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A bstract 

Neural stem cells are self-renewing precursor cells that have a fundamental role in 
generating cellular diversity in the developing mammalian brain. However, the 

establishment of this unique class of cells during the course of embryogenesis has 

previously not been characterized. In this thesis, 1 investigate mamrnalian neural stem œll 
ontogenesis using mouse as a mode1 system. First, evidence is presented suggesting thaî 
neural stem cell formation is preceded by a primitive neural stem ceIl stage before the onset 

of neurogenesis. Primitive neural stem cells display distinct growth fxtor requirements for 

the production of progenitor cells and have a broad range of neural and non-neural lirieage 

potential. The transition from primitive neural stem ce11 to definitive neural stem ce11 is 
correlated with an alteration in growth factor dependence and a restriction in multilineage 

potential. Acquisition of prirniti ve neural stem ce11 identity is negatively regulated by TGFB 
signaling proteins, which act to inhibit neural differentiation. Second, results from 
experiments performed after the onset of neurogenesis reveal that the entire germinal zone 

is initially cornposeci of a small population of neural stem cells that are critically dependent 
upori FGF as a stimulus for generating progenitor ceIls. As neurogenesis proceeds. the 

FGF-responsive neural stem cell population expands and also gives rise to a distinct EGF- 
responsive neural stem ceIl population. A heterogeneous population of FGF- and EGF- 

responsive neural stem cells (both with self-renewal and multilineage potential) persists in 
germinal zone compartments throughout the brain. Finally, experiments show that during 

neurogenesis, neural stem cells and their eady progenitors isolated from distinct brain 

compartments maintain a region-specific pattern of regulatory gene expression in the 

absence of their in vivo environment. However, this regional specification may not be 

irreversible and can be altemû by local inductive cues, Overall, the results of this research 

provi de the first description of marnmaiian neural stem ceIl ontogenesis. An ontogenetic 
rnodel for the origin and diversification of rnammalian neural stem cells is discussed in the 

context of brain development and adult neural homeostasis. The thesis concludes with an 
attempt to consolidate what is currently known about stem cell ontogenesis and behavior in 
various tissues and diverse organisms in order to etucidate the role of stem cells during 

metazoan evolution. 
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Cha~ter 1 

General Introduction 



"...community in ernbryonic structure reveals community of descent; but dksimilanty in 

ernbryonic development does not prove discommunity of descent, for in one of two groups 

rlte developmental stages may have been suppressed, or may have been so greatly modified 

rhrough adaptation to new habits of life, as to be no longer recognizable. " 

- Charles Darwin, The Origin of Species By Means of Natural Selecrion, 1 859 

In his Origin of Species, Danuin recognized that as a vehicle of evolution, n a W  

selection could modify an existing pattern of embryogenesis by virtue of its adaptive 

significance to the adult body forrn. In principle, natural selection can influence any or al1 

of the fundamentai processes of metaman development - cell division, différentiation and 

tissue morphogenesis. Perhaps one of the most important processes to have evolved in 

multicel lular organisms is the ability to cal1 upon these same developrnental mechanisms in 

adulthood, long after the organism is fully formed. 

Tissue regeneration, the ability of zells to be replaced as a result of natural attrition 

or injury, manifests itself in many ways and to varying degrees, but is believed to be a 

direct consequence of stem cell activity. Stem cells can divide asymrnebically to produce 

one idemtical daughter cell and one differentiated daughter (progenitor) cell. In this manner, 

stem cells can continually divide to produce a progenitor œll that is the same in each 

generation or one that is distinct from its older sibling. Thus, stem cells can self-renew and 

have multilineage potential. Other features have been ascribed to rnetazoan stem cells, but 

whether they are applicable to al1 organisms riemain to be determined. For instance, stem 

cells in the nematode Cmorhabditis eleguns have a relatively invariant mode of asymrnetric 

cell division to produce al1 of the somatic Iineages and the germline precursors during 

development (Sulston et al., 1983; Schnabel, 1997), but the original stem-like cells have 

very limi ted self-renewal ability. On the other hand, mamrnaiian stem cells have the ability 



to expand in number through symmetric division during developrnent (the production of 

two identical stem cells) and subsequentl y persist through regular asymmetric divisions 

(e.g. cxypt of intestinal epithelium) or in a relatively quiescent state in adulthood (Poaen 

and Loemer, 1990; Monison et al., 1997). Although relatively inactive, these stem cells 

can be called upon to produce new tissue-specific ceil types. A range of stem ceIl lineage 

patential among various metazoan species is also evident. For instance, the mamrnalian 

interfollicular epiderrnai stem œll appears to generate only one type of diffemntiated 

progenitor, a keratinocyte that undergoes several rounds of division to amplify the numbers 

of cells (Jones, 1997). In contrast, putative blood stem cells in botryllid ascidians can 

regenerate the entire organism (Rinkevich et al., 1995). 

It is often speculated that stem cell activity is highly regulateû and very conservative 

under homeostatic conditions. This is usually based on the fact that very small numbers of 

stem cells axe maintained in tissues, especially in larget multicellular organisms such as 

marnmals. Furthemore, remodeling in adult tissues by the production of new cells may 

largely be a function of stem ceIl-denved transient arnplifying cells that undergo several 

rounds of ce11 division before tenninally differentiating (Jones, 1997). Thus, the stem œll 

itself may not divide frequently at ail, but remain in a relatively quiescent state. The cellular 

and rnolecular rnechanisms that mgulate the maintenance of the stem ce11 population as well 

as the unique stem ceIl properties =main somewhat elusive, but significant insight has 

corne from various compelling, and often creative, perspectives. For instance, the 

asymmetric localization of intracellular detenninants may play a pnmary role in stem œll 

self-renewal and the establishment of differentiated progeny (Jan and Jan, 1998). Cellular 

cornpetition for lirnited resources (e.g. growth factors), in which the rare stem cell in a 

large population generally loses, may ultimately regulate the numbers of stem ce11 divisions 

in homeostasis (Conlon and Raff, 1999). Finally, an interesting but largely unsubstantiated 

theory invokes the nonequivaient segregation of DNA strands to protect dividing stem cells 

from the accumulation of genetic mutations (Potten et al., 1978). One can imagine how 



these stem ceIl characteristics may have an adapûve advantage in allowing an organism to 

overcome limitations in achieving reproductive succes, while minimizing the accumulation 

of too many genetic mutations (with few rounds of ceIl division) that would otherwise be 

detrimental to stem cells and their pmgeny. 

The adult mammalian CNS has a rather low level of cellular turnover (prirnarily 

glial cells) and historically was believed to lack neuronal ceIl rieplacement altogether. Earlier 

observations made by Altman (1%2) and Bayer and colleagues (1982), that discrete 

regions of the adult rodent forebrain produce new neurons have only recently corne to 

fruition. There is currently considerable evidertce that the adult CNS has regenerative 

potential and that neural stem cells orchestrate the production of new nerve cells (reviewed 

in Weiss et al., 19%; McKay, 1997). However, many features of neural stem ce11 biology 

remain to be àetennined. We have empirical evidence that neural stem cells can self-renew 

and generate neurons and glia, using both ce Il culture and in vivo expeRrnental paradigrns. 

Any ceIl in the embryonic or adult CNS that did not demonstrate these abilities as part of 

their behavioural repertoire wouid, by definition, not be classified as a stem cell. However, 

these properties alone do not ~ v e a l  how neural stem cells arise during development, which 

has been the focus of my research interests. 

In this dissertation, I have chosen to apply Our knowledge of neural histogenesis 

and pattern formation to investigate the cellular rnechanisms of neural stem ceIl ontogeny in 

the murine brain. As a conceptual foundation, 1 surnmarize in Chapter 1 of this thesis three 

relevant areas in the field of developrnental neurobiology that have provided the rationale 

for my experimental approach. 

Acquisition of Neural Identity in the Gastrulating Vertebrate Embryo 

The formation of a relatively complex vertebrate embryo from a simple bal1 or sheet 

of cells in early âevelopmental stages involves a substantial rearrangement of cell position. 

On the surface of the embryo, cells invaginate thmugh a âiscrete opening (amphibian 



blastopore) or groove (arnniote primitive streak), or involute and converge from the edge of 

a ce11 sheet (dorsal blastoderm margin in teleosts) and eventuaily wme to lie benah other 

cells that do not undergo inward migration and remain on the surface (Stem, 1992). This 

elaborate rnorphogenesis has been extensively documentai in representative vertebrate 

species of the actinopterygian (including teleosts) and sarcopterygian (including tetrapods) 

radiations (Figure 1.1) and defines the embryonic period of gastmlation. What emerges 

during this epoch of developrnent is an embryonic bilaierian body plan with three sepaxate 

pnmordia (gerrn layers): endoderm, mesoderm and ectoderm. These layers becorne 

organized into multiple distinct ce11 types. 

In a broad sense, endodermal precursors gives rise to such tissues as the liver and 

the gastrointestinal tract, while rnesoderrn gives rise to such tissues as muscle, bone, 

kidney and blood. Cells derived from the embryonic ectoderm w organized into either 

neural or epidermal tissues. Given that extensive ceIl intermixing occurs dwing the onsei of 

teleost and marnmalian gastrulation (Warga and Kimmel, 1990; Gardner and Croft, 1998), 

the establishment of these separate lineages must rely on differences in the extent of œU 

rnixing. Thus, cellular interactions ultimately effect the direction of clonal dispersion and 

demarcate regional bundaries with a unique composition in the embryo. During arnphibian 

gastrulation, cell intermixing is less extensive and this contributes to a more constant (from 

one animal to the next) fate map at early stages (Wetts and Fraser, 1989). A riecent ciramatic 

dernonstration of the maintenance of unique boundaries through ce11 interaction cornes from 

experiments demonstrating that the chick organizer (node) is defined as a dynamic position 

in the embryo. The organizer is a srnall group of cells that has a crucial mle in patterning 

the midline ais .  Cells were found to immigrate and emigrate constantly through the node, 

rather than king &fined as a static cohort (Joubin and Stern, 1999). Thus, the "dynamic 

node" may exemplify an underlying principle for establishing the various embryonic tissues 

during gastrulation, which involves specification of cohorts of cells thmugh cell-to-cell 



Figure 1.1. Vertebrate phylogeny . Schematic representation of the descent of extant groups 
of chordates from ancestral chordates. Only some of the groups are &picted in the 
schematic for clarity and branching lines are representative of lineai relationships and do not 
reflect the tirne of divergence acurately. Figure is adapted h m  Butler, A.B., Hodos, W. 
(1996). Comparative vertebrate neuroanatomy. Wiley-Liss, Inc. New York. 





interactions, rather than delineation from a strict ancestry . Nonetlieless, fatemapping, 

sometimes at the riesolution of a single cell, has proven extremely useful in deterrnining 

how the tissues of the primary germ layers are formed and compartmentalized. By using 

interspecies tissue grafting methods (quaikhick chimeras) or intraceHular labeling 

techniques Ce. g . home radis h pemxidase, hodamine dex tran, carboc yanine dyes), a mow 

precise fate map for the cellular descendents of precursors within the gem layers of avian 

(Selleck and Stem, 1991; Schœnwolf et al., 1992; Psychoyos and Stem, 1996), 

mammalian (Lawson et al,, 1991; Parameswaran and Tam, f 995; Quinlan et al., 1993, 

amphibian (Wilson and Keller, 1991; Delanie et al., 1992) and teleost (Strehlow and 

Gilbert, 1993; Helde et al., 1994) embryos is emerging. From these studies the topography 

of the prospective tissues appears to be conserved between vertebrate species allowing for 

more meaningful comparisons. Particularly relevant for this thesis, mamrnalian 

an teroposterior deployrnent of neural subdivisions is fundamental1 y similar in zebrafish 

(Woo and Fraser, 1995), Xenopus (Eagleson and Harris, 1990) and chick (Couly and Le 

Douarin, 1988). However, the spatial allocation of the different neural subdivisions do 

differ, not only between these different vertebrates but also within one vertebrate class (e.g. 

between dfferent teleost species, Woo and Fraser, 1995). Nonetheless, these lineage 

studies indicate that the acquisition of n e d  fate and fundamental neural organization in the 

embryo are conserved arnong vertebrate species. 

Our understanding of the mechanism that regulates vertebrate neural specification in 

the uncommitted ectoderm has been fostered by the neural induction m&l, which was first 

conceptualized from investigations of amphibian ernbryology (Spemann and Mangold, 

1924) and later supported by similar avian (Waddington and Schmidt, 1933), teleost 

(Oppenheimer, 1936) and mamrnalian (Beddington, 1994) experirnen ts. Heierotopic 

transplants of the dorsal blastopore lip (the organizer) of amphibian embryos (the n& in 

amniotes and shield in teleosts) to the undifferentiated ectodem on the ventrai side of a 

second embryo of the same &velopmenal stage resulted in a seçondary axis including a 



patterned nervous system. It was postulated that the nascent embryonic ectodenn received a 

positive "vertical" signal from the dorsal organizer tissue during gastrulation, which caused 

the ectodennal çells to adopt a neural fate in a resîricted manner. Furthermore, it was 

presumed that in the absence of this signal, the ectodermal cells differentiated into 

epidermis, independent of any cellular communication. In addition to vertical induction of 

neural tissue, experiments in Xenopus exogastmlae revealed that neural differentiation can 

be achieved by signals from mesoderm in the same plane as the ectoderm, without the need 

for vertical induction (Doniach, 1992; Keller et al., 1992). Remarkably, in these explant 

cultures much of the neurectoderrn had appropriate anteroposterior patterning indicated by 

the expression of genes such as En-2 (midbrain), Krox-20 (hindbrain) and XlHbox6 

(spinal cord). Although these regional markers could be induced in ectopic sites dong the 

ventral ectoderm, it was not clear from these studies whether organizer-denved signals 

were naturally capable of influencing ectoderm at distances far greater than the proximal 

influence of underlying mesoderm during vertical induction. Instead, these results offered 

an alternative possibility that the ectoderrn may be predisposed towards a neural fate in the 

absence of organizer signals. 

The identification of organizer-derived molecules, that alone were capable of 

inducing a second nervous system in analogous organizer transplant experiments 

performed in Xenopus (Smith et al., 1993; Sasai et al ., 1995), revealed that the mechanisin 

by which organizer signals promoted neural differentiation of ectodermal cells was not 

entirely consistent with a "positive induction" model. Neural inducers such as noggin and 

chordin, were shown to act by binding extracellularly to bone rnorphogenetic proteins 

(BMP), members of the TGFB superfamily of molecules, previously shown to inhibit 

neural di fferentiation (Hernmati-Brivanlou and Melton, 1994). In this way, these 

antagonists could prevent the binding of BMP to their cognate receptors expresseci on the 

surface of ectodetmal cells (Piccolo et al., 19%; Zirnmerrnan et al., 1996). In fact, BMP4 

was shown to act as a positive signal for epidermal fate determination in the Xenopus 



ectodem (Wilson and Hemrnati-Brivanlou, 1995). As a msult of these findings, an 

alternate mode1 for vertebrate neural fate determination was proposed, one in which neural 

fate determination was considered to be a "default" state (Le. a state achieved autonomously 

from the lack of any cell-cell communication). 

The first expetirnental evidence supporting the &fault neural fate hypothesis came 

from in vitro experiments of isolated ectodermal (animal cap) cells derived h m  amphibian 

gastrula. Prolongeci dissociation of ectodermal cells, in the absence of organizer tissue, 

resulted in most of the cells expressing neural markers or fonning neural stxuctures upon 

reaggregation ( G d a v e  and Slack, 1989; Grunz and Tacke, 1989; Sato and Sargent, 

1989). Furthemore, ectodemial explants (undissociated cells) expressing a dominant- 

negative reçeptor for activin (member of the TGF$ superfamily of growth factors) were 

shown to becorne neural when cultured in vitro (Hernrnati-Brivanlou and Melton, 1994). 

These findings fmm amphibian experiments were consistent with the notion that the 

establishment of neural identity from the uncommitted ectodenn occurs in the absence of 

neural inducing signals from the organizer. Thus, the powerful signals &rived from the 

organizex are required to antagonize the effets of neural inhibitors. But does this 

antagonism have a role in the anteroposterior patteming of the nervous system? 

It was realized early on that the earliest cells to involute during amphibian 

gastdation (anterior endoderm and mesendoderm) were potent inducers of secondary 

cement glands and heads, respectively, while posterior organizer-derived tissue 

(chordarnesoderm) was a potent trunk inducer (reviewed in Niehrs, 1999). The distinction 

between the head and the trunk inducing capacity of organizer tissues was hypothesized by 

Nieuwkoop (1952) to describe an initial anterior neural induction (activation) and 

subsequent posteriorization (transformation) of neural tissue. It was subsequently shown 

that during developrnent in Xenopus, posterior neural regions are inihally induced as 

phenotypically anterior and later respecified to give rise to a posterior i&ntity (Sive et al., 

1989). However, "activation" is not a necessary antecedent for posterior neural fate since 



postenor neural tissue can be induced without initial anterior specification in animal cap 

experiments (Cho and De Robertis, 1990; Sive and Cheng, 1991; Kolm and Sive, 1995). 

With the ment elucidaîion of specific molecules that mediate head and mnk induction, the 

observations from classical experiments have been reinçamated as a "two-inhibitof* mode1 

(Niehrs, 1999). The mode1 proposes that the nascent ectodenn expresses in addition to 

BMP, other neural inhibitors of the Wnt class of signaling molecules originally 

characterized in Drosophila (Hariand and Gerhart. 1997). Both BMP and Wnt signals in 

the ectoderm prevent neuralization. Co-injection of mRNAs encoding BMP inhibiton (e.g. 

chordin, noggin and cerberus) and Wnt inhibitors (e.g. cerberus, dickkopf-1 and fnb) 

induces secondary heads (Glinka et al., 1997; Leyns et al., 1997; Wang et al., 1997; 

Glinka et al., 1998). These results suggested that the anmior endoderm and prechordal 

mesendoderm. where the inhibitors are nanvally co-expressed, aie poised to antagonize 

BMP and Wnt, themby inducing anterior neurectoderm. Furthemore, the diminution of 

Wnt in hi bi tor expression posteriorl y dong the anteroposterior axis allows for progressive1 y 

higher concentrations of Wnt, which in association with FGF or retinoic acid can pattern 

the posterior nervous system (Durston et al., 1989; Sive et al., 1990; Ruiz i Altaba and 

lessell, 1991; McGrew et al., 1997; Popper1 et al., 1997; Sasai and De Robertis, 1997; 

Chang and Hernmati-Brivanlou, 1998). Interestingly, cerbems alone is sufticient to induce 

a secondary head and anterior neural tissue in vivo (as well as in cultureci animai caps) and 

is known to simultaneously antagonim BMP, Wnt and nodal proteins, al1 of which can 

inhi bit head formation (Piccolo et al., 1999). Thus, the two-inhibitor mode1 is suficient to 

explain the establishment of broad anterior (forebrain and midbrain) and posterior 

(hindbrain and spinal cord) neural identi ty . Furthemore, other veriebraîe species seem to 

employ sirnilar strategies (with some significant ciifterences) and utilize sirnilar molecules in 

order to orchestrate the formation of pattemed neural tissue. This molecular conservation 

provided me with a basis to test the nature of neural stem ceIl specitication in mouse as a 

mode1 mammali an systern. 



Prior to gastrulation in mouse, the inner cell mass (KM) becornes segregated into 

two distinct lineages: the primitive endodenn and the primitive ectoderm (or epiblast). A 

component of the primitive endodem, the antenor visceral endoderrn (AVE) cornes to lie 

directly beneath the anterior end of the epiblast in the presumptive head region (reviewed in 

Beddington and Robertson, 1999). In contrat to arnphi bian mesendoderm (organizer 

tissue), the AVE (a non-organizer derived tissue) in mouse is required for head and anterior 

neural formation. 

The AVE is itself sufficiently pattemed before the onset of gastnilation, expressing 

such genes as Otx2 (Ang and Rossant, 1994; Acampora et al., 1995), Lim-I and cerberus- 

like (Belo et al., 1997) and Hex (Thomas et al., 1998) and several findings implicate the 

AVE in regulating newal specification. First, targeted nul1 mutations in the HNF3#? gene (a 

transcription factor expressed in cells of the node dunng gastnilation) in mouse lead to an 

absence of overt node (organizer) di fferen tiation, yet pattemed neural tissue is generated 

(Ang and Rossant, 1994) apparently independently of the node-&nved factors. In a similar 

manner, a speciaiized population of cells at the anterior newal plate boundary is necessary 

and sufficient for forebrain patterning in the zebrafish embryo independent of shield 

(organizer) tissue (Houart et al., 1998). Second, the expression of nodal (a secreted 

molecule of the TGFB superfarnily) in the mouse AVE is required for anterior neural 

development (Waldrip et al., 1998). Given that nodal antagonism is sufficient for neural 

induction but is expressed in the AVE (Piccolo et al., 1999), these results suggest that 

nodal is necessary for the expression of neural antagonists in the AVE, such as cerbenis 

that then antagonize n e - d  inhibitory signals, in the ectoderm such as BMP (Waldrip et al., 

1998). Consequently, the expression of anterior neural genes like Otx2 and Hesxl (Variet 

et al., 1997) is permitted. However, a ment study in zebrafish provides a slightly different 

scenario, whic h impiicates dimt nodal inhibition in the ectoderm itself as the rnechanism 

for neural specification. It was demonsmted that the inhibition of nodal 11elated or activin 

signaling (by the antagonist antivin) is required for the expression of anterior neural genes 



in cells at the animal pole misse  et al., 2000). Clearly, the absence of nodal and other 

newal inhibitors in the tissue that will eventually becorne anterior neural tissue (anterior 

epiblast in mouse and animai pole ectoderm in zebrafish) is necessary, but the sbategies 

from these two vertebrates differ. This raises the possibility that an alternative meçhanism 

has evolved during anterior neural specification in mamrnals. 

In fish, as in arnphibians, organizer &rived factors are sufticient for both anterior 

neural (head) and posterior neural (trunk) induction through the graded expression of 

antagonists to the TGF$ (BMP, nodal) and Wnt farnily of neural inhibitors. On the other 

hand, in mammals, separate head (AVE) and mnk (node) organizers may exist. This 

notion, in a strict sense, has been recently challenged by the finding that nul1 mutations in 

both chordin and noggin genes in mouse, which are normal1 y expressed in the node and its 

derivatives and not the AVE, display severe forebrain and head deficits (Bachiller et al., 

2000). In these double knoc kout mice, the onset of expression of AVE genes (Hesx 1, Lim- 

1 and cerberus-like) is normal, as is the expression of BMP4 in the extraembryonic 

ectoderm. Thus, the AVE in these animals is formed normally but is not sufficient for 

antenor neural development. However, it remains forrndly possible that noggin and 

chordin are indirectly responsible for maintaining the capacity of the AVE to regulate 

anterior neural patterning because the expression of cerbenis-like in Ùie AVE is not 

rnaintained in the nogginkhordin double knock-out mice (Bachiller et al ., 2000). Perhaps 

even more revealing is that the midbrain, hindbrain and spinal cord are pattemed normally 

even though the primary antagonists of BMP signaling are absent. Thus, the AVE rnay 

control the formation of anterior neural tissue, but BMP antagonists and other organizer- 

derived antagonists (e.g. antivin) may be needed to maintain AVE function in otder to 

properly pattern al1 regions of the nervous system. It is interesting to note that BMP 

inhibition alone in chick embryos is not sufficient for neural induction. Misexpression of 

chordin or noggin in embryonic non-neural ectoderm does not generate ectopic neural 

tissue (Streit et al., 1998; Streit and Stern, 1999). However, the existence of combinations 



of a multitude of neural antagonists like noggin. chordin, follistatin, frzb, dikkopf-1, 

antivin and cerberus in any one species clearîy reveals a redundancy in this conserveci 

mechanism underlying vettebrate neural fate specification and broad anteroposterior 

patteming. 

