of cell-material interaction that could be more precisely designed 

given a more accurate design basis is material biodegradability. An accurate matrix 

metalloproteinase, the enzymes responsible for microenvironment remodeling, 
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characterization amongst the niche subpopulations could allow material design strategies 

for selective remodeling by a target cell population or restrictions to migration of specific 

cell types. The studies in Chapter 4 and 5 dealing with P1-integrin expression amongst 

the NSPC fraction generate research questions that could be pursued through 

incorporation of p 1-integrin ligands into a biomaterial to assess their impact on 

proliferation. Taken together, these examples of potential design strategies could push 

the biomaterials and tissue engineering fields towards more rational design strategies. 

Another potential research contribution of a more accurate characterization of and 

enhanced access to primary NSPC could come through better model system calibration to 

the in vivo NSC niche environment. The lack of access to homogenous populations of 

primary NSPC has led biomaterials researchers to focus on neurosphere expanded NSPC 

or cell lines as their experimental model. Thorough characterization of the adult NSC 

will allow researchers to understand where and how their model systems deviate or align 

with the conditions and cellular responses of the adult NSC niche. There is a need for 

such calibration because ofthe heterogeneous composition ofneurospheres and the non

physiological levels of growth factors supplied to support their expansion in culture[60, 

61]. This methodology also applies to induced pluripotency or embryonic stem cell 

derived NSC because without access to a thorough characterization of the adult NSC 

state it is not possible to know when the differentiation state of a very immature stem cell 

has reached the adult NSC state. Access to enriched populations of primary cells would 

allow for more rational hypotheses based on the characteristics of the biologically 

relevant environment leading to more pointed and biologically relevant experimental 

design. The ability to extract design variables from primary systems needs improvement 



to keep up with the rapidly progressing field ofbiomaterials, allowing for rapid 

translation of findings to clinical solutions. 
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