Overall. the evidence from in vivo ectopic expression and targeted nul1 mutation 

experiments in mouse and zebrafish substantiates the notion, originally conceived from 

amphibian studies, that verkbrate neural fate is adiieved autonomously in the absence of a 

positive inducing signal. The variety of antagonists described above is a clear testament to 

this hypothesis. However. the complex cellular interactions that m u r  in vivo preclude a 

direct assessment of the autonomy of neural specification (i.e., default mechanism). In 

Chapter iI, 1 test w hether primitive cells in mouse can adopt a neural stem ce11 faîe d i d y  

in an analagous low cell-density tissue culture patadigrn that was used in the amphibian 

studies. Using i rnmunoc ytochernistry. RT-PCR and in vivo mouse chirneric analyses. 1 

dernonstrate a novel stage in the development of the neural stem cell lineage, one that can be 

established directly from the most primitive embryonic mouse cells through a &fault 

mec hanism. 

Role of Neural Stem Cells in Generating Cellular Diversity 

Cells in the vertebrate nervous system are nchly diversified with respect to 

morphological, biochemicai and hodological characteristics. How the generation of such an 

array of cell type diversity from relatively few cytologically indistinct pncursor cells occurs 

continues to be a major question in developmental neurobiology. 

Ever since the observations made by Cajal and Golgi in the late nineteenth century, 

it has been recognized that the emergence of the anatomicai stnicture of the nervous system 

at the cellular level is sequentiai. This sequence can be described simply as the proliferation 

of precursor cells, migration to their final destination, differentiation into a specific and 

often predetermined phenotype and finally their maturation and functional inkgration with 



one another. In mammals, the entire nervous system is initially organized as a flat columnar 

epi thelium (neural plate) that is flanked by non-neural ectodenn (epiderrnal pn rnordium) 

generated during gastrulation- Toward the end of gastrulation, the neural plate is drawn up 

into folds and a floorplate hinge is fonned at the ventral midline. The neural tube is fonned 

by the fusion of the dorsal tips of h e  neural folds generating roof plate cells at its dorsal 

midline (Schoenwolf and Alvarez, 1989) and emigrahng neural crest cells, which populate 

a di verse array of tissues including the peripheral nervous system, bone and cartilage of the 

face and epiderrnal melanocytes (Le Douarin, 1980; Bronner-Fraser, 1 993). 

The neural tube is lined by gerrninal zone cells that proliferate and subsequently 

migrate to their final destination in a radial or tangentid manner. The pattern of neural ce11 

production and deployment may differ depending on the anatomical structure. For instance, 

in the mu1 tilayered marnmalian neocortex (a dorsal forebrain structure), the first neurons to 

be produced will occupy deep layers while the subsequent neurons to be produced will 

occupy progressively superficial layers (Angevine and Sidman, 1961; Rakic, 1974). On the 

other hand, in the mammalian striatum (a ventral forebrain structure) early born neurons 

form aggregates or "patches," while later bom neurons sumund the patches in a more 

diffuse matrix (van der Kooy and Fishell, 1987; Fishell and van der Kooy, 1987; ffishel 

and van der Kooy, 1993). Thus, the acquisition of regionally specialized stnictures in the 

brain depend on various types of cells that ernerge at different tirnes and from different 

points of origin, reflecting a non-uniform distribution of a variety of ceIl lineages. 

Studies in the rodent embryonic forebrain have generall y supporteci the view that the 

pool of precursor cells in the germinal zone of the developing brain is heterogeneous. In 

vitro clonal analyses of isolated germinal zone tissue demonstrated the presence of unique 

precursor ce11 types with varying potentials to generate the main œll types found in the 

central nervous system: neurons, astrocytes and oligodendrocytes. For example, newon- 

only precursors derived h m  the embryonic striatum (Cattaneo and McKay, 199û), septal 

precursors that could generate either neurons-only or neurons and astrocytes (Temple, 1989) 



and cortical precursors that give rise to neurons and oiigodendrocytes (Williams et al., 

1991). Furthemore, precursors in the optic nerve (0-2A precursors) that can differentiate 

into oligodendrocytes or type-2 asmytes (Raff et al., 1983; Hughes et al., 1988; Noble a 

al.. 1988) and retinal precursors that cm generate retinal neurons and gha (Anchan et al ., 

199 1 ; Lillien and Cepko, 1992) have also been identifiai. Aithough capable of generating 

several progeny, these unique progenitor cells have a limited proliferative capacity. 

The prwence of such a rich composition of precuisor cells has also been observed 

using clonal analyses in vivo, albeit more controversial. Limiting dilutions of reporter gene 

constructs, such as retrovinises housing the kterial f3-gaiactosidase gene LacZ, have been 

widel y used as an indelible marker of cell lineage (Sanes, 1989; Cepko et al., 1990). These 

studies have generally shown mixed results. In sorne cases relatively small retmvidly 

labeled clones were primarily cornposed of only neurons or only glia (Luskin et al., 1988; 

Goldrnan and Vaysse, 1991; Parnavelas et al., 1991; Grove et al., 1993; Luskin et al., 

1993; Mione et al., 1994). However, other studies demonstrated that ~!trovirally labeled 

clones may be cornposed of a greater number of different neuronal and glial ceIl types 

spanning several functionai regions of the forebrain (Walsh and Cepko, 1992; Levison and 

Goldrnan, 1993; Reid et al., 1995). In considering these disparate conclusions from in vivo 

studies. Weiss and colleagues (19%) proposed that the small clone size and close proxirnity 

of clone members (obligate criteria for defining a clonally derived cohoa of cells) lirnited the 

interpretation of some in vivo studies. Hence, the migratory nature of the progeny and the 

rare labeling of large clones (which could indicate the labeling of a multipotent precursor) 

were considered unreliable and presumably a result of multiple retroviral infeçtions (Weiss et 

al., 1996). Indeed, when combined with cell cycle analyses, some retroviral experiments 

revealed a heterogeneity of precursor cells b t h  in clone composition and ceIl cycle kinetics 

in the rodent forebrain genninal zone (Acklin and van der Kooy, 1993; Reznikov et al., 

1997). Taken together, the coritribution of in vitro and in vivo studies suggested the 

presence of a variety of progenitor cell phenotypes in the germinal zone of the developing 



rnammalian nervous system. However, whether these progenitors reflected more committed 

descendents from a multipotential stem ce11 was not clear and the designation of these cells 

as "stem cells" in sorne cases may have been overstated. 

Among several properties that have been ascribed to stem cells, three have been used 

as definiti ve characteristics: multilineage potential, self-renewal ca-ty and longevity 

(Potten and Loeffler, 1990; Momhn et al., 1997). Early evi&nce for n e d  stem cells in 

the rodent forebrain came from in vitro clonal analyses of cells that could divide to produce 

ne wons (of a variet y of neurotransmitter subtypes), astroc ytes and oligodendroc ytes from 

both the striatal germinal zone (Reynolds et al., 1992) and the cortical gennind zone @avis 

and Temple, 1994). Striatal stem cells had extensive proliferative behavior and generated 

large colonies of cells that expressed the intermediate filament protein nestin, a marker for 

neural precursor cells (Lendahl et al., 1990), prior to their differentiation. When mmary 

stem ceIl colonies were dissociated and subcloned, a small proportion of individual progeny 

retained the ability to generate new colonies of cells with similar multilineage potential, and 

hrnce could self-renew (Reynolds and Weiss, 1996). In fact, stem cells with such properties 

could be si mi lady isolated from the adul t forebrain subependyma (Reynolds and Wei ss, 

1992; Morshead et al., 1994; Reynolds and Weiss, 1996; Tropepe et al., 1997; Chiasson et 

al., 1999), the remnant of the germinal zone lining the lateral ventricles (Pnvat and Leblond, 

1972; Takahashi et al., 1996). Hence, fulfilling the third criterion of longevity. The 

forebrain subependyma is a source of new olfactory bulb interneurons that are constantly 

king generated in the adult rodent brain, albeit at a low rate (Altman, 1%9; Lois and 

Alvarez-Buylla, 1994). The presence of a relatively quiescent stem cell population in this 

region (Mors head et al., 1994) makes teieonomic sense. One can speculate that the constant 

turnover of olfactory interneurons conferred some adaptive advantage for olfactory sensory 

processing in rodents and thus the presence of a continued source of new neurons (a similar 

source used during development) could be p s i  ti vely selected. The sarne can be said for the 

constant ceplacernent of neurons in the high vocal center of adult songbirds (Nottebohm, 



1985; Alvarez-Buylla et al., 1990). The loss of specific neurons that were exprïmentally 

removed from this region was comlaîed with Song deterioration, but was reported to be 

reversible with the subsequent m i t m e n t  of new neurons (Scharff et al., 2000). In these 

avian species, Song production is intimately linked to mating behaviows. 

Our knowledge of neural stem cell biology, especially in the adult stage, has been 

almost exclusivel y derived from studies in marnrnals. There are, however, some studies that 

reveal putative neural stem cell acti vity in non-mammalian and even invertebrate species. For 

instance. persistent neumgenesis in the brain of adult arthropods, like cnistacea (Schmidt 

and Harzsch, 1999) and insects (Cayre et al., 1996), has been observeû as well as post- 

embryonic neurogenesis in the optic tectum of goldfish (Raymond and Easter, 1983) and the 

high vocal center in Song birds cited above. In these studies, a neural stem cell was 

implicated in facilitating the production of new neurons although the extent to which these 

stem cells were thought to express multilineage potential was not discussed. Furthemore, it 

is not yet clear whether tissue specific stem cells (e.g. neurai stem cells) exist in other 

metazoan phylla. 

Those of us that have investigated neural stem cells have been p t l y  influenced by 

stem ce11 biology in other marnmalian organ systems, such as liver (Thorgeirsson, 1996), 

gut (Potten and Loeffler, 1990) bone (Aubin, 1998) or blood (Ogawa, 1993). In rnany of 

these systems, however, an understanding of the &velopmental profile of the tissue- 

speci fic stem ceIl lineage has facilitated and indeed helped to &fine our concept of stem 

cells. An ontological framework for neural stem cells has hitherto been conspicuously 

absent. In Chapter iII, 1 continue to investigate the deveiopment of neural stem cells. 

Speci fical l y, 1 test whether there are quantitative and qualitative di fferences in the temporal- 

dependent (embryonic age) and spatialdependent (dorsal or ventral forebrain) growth 

factor responsi veness, sel f-renewal and ml tilineage potentiai of neural stem ce1 1s. I 

demonstrate for the first tirne that two separate, but lineage-relateci neural stem œll 

populations CO-exist in the embryonic mouse forebrain. 



Regional Diversification in the Developing Vertebrate Nervous System 

In both the classical organizer transplantation experiments and the m o ~ e  riecent 

ectopic expression experirnents using organizer-&rived (or extraembryonic) molecules, a 

rudimentary anteroposterior pattern in the neural stodenn could be reliably observed. As 

previousty mentioned these observations lead to a model in which the anterior and the 

posterior segments of the neural axis are differentially pattemed by proximal non-neural 

tissues. Interestingly, hypotheses conceming the anatomical organization of the developing 

vertebrate nervous system predate the early observations from transplant studies and for 

over one hundred years have been largely investigated and debated in parallel to the body of 

work on neural induction. This has changed recentiy, and the two fields of inquiry are 

beginning to enjoy a fruitful convergence. 

There are two main models for how the developing nervous system becomes 

regionalized with respect to morphological, molecular and functional domains. 

His-He~ck Model. The first model, often called the His-Herrick mode1 after two 

of the original proponents, emphasizes the longitudinally an-ayed cellular columns dong the 

neuraxi s, w hic h represent functional domains (e.g . sensory dorsal columns and rnotor 

ventral colurnns) divided by sulci (deep furrows), the most prominent one being the sulcus 

limitans that divides the dorsal and ventral columns w i s *  work (1888-1893) reviewed in 

Northcutt, 1995; Herrick, 1899, 19221. This view of the fundamental organization of the 

nervous system continues to be recognized (Heijdra and Nieuwenhuys, 1994), especidly 

in the hindbrain and spinal cord. Although the mode1 is rooted in classicaI 

neuroembryology, there is cumntly a wealth of experirnental evidence demonstrating the 

existence of polarized sourçes of inductive signals in the region adjacent to the hindbrain 

and spinal cord that could provide a mechanistic basis for elaborating a pattern of 

longitudinal columns. 



In mamrnals, molecularl y distinct domvenual subdivisions of the neural progeni tor 

cells are evident in the ventncular zone surrounding the lumen of the central spinal cord 

canal (dei vati ve of the posterior neural tube). The homeodomain containing transcription 

factors P a ?  and Par7 (Liem et al., 1995) are preferen tiall y localized to the dorsal aspect of 

the spinal neural tube, as are certain bHLH transcription factors such as Maîh 1 (Helms and 

Johnson, 1998) and Neurogenin (Ma et al., 1996). Other bHLH transcription factors such 

as M C L S ~ I  (Lo et al., 199 1) are expressed in an intermediate dorsoventral position of the 

spinal neural tube along the anteroposterior mis. On the other hand, P d  expression exists 

in the ventral neural tube in a gradient from strongest (dorsal aspect) to weakest (ventral 

aspect) (Walther and Gniss, 199 1; Ericson et ai., 1997). Therefore, at this early stage of 

neural differentiation, domains of moleculariy distinct precursors are evi&nt even though 

the cells are morphologically very similar. 

Subclasses of neurons can be generated at distinct dorsoventral positions in the 

ventral spinal cord and hindbrain. The identity and position of these cells can be controlled 

by a gradient of Sonic Hedgehog (Shh) protein, which is first expressed in the underlying 

axial mesoderm and later induced in the non-neural floor plate cells at the ventral midline 

(Rodink et al., 1995; Tanabe and Jesseii, 19%). As a result, the ventral-most subset of 

somatic or visceral motor neurons sensing high concentrations of Shh protein along the 

neuraxis (e.g., hypoglossal and vagal rnotor neurons of the hindbrain or lateral and medial 

thoracolumbar motor neurons) are specified. These neurons express a unique combination 

of molecular markers, such as Isll and Gsh4 (hindbrain) or Isll and hl2 (spinal cord) 

(Ericson et al., 1992; Pfaff et al., 1996; Ericson et al., 1997). Lower concentrations of Shh 

expression in dorsal aspects of the ventral hindbrain and spinal neural tube specify 

interneuron fates with different repertoires of molecular markers (Ericson et al., 1997). 

Thus, through a gradient of Shh emerging from the floor plate and an opposing gradient of 

Pax6 in the ventncular zone of the ventral neural tube, longitudinal domains are generated 

in distinct dorsoventral positions. 



In the dorsal half of the spinal cord and posterior hindbrain, cells situated lateral to 

the roof plate cells in the dorsal midiine differentiak into several classes of sensory 

interneurons. Many genes are expressed in restricted dorsal domains of the neural tube and 

are thus poised to function as regulators of dorsal fate specification. The Wntl and WnOa 

glycoproteins (Cadigan and Nusse, 1997) are expressed in the dorsal neural tube (Parr et 

al., 1993; Hollyday et ai., 1995), but targeted single mutations of these genes in mouse do 

not alter dorsovenûal patterning of the spinal cord, even though these genes am essential 

for midbrain development (McMahon and Bradley, 1990; Thomas and Capecchi, 1990). 

However, there is evidence for Wntl causing an expansion of the dorsal neufal precursor 

population (Dickinson et al., 1994) and Wnt7b can induce the expression of the eariy 

neural crest markers Slug and Twist in Xenopus ectodermal explants (Chang and Hemmati- 

Brivanlou, 1998). The role of Wnt proteins in expanding dorsal progenitor populations is 

supported further by the finding ihat in mice targeted mutations of both the Wntl and 

Wnt3a genes causes a severe reduction in the numbers of neural crest derived melanocytes 

and skeletal structures as well as cranial and spinal sensory neurons (ïkeya et al., 1997). 

Epiderrnal ectoderm is implicated in patterning dorsal neural cell types, which is 

prirnady mediated by TGFP proteins. Prior to neural tube closure, BMP signaling 

promotes the maintenance of Par3 and Par7 expression in the lateral aspects of the neural 

plate (future dorsal neural tube) and induces the expression of Slug, a zinc finger 

transcription factor, in prernigratory neural crest cells and roof plate cells afier neural tube 

closure (Dickinson et al., 1995; Liem et al., 1995). Once the neural tube has fused, the 

epiderrnal ectoderm is no longer in close pmximity to the cells of the neural tube ventricular 

zone. However, roof plate cells have been shown to subsequently pattern the specification 

of dorsal interneurons. Several members of the TGFB farnily of proteins, including BMP4, 

activin and GDF7 are expressed in roof plate cells and have been implicated in activating 

discrete populations of ventricular zone precursors to differen tiate into speci fic classes of 

interneurons (Liem et al., 1997; Lee et al., 1998). For instance, two ment studies further 



demonstrate the requirement for the roof plate in patteming the domal neural tube. First, the 

selective elimination of roof plate cells, using the gene encoding the diphtheria toxin A 

subunit inserted into the Gdf7 locus, resulted in the nona11 autonomous loss of Mathl' 

and Neurogenin' progenitor cells in the dorsal ventricular zone (Lse et al., 2000). 

Consistent with previous results, the loss of both progenitor subtypes prevented the 

differentiation of D1A and D LB intemeurons ( k e  et al., 2000). Second, mutations in the 

LIM homeodomain gene Lmrla in mouse, which is n o d l y  expressed in the roof plate, 

are responsible for the spontaneous neurological dreher mutant phenotype, which causes a 

diminution of Dl intemeurons in the dorsal spinal cord (Millonig et al., 2000). Taken 

together, these results demonstrate thai TGFB signaling in the roof plate is involved in 

specifying unique dorsoventrai identity. Thus. such a phenornenon ofcurring throughout 

the e n t i ~  extent of the hindbrain and spinal cord would suggest thai a pattern of 

longitudinal "colurnns" of sensory intemeurons could be reasonably accounted for. 

However, at each anteroposterior level, sensory intemeurons do not share an identical 

phenotype or pattern of axonal projection. 

Dorsal and ventral ceI l  fate specification in the vertebrate hindbrain, midbrain and 

postericr forebrain also appear to utilize S hh induction (ventrally) and BMP induction 

(dorsally). The expression of Shh in the anterior portion of the notochord and prechordal 

plate enables ventral neural tube cells of the hindbrain, midbrain and forebrain to express 

markers of ventral identity, such as PuxtS. Nkx2.2 and the rielated gene ffkx2.1 (Walther 

and Gruss, 199 1; Ericson et al., 1995; Shimamura et al., 1995). The function of Shh in 

regulating the ventral identity of neurons in the anterior newaxis is similarly conserved 

(Barth and Wison, 1995; Ekkrr et al., 1995; MacDonald et al., 1995; Encson et al., 1997). 

The expression of BMP2, BMP4 and BMP7 extends into the anterior roof plate and can 

promote dorsal ceIl fates in the hindbrain (Lyons et al., 1995; Arkeil and Beddington, 

1997; Dudley and Robertson, 1997). Furthemore, the transcription factor M d 1  is 

similarly expressed in the dorsal vencricular zone precursors in a specialized region of the 



antenor hindbrain caiied the rhombic lip that gives rise to the extemai granule layer cells of 

the cerebellum (Alder et al., 19%; Ben-kie et al ., 1997)- and the expression of Math 1 in 

these precursors may be induced by BMP4 (Lee and Jessell, 1999). It is interesting, 

however, that the Mathl-expressing progenitor cells in the rhombic lip are the predeçessors 

of cerebellar granule cells, while Mathlexpressing cells of the spinal cord are the 

predecessors of D 1 A spinal sensory interneurons. 

Thus, these studies seem to suggest that the entire neural tube may utilize a cornrnon 

mechanism for establishing pattemed longitudinal arrays of neurons dong the 

anteroposterior mis. However, there are several caveats to the supposition, set forth at the 

beginning of this section, that this longitudinal organization represents a continuous 

columnar array of cells. First, a longitudinal array of ce11 columns continu& rostrally from 

the spinal cord is difficult to moncile anatornically in regions of the forebrain (discussed 

below). Second, although Shh can specify ventral neurons dong the entire neuraxis, the 

sarne S hh signal specifies several di fferent classes of neurons (based on both biochemical 

and hodological cri teria) depending on the anteroposterior position. For instance, in the 

cenical spinal cord, Shh cm specify a motor neuron i&ntity to neurons of the phrenic 

nerve projecting to viscerd organs, while in the venval rnidbrain Shh can specify the 

identity of dopaminergic neurons that innervate the forebrain (Hynes et al., 1995; Ye et al., 

1998). Similarly in the dorsal neural tube, Mathl expression coincides with the spinal 

sensory interneuron progenitor cells in the spinal cord, and also granule neurons of the 

presumptive cerebellum. both of which are induced by members of the TGF$ family of 

molecules expressed in the roof plate. Finally, FGF8 which is expressed in the isthmus and 

in the anterior neural ridge in mouse can induce the expression of BFI,  a critical 

transcription factor for forebrain developmen t, when applied to forebrain tissue. whereas it 

induces En1 expression when applied to rnidbrain tissue (Shimamura and Rubenstein, 

1997). It appears, therefore, that although Shh and TGFB niolecules are used thmughout 

the neuraxis to broadly specify dorsal and ventral fates, the differential cornpetence of the 



precursor cells responding to these signals in the anteroposterior dimension is aitical in 

establishing different neuronal identities and structures. This is also tme for the regulation 

(by FGFB) of relatively discrete domains such as the isthmus and the anterior neural ridge. 

Therefore, the His-Hemck model, in its original conception of longitudinal columns of 

ce1 1s bordered by sulcd landmarks that may or may not cross neuronal boundaries, is done 

insufficient to explain the specification of distinct neuronal populations that are derived 

from different levels along the entire length of the neural tube. 

Neuromeric Model. Early investigators noted that the longitudinal organization of 

ce11 "columns", that was quite apparent in the hindbrain and spinal cord, was anatomically 

rather obscure and controversial in the forebrain. The complex morphology of the teüapod 

forebrain required a reevaluation of the longitudinal mode1 that had been widely applied to 

the relatively simplified neuroanatomy of the chondrichthyans (e.g. sharks) and the 

actinopterygian fish. In fact, Hemck (1 922) recognized certain general morphological 

exceptions to the longitudinal organization: the cerebellum on the dorsal surface of the 

hi ndbrain (developing outside of the neural t u k  proper) and the primary olfactory sensory 

area in the forebrain, which encompassed both dorsal and ventral regions. Furthemore, the 

importance of sulci in cleariy defining longitudinal boundaries in the hindbrain and spinal 

cord is less convincing in the forebrain. It has been proposai (Hemck, 1899) that 

addi tional horizontal sulci are required to divide several regions wi thin forebrain 

subdivisions, for instance, even though these sulci do not seem to coincide with cortical or 

nuclear boundaries (Northcutt and Bradford, 1980). 

In early stages of vertebrate neural development the inner venhicular swface of the 

neural tube consists of a series of ridges that are separated by shallow depressions dong 

the entire extent of the anteroposterior axis. From the outer surface, the neural tube appears 

as a series of iterative bulges separated by constrictions and these have been termed 

neuromeres (rhomborneres in the hindbrain or prosorneres in the forebrain) (von Baer, 

1928 reviewed in Northcutt, 1995; Kuhlenbeck, 1973). This neuromenc morphology is 



transient and is not evident at later stages of development. However, there is now 

compelling evidence that the neurorneric mode1 is currentiy most adequate for describing 

the fundamental organization of the developing vertebrate nervous system. The segmented 

pattem of neuronal developrnent in teleost (Hanneman et al., 1988; Trevamw et al., 1990, 

Woo and Fraser, 1995); amphibian (Jacobson, 1959; Eagleson and Harris, 1990) and 

avian (Vaage, 1%9; Couly and IA Douarin, 1987; Lumsden and Keynes, 1989) embryos 

was revealed by analyzing œil lineages. For exarnple, the deseendents of single precursor 

cells were restncted to their segment of origin in the hindbrain neural tube (Lumsden and 

Keynes, 1 989) or diencephalic (earl y posterior forebrain) neural tube Pidgor and Stem, 

1993). More recently, the results of ce11 lineage analyses in the forebrain n e d  plaie in 

mouse are consistent with the notion of transverse segments in the anterior-most CNS 

(houe et al., 2000). Several genes am regionally expressed in restricted patterns from the 

hindbrain to the forebrain and these patterns seem to agree topologicaily with the proposeci 

boundaries of neuronal lineages. For exarnple, the genes Emxl and E n d ,  vertebrate 

homologues of the Drosophila empty spitacles segmentation gene, are expressed in the 

dorsal forebrain in mouse, whereas the genes DM, D U  and D M ,  vertebrate homologues 

of the Drosophila distal-less segmentation gene, are expressed in the ventral forebrain 

(Simeone et al., 1992; Boncinelli et al., 1993; Liu et al., 1997; Eisenstat et al., 1999). 

Interestingly, although these genes demonsirate a dorsovenual restriction pattem, their 

expression does not extend further postenor and terminates with fair1 y sharp boundaries. A 

similar restriction in the extent of gene expression cm be observed in other domains within 

the anterior portions of the CNS. For example, En1 expression in the isthrnic region 

bordering the posterior midbrain and anterior hindbrain (Joyner, 19%) or Kmx2O 

expression in only rhombomeres three and five (Wilkinson et al ., 1989). The expression of 

the Hox genes also form a nested and ordered pattern along the anteroposterior axis in the 

hindbrain and spinal cord in such a way that unique combinations of different Hox genes 

define a specific segment of the neuraxis (Lumsden and Kmmlauf, 1996). Taken together, 



the lineage tracing analyscs, gene expression patterns and a recent re-evaluation of the 

morphological boundaries, especiaily in the anterior portion of the neural tube (Puelles, 

1995), these expriment4 findings strongly support the neurornenc mode1 for the 

organization of vertebrate neurai developrnent. 

The neuromenc paradigrn in its most modern version can be considered a composite 

between the contri bution of non-neural den ved patteming signals along the anteroposterior 

axis (e.g. notochord and floor plate venually; epidermal ectoderm and roof plate dorsally), 

and the transversely arranged precunor cells representing the primordia of the divisions of 

the vertebrate neural tube (Rubinstein et al., 1998). One can immediaîely appreciate that 

such a Canesian anangement cm easily generate unique positional information at various 

levels of the neural tube. It remains to be &temine& however, how the neuroepithelial 

precursor cells acquire the differential competence to respond appmpriately to generic 

proximal signais, which seems inherent to the cells at the time of neural tube 

morphogenesis. Are the cells predisposed or "fated" to be a specific anterior neural 

phenotype and subsequently specified to a posterior identity by signals generated from the 

floor plate and roof plate at different levels of the neuraxis, as Nieuwkoop originaily 

proposed? Furthermore, is regionalization regulated by each ceIl iineage autonomously (in 

isolation of other lineages), or does the regionalized maintenance of ceIl identity aitically 

depend upon the cooperative interactions between groupa of cells? 

In Chapter IV I test the extent to which the neural stem cell lineage along the 

dorsoventral and anteroposterior domains of the CNS is specified to a particular regional 

identity . By assaying for region-specific gcne expression with RT-PCR, 1 show that 

isolated neural stem ce11 colonies are ineinsically spi t ied to their region of origin. 

Furthermore, using a transgenic mouse with a reporter gene constmct under the conml of 

ventral-specific foretirain gene expression, 1 demonstrate that local regionai cues can 

substantially alter the molecular identity of dorsal stem cell colonies when placed in an 

ectopic ventral environment. 





Neural stem cell fate specification 

This chapter has been submitted for publication: 

Tropepe, V., Hitoshi, S., Sirard, C.. Mak, T.. Rossant, I.. van der Kooy. D. (2000). Direct 

neural fate specification from embryonic stem cells: a primitive neural stem cell stage 

acquired through a default mechanism. 



Summary 

Mouse embryonic stem (ES) cells cultured in low ceIl density, completely defined 

media adopt a neural identity. Using a clonal colony-forming assay, we identify a novel 

primitive neural stem ceIl stage as a component of neural lineage specification, which is 

negatively regulated by TGFB-related signaling. These results are consistent with a &fault 

mechanism for neural fate specification. Rimitive neural stem cells are f o m d  directly 

from single ES cells in a LIF- and FGF-dependent manner, express multiple neural 

precursor markers and give nse to neurons and glia. Moreover, in vivo mouse chirnera 

ex piments reveal that these primitive ES-derived neural stem cells have a broad range of 

neural and non-neural lineage potential. These results support a mode1 whereby definitive 

neural stem cell formation is preceded by a primitive neural stem ceIl stage during neural 

lineage comrni tment. 

Introduction 

Neural stem cells have a fundamental d e  in generating cellular diversity in the 

developing mammalian nervous system. However, there is very litîle known about how 

neural stem cells are initially fonned in embryogenesis. Evidence from studies primady in 

Xenopus suggest that the acquisition of a neural fate in ectodm cells is actively repressed 

and that escaping the repressive signal is the predominant mechanism by which cells reveal 

dieir &faul t neural identity (Hemmati-Bri vanlou and Melton, 1997). However, it is 

uncertain whether default neural specification accurs in rnamrnalian development, and if so 

whether the process of default neural fate specification is homologous arnong vertebrate 

species. 

During mouse gastmlation, cells &riveci from the embryonic ectodem are 

organized into either neural or epidernial phordia. The concept of vertebrate neural 



induction, borne out of studies in amphibian ernbryology, was proposed to account for the 

segregation of these two vertebrate ectodermal lineages (Spemann and Mangold, 1924; 

Waddington and Schnidt, 1933; Oppenheimer, 1936; Beddington, 1994). It was postulated 

that the nascent embryonic ectodexm received a positive inducing signal h m  the dorsal 

organizer tissue during gastrulation, which caused the ectodermal cells to adopt a neural 

fate in a resuicted manner. In the absence of this signal, ectodermal cells were presumed to 

di fferentiate into epidermis, independent of any cellular communication. 

Results from in vitro experirnents of isolated ectodermal (animal cap) cells derived 

from amphibian gastrula supported a different mode1 for newal fate speçification. 

Prolonged low-density dissociation of ectoderrnal cells, in the absence of organizer tissue, 

resulted in most of the cells expressing neurai markers or forming neural structures upon 

reaggregation (Godsave and Slack, 1989; Gmnz and Tacke, 1989; Sato and Sargent, 

1989). Furthemore, ectodermal explants (undissociated cells) expressing a dominant- 

negative receptor for activin (a member of the TGFf3 superfamily of growth factors) were 

shown to become neural when cultured in vitro (Hernmati-Brivanlou and Melton, 1994). In 

studies aimed at identifying the nature of the organizer signals, molecules isolated from 

mesendodermal tissue, such as noggin and chordin, were found to be sufficient for 

inducing a second neurai axis in analogous ectopic experirnents performed in Xenopus 

(Smith et al., 1993; Sasai et al., 1995). However, the bioçhernical mechanism by which 

organizer signals promoted neural differentiation of ectodermal cells was not entirely 

consistent with a positive induction mode1 for neural fate detennination. Noggin and 

chordin were shown to act by binding extracellularly to bone morphogenetic proteins 

(BMPs), members of the TGFP superfamily of molecules that strongly inhibit neud 

differentiation (Hemmati-Brivanlou and Melton, 1994). Thus, in a restricted manner, 

noggin and chordin prevent the binding of BMPs to ttieir cognate receptors expressed on 

the surface of ectodennal çells (Piccolo et al., 1996; Zirnrnerman et al., 19%). In fact, 

BMP4 was shown to act as a positive signal for epidermal fate detamination in the 



Xenopus ectoderm (Wilson and Hernmati-Brivanlou, 1995). These findings from 

amphibian experirnents were consistent with the notion thaî the establishment of neural 

identity from the uncornmitted ectoderm occurs by default (Le. a state achieved 

autonomously after the removal of the inhibitory signals) in the absence of neural-inducing 

factors emanating from the organizer. 

We sought to detennine whether a default-like mechanism underlies n e d  

specification in uncommitted mammalian embryonic stem (ES) cells - the precursors to ail 

embryonic lineages. ES cells are derived from the inner ceIl mass (ICM) of the pre- 

implantation mouse embryo (Evans and Kaufman, 1981; Martin, 1981) and can be 

sustained in an undifferentiated state in vitro while maintaining ICMfepiblast characteristics. 

We show that in low-density ceIl culture assays, in the absence of serum-derived or  feeder 

cell-derived factors and in the absence of embryoid body (EB) formation, ES cells direcdy 

differentiate into neural cells. The transition fi-om ES ce11 to neural cell can be enhanced by 

the inhibition of TGFP-related signaling, in a manner that is consistent with a default mode1 

of neural fate specification, but one which is distinct from Xenopus default neuralization. 

Furthemore, we report the identification of a novel primitive neural stem ceIl stage in the 

neural lineage, which defines the tmnsition between ES ceIl and neural stem cell. 

Experimental Procedures 

Propagation and maintenance of ES cells 

The ES ceIl Iine Rl was grown on mitotically inactive fibroblast feeder layers 

maintained in DMEm + 10% FCS culture medium containing LIF (1000 U/ml) at low 

passage number (6-1 1) as previously described (Nagy and Rossant, 1993). For passaging 

ES cells, cultures were disaggregated with 0.05% trypsin dissolved in Tris-salineEDTA 

for 5- 10 minutes. rnezhanically dissociatecl, centri fuged and resuspended in culture 

medium. 



Culturing ES cells 

Passaged ES cells were washed (2 times), centrifugai and resuspended in 

chernically defined semm-free media (Reynolds et al., 1992) composed of a 1: 1 mixture of 

DuIbecco's modified Eagle's medium (DMEM, GIBCO) and F-12 nutrient (GIBCO) 

including 0.6% glucose (Sigma), 2 m M  glutamine (GIBCO), 3 mM sodium bicarbonate 

(Sigma), and 5 m M  HEPES buffer (Sigma). A defined hormone and sait mixture (Sigma) 

that i ncl uded insulin (25 pg/ml), transfemn (1 00 pg/ml), progesterone (20 nM), putrescine 

(60 pM), and selenium chloride (30 nM) was used instead of serum. ES cells were plated at 

various ce11 densities in 24-well culture plates (Nunclon) in the presence of either LW 

(1000 U/ml), LïF + FGF2 (10 ng/mI; Upstate Biotech or Sigma) and 2 &ml heparin 

(Sigma), or in the absence of any exogenous growth factors. For short term (4-24 hours) 

neural differentiation, ES cells were plated in identical culture conditions in 24-well culture 

plates (Nunclon) that were precoated with poly-L-ornithine (15 &ml, Gibco). 

Limiting dif ution analysis was performed as previousl y descri bed (Bellows and 

Aubin, 1989; Tropepe et al., 1999). ES cells were piated in 24-well plates containing LIF 

(1000U/mI). Cell numbers were adjusted to give a starting concentration of 5000 ceIls/ml 

from which serial dilutions were made. Find cell dilutions ranged from 1000 cells per well 

to 1 ce11 per well in 0.5 ml aliquots. Cultures were lefi undisturbed for 7 days after which 

time the fraction of wells not containing sphere colonies for each ceIl plating density was 

calculated and those points were plotted against the number of cells plated per weil. The 

number of cells required to form one sphere colony, which reflected the proportion of 

neural stem celis in the entire population, was then &termin& from the point at which the 

regression Iine crossed the 0.37 level (37%). That is F, = e-', where Fo is the fiaction of 

wells without sphere colonies and x is the rnean number of cells per well. Based on a 

Poisson distribution of cells, Fo = 0.37 corresponds to the dilution at which there is one 

neural stem ce11 per well. The linear relationship observed between the ceIl density and the 



number of sphere colonies generated (regression coefficient R' = 0.99) can be acçounted 

for by the clonal proliferation of a single rare population of cells. 

To assess colony formation at clonal densities, ES ceils were plated in serum-free 

media containing LIF (as above) at 5 x 104 cells per 94 mm Greiner hybndoma tissue 

culture dish (Fedoroff et al., 1997). which is subdivided into approximately 700 

microwells, 0.04 cm' each (Greiner Labortezhnik, Bellco Glass, Inc., Vineland, NJ). 

Using this procedure, microwells contained - 15 viable cells per well (randoml y assorted). 

Cultures were maintained for a 7-day period. 

Self-renewai of primary colony-forming ES cells was assessed as previously 

described (Tropepe et al., 1999). Single sphere colonies were isolated, mechanically 

dissociated into a single ceIl suspension in 0.2 mi of semm-free media containing various 

combinations of LIF (1000 Ulml), FGF2 (10 ng/ml), heparin (2 pglml), EGF (20 n e ;  

Upstate Biotech) or B27 supplement (lx) and cultured in 96-well (Nunclon) plates. 

Secondary sphere colonies were quantifiai after 7- 10 days. A sirnilar procedure was used 

for repeated passaging experiments. Ce11 viability after a 7-&y culture period (sphere 

colony assay) or afier 4-24 hours (short-term ES differentiation assay) was detexmined 

using trypan blue exclusion (1 :2 dilution of 0.4% trypan blue; Gibco). 

To determine the effect of a targeted nul1 mutation in the Smad4 gene on neural 

colony formation, we used clones C8-13 (-1-), CS-24 (-/-), F9-2 (-14, F9-5 (4) and the 

wildtype E14K (+/+) ES œll lines (Sirard et al., 1998). There were no differiences in 

colony formation between the various (-1-) ES ce11 clones and thus the analysis included the 

p l e d  results from al1 of the clones. Human recombinant BMP4 pmtein (stock 0.812 

rng/rnl) was provided by Genetics Institute Inc. and human recombinant Noggin protein 

(stock 1.05 mglml) was pmvided by Regenemn Pharrnaceuticals Inc. 



Embryonic and adult forebrain dissections 

Pregnant CD 1 mice (Charles River, Quebec) of gestational age 9.5 (E9.5) or E 14.5 

(see below) were killed via cervical dislocation and embryos were removed as previously 

described (Tropepe et al., 1999). Dissecteci germinal zone h m  the E9.5 telencephalon was 

transferred to serum-free media and mechanicall y diswciated into a ceIl suspension wi th a 

fire-polished Pasteur pipette. Cell viability was assessed using trypan blue. Cells were 

plated at 10 celldpl in 24-we11 (0.5 mVwell) uncoated plates (Nunclon) in semm-free media 

containing either FGF2 (10 n e )  + heparin (2 @ml) or FGF2 + heparin + LIF 

(lOOOU/ml). Self-renewal of neural stem cells that generated pnmary sphere colonies 

(selecting mainly floaiing colonies after 7 days in vitro) were mutinely subcloned by 

mechanically dissociating a single colony in 0.2 ml of serum-free media, in identical 

growth factor conditions as the primary culture, and plated in uncoated 96-well (0.2 

mVwell) plates (Nunclon). The number of new secondary colonies was quantified after a 

further 6-7 days in vitro. Neural stem ce11 colonies h m  the adult forebrain subependyma 

were isolated as previously described (Chiasson et al., 1999) and cultureci as above. 

Imrnunocytochemistry 

Single sphere colonies were transfemd to a well coated with MATRIGEL basernent 

membrane matrix (15.1 mghl stock solution diluted 1:25 in semm-free media; Becton- 

Dickinson) in individual wells of a 24-well culture plate (Nunclon) (0.5 ml/well). For 

nestin immunolabeling, spherie colonies were allowed to adhere for 24 hours in serum-free 

media prior to fixation. Adherent colonies were fixed with 4% paraformaldehyde in PBS 

(pH 7.2) for 20 min at room temperature and then washed (3x) with PBS (5 min each). 

Colonies were then penneabilid with 0.3% Triton X-100 for 5 min, washed (2x) with 

PBS (5 min each) and then incubated for 1 hour in 10% normal goat serum (NGS) at room 

temperature in order to presaturate non-specific protein bindi ng si tes. A rabbi t pol yclonal 

antiserum (a gift from Dr. R. McKay) (Tdiyama et al., 1992) was diluted to 1:1000 (in 



PBS + 10% NGS) and colonies were incubated ovemight at 4°C. The next &y, sphere 

colonies were washed (3x) in PBS (5 min each) and subsequently incubated with a 

seconàary goat anti-rabbit FiTC-conjugated antibûdy (1:200, Sigma) for 30 min at 37°C. 

After rinsing three times (5 minutes each), al1 cultures were incubated in Hoechst 33258 

nuclear stain (0.0 15 mg/ml stock solution diluted to 0.00 1 mg/ml; Boehnnger Mannheim) 

for 5 minutes at room temperature in order to facilitate ceIl quantification. After washing 

(3x) (5 min each), colonies were coated with Fluor-rnount mounting medium. Fluorescence 

was detected on a Nikon inverted fluorescence microscope. A similar procedure was used 

for longer-term differentiation of sphere colony celis. After 7 days in culture, colonies that 

were spread out on the substrate were fixed in 4% parafonnaldehyde (in PBS, pH 7.2) for 

20 minutes at room temperature followed by 3 (5 minutes each) washes in PBS (pH 7.2). 

Cells were then permeabilized for 5 minutes in PBS containing 0.3% Triton-X, rinsed for 5 

min (2x) in PBS and blocked for 1 hour in PBS containing 10% normal goat serum 

(NGS). After blocking, cultures were incubated in anti-MAP-2 mouse monoclonal (IgG) 

(1: 1000; Boehringer Mannheim) and anti-GFAP rabbit polyclonal (IgG) (1:400; Chemicon) 

antibodies diluted in PBS containing 10% NGS over night at 4°C. Cultures were then 

rinsed in PBS three times (5 minutes each) and subsequently incubated in FiTC goat anti- 

rabbit (1:2ûû; Jackson ImmunoResearch) and TRITC goat anti-mouse (1:200; Jackson 

ImmunoResearch) secondary antibodies at 37°C for 30 min. Cultures were rinsed three 

times (5 minutes each) in PBS. Separate cultures (from similar conditions) were used for 

oligodendroc yte immunolabelling. Cultures were incubated in anti-04 mouse monoclonal 

(IgM) antibody (1:40; Boehnnger Mannheim) in PBS containing 10% NGS at 4°C 

overnight. The next &y, cultures were rinsed three times (5 minutes each) and 

subsequen tl y incubated in DTAF goat anti-mouse-IgM (1 : 2 0 ;  Jackson IrnmunoResearch) 

secondary antibody in PBS containing 10% NGS at 37°C for 30 minutes. Afrer rinsing 

three times (5 minutes each), al1 cultures were incubated in Hoechst 33258 nuclear stain 

(0.0 15 r;ig/mt stock solution dilutecl to 0.001 m g h l ;  Boehnnger Mannheim) for 5 minutes 



at room temperature in order to facilitate ceIl quantification. Colonies were washed (3x) in 

PBS (5 min each) and then coated with Fluormount and fluorescence was visualized using 

a Nikon inverted-fluorescence microscope. Secondary antibody-only control cultures were 

processed sirnultaneously using the identical protocol except dilution solutions were devoid 

of primary antibodies. Al1 secondary controls were negative for immunolabeling. 

For short-terni (24 hours) diffèrentiation experirnents, ES cells were adhered to a 

pol y -L-orni thi ne substrate ( 1 5 @ml; Sigma), fixed in 4% paraformalcieh y& (as above) 

and immunolabeled using pnmary mouse monoclonal anti-flIII-tubulin anti body (1 : 1000; 

Sigma), anti-nestin antibody (as above) and rabbit anti-mouse Oct-4 antibody (1:400; a gift 

from Dr. J. Cross). Cultures were counter-labeled with Hoeçhst (as above) and quanttifed 

by counting 3-4 random standardized areas (using an oçular grid) at 20X objective 

magnification per culture. 

To cyrosection ES derived or forebrain derived sphere colonies, colonies were 

rinsed (Sx) by transfemng to PBS (pH 7.2) for a few seconds with a Pasteur pipette. 

Colonies were then transferred to 4% paraformaldehyde containing 0.4% picric acid in 

0.16 M phosphate-buffer (pH 6.9) and fixed for 1 hour at room temperature. Sphere 

colonies were then rinsed (3x) in 10 mM PBS for 5 min each prior to king resuspended in 

10% sucrose (in 10 mM PBS) ovemight at 4°C. The following &y, sphere colonies were 

placed in tissue freezing media (Tissue Tek) in order to quick freeze to -50°C. Using a 

cryostat, 14 pm sections were taken and collected on gelatin coated slides. Slides were 

stored at -70°C and subsequently processed for nestin or nuclear Oct4 imrnunolabeling (as 

above). 

RT-PCR analysis 

Total RNA was isolated using the RNeasy extraction kit (Qagen) and 1 pg of total 

RNA was used to synthesize cDNA with oligo-d(T),,,, prirners and MuMLV reverse 

transcriptase (Superscript II; Boehringer-Mannheim) at 42°C for 1 hour. The PCR mtion  



mixture (20 pl) consisted of 1 pi cDNA. 16 pmol 5' primer. 16 pmol 3' primer, 0.2 mM 

LINTP, 2 pl PCR reaction buffer and 0.8 U of Taq polymerase (Promega). cDNA was 

ampli fied in a thermal cycler (Perkin-Elrner). For al1 primer pairs denaturation for 30 sec at 

94OC, annealing for 30sec and extension at 72°C was used, The sense and antisense 

primers, ~ g "  concentration, annealing tcmperanire, extension tirne and number of PCR 

cycles were used for the following genes. E m 2 :  sense 5'- 

GTCCC AGClTITAAGGCTAGA-3*, antisense 5 ' - ~ G C C ï T I T G A A T ï T C G 1 T C -  

3', 1.65 mM ~ g " ,  56°C. 40 sec, 40 cycles. HoxBI: sense 5 ' -  

CCGGACCTTCGACTGGATG-3', antisense 5'-GGTCAGAGGCATCTCCAGC-3', 

1.35 mM ~ g ~ ' ,  58°C. 40 sec, 40 cycles. Oul :  sense 5'- 

TCACAGCTGGACGTGCTCGA-3*, antisense 5'-GCGGCGGrn-GAACCAAA-3'' 

1.65 mM ~ g " ,  58°C. 40 sec, 40 cycles. Sir3: sense S'CGCGACCîGTACCACATCCï- 

3', antisense 5'-GCCiTGGCTATCATACGTCA-3', 1.35 mM ~ g " ,  56°C' 40 sec, 40 

c yc tes. Brachyury: sen se 5' -AGTATG AACCTCGGATïC AC-3', an tisense 5' - 
CCGGTTGTïACAAGTCïCAG-3'. 1.65 rnM Mg", 56°C. 1 min, 35 cycles. GATA4: 

sense 5'-AGCCTACATGGCCGACGTGG-3 * , antisense 5'- 

TCAGCCAGGACCAGGCTGTT-3', 1.35 rnM Mg". 58T, 1 min, 35 cycles. HNF-4: 

sense 5'-CCATGGTGTX'AAAGGACGTGC-3*, antisense 5' - 
TAGGATTCAGATCCCGAGCC-3'. 1.35 m M  Mg", 56T, 1 min. 35 cycles. As a 

control, cDNA amplification of the GAPDH gene (glyceraldehyde-3-phosphate 

dehydrogenase) was simultaneously m n  in each PCR experiment. Prirners for GAPDH: 

sense 5'-ACCACAGTCCATGCCATCAC-3'' an ti sense 5'- 

TCCACCACCCTGTïGCïGTA-3' and PCR reaction conditions were similar to 

conditions used for Emxl amplification (see above). Amplifieci products were 

electrophoresed in 2% agarose gel containing ethidium bromide (25 @mi) and bands were 

visualized with UV light (DualLite Transilluminator, Fisher Biotech). 



Expression of mouse Cerberus-like in Neuro2a cells 

Neuro2a (a murine neuroblastoma ce11 line) cells were seeded at 1 x 106 cells per 

100 mm petri dish and transiently transfected with 10 pg of plasmid DNA by means of 

LipofectAMINE (Gibco) according to the manufacturer's instructions. After 6 hours, the 

cultwe media was changed to 10 ml of DMEM+lû% FBS (Gibco). Twenty-four hours 

after transfection, culture media was changed to 10 ml of serum-free media. Seventy-two 

hours after transfection, ceIl supernatant was collected and centrifugai to remove cellular 

debris. Supernatant media was aliquoted and stored at -70°C. Addition of 4% (v/v) of 

supernatant (3 separate experiments) resulted in a similar increase in colony formation 

compared to the addition of 20% (v/v) supernatant (2 separate experiments), but this effect 

was considerably variable h m  one experirnent to the next, whereas addition of 20% (v/v) 

supernatant resulted in a very consistent increase between experirnents. Thus data from the 

20% (v/v) experiments were used for the analysis. The plasmids pCS-V2 (gift from Di. R. 

Moon) (Hoppler et al., 1996) and pCS-cer-I (a gifi from Dr. E. De Robertis) (Belo et al., 

1997) were used. 

Generation of chimeras 

ES sphere colonies were generateâ using ES cells h h r i n g  a yellow-fluorescent 

protein (YFP) transgene or cyan-fluorescent protein (Cm) transgene (gi fts from Dts K. 

Hadjatonakis and A. Nagy). Embryonic or adult telencephaion-den ved sphere colonies 

were generated from either green fluorescent protein (GFP) transgenic mice (a gift from 

Drs. K. Hadjantonakis and A. Nagy) or ROSA rnice ubiquitously expressing the Lac2 

gene product fhgalactosidase (f3-gal) (lac kson Laboratory) (Friedrich and Soriano, 199 1 ). 

ES-deri ved, E9.5, E 14.5 or adult telencephalon-derived spherie colonies were aggregated 

with diploid CD1 morula-stage embryos for 24 hours in vitro as previously describeci 

(Nagy and Rossant, 1993). Once integrated, the colony-embryo aggmgates were then 

transferred into pseudo-pregnant CD1 fernales, harvested at embryonic &y E8.5-E9.5 and 



either stained for B-gal activity (for ROSACD 1 chimeras) or visualized for fluorescence 

(GFP-CD 1 chi meras). fl-gal activi ty was dctected by rinsing embryos in a 1 0  m M  sodium 

phosphate buffer (pH 7.3), fixing in 0.2% gluteraldehyde. 2 rnM MgCl, 5 rnM EGTA and 

100 rnM sodium phosphate ipH 7.3) at rmm temperature for -15 min. Embryos were then 

nnsed (3x) in a wash buffer containing 0.02% NP-40,0.01% deoxycholate. 2 mM MgCl?. 

and 100 rnM sodium phosphate (pH 7.3) for -10 min each. Embryos were stained in 1 

mg/mI X-gal, 5 m M  K,Fe(CN),, 5 rnM K,Fe(CN),, 0.02% NP-40. 0.01% deoxycholate, 

2 mM MgCl,, and 100 rnM sodium phosphate buffer (pH 7.3) at 37°C ovemight. 

Resul ts 

Single ES cells differentiate into colony forming neural stem celb in the 

absence of serum, feeder layers or the formation of EB 

To detemine directly the capacity for ES cells to adopt a neural faie in the absence 

of serum-derived or feeder layer-derived factors and in the absence of cellcell contact, we 

cultured ES cells at relatively low ceIl densities in a chemically-defined, serum-free media. 

Under similar conditions. single neural stem cells isolated from the embryonic germinal 

zone of the neural tube can proliferate in response to exogenous EGF or FGF2 to give rise 

to clonai colonies of undifferentiated neural precursor cells that form floating spheres 

(Reynolds et al., 1992; Tropepe et al.. 1999). The colony-fonning neural stem cells have 

the classical stem ce1 1 propenies of self-renewal and rnultipotentiali ty (Potten and Loe ffler, 

1990; Morrison et al., 1997). That is, a small percentage of cells isolated from single 

dissociateci colonies can generate new clonal colonies (self-renewal), while the majority of 

cells within the colonies will differentiate into either neurons. astrocytes or 

oligodendmcytes (Reynolds and Weiss. 1996). 

When ES cells were cultured at relatively low ceIl densities in the pmsence of either 

EGF or FGF2 or in the absence of exogenous growth factors, no cell colonies were 



generated (Figure 2.lA). In contrast, in the presence of exogenous leukmùa inhibitory 

factor (Lm, which is normally used to maintain ES cells in an undifferentiated state (Smith 

et al., 1988; Williams et al., 1988). floating sphere-like colonies were generated after 7 

days in vitro. The= was no significant difference in the numbers of neural stem cell 

colonies generated when either EGF or FGF2 were combined with LW cornpanxi to LIF 

alone, although the praence of FGFZ produced a non-significant trend toward facilitahg 

LIF-dependent colony formation (Figure 2.1A). Thus, exogenous EGF and FGF2 were 

nei ther necessary nor sufficient for colony formation in pnmary ce11 cultures. Furthemore, 

CNTF, another member of the cytokine family of signaling molecules to which LIF 

belongs O(rshimoto et al., 1994). was unable to substitute as a colony-promoting factor 

(data not shown), suggesting that the effkcts of LW are specific. 

To detetmine the frequency of ce11 colony formation, we cultured ES cells at 

various ceIl densities (from 1 celVwell to 20 celldpl) in 24-well culture dishes in a limiting 

dilution assay (Bellows and Aubin, 1989; Tropepe et al.. 1999). The estimateci frequency 

of sphere colony forming cells in the presence of LIF was 4.2% (Figure 2.1B). No 

sphere colonies were observed at ce11 densities of less than 500 cells per well (0.5 ml of 

media), suggesting that a threshold nurnber of cells may be required in order to facilitate the 

clonal proliferation of a single ES cell. To further test this possibility, ES cells were 

cultured at -15 cells per microwell randomly distributed in Greiner hybndoma culture 

dishes subdivided into 700 microwells (0.04 cm' each). Even though the majority of 

microwells contained cells, an average of 35 colonies were generated (2 separate cultures) 

over the entire dish. Hence, a similar frequency of sphere colony formation was observed 

over the entire culture dish (Le. 15x700 = 10,500 cells; an average of 35 colonies + 10,500 

= 0.3%). Furthemore. in one additional experiment, single ES cells were c u l t ~  in %- 

well plates (0.2 ml) and 1 sphere colony was generated in 600-700 wells scored. Thus, the 



Figure 2.1. LIF-dependent neural ce11 colonies am clonally &rived from single ES cells. 
(A) ES cells cultured at 20 cells/pJ in chemically &fineci serum-free media proliferate tu 
form sphere colonies in the presence of LIF (1000 U/rnl). Photo inset shows a ES derived 
sphere colony after 7 days in culture (sale bar 100 pm). The addition of FGM (10 ng/ml) 
and heparin (2 pg/rnl) causes a slight, but non-significant increase in the numbers of 
pri mary sphere colonies compared to LIF alone (t = 1.1, p>0.05) or LF+B27 (t = 1 .2, 
pS.05). The presence of FGF2+heparin alone or B27 supplernent alone (diluted to one- 
tenth the stock concentration: 1X) is not sufficient for colony formation. Daia represent 6- 
12 cultures per group from 4- 1 1 separate experiments. (B) Cells plated at limiting dilution 
in the presence of LIF revealed that the frequency in which at least one neural stem cell will 
proliferate to form a sphere colony (37% mark on the ordinal scale) was -0.2% (dashed 
line). Each data point represents the average of 6 cultures from 2 separate experiments. (C) 
Sphere colonies are composed of cells with neural precursor identity. After 3 days in vitro 
(relatively small) or 7 days in vitro (relatively large) individual sphere colonies (n=6 from 
each of 2 separate experiments) were transferred to a poly-ornithine substrare and allowed 
to adhere for 24 hours. 'Ihe expression of the neural purso r  market nestin was 
detemined using immuna'ytochernistry. Scale bar 1 0  m. @) Neural colony forming ES 
cells displayed neural stem ce11 self-renewal characteristics. Single prirnary colonies 
generated in the presence of LiF alone (la) were subcloned in LIF+FGF2, FGF2 or L F  to 
generate secondaxy colonies. Single prirnary colonies generated in the presence of 
LIF+FGF2+B27 (lb) were subcloned in LIF+FGF2+B27, FGF2+B27 or LIF+B27 to 
generate secondary colonies. Single secondary colonies generated in LïF+FGF2+B 27 (2) 
were subcloned in LIF+FGF2+B27 to generate tertiary colonies. Single tertiary colonies 
generated in LXF+FGM+B27 (3) were subcloned in LIF+FGFZ+B27 to generate 
quatemary colonies. Single sphere colonies from primary culture (n=6-24 isolated colonies 
per condition from at least 2 separate experiments) were dissociated into a single œll 
suspension after 7 days in vitro and re-cultured. Secondary colonies &rivai from single 
primary colonies were quantified after 7- 10 days in vitro and a sirnilar procedure was used 
to subclone secondary and tertiaiy sphere colonies. LïF (1000 U/ml), FGF2 (10 nglml). 
heparin (2 pglrnl), 827 supplement (lx). 
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results demonstrate that a very small percentage of single ES cells generate sphere colonies 

under these conditions as prcdicteâ by the limiting dilution analysis. 

Colony-forming ES cells show neural stem ce11 characteristics 

Sphere colonies generated in the presence of LIF grew to a size of appmxirnately 

300-500 pm in diameter after 7 days and were composed of cells that al1 expressed the 

intermediate filament protein nestin, which is expressed in neural precursor cells in 

embryonic and adult CNS tissues and transientiy in muscle progenitors undahl  et al., 

1990) (Figure 2.1C). An analysis of smaller sized colonies identifiable at 3 days in culture 

(composed of 20-30 cells) demonstrateû that al1 of the celis within these colonies 

(determineci by counting Hoechst stained nuclei) appeared to express nestin. Thus, nestin 

expression is correlated with the initial formation of the sphere colony, coinciding with 

nestin expression in single ES cells at the onset of the ce11 culture period prior to sphere 

colony formation, and no cells within the colonies retained nuclear expression of the ES 

ce1 1 marker Oct-4 (see below). These data suggest that individual ES cells acquire a neural 

precursor ce11 identity b e f o ~  they pdiferate to generate neural colonies. 

Individual colonies were dissociated and subcloned as previously reported 

(Reynolds et al., 1992; Tropepe et al., 1999) in the presence of exogenous LIF, FGF2 or 

EGF alone, or in combinations. Regardless of the pnmary culture conditions the formation 

of secondary neural stem ceIl colonies was &pendent upon the presence of exogenous 

FGF2. L E  alone was not sufficient for secondary colony formation (Figure 2.1D). nie 

colony-forming ability in tertiary and quatemary subcloned ceIl cuitures could be sustained 

with combined FGF2 and LIE However, substituting for L E  with a B27 media 

supplement (thought to prevent excessive ceIl death by inhibiting free radical-induced 

ce1 lular damage) in the FGF2 cultures was sufficient for repeateâly generating new sphere 

colonies (Figure 2. ID). Furthemore, the ability to generate sphere colonies in the presence 

of exogenous EGF alone was not observed. The relatively small expansion of ES sphere 



colonies (2- 16 new cional colonies mise from the dissociation of a single ES derived neural 

colony; Figure 2.1D) is similar to the primary subcloning of FGF-responsive newai stem 

cells isolated from the E8.5 antenor neural plate (Tropepe et al., 1999). Un&r our 

conditions, however, new ES &riveci colonies maintain their FGF2 and LïF (or B27) 

dependence upon repeated subcloning, whereas the ES .5 &riveci neural stem cell colonies 

require only FGF2. Furthemore, a separate EGF-responsive population of colony forming 

cells, which occurs during the development of the neural stem ce11 Iineage between E10.5 

and E14.5 in vivo (Tropepe et al., 1999; Martens et al., 2000) was not established from the 

ES-deri ved colonies. 

To detemiine if the individual cells giving rise to the neural colonies had neural 

mu1 ti 1 i neage poten tial, indi v i d d  colonies were encouraged to full y differentiate (placed on 

a MATRIGEL substrate and in the presence of 1% FBS) for a period of 7 days. Under 

these conditions, each of the âifferentiated colonies contained neurons (MAPî+ or &III 

tu bu l i n'), astroc ytes (GFAP*) and oligodendroç ytes (W) using these conventional cellular 

markers of differentiation (Figure 2.2A). The neural ceils identified in these differentiated 

cultures (including undi fferentiated, nestin' cells) accounted for al 1 of the ce11 types present 

in the colonies. At least one non-neural marker, the muscle detemunation gene product 

MyoD, was not detectable by imrnunocytochemistry in these colonies, even though MyoD' 

cells were identifiai in control explant cultures of E9.5 somitic mesoderm (data not 

shown). 

To further examine the lineage cornmitment of the ESkrived sphe~e colonies, we 

analyzed the expression of genes restricted to neural and non-neural lineages using RT- 

PCR analysis (Figure 2.2B). Sphere colonies did not express the early mesoderm-specific 

transcription factor brachyuq (Beddington et al., 1992). which is abundant in EB (Elefanty 

et al., 1997). Sphere colonies expressed the eady endodermal marker GATA4, a zinc 

finger transcription factor that binds to a con GATA motif in the cis regulatoiy elements of 

many genes (Arceci et al., 1993). However, the gene HNF-4, which is a later endodermal 



marker (Taraviras et al., 1994; Li et al., 2000), was not expressed in ESaerived neural 

colonies, suggesting only partial endodermal potential within the colonies, unlike full 

endodermal potential documented for EB differentiation. Consistent with this observation, 

the absence of Otxl, expressed during the formation of the anterior visceral endoderm and 

later in the forebrain (Acampon et al.. 1998). suggest that sphere colonies do not engage in 

full visceral endodenn differentiation. 

Specific neural rnRNAs were expressed in isolated ES-derived sphere colonies. The 

dorsal telencephalon-specific homeodomain transcription factor Emx2 (Simeone et a1 . , 
1992). and the hindbrain and spinal cord specific transcription factor H o d  1 (Wilkinson et 

al., 1989) were expressed in the ES-derived neural sphere colonies (Figure 2.2B). 

However, the anterior neural gene Six3 (Oliver et al., 1995), like Otx 1, was not expressed. 

As a control, neural colonies derived from E 14.5 forebrain germinal zone were assayed for 

the expression of lineage-speci fic genes. Although neural specific gene expression was 

confirmed in these samples (Figure 2.2B) expression of the non-neural genes brac h y ury , 

GATA4 and HNF-4 was not observed (data not shown). In addition, ES cells freshly 

trypsinized from their feeder-layers were also used as controls. With the exception of 

GATA4, Otxl and HNF4, the unmanipulated ES cells express all of the genes tested, and 

indeed are known to non-specifically express a variety of genes (Elefanty et al., 1997). 

Interestingly, neural-specific gene expression persisted in the sphere colonies, whereas the 

mesodermal marker Brachury was downregulated in the transition from ES cells to n e d  

colonies. Thus, sphere colonies generated through the proliferation of a single neural cell 

are specified to primarily a neural identity and are composed of both neuronal and glial 

lineages. The fact that some non-neural genes (e.g. GATA4) are expressed in sphere 

colonies may suggest that these specified neural stem cell derived colonies ate not 

completely committed to a neural fate, but may retain pluripotent or more primitive 

characteristics (see below) than the neural stem cells isolated From the embryonic and adult 

CNS. The absence of Otx 1, which is expressed in the anterior neural tube and anterior 



Figure 2.2. Cells h m  ES-derived sphere colonies express neural-specific genes and can 
differentiate into neurons and glia. (A) ES sphere colonies were cultured un&r 
differentiation conditions and the pFesence of neurons (MAPZ*), astrocytes ( G F W )  and 
oligodendrocytes (OC, arrowhead) was &termin& using irnmunocytochemistry. Data are 
representative of 18 cultures h m  2-3 separate enperiments. (B) Gene expression analysis 
was also detennined using RT-PCR. RNA was isolated h m  sphere colonies after 7 &ys 
in vitro and analyzed for the expression of markers for rieurai difierentiation [ E d  (15 1 
bp), HoxB 1 (325 bp), Six3 (571 bp), and Oai (128 bp)], endoderm differentiation 
[GATA4 (809 bp), HNF4 (629 bp)] and rnesoderm differentiation [Brachyury (857 bp)]. 
To normalize for the arnount of cDNA present in the sample, the cDNA for GADPH (452 
bp) was arnplified. R1 refers to pnmary ES cells; SC refers to ES-derived sphere colony; + 
refers to p s i  ti ve tissue controi (forebrain, hindbrain, sornitic mesoderm, li ver). Data are 
representative of at least 3 separate experiments. Scale bar: 20 pm. 





viscerd endoderm, further may indicate that early anterior-posterior polar@ is not intrinsic 

to sphere colonies. 

LIF functions as a permissive factor for neural stem ce11 differentiation o f  

ES cells 

The ability of LIF to specifically promote neural colony formation in senim-free 

media (in the absence of exogenous growth factors) may indicaie that LIF induces 

uncommitted ES cells to a neural fate in primary cultures. However, there arie numemus 

examples in the literature where the presence of LIF was necessary to maintain ES cells in 

an undifferentiated state (reviewed in O'Shea, 1999), while LIF withdrawal was coinciht 

with differentiation (e.g. Doetschman et al., 1985). Two observations in the present study 

suggest that L E  may act in a permissive manner to enable ES cells to adopt a neural stem 

cell fate. 

First, since neud stem cells isolated from the ES.5 neural plate are &pendent upon 

FGF (Tropepe et al ., 1999), we tested w hether endogenous FGF signaling mediates neural 

colony formation in primary ES ceil cultures in the presence of LIE We utilized a FGF- 

receptor- 1 -deticient (FGFRI'"') ES cell  line (cornparrd to a FGFRIf+'-' control cell line: 

Ciruna et al., 1997) and assayed for neural colony formation. In the absence of functional 

FGFR 1 signaling, the ability of ES cells to adopt a neural stem ce11 fak and genmte 

colonies after 7 days in vitro was diminished by 82% in the presence of LIF (Figure 2.3A). 

suggesting that ES cells may be responding to endogenous FGF thaî is released by the ES 

cells. Consistent with this notion, the addition of an anti-FGF2 antibody to a primary ES 

ceil culture in the presence of L F  caused a >95% decrease in the number of neural colonies 

observed after 7 days (Figure 2.3B). These results demonstrate that although the addition 

of exogenous FGF2 is not necessary for neural colony formation in the presence of LIF, 

endogenous FGF signaling is quired. 



Second, exogenous LIF cm enhance the numbers of FGF-responsive neural stem 

cells from the E9.5 forebrain that proliferate to fom sphere colonies in the presence of 

FGFS, c o m p d  to cultures with FGFS alone (Figure 2.3C), but LIF alone is not 

sufficient for E9.5 neural stem ceIl proliferation. Furthemore, LIF (as well as B27) can 

promote the repeated subcloning of ES-sphere colonies ihat are FGF-dependent. These 

results indicate that although LIF is critical for the early transition of ES cells into colony- 

forming neural stem cells, it may act primarily as a permissive factor to maintain ceIl 

survival in these minimai conditions. In contrast, FGF signaling is critical at al1 stages of 

neurai stem ceII colony formation, but it is unclear if it is involved in the induction of the 

neural diffe~ntiation of ES cells or simply in promoting proliferation in Our colony- 

forming assay. 

Inhibition of TGFfbrelated signaling enhances neural stem ceIl 

differentiation of ES cells 

Given that very few of the cultured ES cells generated sphere colonies (-0.2%), we 

sought to determine if the release of endogenous BMP from the ES cells inhibited neural 

sphere colony formation, as would be predicted from the neural &fault model. To test 

whether BMP could inhibit ES sphere colony formation. we added BMP4 (5 nglml) to ES 

ce11 cultures containing LIF and FGF2. We observed a grieater than 50% decrease in the 

number of sphere colonies generated and this effect appeared to be manimai since a 5-fold 

increase in BMP4 concentration did not further significantty attenuate the number of sphere 

colonies generated (Figure 2.4A). The addition of the BMP protein antagonist Noggin (100 

pg/ml) to the prirnary ES ceIl cultures caused a 50% increase in the number of sphere 

colonies generated (Figure U B ) .  This increase appeared to be maximal since an increase 

in Noggin concentration fmm 10 Cig/ml to 100 @ml resulted in no additional increase in 

the  numbers of sphere colonies generated, 



Figure 2.3. Endogenous FGF-signaiing mediaîes LIF-dependent primary neural colony 
formation. (A) Signaling through FGF-receptor-1 is required for neural colony formation. 
ES cells with a homozygous nul1 mutation in the gene encoding FGF-receptor-1 C f g F l ~  
**#&Ia3 or control heterozygous ES cells ( fgfrIad/+)  were cultured at 20 cells/pJ in 
LIF (1000 W) alone or LIF+FGF2 (10 ng/mi)+heparin (2 &ml) and sphere colonies 
(n= 12 cultures per group) were quantified after 7 d a y s  in vitro (t = 8 -5, p4.05  comparing 
mutant and wildîype cells in LIF alone; t = 8.9, @.O5 cornparhg mutant and wildtype 
cells in LIF+FGF2). (B) Anti-FGF2 antibodies block neural colony formation. ES cells 
were cultured at 20 celldpl in the presence of LIF (1000 Ulml) or LïF+FGF2 (10 
ng/ml)+heparin (2 pg/rnl) alone or in the presence of 1.25 ls/rnl mouse monoclonal IgG 
anti-FGF2 antibodies. Data represent the average of 6 cultures per group h m  2-3 sepatate 
experiments (t = 3.66, pe0.05 comparing L E  done in presence or absence of antibody; t = 
2.21, p<0.05 comparing LïF+FGF2 in pmec~ce or absence of antiboây). (C) LïF 
facilitates colony formation in FGF2 from neural stem cells isolated from the E9.5 
forebrain vesicles compared to FGF2 alone (t = 2.9, ~ 4 . 0 5 ) .  Germinal zone tissue was 
cultured at 10 cellslpl in either FGF2 (10 ng/ml)+heparin (2 @ml) or in the presence of 
FGFS+heparin and LiF (1000 U/ml) and colonies were quantified afkr 7 &ys in vitro. 
Data represent the average of 6-9 embryos per group. 
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It is evident that although Noggin can enhance the numbers of ES cells that 

differentiate into neural colony-forming stem cells, the effect is moderate. It is possible that 

Noggin may evenhially lose its activity and degrade with Our extended culture periods. 

Alternatively, Noggin is known to be less effective than Chordin in neural induction assays 

in Xenopus (Lamb et al., 1993) and targeted nul1 mutations in both Noggin and Chordin 

are required to demonstrate anterior neural development deficits in mice in vivo machiller et 

al., 2000). Thus, the moderate increase in the numbers of ES cells that wiH differentiate 

into neural sphere colony-foming stem cells in the presence of exogenous Noggin may 

underestimate the role for BMP-mediated inhibition of neural stem ce11 colony formation. 

Certain1 y, BMP4 and BMP-receptor- 1 are expressed by undifferen tiated ES cells (Elefanty 

et al., 1997). To determine more directly the effect of blocking BMP signaling, we utilized 

an ES ce11 line with a targeted nuIl mutation in the Smud4 gene (Sirard et al., 1998). an 

in trace11 ular transducer of TGFf3-related signaling (Wrana, 2000). Since Srnad4 is a critical 

common component for mu1 tiple TGFfbrelated signaling pathways, we reasoned that a nul1 

mutation in the Smad4 gene would abrogate most of the BMP signaling that could 

potentially inhibit neural sphere colony fornation. Sm~d4 '~ * '  ES cells cultured in the 

presence of LIF generated a 4-5 fold increase in the numbers of n e 4  sphere colonies, 

compared to the wildtype E14K ceIl Iine used to generate the targeted mutation (Figure 

2.4C). The baseline numbers of sphere colonies generated by wildtype R 1 ES cells (26.3 f 

5.4) and wildtype EI4K ES cells (25.7 i 6.7) cultud at 20 celldpl were not significantly 

different (t = 0.08, p>0.05). Interestingly, the rate of proliferation between wildtype and 

Srnad4"' cells in high or low semm concentration is similar, indicating that the in- in 

the number of colonies from mutant ES cells is Iikely not a result of a general increase in 

proliferation. The incrpase in neural colonies in Smad4'&' was greater than the augmenteci 

numbers of sphere colonies observed in the presence of exogenous Noggin, possibly 



Figure 2.4. TGFf3 signaling can modulate neural stem cell differentiation f b m  ES cells. (A) 
BMP4 inhibits neural colony formation compared to controls (t = 4.45. p4 .05) .  ES a l l s  
were cultured at 20 celldpl in the presence of LIF (1000 U/ml)+FGF2 (10 ng/ml)+heparin 
(2pg/ml) alone or  in the pmsence of BMP4. Sphere colonies were quantifid afrer 7 &ys in 
vitro. Data represent the average of 6 cultures per group h m  2 separate expenments. (B) 
Noggin enhances neural colony formation compared to controls (t = 4.78, pe0.05). ES 
cells were culturrd at 20 ceIlipl in the F n c e  of LIF (1000 U/ml)+FGM (10 
ng/ml)+heparin (2 pg/ml) done or in the presence of Noggin (100 &ml). Sphere colonies 
were quantified after 7 days in vitro. Daia represent the average of 6 cultures per group 
from 2 separate experiments. (C) A nuIl mutation in the Smad4 gene enhances neural 
colony formation compared to wildtype controls (t = 2.67, ~ 4 . 0 5 ) .  Smad4"b) and wildtype 
E l4K ES cells were cultured at 20 celldpl in the presence of L E  ( 1000 U/rnl) and sphere 
colonies were quantified after 7 days in vitro. Data represent 6- 12 cultures pet group from 
3-5 separate experiments. @) Mouse Cerbenis-like (mCer-I), enhances neural colony 
formation compared to controls (t = 2.4, ~ ~ 0 . 0 5 ) .  ES cells were cultured at 20 celldpl in 
the presence of LIF (1000 U/ml) and 827 (lx) alone or in the presence of 20% (v/v) in 0.5 
ml culture wells of media supernatant h m  Neuro2a œil iines transiently expressing a 
mCer-1 transgene. Sphere colonies were quantified after 7 days in vitro. Data represent an 
average of 6 cultures pet group from 2 separate experirnents. 
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because Srnad4 inactivation is more effective in inhibiting BMP signaling. Taken together, 

these results indicaie that BMP4 signaling has a specific effect in Iirniting the numbers of 

single ES cells that differentiate into colony forming neural stem cells and that inhibition of 

this pathway is sufficient to enhance neural stem ceIl colony formation. Imporrantly, the 

Smad4'"' primary neural stem œll derived colonies did not passage at a greater rate 

compared to control primary neural stem ce11 colonies (data not shown), suggesting thaî the 

effect of the mutation is on the transition from ES ce11 to n e d  stem ceI l  and not on the 

later symmetrical division of the neural stem cells. 

The secreted factor Cerberus is a potent neurai inducer in Xenopus (Bouwmeester 

et al., 1996)- [as is the mouse homologue Cerbenis-like (Belo et al., 1997)] and acts by 

antagonizing BMP signaling (Pearce et al., 1999; Piccolo et al., 1999). To detemine 

whether Cerberus can interfere with newal stem ce11 cornmitment in mamrnalian cells, we 

cultured primaq ES cells in the presence of LW in media containing supematant çollected 

from transiently transfected Neuro2a ceIl lines producing mouse Cerbems-like (mCer-1) 

protein. The presence of 20% (v/v) of mCer-1 supernatant in 0.5 ml serum-free media + 

LIF resulted in close to a 50% increase in the numbers of primary neural stem çel l  colonies 

generated, cornpared to control ES ceIl cultures containing equi valent proportions of 

supernatant from ceIl lines sirnilady transfected with the backbone vector without the mCer- 

1 gene (Figure 2.4D). A similar increase in sphere colony formation was also observed 

when using supematant collected h m  a transiently transfected COS7 c e I l  h e  (data n d  

shown). Again consistent with the default model, mCer-1-rnediated inhibition of BMP 

signaling can enhance the frequency with which single ES cells differentiate into colony 

forming neural stem cells. Wnt proteins are known to inhibit neural difierentiation (Harland 

and Gerhart, 1997) and Cerôerus can antagonize Wnt signaling (Piccolo et al., 1999). 

However, the effect of exogenous mCer-1 on neural colony formation was not greater than 

exogenous Noggin, and substantially less than the effect of a Srnad4 mutation, suggesting 



that under these conditions additional Wnt antagonism may not be required for ES-âerived 

neural colony formation. 

Neural ce11 fate is rapidly established from ES cells in the absence o f  

exogenous factors 

In addition to TGF&related inhibition, the low frequency of ES cells differentiating 

into neiual cells may be a result of extensive cell death in long-texm culture assays. Thus, 

an analysis of neural ceIf differentiation from ES cells at an earlier time period in culture 

would facilitate a moE accurate estirnate of the number of ES cells that differentiate into 

neural cells. 

We predicted that if ES cells were acquiring a neural identity by default, they would 

express neural markers at very earl y stages during the culture period. To test this, ES cells 

(seeded at 10 celldpl) were allowed to adhere to a poly-ornithine substrate and the 

proportion of ES cells that differentiated into neural cells after 24 hours in the absence of 

serum and LIF was determined. After 24 hours in culture, 69.9 * 4.6% of ES cells were 

non-viable in the absence of growth factors (estimated using tqpan blue exclusion, n=4 

separate culture wells). However, of the remaining 30% of viable cells, 82% were 

immunoreactive for the neuroepithelial marker nestin in the absence of growth factors 

(Figure 2.5A). The majori ty of the nestin' cells had a relative1 y large, flattened and irregular 

morphology with prominent filamentous immunolabeling within the cytoplasm. A smaller 

subpopulation (51%) of the nestin' cells were also immunolabeled for the irnrnatm 

neuronal marker f3III-tubulin, many of which had a relatively srnall soma with very linle 

perinucler cytoplasm, and evidence for thin cytoplasmic processes resembling leading and 

trailing processes of a bipolar neuronal morphology (Figure 2.5B). The addition of LIF 

and FGF2 to these culture conditions did not significantly dter the percentage of ES cells 

that differentiated into neural cells. These data indicate that within 24 hours, ES cells may 



be competent to directly differentiate into neural cells at low ce11 densities and serurn-free 

conditions in the absence of exogenous growth factors. 

A second priediction that can be made h m  the &fault mode1 of neural fate 

specification is that an increase in ce11 densi ty will facili tate inhi bitory intercellular 

communicaîion (cells in close proxirnity) and attenuate the numbers of ES cells 

differentiating into neural cells. To test this, we cultured ES cells in identical conditions for 

24 hours, but increased the ceIl  density by 5-fold (to 50 celldpl). At this relatively higher 

ceIl density, the proportion of nestin' cells was reduced from 52% to 40% (t = 2.98, 

~ 4 . 0 5 )  in absence of growth factors and h m  70% to 51% (t = 2.79, ~ ~ 0 . 0 5 )  in 

LIF+FGF2. The proportion of Pm-tubulin' cells was reduced from 51% to 13% (t = 4.07, 

~ ~ 0 . 0 5 )  in absence of growth factors and from 53% to 7% (t = 5.63, p 4 . 0 5 )  in 

LIF+FGFS (Figure 2SA, B). 

To exclude the possibility that a subpopulation of ES cells at the start of the 24-hour 

culture period were already committed to a neural fate, we tested whether ES cells just prior 

to culturing expressed the ICM/ES ceIl nuclear marker Oct4, a POU transcription factor 

(Nichols et al., 1998). After ES cells were trypsinized from their feeder layers and washeà 

in serum-free media, the ce11 suspension was fixed in 4% paraformaldehyde and allowed to 

adhere to a poly-ornithine substrate before irnmunolabeling with an anti-Oct4 anbtibody. 

Using this method, al1 of the ES cells retained their rounded morphology and were 

immunoreactive for Oct-4 (localid to the nucleus), but none expressed nestin. Next, we 

tested whether the remaining non-nestin immunomtctive population after 24 hours in our 

low-density cultures retained their ES ceIl identity. Al1 of the non-nestin immunorieacbve 

cells (17%) expressed nuclear Oct-4 at cell densities of 10 cellslpl (Figure SC). The Oct4' 

cells had a rounded morphology with a thin rim of perinuclear cytoplasm that was distinct 

from the morphology of nestin'cells. Furthemore, we observed a trend toward an increase 

in nuclear Oct4immunoreactivity (up to 26%) when ES cells were cultured at a 5-fold 

higher ceIl density (Figure 232)- which was inversely proportional to the dative decrease 



Figure 2.5. Neural cell fate inhibition is attenuated in relatively low œll density cultures. 
ES ceils were cultureâ on a poly-ornithine substmte for 24 hours ai 50 celldpl or 10 celldpl 
in the absence of exogenous growth factors or, where indicaîed, in the presence of LIF 
(1000 U/ml)+FGF2 (10 ng/ml)+heparin (2 &ml). Subsequently, the expression of nestin 
(A), PiII-cubulin (B) and Oct4  (C) were assessed using immunocytochemish-y. Cultures 
were counter-labeled with Hoechst nuclear dye to f&litate cell quantitation. In a sirnilar 
manner, f3KI.I-tubulin expression was assessed in Srn~d4 '~ '  ES cells, compared to the E14K 
wildtype controls @). Data represent the average proportion of phenotype-specific œlls 
(positively immunolabeled) per total nurnbers of cells (Hoechst-labeled) obtained from 4-6 
random standardized areas (using an ocular grid) at 20X objective rnagnification h m  3-6 
separate cultures. Arrows point to neuronal processes. Scale bar: 20 m. 



in nestin and BEï-tubulin expression at the sarne high œll densities. Thus, increased ceil 

density inhibits neural ce11 differientiation and rnay facilitate the maintenance of ES cells in 

an undifferentiated state. 

Neuronal differentiation is  enhanced in Smad4fJ*) ES cells 

To determine whether TGFB signaling influences the extent to which ES cells adopt 

a neuronal phenotype in the short tem differentiation assay, as it did the acquisition of the 

neural stem ce11 phenotype (see above), we cultured ~ m a d d ~ '  ES cells at relatively high œll 

densities (50 celldpl) for 24 hours and double-irnrnunolabeled for nestin and f3III-tubulin. 

Under these conditions, neuronal differentiation from wildtype ES çells is relatively low . 
The number of nestin' cells that differentiated from Sntad#'-' ES cells after a 24 hour 

culture p e n d  increased slightly, but not significantly to 71% compared to 58% in the 

E l4K wildtype control ES cells (Figure SSD). However, a more substantial increaçe in $ 

III-tubulin' neurons (26%) was observed from the Smad4'&' ES cells, compared to the 

E14K control ES cells (10%; t = 2.62, p4.05) .  and a greater number of the S d " '  ES 

cells demonstmted a more elaborate neuritic morphology. Thus, at a relatively high ce11 

density, inhibition of the BMP signaling pathway resembies increased ce11 dilution in its 

effectiveness in facilitating neural ceIl differentiation from ES cells. 

ES-derived neural stem ceIl colonies contribute extensively to a11 embryonic 

tissues in chimeric mice 

Neural stem cells denved from the embryonic and adult central nervous system 

demonstrate neural multilineage potential (Weiss et al ., 1 9%). Similady, neural stem cells 

denved from ES cells generate progeny that are specified to a neural fate and differentiate 

into neurons and glia. To determine if neural stem ceIl colonies have a broader potentid to 

generate non-neural lineages, we performed mouse chimeric analyses. ES cells intmduced 

into a blastocyst or aggregated with a morula predorninantly contribute to the epiblast of the 



developing embryo, whereas extraembryonic tissues are primarily of host origin 

(Beddington and Robertson, 1989). As mentioned previously, celis within ES-derived 

neural colonies (adhered for 24 hours) express the undifferentiatd neural marker nestin 

throughout ail stages of colony formation. We further determined that within 14 pm 

cryosections of whole ES sphere colonies after 7 days in culture al1 of the cells appeared to 

express nestin, which is similar to nestin expression in sectioned forebrain detived neural 

stem ce11 colonies. However, we did not observe any nuclear Octkxpressing cells in ES 

sphere colony sections or forebrain colony sections (data not shown), suggesting that no 

cells within ES &riveci neurai colonies maintained an undifferentiaced ES ceIl phenotype. 

We used blastocyst-stage or morula-stage embryos as hosts and n e 4  stem œll 

colonies derived either h m :  (a) embryonic or adul t forebrain tissue from mice harboring a 

ubiquitously expressed Lac2 transgene (ROSA) (Friedrich and Soriano, 1991) or a 

ubiqui tous1 y expressed grieen fluorescent protein transgene (GFP) (Hadjantonakis et al., 

1998); or (b) ES cells harboring a yellow or cyan fluorescent protein transgene (YFP, 

CFP) (gifts from Dm. Hadjantonakis and Nagy). Approximately 92% (22124) of the single 

YFP or CFP ES-derived colonies aggregated with morulas after 24 hours in vitro 

contrïbuting to the K M  in normally deveioped blastocysts (Figure 2.6A, inset) and had 

substantial contribution to al1 embryonic tissues in embryos recovered from 

pseudopregnant females at E9.5 (Figure 2.6A). However, blastocyst injections of cells 

derived from E14.5 or adult ROSA neural colonies did not integrate into the ICM of the 

host embryos after 24 hours and in many cases tended to adhere to the host murai 

trophectoderm. Embryos recovered between E7.5 and E8.5 from these chimeras did not 

contain any LacZ cells (O/19). Furthemore, E14.5 ROSA or E9.5 GFP neural stem ceIl 

colonies were unable to aggregate with morulas over a 24-hour period. Neural stem ceIl 

colonies were apparently unable to adhere to the host ernbryonic cells in the morula 

aggregates. Consequen tl y, host rnomlae developed nomally over the 24-tiour culture 

p e n d  into healthy blastocysts while the sphete colonies mmained outside of the embryo 



(Figure 2.6B, C). To test whether ES-derived sphere colonies (that readily adhere to 

morula cells) could facilitate the integration of colonies cierived from the E9.5 forebrain, we 

cultureci CFP ES colonies with GFP E9.5 colonies together with the host morula. In al1 

cases, no E9.5 GFP colonies were observed to integrate (0/18), even though in many cases 

the CFP ES colonies did. These &ta suggest that ES deriveci neural stem ceIl colonies are 

comptent to colonize many different tissues when exposed to an appropriate environment. 

However, this ability is only transient since neural stem ce11 colonies isolated from embryos 

in the earliest stages of neural developrnent do not appear to have the sarne capacity (e-g. 

adhere to morula cells or integrate into ICM) to contribute to chimeric mice. Thus, the 

pluripotency of neural stem cells rnay only be evi&nt in the earliest stages of the ES to 

neural transition, before the neurat cells become more restncted. 

Discussion 

Neural cell fate specification during mammalian development 

In the present study, we demonstrate that mouse ES cells adopt either a primitive 

neurai stem ceil or neuronal fate in the absence of exogenous serum- or feeder layer-derived 

signals and in the absence of cel l - t~el l  contact in a low ceIl density, chemicaily-defined 

culture environment. Furthemore, blocking TGFf3-related signaiing can augment the 

proportion of either neural stem ceIl colony formation or neuronal diffemntiation, consistent 

wi th simi lar neuronal di fferentiation evidence in a variety of vertebrate species (Sasai et al., 

1995; Wilson et al., 1997; Fainsod et al., 1997; Hoodless and Hemrnati-Brivanlou, 1997; 

Gnnblat et al., 1998). Thus, our observations reveal a stri king similarity between marnmais 

and other vertebrates in the propensi ty of uncommitted precursor ceils to diriectly adopt a 

neural fate and support the default mode1 of ne& specification (Wilson and Hemmati- 

Brivanlou, 1997). Furthemore, we demonstrate that even at relatively low ceIl densities, 

ES cells secrete TGFf3-related neural inhibitors (e.g. BMP4) to limit the proportion of cells 



Figure 2.6. ESderived neural sphere colonies contribute extensive1 y in rnouse chi meras. 
(A) Chimeric E9.5 embryo (illuniinated with UV light) generated with a YFP ES sphere 
colony and a CD1 host morula. YFP-expressing cells am evicient in all embryonic tissues 
(large arrow) and yoik sac (small arrow), but are absent from the placenta (outiined with 
das hed Iines). Inset shows a normdly developed blastocyst after 24 hours in vitra from the 
aggregation of a YFP ES sphe~e  colony and a CD 1 host morula. YFP cells (illuminated 
with UV light) integrate extensively into the KM (large arrow), whcreas the trophectodenri 
(faintly illuminated with a low intensity white light) is normally &void of YFP cells (small 
arrow). (B) Twenty-four hours after the attempted aggregation of a GFP sphere colony 
denved from the E9.5 telencephalon and a CD1 host morula, the morula develops normally 
into a blastocyst (amow), while the sphere colony remains unintegrated outsi& of the 
embryo (both visualized with low intensity white light). (C) GFP-expressing cells were not 
observed within the embryo. Scale bar: 1 mm (A), 750 jm (A, inset), 250 p n  (B, C). 





adopting a neural phenotype, a process that is similady thought to occur in the epiblast 

during gastnilation in vivo (Beddington and Robertson. 1999). However, our findings aiso 

suggest that the &fault neuraiization in marnmalian cells rnay not be homologous with 

default neuralization in arnphibian cells. 

In Xenopus, ectodermal cells differentiate into epidennis as their al ternate fate w hen 

neural differentiation is inhibited. Given that we assessed neural fate specification in 

totipotent ES cells, three possibilities exist for the acquisition of non-neural ceIl fates in this 

model. First, an altemate fate for ES cells under our defined culture conditions rnay be 

epidermis, which would indicate that mouse default neuralization is homologous with 

Xenopus default neuralization. Second, any non-neural ceil type (including epidermjs) rnay 

be established in a stochastic manner. Finally. an ES ceIl phenotype rnay be maintaineci in 

the absence of neurai differentiation. These latter two possibilities would indicate that 

mouse default neuralization rnay be analogous to, but not homologous with, Xenopus 

default neuralization. Our results (Figure 2.5) are consistent with the third possibility; the 

alternative to neural default for mouse ES cells rnay be to maintain the undifferentiated ES 

ceil fate. When cell density is increased in our 24 hour differentiation paradigm. the 

proportion of nuclear O c t 4  expressing ES cells increased, compareci to the deçrease in f! 

III-tubulin ex pressing neurons. Thus. although the establishment of a neural phenotype 

rnay be under inhibitory control (a default mechanism). additionai signals rnay be required 

to drive ES ceIl differentiation into vaxious non-neural lineages - signals that are likely to be 

absent of below threshold in our culture conditions. 

Botb LIF and FGF are required for the initial transition of ES cells into neurai 

colony forming stem cells. This raises the question of whether the functions of LIF and 

FGF are to induce neural stem cell differentiation of ES cells, which would not support the 

notion of neural fate being achieved autonomously. Although L F  and FGF are required for 

neurai colony formation, the majority of ES cells can take on a neural i&ntity within 24 

hours in culture in the absence of any exogenous growth factors. Furthermore, the 



influence of S d 4  inactivation on neuronal differentiation (at ~latively high densities) 

indcates that simply attenuating TGFP-related signaling can promote neural specification 

under relatively inhibitory (highdensity) conditions. Finally, preliminary experirnents 

ri-veal that blocking extracellular FGF signaling using anti-FGF2 antibodies in relatively 

low ce11 density cultures dœs not appreciably deaease the percentage of nestinexpressing 

cells after 24 hours of differentiation in the absence of LIE The hypothesis thaî LIF and 

FGF (specificaliy FGF2) are acting permissively to specify a neural fate is supported by the 

results of targeted nuIl mutations. For instance, the formation of neurai tissue and 

subsequent early neural morphogenesis is datively normal in mice lacking the LIF receptor 

(LIFR) (Li et al., 1995). Moreover, in the FGFRl nul1 rnice (the primary receptof for 

FGFS), early gastrulation and neural tube formation was ~ielatively normal (Yamaguchi et 

al., 1 994). Ho wever, evidence for neural stem cell proli feration &fici ts in FGFRI'" mice 

(Tropepe et al., 1999) as well as motor neuron diffe~ntiation &kits in uFR"' mice (Li et 

al., 1995) indicate that these factors are important for neud development at slighlly later 

stages. Thus, we speculate that the primasy d e s  for FGF and L F  are permissive ones and 

that ES cells autonornously adopt a neural ce11 fate. We propose that LIF may initially 

maintain ES ce11 survival in these minimal cultux conditions, w h e ~ a s  FGF may ;ict 

pri mail  y as a mi togen for neural stem and progenitor cell proliferation. 

In contrast to the ICM and subsequent epiblast cells, ES cells can express the neural 

precursor marker nestin and the early neuronal marker Pm-tubulin within 24 hours when 

di spersed in culture in the absence of exogenous factors. The onset of nestin expression in 

vivo occurs at approximately E7.5 within the neuroepithelium of the presumptive neural 

plate (Lendahl et al., 1990) and neuronal differentiation begins thereaf'ter. One possibility 

that emerges from our findings is that the poiential for cells within the ICM or epiblast to 

behave li ke primitive neural stem cells in vivo is actively suppressed. For example, epiblast 

cells in vivo may be competent to differentiate into neurons, but the absence of neurons 

pt-ior to neurulation (even after a neural fate has been speçified) suggests hese cells may be 



inhibited from precocious neuronal differentiation. One inûiguing possibility is that the 

Notch signaling pathway may partially prcvent neuronal differentiation by maintaining 

newly generated neural s&m cells in an undifferentiated state. For example. functional 

inactivation of the mouse Su(H)/lPBPPJk gene, a downstrram intracellular target of multiple 

Notch receptors, results in premature neuronal differentiation within the neural plate (de la 

Pompa et al., 1997). Sirnilarly, functional inactivation of the mouse bHLH transcription 

factor HES I , which negatively regulates neuronal differentiation via Notch activation, 

resulted in diminished forebrain neural stem cell self-renewal and a concomitant increase in 

neuronal di fferentiation (Nakamura et al., 2000). 

S tudies aimed at testing the role of BMP inhi bition in neural faîe specification using 

avian epiblast cells have corne to different conclusions. BMP inhibition @y noggin or 

chordin) was not sufficient for ectopic neural ceIl differentiation in extraembryonic tissue 

(Streit et al.. 1998; Sûeit and Stem. 1999), and dissociated epiblast cells preferientially 

adopted a muscle ce11 phenotype in culture (George-Weinstein et al., 1996). Combinations 

of multiple BMP inhibitors, or BMPIWnt inhibitors may be required for avian neural 

differentiation to occur. Both BMP and Wnt inhibition causes a more complete secondary 

axis to form in Xenopus transplantation experiments (Glinka et al., 1997). in addition, the 

generation of rnice harboring targeted nul1 mutations in both Noggin and Chordin, indicate 

that these two BMP inhibitors may function in concert to exert their effecr on neural 

inhi bition dunng mouse development (Bachiller et al., 2000). In the present study, mCer-l 

(known to antagonize BMP, nodal and Wnt signaling) (Piccolo et al., 1999) was sirnilarly 

effective at augmenting neural stem ce11 colony formation when compared to Noggin, 

suggesting that Wnt signaling alone may not actively suppress the ES to neural transition. 

Cel l density and culture media conditions employed in some chick studies (George- 

Weinstein et al., 1996) indicate that the results may in fact be consistent with the neural 

default mode]. Although the epiblast cells were cultureci at relatively low ce11 densities !- 15 

cellslpl), they were pre-tmated at high ce11 densities (-400 cellslpl) for up to 5 hours in the 



pxesence of serum and chick embryo exuact (George-Weinstein a al ., 19%) a condition 

li kel y to suppress neural cell di fferentiation. In terestingl y, these authors reporteci that 

neurofilamentexpressing chick neurons, when present, were found in relati vel y ceIl- 

disperseci regions of the cultures, w hereas muscle cells were typicall y aggregated. Th us, 

these data provide clear examples of how neufal differentiation can be inhibiteci in epiblast 

cells upon aggxegation. 

An ES ceif paradigrn for neural stem ce11 fate specification 

ES ce11 differentiation assays typically involve the formation of embryoid bodies 

(EB) (Martin et al., 1977; Coucouvanis and Martin, 1995) that are generated from the 

aggregation of numerous ES cells in the presence of serum and in the absence of LIF, a 

factor which normally prevents differentiation. EB resemble early embryos: in the interior, 

EB contain ectodermal and rnesodermal tissue surrounding a cystic cavity, while extemall y, 

EB are encapsulateci by primitive endoderm (Coucouvanis and Martin, 1995; 1999). Given 

that El3 formation in very high-âensity cultures (25-75 tirnes greater than the densities used 

in the present study) contains many different ceIl types (derived from al1 three germ layers) 

and are generated in the presence of 10-20% setum (which contains undefined factors), EB 

formation precludes a more direct analysis of the mechanisms regulating the differentiation 

of a specific ceIl lineage. hdeed, consideration of cell density and culture media parameters 

in studies using dissociated Xenopus eçtoderrnal cells (discussed above) initiated a 

signi fican t change in Our understanding of vertebrate neural patteming. 

The derivation of neural cells (among other ce11 types) from EB derived ceHs in 

vitro has been previously documenteci (Doetschman et al., 1985). Several studies have 

shown that the differentiation of neurons and glial preçursors from EB derived cells can be 

enricheci in the presence of retinoic acid (Bain et al., 1995; Fnichad et al., 1995; Strubing 

et al., 1995), FGF2 (Okabe et al., 1996), or PDGF (Brustle et al., 1999). Also, BMP4 has 

been shown to suppress neuronal differentiation of EB derived œlls pinley et al., 1999). 



Although these observations clearly demonstrate the potency of such factors to promote or 

attenuate neuronal differentiation of ES cells, each experirnent was preçeded by EB 

formation in the presence of senim. Here we present an alternative and specific paradigm 

for neural ceIl fate specification directiy from ES cells. Neural colonies can &velop from 

ES cells in serum-free conditions in the absence of EB formation, and many single ES cells 

can adopt a neural (nestin') or neuronal (PiII-tubulin') phenotype in the absence of 

exogenous growth factors. 

This paradigm may be useful in analyzing the role of single genes in the regdation 

of neural fate specification. For instance, the utilizaîion of an expression-based gene trap 

library of ES ceIl lines (Stanford et al., 1998) offers a unique opportunity to employ a 

strategy for isolating genes that positively and negatively regulate the transition from an ES 

cell to a neural cell (Seaberg et al., 1999). Thus, our present findings underscore the 

potential for using ES ce11 models of mammalian neural âeveloprnent. 

A primitive stage in the neural stem cell limage 

With the exception of the hematopoietic stem ce11 (Weissrnan, 2000). Our 

knowledge of the ontogeny of stem cells in other mamrnalian organ systems is 

comparati vel y limi ted. Clonal neural colonies generated h m  ES ce1 1s share sirnilar features 

to clonai neural stem ceIl colonies described from the embryonic forebrain genninal zone. 

At a very low fquency (-0.2%), single ES celis proliferate in a LIF- and FGF-dependent 

manner to form neural colonies that express multiple neural precursor markers (e.g. nestin, 

E m 2 ,  Hoxbl),  even though the vast majority of ES cells upregulate nestin expression and 

down-regulate nuclear Oct-4 expression within 24 hours. We previousl y demonstrated thaî 

the proportion of FGF&pen&nt neural stem cells h m  the E8.5 anterior neural plate was 

simila. (-0.3%) ('ïropepe et al., 1999), and fombrain neural stem cell colonies express 

si mi Iar region-specitic patteming genes (present study ). Thus, the mechanism for 

segregating a subpopulation of colony-forming neural stem cells arnong a larger population 



of neural cells may be reçapitulated during neural fate specification from ES cells. This 

raises the question of whether the first neural ce11 to anse in the nervous system is a neural 

stem ce11 or whether the first neural denvative is a general neural precursor œll thaî 

prircedes (or is generated simultaneousl y with) the emergence of the neural stem ce11 lineage 

(van der Kooy and Weiss, 2000). 

The ES cell-derived colonies are typically spheroid in morphology and many floaî 

in suspension as has previously been described for neural stem ceIl-derived colonies at al1 

ages (Reynolds and Weiss, 1996). ES cell-ckrived colonies do not rietain ES ce11 

characteristics (e.g. do not express Brachyury or Oct4 protein), but are specified to a 

neural identity, retaining the expression of neural genes such as Enr2  and HoxBl.  

Furthemore, cells derived h m  the neural colonies can differentiate into neurons and glia, 

suggesting that the initiai colony-forrning cell had neural multilineage potential. However, 

neural stem cells derived from ES cells display other features than those derived fmm the 

embryonic forebrain, which may indicaie an earlier primitive stage in the neural lineage. 

First, LIF and FGF are critical for ES-derived neural stem œl l  colony formation and 

subsequent subcloning (stem ceIl self-renewal). This is in contrast to neural stem cells 

isolated from embryonic or adult tissues, where either exogenous FGF or EGF is sufficient 

for colony formation and subcloning (Reynolds et al., 1992; Reynolds and Weiss, 1992). 

The nature of the LiF effect on the ES to neural transition is not completely understood. 

Although CNTF can substitute for LïF in rnaintaining ES cells in an undifferientiated state 

(Conover et al., 1993; Nichols et al., 1994). it does not substitute for LIF in promoting 

neural colony formation from ES cells, and LIF alone can not elicit neural colony formation 

from embryonic derived tissue. Thus, LiF does not appear to maintain neural colonies in an 

undifferentiated ES state or act as a mitogen. Instead, LiF rnay âct as a survival factor 

(reviewed in Mehler and Kessler, 1997) that is initialiy required for ES ce11 viability. 

Subsequently, LIF can f*litate colony formation from early embryonic neural stem œlls 

(presumably by keeping more stem cells alive longer), but it is not absolutely required. 



Hence, growth factor requirernents may be sequentially rnodified from a primitive neural 

stem ce11 stage (i5- and FGF-dependent) to an early embryonic neural stem ce11 stage (only 

FGF-dependent), and finally to a relatively mature neural stem ce11 stage where both FGF- 

and EGF-dependent subpopulations coexist h m  late embryogenesis into adulthood 

(Figure 2.7). A similar role has been attnbuted to LIF with respect to the survival of 

primordial germ cells in cultures. Congruent with our results, CNTF was not able to 

substi tute for LIF in keeping primordial germ cells dive, even though embryonic genn cells 

(an ES-like ce11 derived from primordial germ cells) could ix propagated with several 

members of the L E  farnily of ligands, including CNTF (Koshimizu et al., 1996). However, 

further studies will be quired to detemine more precisely the factors that mediate the 

transition from a LE- and FGF-dependent primitive neural stem ce11 to a &finitive FGF- 

dependent neural stem ce11 that can give rise to EGF-dependent stem cells at later embryonic 

ages. 

Second, the expression of neural genes and at least one non-neural gene (GATA4) 

indicates that the neural stem ce11 giving rise to neural colonies may retain a certain de- of 

pluripotency or primitive charactenstics. Most important, this retained pluripotency can be 

observed in the ability of sphere colony derived cells to extensively colonize various 

embryonic tissues under appropriate influences in the chirneric embryos in vivo (no such 

pluripotency is shown by neural tube derived neural stem cells under sirnilar conditions). 

Under the culturie conditions employed in the present study the colony-forming neural stem 

cells derived from ES cells are specifieâ, but not committed, to a neural fate. 

Therefore, we have identified a novel ceIl type in the neural lineage based on the 

degree of neural cornmitment and growth factor responsiveness in vitro and the potential to 

give rise to neural and non-neural progeny in vivo. This ce11 type may be suitably describeci 

as a primitive neural stem ce11 or a pre-neural stem cell, a term that has been used by ohers 

(Monison et al., 1997) to describe a stem cell that is primarily tissue-specific, but that 

rietains a certain de- of pluripotency during a restricted early p e n d  of development 



Figure 2.7. A m&l depicting the establishment of the eariy neural limage fnm ES cells. 
Totipotent ES cells &rivai from the E3.5 ICM duactly differentiate (limited by the 
inhibitory control of TGFf3 molecules) to give rise to LIF- and FGFdependent pluripotent 
primitive neural stem celis that undergo relatively few symmetric (expansionary) divisions. 
These primitive neural stem cells can generate neurons and glia, but under appropriate 
environmental conditions (chirneric embryos) have the potential to generate cells with the 
capacity to differentiate into various ce11 types. As deveioprnent proceeds, primitive neural 
stem cells give rise to FGF-dependent (and not LFdependent) neural stem cells that are 
present at the neural plate stage at E8.5 (Tropepe et al., 1999). The FGF-responsive neural 
stem cells initially undergo mostly asymmetric divisions, but at later stages divide 
symmetrically to expand their population. By E14.5, FGF-responsive neural stem cells 
also give rise to a relatively separate EGF-responsive neural stem d l  population, both of 
which have the potentiai to generate neurons and glia (Tropepe et al., 1999; Martens et al, 
2000). 



@ Totipotent ES cell 

O LIF- and FGF-dependent pluripotent primitive neural stem cell 

@ FGF-dependent multipotent neural stem cell 

@ EGF-dependent multipotent neural stem cell 



Lineage restriction in developing neural stem cells may be reversible 

To what extent can the microenvimnment dictate the identity of neural stem cells 

and their ability to produce di fferent progen y? We dernonstrate that ES-derived primitive 

neural stem cells can produce progeny that colonize neural and non-neural tissues in 

chimeric mice in vivo. In contrast, we were unable to generate chimeras using neural stem 

ceIl colonies derived from either the early embryonic or adult forebrain. This ciifference 

would suggest chat primitive neural stem cells transiently retain their pluripotency, but 

through developrnent neural stem cells becorne testricted in their ability to generate non- 

neural ce11 types. This restriction, however, may be reversible. 

Clarke et al. (2000) recently dernonstrated that a very low percentage (6 chimeras 

out of 600 viable embryos, or 1%) of adult neural stem cell colony cells could contribute to 

neural and non-neural tissues in a mouse chirnera paradigm similar to the one we utilized in 

the present study. An increase in the frequency of chimeras was observed when 

undissociated stem ceIl colonies were injected into the mouse blastocoel or chick amniotic 

cavity (Clarke et al., 2000). Consistent with our findings, the degree to which definitive 

neural stem cell-derived progeny ( d e r  isolation from embryonic or adult brain) can 

contribute to non-neural tissue in mouse is very restricted, compared to the proportion of 

ES cell deriveci primitive neural stem œll progeny that contribute to neural and non-neural 

tissues in the present study (22 chimeras out of 24 viable embryos, or 92%). However, it 

is clear from their analysis of the inductive influence of EB on adult neural stem ceIl 

colonies in vitro (to form muscle cells), that appropriate inductive signals can reveal some 

potential of neural stem cells to give rise to non-neural cells independent of the in vivo 

environment (Clarke et al., 2000). One intriguing possibility is that these inductive cues 

could enable some of the definitive neural stem cells to revert to a pluripotent primitive 

neural stem ceIl stage and subsequently p d u c e  progeny indicative of al1 th= germ layers. 



Thus. the delineation of a pluipotent primitive neural stem cell stage during neural stem ce11 

ontogeny may provide a basis for further understanding the rnechanisrns goveming this 

remarkable cellular plasticity. 



Neural stem cell heterogeneity 

This chapter has k e n  previously published: 

Tropepe. V., Sibilia, M.. Ciruna, B., Rossant, J., Wagner, E., van der Kooy, 0. (1999). Distinct 

neural stem cells proliferate in response to FGF and EGF in the developing mouse 

telencephalon. Dev. Biol. 208, 166-188. 



Summary 

Mu1 tipotent, sel f-renewing neural stem cells reside in the embryonic mouse 

telencephdic germinal zone. Using an in vitro neurosphere assay for neural stem cell 

proh feration, we demonstrate that FGF-responsive neural stem cells are present as early as 

E8.5 in the anterior neural plate, but EGF-responsive neural stem cells emerge later in 

developmen t in a temporal1 y- and spatial1 y specific manner. B y separatel y blocking EGF 

and FGFZ signaling, we also show that EGF alone and FGF2 alone can independently 

elicit neural stem ce11 proliferation, and at rielatively high ceIl densities separate cell 

nonautonomous effects can substantially enhance the rnitogen-induced proliferation. Ai 

lower cell densities, neural stem ce11 proliferation is additive in the presence of EGF and 

FGFZ combined, revealing two different stem ce11 populations. However, both FGF- 

responsive and EGF-responsive neural stem cells rietain their self-~enewal and multilineage 

potential, regardless of growth factor conditions. These rcsults support a mode1 in which 

separate, lineage-related EGF- and FGF-responsive neural stem cells are present in the 

embryonic telencephalic germinal zone. 

Introduction 

The vertebrate centrai nervous system emerges from a iayer of cytologically 

indistinct neuroepithelial cells along the dorsal midline of the embryo, called the n e 4  

plate. The neural plate subsequently undergoes a series of morphogenetic movements to 

fom a neural tube consisting of prominent vesicles anteriorly which represent the adage of 

the forebrain, midbrain and hindbrain, and a slender portion posteriorly which deveiops 

into the spinal cord. Clonal analysis has shown that single cells isolated h m  the neural 

tube dong the spinal segment are competent to give rise to clones containing both dorsal 



(e.g sensory ganglion neurons, and presumptive pigment cells) and ventral (e.g. motor 

neurons and fluor plate cells) derivatives, indicating that neural precursor cells at an early 

stage are not restricted in their potential to generate different c e U  types along the 

dorsoventral axis (Artinger et al., 1995). Indeed, the generation of diverse cellular 

phenotypes has been shown to depend upon signals emanating from surrounding tissues 

that can regulate phenotypic and positionai specification of neural precursor lineages along 

the rostrocauâal and dorsoventral axes (reviewed in Lumsden and Knimlauf, 1996; Tanabe 

and Jessell, 1996). Although the fate of the progeny of multipotential precursors can be 

specified by extrinsic mechanisms at early stages of neural development, the mgdation of 

the multipotential precursor population itself at these early stages is poorly understood. It is 

not known if, for exampie, al1 precursors tenninally differientiate along with their progeny 

throughout the course of neurogenesis. The recent identification of stem cells in the 

embryonic and adult marnrnalian centrai nervous system (reviewed in Weiss et al., 19%) 

indicates that not al1 Iineage precursors differentiate. Therefore, the regulation of neural 

stem ceIl proliferation may be required for the initial events leading to the elaboration of 

neural tissue and the maintenance of discrete regions of newogenesis in the adult brain. 

Evidence from in vivo lineage analyses and in vitro ceil culture experiments 

revealed that the rodent telencephalic germinal zone (GZ) at embryonic &y (E) 14 is 

composed of a heterogeneous population of multipotential and committed precursor cells 

(Gage et al., 1995; Weiss et al., 1996; McKay, 1997). Neural stem cells, exhibiting the 

fundamental stem cell properties of multipotentiality and self-renewai (Potten and Loeffler, 

1 WO), have been shown to rnake up a relatively s d l  percentage of this heterogeneous 

El4 GZ population (Temple, 1989; Reynolds et al., 1992; Vescovi et al., 1993). In the 

adult forebrain, neural stem cells am present as a datively quiescent subpopulation in the 

subependyma, a remnant of the embryonic GZ, (Reynolds and Weiss, 1992; Morshead 

al., 1994; Craig et al., 1996; Gritti et ai., 1996) and this population persists into senescence 

(Tropepe et al., 1997). 



Epidemal growth factor (EGF) and fibroblast growth factor-2 (FGF2) have been 

shown to mediate ce11 proliferation in the embryonic retina (Anchan et al., 1991; Lillien and 

Cepko, 1992). telencephalon (Gensburger et al.. 1987; Drago et al., 1991 ; Kilpaûick and 

Bartlen, 1993). hippocarnpus (Ray et al., 1993), mesencephalon (Murphy a al., 1990; 

San ta-Olalla and Covarrubias. 1995). and spinal cord (Ray and Gage, 1994). Furthemore, 

EGF and FGF2 are critical for the proliferation of neural stem cells isolatexi from the 

embryonic and adult forebrain GZ (Reynolds et al., 1992; Reynolds and Weiss, 1992; 

Vescovi et al., 1993; Gritti et al.. 1996). as well as the embryonic and adult spinal cord 

(Weiss et al., 19%; Kalyani et al., 1997). FGF2 is believed to act primarily through FGF- 

receptor- l (FGFR I)  (Johnson and Williams, 1993). and both Rceptor binding affinity and 

growth factor-rnediated rnitogenicity in many ce11 types, including neuroepitheliai cells, are 

dependent on heparin (Omitz and Leder, 1992; Roghani et al.. 1994; Bnckman et al., 

1995). In the rat telencephalon, FGFRl is expressed as early as ES.5-E9.5 and this 

expression is relatively contined to the venaicular urne dunng later stages of development 

(Orr-Urtreger et ai., 199 1 ; Wanaka et al.. 199 1). while peak expression of FGF2 occurs ai 

mid-neurogenesis in predominantl y postmitotic cells (Weise et al., 1 993). Targeted nul1 

mutations of FGFRl cause defects in ce11 proliferation and mesoderm patterning. and 

embryos die between E7.5 and E9.5 (Deng et ai.. 1994; Yamaguchi et al.. 1994; Ciruna a 

al ., 1997). Thus, FGF-dependent cellular proliferation has a prominent and ubiquitous role 

dunng embryogenesis. The in vitro evidence for FGF-dependent proliferation of neural 

precursor cells and the early expression of FGFRI in the telencephalon indicates that n e d  

precursor cell proliferation is predorninantly regulated by FGFs. Low levels of 

transforming growth factoru (TGFa) and the EGF-receptor (EGFR) are sirnilady present 

at relatively early stages of telencephdic developrnent in mostly ventral regions, with an 

increase in intensity and dorsal distribution at later embryonic stages (Eagleson et al., 1996; 

Kom blum et al., 1997). Both EGF and TGFa bind preferentiaily to the EGFR (Massague, 

1983; Marquardt et al., 1984), but TGFa is thought to be the pRQminant endogenous 



ligand in the rodent brain (Kornblum et al., 1997). Althwgh there is in vitro evidence for 

EGF-de pendent proli feration of neural precursor cells, targeted disruption of the EGFR has 

no apparent neural phenotype at early stages of development, but does cause forebrain 

cortical dysgenesis at late embryonic and postnatal ages with evidence of an attenuated 

forebrain, cortical ce11 death and hippocarnpal ectopias ( ïMw,@l l  et al., 1995; Sibilia and 

Wagner, 1995; Sibilia et al., 1998). Depending on the background genetic strain, the 

EGFR("' mutation can cause implantation defects, while some rnice can survive for several 

weeks postnatally. Both EGF and FGF2 can elicit the in vitro proliferation of neural stem 

cells isolated from the embryonic G Z ,  but evi&nce from the nul1 reçeptor mutations 

suggests that there may be differential in vivo influences of these mitogens on telencephalic 

neural stem cell proli feration at di fferent stages of embryonic development. 

To determine if EGF and FGFS have diffantial d e s  in neural stem œll 

proliferation (and indeed act on different cells) we anaiyzed the EGF- and FGF- 

responsiveness of neural stem cells from early stages of neural development, and tested 

whether there were quantitative and qualitative differences between the two rnitggenic 

signals. In semm-free conditions neural stem cells proliferate in the presence of FGF2 as 

early as E8.5, but respond to EGF only at later stages of embryonic development. Neural 

stem cells independently proliferate in response to EGF and FGF2, and at low ce11 densities 

the EGF- and FGF2-induced proliferation of stem cells is additive. FGF2 signaling via 

FGFRl is critical for proliferation of FGF2-responsive neural stem cells isolated from the 

E8.5 anterior neural plate. EGF signaling through the EGFR is critical for the proliferation 

of EGF-responsive neural stem cells, but not FGF2-responsive neural stem cells, isolated 

from the E14.5 telencephalic GZ. Furthetmore, in the absence of a functional FGFR1, the 

expansion of the FGF2-responsive neural stem cell population, as well as the emergence of 

EGF-responsive neural stem cells, is severely diminished at E14.5. The distinct 

proli ferati ve responses to EGF and FGFî reveal a heterogeneity among the neural stem œll 

population itself. Furthemore, our results suggest that the EGF-responsive stem cells that 



are present in the E14.5 GZ are the iineage descendents of FGF-responsive stem cells that 

are present as early as E8.5. In addition, the greater than proportional increase in the 

number of embryonic n e 4  stem cells proliferating in high &nsity cultures &monstrates 

that the proliferation of neural stem cells can be actively regulated by additional cellular 

interactions that were shown to be separate of both EGF and FGF2 signaiing. 

Materials and Methods 

Isolation of neuroepithelial ceils from embryonic day 8.5 embryos 

Pregnant CD 1 rnice (Charles River) at the specified gestational age of 8.5 days 

(E8.5) were killed via cervical dislocation and the uteri were asephcally removed and 

transferred to peai dishes containing sterile Dulbecco's phosphate-buffered saline (PBS; 

GIBCO) with 30% glucose (Sigma) and 2% peniciilin/sûeptomycin (5000 IU; GIBCO). 

Each decidua from the uterine sac was dissected out and transferred to a new sterile petri 

dish containing PBS in order to rinse away excess blood. Deciduae were then transferred to 

a chemically &fined serum-fi-ee media (Reynolds et al ., 1992) composed of a 1: 1 mixture 

of Dulbecco's modified Eagle's medium (DMEM; GIBCO) and F- 12 nutrient (GIBCO) 

including 0.6% glucose (Sigma), 2 rnM glutamine (GIBCO), 3 mM sodium bicarbonate 

(Sigma), and 5 m M  HEPES buffer (Sigma). A defined hormone and salt mixture (Sigma) 

that included insulin (25 @ml), transferrin (100 @ml), progesterone (20 nM), putmxine 

(60 pM), and selenium chloride (30 nM) was used instead of serum. All subsequent 

dissection procedures were adapted from Drago et al. (1991). Under a dissecting 

microscope (Zeiss), sterile, fine forceps were used to make a single superficial incision 

through the nmow end of the decidual wall. The amniotic sac was gently removed and 

transfemd to a new petn dish containing fresh media. Embryos were removed from the 

amniotic sac and the head primordia were dissected using fine forceps and microprobe by 

excising rostral to the first branchial arch. Using a sterile, fin-polished Pasteur pipette head 



pnmordia were transferred to media containing 0.1% (w/v) trypsin (Sigma) and 0.001% 

(v/v) deoxyribonuclease 1 (10 m g h l  stock DNase 1; Boehringer Mannheim) and incubated 

at 4°C for approximately 15 minutes. After enzymatic dissociation, head primordia were 

washed in PBS and subsequently transferred to media containing 0.7 mg/rnl m i n  

i nhi bi tor (Boehringer Mannheim). Anterior neural plate tissue was gent1 y teased away from 

surrounding head mesenchyme and overl ying epidetmal ectoderm. The nempithelium 

was washed in C a 2 + - ~ e - f r e e  Hank's buffer (GIBCO) to rernove loosely adherent cells. 

Eac h an terior neuroepithelium was transferred to serum-free culture media containing either 

10 nglrnl FGF-2 (human recombinant; Upstate Biotech) and 2 @mi heparin (Upstate 

Biotec h), or 20 nglml EGF (mouse submaxillary ; Upstate Biotech). rnechanically 

dissociated into single cells and pl& in uncoated 24-well plates (0.5 d w e l l ;  Nunclcn). 

Each dissection yielded an average of 5000 viabk celldwell assessed using trypan blue 

exclusion (0.4%; GIBCO). Due to the liinited amount of viable cells recovered from these 

srnall tissue samples, one E8.5 anterior neural plate dissection per weli was plated. 'The 

average ceIl plating density was estimated at 10 celldpl (from n=6 embryos). 

Isolation of ventricular zone cells from embryonic day 13.5- 15.5 em bryos 

and postnatal day 3 mice 

Pregnant CDi rnice of gestational age 13.5. 14.5, or  15.5 days (E13.5, E14.5, 

El 5.5) were killed via cervical dislocation and embryos were removeû as described above. 

Postnatal day 3 mice were anestktized at 4°C and decapitated. In PBS (as above) the 

brains of each ernbryo posrnatal mouse was removed and overlying rneninges and blood 

vessels were removed. Dissected cortical or süiatal GZ tissue was transferred to serum-free 

media and mechanically dissociated into a ceIl suspension with a fire-polished Pasteur 

pipette. Cell viability was assessed using trypan blue (as above). Cells were plated in %- 

well (0.2 mYwell), 24-well (0.5 mVweH) or  6-well (2 mVwell) uncoated plates (Nunclon) 

depending on the experirnental conditions in serum-free media containing growth factors 



(as above). In order to assess self-renewal, E8.5, E 13.5- 15.5 and P3 primary stem aU 

den ved sp here colonies (neurospheres) were passaged (selaiting mai nl y floating 

neurospheres after 6-7 days in vitro) by rnechanically dissociating a single colony in 0.2 ml 

of serum-free media, in identical growth factor conditions as the pnmary culture, and plated 

in uncoated 96-well (0.2 mllwell) plates (Nunclon). Passagibility was assessed by 

identifying new sphere colonies afkr a further 6-7 days in vitro. For E14.5 and P3 dose- 

response experirnents, the molarity values for each of the concentration points chosen are: 

(1) for FGF2.0.05 ng/ml = 3.5x10-" M; 0.2 ng/d = 1.4x10-" M; 0.6 nghl = 3.8~10"' 

M; 2 ng/ml = 1 . 2 ~ 1 0 ' ~ ~  M, 10 ng/ml = 5.7x10-'~ M, 20 nglml = 1.14x10"> M; 40 nghl = 

2.28~10'~ M; 80 ng/rnl = 4.57~10-~ MM; and (2) for EGF, 0.05 nglml = 1.0x10-" M 0.2 

nghl  = 4.0~10-" M, 0.6 ng/ml = 1.1~10- '~  M; 2 ng/ml = 3 . 3 ~ 1 0 " ~  M; 10 ngld = 

1.64~ 10'~ M; 20 ng/ml = 3.28~10-~ M; 40 ng/rnl= 6.56~10' M; 80 ng/ml = 1.31x10-' M. 

For the growth factor dosedependent clonal analyses, E14.5 GZ tissue was 

isolated as above and cells were plated at 4 x l e  cells per 94 mm Greiner hybridoma tissue 

culture dish (Fedoroff et al.. 1997). which is subdivided into approximately 700 

microwells, 0.04 cm' each (Greiner Labortechnik. Bellco Glass. Inc., Vineland NJ). 

Using this procedure, microwells containing O cells. 1-3 cells, or greater than 3 cells per 

well were scored aFter approximately 24 hours (randomly assorted cells), and only the 

wells containing 1-3 cells were followed for the 7 &y culture period for the presence of 

sphere colonies in 3 separate growth factor concentration conditions (0.6.20.80 nglml) for 

both EGF and FGF2. Single colonies generated in al1 conditions were either passaged to 

assay for the generation of secondary and Mtiary colonies (as above) or plated to assess 

their differentiation potential (see below). 

Generation of FGFRI'"' tetraploid and diploid chimeras 

The generation of FGFRl tetraploid and diploid chimeric rnice was exactly as 

previously described by Ciruna et al. (1997). Briefly, ES cell lines that were homozygous 



for the f e r l ~ ' ~  allele, previously identified as a functional nul1 mutation (Yamaguchi et al., 

1994), and marked with a ubiquitously expressed lacZ marker (Friedrich and Sonano, 

199 1 ) were used for generating chimeras (Ciruna et al ., 1997). These ES cells (as well as 

fg/rld ""'/+ control ES cells) were aggngated with two tetraploid CD 1 embryos, produced 

by elecimfusion of embryos at the two ceIl stage, and aggregates were transferred to the 

uten of CD1 foster mothers. Embryos were subsequently isolated at 8.5 days of gestation 

and antenor neural plate tissue was dissected, dissociated and plaîed in serum-free media 

(as above) in order to assay for neurosphere formation. Diploid chirneric embryos were 

generated by aggregating 8- 10 ce11 momlae of f g / r l ~ ' ~ / f g f r i a ' ~  ES cells (or f&ladl+ 

control ES cells) with CD1 8£ell embryos. Aggregates were transferred into the uteti of 

CD1 foster mothers, and chirneric embryos were isolated at E14.5. Striatal GZ tissue was 

dissected from one hemisphere (the other was used for X-gal staining - see below). 

dissociated and plated in serum-free media (as above), and the number of s p h e ~  colonies 

generated in the presence of either EGF or FGFZ was assayed after 7 days. Tetraploid and 

diploid chimeric animais will be refered to as ROSA26-FGFR 1'-'-' or  ROSAZ~-FGFR 1'*-', 

mutant and control respectively, throughout. 

Whole mount  &Gai staining fo r  E14.5 chimeric embryonic  bra ins  a n d  

sphere colonies 

E 14.5 embryonic b r i n  hemispheres (or colonies) generated fmm the E 14.5 diploid 

chimeras were rinsed in 100 mM sodium phosphate buffer (pH 7.4), and then fixed in 

0 .28  gluteraldehyde, 2 mM MgCI,, 5 rnM EGTA and 100 rnM sodium phosphate (pH 

7.3) at room ternperattm for 5 min. (colonies) o r  15 min. (brains). Single brain 

hemispheres (or colonies) were then washed (3x) in wash buffer coniaining 0.02% NP-40, 

0.01% deoxycholate, 2 rnM MgCI, and 100 rnM sodium phosphate (pH 7.3) for 5-15 min. 

each. Brain hemispheres (or colonies) were stained in 1 mg/ml X-gal, 5 mM K,Fe(CN),, 5 

mM K,Fe(CN),, 0.02% NP-40. 0.01% deoxycholate, 2 rnM MgCl, and 100 mM sodium 



phosphate buffer (pH 7.3) at 37°C ovemight. Single brain hemispheres (or colonies) were 

then rinsed with wash buffer and stored at 4°C. For forebrain sections, brain hemispheres 

were postfixed ovemight in 4% paraforrnal&hyde at 4"C, subsequently cryoprotected with 

20% sucrose, cryosectioned at 14 pm, and then counterstained with 0.5% safranin (stains 

the entire ce11 light red). In order to estimate the percent chimerism in the striatal germinal 

zone region, 4-6 sections (obtained from every 10th serial section thmugh the forebrain) 

were used to determine the proportion of blue (X-gal-positive) cells. Cell counts (a total of 

approximately 500 cells counted in any one section) were obtained using a phase-contrast 

Nikon microscope (20x objective). 

Genotyping mouse embryos from EGFR heterozygote rnatings 

Targeted dismption of the mouse EGFR was carrieci out as previously described 

(Sibilia and Wagner, 1995). A total of 12 pregnant fernale mice, from EGFR heterozygote 

matings (129/B6xB6) were analyzed in order to obtain an adequate number of mutant 

embryos. D N A  was p r e p d  from yolk sacs or tails and genotyped by PCR and p h r s  

used for amplification of wildtype and mutant alleles was as previoudy described (Sibilia 

and Wagner, 1995). 

Dose-response analysis for EGFR-inhibitor and anti-FGF2 antibody effects 

on sphere colony formation 

The generation of prirnary sphere colonies isolateci from the E 14.5 GZ (1 x 1 Os cells 

in 2 ml) in the presence of EGF (20 ngfml) and various concentrations of the EGFR 

inhibitor (referred to as PD) (Park Davis, PD 153035; Fry et al., 1994) was deterrnined. At 

plating densities of 50 celldpi and n=6 embryos for each group, the number of 

neurospheres (mean percent of control f S.E.M.) generated were as follows: Dirnethyl 

sulphoxide (DMSO) control = 100 * 9.0; 0.0036 pM PD = 51.5 f 8.5; 0.032 PD = 

3.24 $r 0.9; 0.16 pM PD = 2.37 k 0.8; 0.8 pM PD = L.45 f 0.4. Since the= was some 



evidence for reduced viability at the 0.8 phd concentration, we used 0.16 ph4 for 

subsequent analyses, which riesulted in similar viability to the DMSO control. The same 

analysis was performed for the anti-FGF2 antibody (IgG, Upstate Biotech) in the presence 

of FGF2 (10 nglml) and heparin (2 Cc&/ml) at plating densities of 50 celldpi and n=6 

embryos for each group. A non-specific cont1-01 antibody (conAb) of sirnilar species 

(mouse) and isotype (anti-MAPZ monoclonal IgG) was also used to compare to the PBS 

control. The percentages of spheres colonies (labeled as neurospheres in the figures) (mean 

percent of PBS control + S.E.M.) generated were as follows: PBS control = 100 f 5.0; 

0.125 @ml conAb = 100.5 + 5.2; 1.25 &ml conAb = 96.6 + 5.5; 0.125 &ml anti- 

FGF2 = 12.4 + 2.14; 1.25 @ml antiFGF2 = 1-14 f 0.6; 12.5 Clg/ml anti-FGF2 = 0.21 i 

0.1. There were no significant differences between the PBS contml and the conAb 

conditions. There was some evi&nce for compromise. viability at the 12.5 Mm1 
concentration of the anti-FGF2. Therefore, we used 1.25 &ml anti-FGF2 for subsequent 

analyses, which resulted in similar viability of cells when compated to the PBS control and 

the 1 .Z &ml conAb. 

Cryosectioning sphere colonies 

Using a Pasteur pipette, colonies cultured for 6 or 7 days in vitro were transferred 

and washed (2x) in 10 mM phosphate buffered saline (PBS pH 7.2) for a few seconds for 

each wash. Colonies were then transferred to 4% paraformaldehyde containing 0.4% picric 

acid in 0.16 M phosphate buffer (pH 6.9) (Zamboni and de Martino, 1967) and fixed for 1 

hour at room temperature. Colonies were washed (3x) in 10 mM PBS for 5 minutes each 

prior to king resuspended in 10% sucrose (in 10 mM PBS) overnight at 4°C. The 

following &y, colonies were placed in tissue freezing media (Tissue Tek) in order to quick 

freeze to -50°C. Using a cryostat, serial 14 sections were taken and collected on gelatin- 

coated slides. Siides were stored at -70°C. 



Immunocytochemistry on sectioned whole sphen  colonies 

Gelatincoated slides containing sphere colony sections were allowed to =hydrate 

with PBS for 10 minutes. For nestin imrnunocytochemistq, a rabbit polyclonal antiserum 

(a gift from Dr. R. McKay) (Tohyama et al., 1992) was diluted to 1:1000 (in PBS + 
Triton-X) and sections were incubaied overnight at 4°C. Sections were then washed (3x) in 

10 rnM PBS (5 minutes each) and subsequently incubated with secondary anti-rabbit FITC- 

conjugated antibody (1:20; Sigma) for 1 hour at room temperature. Sections were washed 

(3x) (5 minutes each) and then cover-slipped with Fiuor-mount mounting medium. 

Fluorescence was detected on a Nikon microscope. For EGFR (Sugi yama et ai., 1989) and 

FGFR 1 (Werner et al., 1993) immunocytochemistry, colony sections were rehydrated with 

PBS for 10 minutes and incubated ovemight at 4 T  in sheep anti-mouse EGF-receptor 

(1: 100; Biodesign International) in PBS containing 0.3% Triton-X and 10% donkey 

serum. Sections were rinsed with PBS for 10 minutes and then incubated in Cy3 donkey 

anti-sheep secondary anti body (1 :3OO; Jackson IrnrnunoResearch) in PBS containing 0.3 % 

Triton-X and 10% donkey serum. After rinsing in PBS for 10 minutes, sections were 

incubated in rabbit anti-mouse FGF-receptor-1 (1:250; a gift from Dr. L. Williams) in PBS 

containing 0.3% Triton-X and 10% donkey serum. Sections were again rinsed with PBS 

for 10 minutes and subsequently incubated in biotinylated donkey anti-rabbit (1:2Oû; 

Jackson IrnrnunoResearch) for 1 hour at 37°C. followed by rinsing in PBS for 10 minutes, 

and final1 y incubated in streptavidin Cy2 (1 : 1000; Jackson IrnrnunoResearch) in PBS on1 y 

for 1 hour at 37T. Sections were rinsed (2x) for 10 minutes each and cover-siipped in 

Fluor-mount. Fluorescence was detected on a Nikon Microphot microscope. 

Immunocytochemistry on differentiated sphen  colonies 

Six days after primary culturc, single sphexe colonies were transferred using a 

Pasteur pipette ont0 glass covemlips coated with MATRiGEL basernent membrane matrïx 

( 15.1 mdml stock solution diluted 1 50 in senim-free media; Becton-Dickinson) in 



individual wells of a 24-well culture plate (Nunclon) (0.5 rnl/well) in serum-free media 

containing various growth factor concentrations, or  in media containing 10% FBS and no 

extra growth factor. Media was not changed for the rest of the culture period. Coverslips 

were processeci 6-7 days later using immunocytoçhemistry. Coverslips were fixed in 4% 

paraformaldehyde (in PBS, pH 7.2) for 30 minutes at room temperature followed by 3 (5 

minutes each) washes in PBS (pH 7.2). Cells were then perrneabilized for 5 minutes in 

PBS containing 0.3% Triton-X, rinsed for 5 min (2x) in PBS and blocked for 1 hour in 

PBS containing 10% normal goat semm (NGS). After blocking, coverslips were incuôated 

in anti-MAP-2 mouse monoclonal (IgG) (1 : 1000; Bœhringer Mannheim) and anti-GFAP 

rabbit polyclonal (QG) (1:4ûû; Chernicon) antibodies diluted in PBS containing 10% NGS 

for 2 hours at 37°C. Coverslips were then rinsed in PBS h e e  times (5 minutes each) and 

su bsequent 1 y incubated in FiTC goat anti-rabbi t (1 : 200; Jackson IrnrnunoResearc h) and 

TRITC goat anti-mouse (1 :200; Iac kson ImmunoResearch) secondary an ti bodies at 37°C 

for 30 min. Coverslips were rinsed three tirnes (5 minutes each) in PBS. Separate 

coverslips (from similar cultwe conditions) were used for oligodendrocye staining. 

Coversli ps were incubated in anti-04 mouse monoclonal (IgM) antibody ( 1 :40; Boehringer 

Mannheim) in PBS containing 10% NGS at 4°C ovemight. The next &y, coversiips were 

rinsed three times (5 minutes each) and subsequently incubaied in DTAF goat anti-mouse- 

IgM ( 1 :200; Jackson ImmunoResearch) secondary antibody in PBS containing 10% NGS 

at 37°C for 30 minutes. After rinsing three tirnes (5 minutes each), dl coverslips were 

incubated in Hoechst 33258 nuclear stain (0.015 m g / d  stock solution diluted to 0.001 

mg/ml; Boehringer Mannheim) for 20 minutes at room temperature. 

For secondary sphere colonies generated from pnmary clonal rnicrowell culhues in 

various concentrations of EGF or FGF2 (see above), triple labelling was performed. The 

procedure was identical to the above describeci double-labelling procedurie except that the 

secondary antibody used to &tect GFAP-positive cells was an AMCA goat anti-rabbit 

anti body (1 :2ûû dilution; Jackson ImrnunoResearc h) and counterstaining with Hoechst was 



not performed. Al1 coverslips were nnsed for 5 minutes in PBS (3x) and mounted in Fluor- 

mount. Fluorescence was visualized using a Nikon Microphot microscope. Seçondary 

antibody-only control coverslips were processeci simultaneously using the identical 

protocol except dilution solutions were devoid of primary antibodies. Al1 secondary 

controls were negative for staining. 

Limiting dilution analysis 

Limi ting dilution anal ysis was perform eilows and Aubin (1989). 

Cells isolated from the E14.5 striami germinal zone were plated in %-well microwell plates 

containing either EGF (20 nghl), FGF2 (10 ng/d) + heparin, or EGF + FGF2 + 

heparin. Cell numbers were adjusted to give a starting concentration of 4000 celldmi from 

which serial dilutions were made. Final ceIl dilutions ranged from 500 cells per well to 1 

ce11 per well in 0.2 ml aliquots. Cultures were left undisturbed for approxirnately 7 days 

after which time the fraction of wells not containing sphere colonies for each ce11 plating 

density was calculateci and those points were plotted against the number of cells plated per 

well. The number of cells required to form one colony, which rieflected the proportion of 

neural stem cells in the entire population, was then determined from the point at which the 

line crossed the 0.37 level. That is, F, = e", where F, is the fraction of wells without 

colonies and x is the mean number of cells per well. Based upon a Poisson distribution of 

cells, F, = 0.37 comsponds to the dilution at which there is one neural stem ce11 per well. 

Results 

Neural stem cells differentially proliferate in response to EGF and FGF 

depending on embryonic age and forebrain region 

Given that neural stem cells are the Iineage precursors to neuronal and glial 

progenitors, they are likely to be present in the GZ pnor to El4 since postmitotic neurons 



are present in the mouse forebrain as eady as E 1 1 (Smart and Smart, 1982). Neural stem 

ceIls isolated fhm the El4 stnatal GZ have been shown to p l i  ferate in response to EGF 

and FGF2 in serum-free culture conditions to give rise to clonal sphere-like colonies of 

undifferentiated neural precursors (refered to as neurospheres in the figures) (Reynolds a 

al., 1992; Vescovi et al., 1993). El4  neural stem cells have the classical properties of self- 

renewai and multipotentiaiity (Reynolds and Weiss. 1996). To &termine if neural stem 

cells are present at very early stages of developrnent, prior to neural tube formation, 

anterior neural plate tissue was isolated from E8.5 embryos and pl& in the presence of 

EGF or FGFS. Neurospheres were generateâ h m  E8.5 antenor neural plate tissue in the 

presence of FGF2 alone, but not in EGF alone (Figure 3.1 A). Increasing the concentration 

of EGF from 20 ngfml to 80 ng/ml did not cause colonies to fonn; whereas, increasing the 

concentration of FGF2 to 80 nghl  did not significantly increase the number of colonies 

generated compared to 10 ng/ml of FGF2 (data not shown). 

Single FGFZgenerated pri mary colonies from ES.5 antenor neural plate were 

capable of generating secondary colonies when passaged in either EGF (3.86 f 1 .O 

secondary colonies generated from a single primary colony, n=7) or FGF2 (5.42 i 1.3 

secondary colonies generated from a single primary colony, n=7). This suggests that the 

cells isolated at E8.5 are not only capable of self-renewal in FGF2, but also ttiat single 

FGF-responsive cells can give rise to stem cells capable of generating sphere colonies in 

EGF. Based on our estimate of the numbers of viable cells isolated and plated h m  a single 

em bryonic anterior neural plate dissection (-5000; see Materials and Methods), the 

estimated frequency of neural stem cells that proliferate in the presence of FGF2 at this 

early developmental age was approximately 0.3% in the anterior neural plate. Thus, self- 

renewing neural stem cells are present in the developing nervous system as early as E8.5 

and are competent to proliferate in response to FGF2, but not EGF. Furthemore, FGF- 

responsive stem cells at E8.S appear to be the lineage preçursors to EGF-responsive stem 

cells. 



Since neural stem cells are not responsive to EGF at E8.5, but do pliferate in 

response to EGF at E 14.5, we asked if the growth factor responsiveness of neural stem cells 

was dependent on the developrnental stage and spatial localization within the forebrain GZ 

(i.e. the cortical and stxiatal germinal zones, the major E14.5 forebrain &rivaiives of the 

anterior neural plate germinal zone). Neural tissue was isolated from the striata1 GZ and 

cortical GZ at E13.5, E14.5 and E15.5. At E13.5 the numbers of colonies generated per 

numbers of cells plated from both the cortid GZ and striatal GZ in the pmence of EGF 

was significantly less than the numbers of colonies generated in the presence of FGF2 

(Figure 3.1B). By E14.5, more colonies generated per numbers of cells plated in FGFS 

compared to EGF fmrn the striatal GZ; howevet, si p i  ficantl y fewer EGF-generated 

colonies than FGF2-generated colonies were isolated fmm E14.5 cortical GZ. At E15.5, the 

numbers of colonies generated h m  both the cortical GZ and striatal GZ were not 

significantly different in the presence of either EGF or FGF2 (Figure 3.1B). Therefom, 

FGF2-responsive neural stem cells am present before EGF-responsive neural stem cells in 

both the stnatal and cortical GZs. By E15.5, however, the sarne frequencies of EGF- and 

FGF2-responsive neural stem cells are found within the striatal GZ or within the cortical 

GZ. 

To &temine if the single cells giving rise to the colonies were in fact 

rnultipotential, individual colonies were plated down on coverslips and cultured in the 

presence of 10% fetal bovine serurn (FBS), or in similar concentrations of EGF or FGF2 

as the p r i m q  or secondary colony cultures without FBS (see below) to allow for 

di fferen ti ati on. Afier 6 days in vitro, the cultures were processed for irnmunocytochemistry 

to detect neuronal and glial ceIl types. Under these conditions, single colonies generated 

from each of the E8.5 anterior neural plaie and the E 14.5 striatal GZ and cortical GZ each 

contained neurons (MAP2'), astrocytes (GFAP+) and oligodendrocytes (04') (Figure 



Figure 3.1. Neural stem cells are diffemtially responsive to EGF and FGF2 at different 
embryonic ages of telencephalic development. (A) Neural stem cells isolatcd from the E8.5 
anterior neural plate p l i fe ra te  to forrn neurosphem aftcr 7 days in vitro in the presence of 
FGF2 (IO n g h l ;  n=22 embryos) and heparin. but not in the presence of EGF (20 ng/rnl; 
n=20 embryos). Cells plateci at an average density of 10 celldfl (0.5 mYwell) fmm at least 
three separate experhents. (B) Neurospheres generated in EGF (20 ng/ml; n=6 embryos) 
or FGF2 (10 ng/ml; n=6 embryos) and heparin from striatal and cortical GZ cells isolated at 
E13.5, E14.5 and E15.5 and plated in duplicate at a density of 10 ceildpl (0.2 Nwell) .  
Note that the Y-axes change with age. * indicates pc0.05 compared to imrnediately adjacent 
bar. (C) Rep-ntati ve ûiple-i mmunoc ytochemical labeling for neurons (anti--'). 
astrocytes ( m i - G F W )  and oligodendrocytes (anti-04') &nved from a single E 14.5 
neurosphere cultured for 6-7 days in serum-free media and then allowed to diffeientiate for 
a further 6-7 days in media containing 10% FBS. AU t k  cell types are present in 
neurospheres generated from either the E8.5 anterior neural plate or the E13.5-E15.5 
telencephalic GZ. Scale b - 2 5 ~ .  



Number of neurospheres per 
2000 cells (mean + s.e.m.) Number of neurospheres per 

2000 cells (mean t s.e.m.) 



3.1C). These findings indicate that multipotential neural stem cells are present at the earliest 

stages of development, and that FGF-depende.nt proliferation of neural stem cells occurs 

earlier in embryogenesis than the EGF-dependent proli feration of these ce1 1s. 

Overlapping expression of EGF-receptor, FGF-receptors and nestin in the 

cells of neural stem cel-derived sphere colonies 

Since both the EGF-reçeptor (EGFR) and the FGF-receptor-1 (FGFR1) am 

expressed in the El4 forebrain gexminal zone it was of interest to determine if each of the 

EGF-derived and FGF-deriveci colonies expressed a single receptor or both mceptors. 

There is indirect evidence that the in vivo distributions of these two receptors in the E14.5 

germinal zone are not completely overlapping. Eagleson et al. (1996) reportai that the 

greatest intensity of EGFR imrnunostaining was observed in the subvenvicular zone, while 

others report intense FGFRl mRNA levels in the ventricular zone (Wanaka et al., 1991), 

suggesting that subpopulations of neural priecursors may express only one type of reçeptor 

in slightly different regions of the forebrain germinal zone. In order to determine if neural 

stem cells isolated in EGF or FGF2 expressed EGFR, FGFRl or both, colonies were 

generated in the presence of either EGF or FGFZ. After 6 days in cultuxe, 14 p.m 

cryosections from single colonies were obtained and processed for EGFR, FGFR1 and 

nestin i mmunocytochemistry . 

Single sphere colonies from a primary culture can be dissociateci into single cells 

whereupon a smdl percentage of these cells generate new colonies (Reynolds and Weiss, 

1996). Thus, only a srnall percentage of al1 of the cells within a colony are neural stem 

cells, thought to be derived from the symmeuical division of the initial stem cell, and the 

remaining cells are neural progenitor cells. Since the intermediate filament protein nestin is 

expressed in al l neural precursor cells (Lendahl et al., 1990). we reasoned that a qualitative 

analysis of the expression pattern of the two growth factor receptors and nestin within a 

single colony generated in either EGF or FGF2 would be useful in identifjing any 



precursor cells. some of which arr stem cells, within a colony that express only one or both 

growth factor receptors. The analysis revealed thaî virtually al1 of the cells wiîhin a single 

colony express nestin regardless of the growth factor conditions used to generate the 

colonies (Figure 3.2D). These results are consistent with previous reports that vimially al1 

ce1 ls within sphere colonies generated h m  the adult subependyrna express nestin (Gri tti et 

al ., 1996). The expressions of the EGFR (Figure 3.2A) and of FGFRs (Figure 3.2B) also 

were ubiquitous throughout the cells in the colonies, similar to nestin. Double labeling 

revealed that virtually al1 cells derived from a neural stem ceIl clone (isolated in either EGF 

or FGF2) express both EGFR and FGFR (Figure 3.2C). However, there werie varying 

ievels of expression of these ~eceptors in the individual cells. and the= werr a few single 

cells within each colony which express mostly EGFR or mostiy FGFR (Figure 3.2E). The 

presence of these few cells dominated by the expression of one receptor suggests die 

possibility that there may be a small nurnber of differentially sensitive neural stem cells that 

remain undifferentiated and capable of self-renewal. Given that cells in the colonies 

generated in either EGF or FGF2 express both growth factor receptors, and thai colonies 

can be passaged in either EGF or FGF2 regardless of initial growth factor conditions (data 

not shown). then we conclude that the stem cell initial1 y responsive to either EGF or FGF2 

can subsequently generate more stem cells that are responsive to both mitogens. 

The proliferative response of neural stem cells to different concentrations 

of EGF and FGF2 is dependent upon cell density 

Although a single neural stem ceIl can proliferate to form a sphere colony in vitro, 

the factors affecting the proliferative behavior of neural stem cells amongst a population of 

precursors, a situation more akin to the in vivo GZ environment is poorly understood. We 

examined whether the proliferative response of neural stem cells in the presence of varying 

concentrations (see Materials and Methods for conversions h m  molarity to @ml) of EGF 

and FGF2 was ce11 densitydependent by assaying the number of colonies generated from a 

pnmary EL4.5 GZ dissection. A dose-response analysis rrvealed that at high cell densities 



Figure 3.2. Expression of nestin, EGFR and FGFRl in neural stem œllderived 
neurospheres. Neurospheres generated h m  E14.5 VZ tissue cultured for 6 &ys in vitro in 
the presence of eiiher EGF (20 nglml) or FGF2 (10 ng/ml) and heparin (2 &ml) were 
fixed and cryosectioned at 14 pm and immunocytochemically label4 for EGFR (rd)  (A), 
FGFRl (green) (B) and EGFR+FGFRl (yellow) (C) nestin @). The vast majority of cells 
are nestin' and double-label for EGFR and FGFRl regardless of the primary growth fa~tor 
conditions. (E) Magnifieci view of arrowed region in @). Arrows point to cells expressing 
mostly EGFR (red) or mostly FGFRl (green). Scale bars A, B, C, D=2ûûpm; E=SO v. 





(50 celldpl) and low rnitogen concentrations (0.05-2 nghl), EGF was an order of 

magnitude more effative than FGF2 in generating colonies, but at higher concentrations 

(10-80 @ml) both EGF and FGF2 elicited the proliferation of the same maximal number 

of neural stem cells to fom colonies (Figure 3.3A). However. at relatively lower densities 

(10 cells/Crl) and low mitogen concentrations, FGF2 was more effective than EGF in 

generating colonies and FGF2 generated a higher manimal number of colonies at higher 

concentrations (Figure 3.3B). Furthemore, the maxi mal numbers of colonies were more 

than propoctionally higher at the high compared to the tow densities. The five fold inçrease 

in cell density (from 10 cells/CiI to 50 celldpl) produced a grieater than ten fold increase in 

the number of colonies generated, thus demonstrating ceIl nonautonomous effects that 

facilitate neural stem ceIl proliferation. 

The self-renewing capacity of the stem cells that formeci the colonies was assayed 

for at least one passage by dissociating single sphere colonies (Reynolds and Weiss, 19%) 

isolated from low (0.6 ng/ml) and high (20 @ml) growth factor concentration conditions 

from both low and high density primary cultures, and counting the number of secondary 

colonies generated. When single colonies generated h m  high density cultures (50 celldpl) 

in 0.6 ng/mI of EGF or FGF2 were dissociated in the same growth factor conditions, new 

colonies were generated after -7 days in either EGF (9.3 k 1.7, n=8) or FGF2 (6.4 i 1.8, 

n=8), respectively. Single sphere colonnies generated in high-density cultures in 20 ng/rnl 

of EGF or FGF2 were dissoçiated, secondary colonies were generated in either EGF (19.6 

+ 3.9, n=8) or FGF2 (20.4 f 2.4, n=8), respectively. Similarly, in experiments where 

single colonies generated h m  low density cultures (10 celldpi) in 0.6 ng/ml of EGF or 

FGF2 were dissoçiated in the same growth factor conditions, new colonies were generated 

in either EGF (13.2 + 2.0, n=12) or FGF2 (5.0 i 1.3, n=12), respectively. Single colonies 

generated in low-density cultures in 20 ng/ml of EGF or FGF2 were dissociated, 

secondary colonies were generated in either EGF (16.5 f 2.6, n= 12) or FGF2 (1 2.8 f 1 -8, 

n=12), respectively. Thus, single sphere colony passaging data demonstrate that individual 



neural stem cells, regardless of ceIl &nsity and p w t h  factor concentration, can self-rcnew 

and expand the stem cell population through syrnmetrical divisions. 

The proportionally p a t e r  maximal numbers of colonies generated ai high density 

(EGF or FGF2) reflects a cell nonautonomous potentiation of neural stem oell proliferation 

ac higher densities. Furthemore, the p a t e r  maximal numbers of colonies generated in 

FGF2 at low densities, compared to the same maximal number of EGF- and FGF2- 

generated colonies at high densities (Figure 3.3B versus 3.3A), indicates that these œll 

nonautonomous effects rnay have a greater influence on EGF-responsive stem œll 

proliferation. The finding that low density cultures appeared to produce a leftward shift 

from high density cultures in the dose-responsiveness of FGF2 on E14.5 colony 

formation, compared to the relatively stable EGF dose-responsiveness regardless of a l 1  

density, may suggest that FGF2 has a greater f ini ty  for its receptor at lower âensities. 

This may be due to the decreased availability of the FGF2 ligand (or hepin)  ai higher œll 

densities. or perhaps due to the down regulation of FGF Rceptors on stem cells at high œll 

densities. 

The relative number of stem cells present in higher ceIl density cultul~s is greater 

than the number of stem cells in low density cultures. Since a relatively greater number of 

neural stem cells aiso can be isolated from ol&r than younger embryonic GZs (see above), 

it  is possible that the interactions between the older stem and progenitor cells may fiditate 

the observed ceIl nonautonomous effects in vivo, and that newal stem cells isolated from 

oIder GZ tissue and cultured at low densities will behave as neural stem cells isolated from 

younger GZ tissue and cultured at higher cell densities. In order to detemine if the cell 

densitydependent facilitation observed reflects an age-dependent maturation phenornenon 

or is a true reflection of stem and progenitor cell interactions dependent only on cell &nsity 

and not on age, we examineci the dose-dependent proliferation of neural stem cells isolated 

from the postnatal day (P) 3 mouse forebrain at low densities. The results dernonstrate that 

the dose-dependent proliferation of neud stem cells isolated from the P3 GZ and culnui=d 



Figure 3.3 Dosedependent proliferaîion of neural stem cells isolated from the E14.5 and 
P3 forebrain ventricdar zone in EGF and FGF2 is sensitive to ce11 density. Neurospheres 
generated from neural stem cells isolated h m  the E14.5 GZ (n = 6 embryodconcentration) 
and plated at either a &nsity of 50 cells/pi (A) or 10 celldpi (B), and from neural stem ceils 
from the P3 VZ (n = 6 embryos/concentraîion) and plated ai 10 çells/pJ (C) in varying 
concentrations (molarity) of EGF or of FGF2 with heparin. 
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at low densities is similar to the dose-dependent proliferation of neural stem cells isolated 

from the E14.5 GZ at low densities (Figure 3.3C). These rpsults show that the dose- 

dependent proliferation of neural stem cells depends on cell density and not on the 

developmental stage at which stem cells are anal yzed 

To further &termine that the concentration of exogenous EGF or FGF2 does not 

select for progeni tor cells that are differentially sensitive to varying growth factor 

concentrations in these senim-free culture conditions, we used mimwell culture dishes 

(see Materials and Methods) and seeded E14.5 striatal GZ cells at clonal densities in 

various concentrations (0.6, 20, or 80 ng/ml) of either EGF or FGF2 separately. 

Microwells containing 1-3 cells (6 hours after plating) were followed for 7 âays in order to 

mess colony formation. Single primary sphere colonies generated in these conditions were 

dissociated and replared in the identical growth factor concentration conditions to detennine 

the self-renewal capacity of the colony forming cells. Individual primary colonies &riveci 

from single cells in FGF2 (0.6, 20, or 80 ng/ml) dernonstrated the ability to generate new 

(secondary) colonies upon dissociation in eitfier 0.6 ng/ml (6.6 i 2.3 secondary colonies 

from each primary colony, n=12), 20 ng/rnl(29.9 k 7.9, n=12), or 80 nghl  (73.9 I 20.4, 

n= 12) of FGF2. Sirnilarly, individual colonies derived b r n  single cells in EGF (0.6, 20, 

or 80 @ml) demonstrated the ability to generate seconciar-y colonies upon dissociation in 

either 0.6 ng/ml (39.5 f 9.9, n=8), 20 nghl (81.4 f 24.2, n=ll), or 80 ng/ml (83.4 

18.2, n=lO) of EGF. Moreover, individual secondary colonies from each of these growth 

factor conditions demonstrateci the ability to generate tertiary colonies (in the identical 

growth factor conditions) after a second passage. Individual secondary colonies derived 

from single ptimary colonies in FGF2 (0.6, 20, or 80 ng/ml) dernonstratecf the ability to 

generate tertiary colonies upon dissociation in either 0.6 nghl (3.0 2 0.7, n=5), 20 ng/ml 

(21.5 + 4.9, n=8), or 80 ng/ml (36.3 + 16.8, n=6) of FGF2. Similarly, individual 

secondary colonies &riveci from single primary colonies in EGF (0.6, 20, or 80 ng/ml) 

demonstrated the ability to generate tertiary colonies upon dissociation in either 0.6 ndml 



( 1 2.3 + 3.2, n=6). 20 ng/ml (35.8 f 1 1.2, n=8), or 80 ndml (47.4 k 15.3, n=8) of EGF. 

Al1 primary, secondary and tertiary sphere colonies generated in 0.6 n&nl FGF2 (and 

many, but not al1 in 0.6 nghl EGF) were smaller than the colonies generated in h i e r  

growth factor concentrations. Because the majority of the cells within colonies express 

EGF and FGF receptors (see above), this l i k l y  reflects the inability of al1 of the cells 

within the colonies to fully proliferate in these low concentration conditions and thus 

reducing the overall size (and number of stem ceIl progeny) of the colonies. These results 

show that single n e d  stem cells that clonally generate sphere colonies in varying 

concentrations of growth factors can self-renew. 

In order to test that the self-renewing stem cells from different growth factor 

concentration remain mu1 ti potential, single secondary colonies generated from the primary 

colony cultures (rnicrowell assay) in either EGF or FGF2 (from 0.6, 20, and 80 n@ni 

conditions) were allowed to diffemntiate in the identical growth factor conditions on an 

adhesi ve substrate which facilitates differentiation of cells within the colonies (see below). 

TripIe immunolabeling for the presence of neurons (MAR' cells), astrocytes (GFAP+ 

cells) and oligodendrocytes (04' cells) demonstrated that in virtually al1 growth factor 

concentration conditions, secondary colonies contained neurons, astrocytes and 

oligodendrocytes (Figure 3.1 C). These results are consistent with the irnmunostaining data 

(Table 3.1) from low ce11 density cultures (see below). However, no OQ' oligodendrocytes 

were observed from secondary colonies generated in 0.6 ngml of FGFZ and plated in 0.6 

ng/ml of FGF2 (but can form if semm is present; see below). This msult is also consistent 

with the immunolabeling data (Table 3.1) obtained h m  low-density cultures in the same 

growth factor concentration conditions without serum. Therefore, neural stem cells 

proliferate in EGF and FGF2 to form clonally derived sphere colonies in a dosedependent 

manner and retain their self-renewing and multilineage potential. 



EGF and FGF2 elicits neural stem ce11 proliferation through independent 

signaling mechanisms 

One possible explanation for the observed ceU nonautonomous proliferative effets 

at high densities may be that in response to the application of exogenous growth factor, 

neural stem cells regulate their proliferation through the release of endogenous factors in an 

autocrinelparacrine manner. For example, Kilpairick and Bartlett (1995) demonsrrated that 

the proliferation of EGF-responsive El7 cortical preçursors could be attenuated with the 

addition of inositol hexakisphosphate, which bloçks the binding of FGF2 to the 

extracellular domain of its receptor, suggesting that the EGF-dependent pmliferation of El7 

cortical precursors was also dependent upon the endogenous release of FGF2. We asked 

w hether neural stem cell proliferation in the presence of exogenous EGF or FGF2 (the on1 y 

known critical mitogens for stem cell proliferation) was also &pendent upon the 

endogenous release of either FGF2 or EGF, respectively. 

We uti 1 ized E 14.5 EGF-receptor nul l (EGFR(-'-)) embryos (Figure 3.4A) (Si bi lia and 

Wagner, 1995) and tested whether neural stem cell proliferation in FGF2 was attenuated in 

an EGFR(-&) background. The number of sphere colonies generated from high density (50 

cellslpi) cultures of E14.5 VZ from EGFR(-'-) mice in the presence of EGF was ciecrcased 

by greater than 90% compared to littermaîe EGFR(+'+) controls (paû.OS), however the 

generation of large numbers of colonies in the presence of FGF2 was not affected in these 

mutants (Figure 3.4B). This result indicates that the endogenous release of EGF was not 

necessary for FGF-dependent neural stem ce11 proliferation, but that signaling through the 

EGFR was critical for EGF-dependent proliferation. 

Neural tissue malfoxmation and early embryonic lethality precluded an analysis of 

EGF- and FGF-dependent neural stem ce11 pmliferation in FGFRl'") E14.5 mouse GZ 

(Deng et al., 1994; Yamaguchi et al., 1994). However, utilizing tetraploid chirneric mutant 

mice (ROSK26-FGFR l(-'-)) with a transient rescue of the early embryonic phenotype (due 

to the tetraploid dominance of extraembryonic tissue) (Cinina et al ., 1997), we observed a 



large anenution (approximately 80% decrease) in the number of neural stem cells 

pmliferating in the presence of FGF2 from at E8.5 (Figure 3.4C). The lack of a complete 

attenuation in colony formation in the ROSA26-FGFRl(") mutant rnay indicate that FGFZ 

may also produce a minor activation of other rnembers of FGF receptor family at this eariy 

stage of developrnent. Nonetheless, signaiing through the FGFRl is aitical for rnost 

FGF2-dependent neural stem ce11 proli feration. 

In order to more cleariy define the role for endogenous growth factor release, we 

further tested if the secondary rrelease of FGFS upon EGF stimulation, and vice versa 

effected neural stem ceIl proliferation by blocking FGFZ signaling with an anti-FGF2 

neutralizing antibody (Matsuzaki et al., 1989) which prevents the ligand from binâing to its 

receptor, and biocking EGF signaling with a synthetic EGFR inhibitor (PD 153035) which 

selectively disables EGF signaiing by binding to the tyrosine kinase domain of the EGFR 

(Fry et al., 1994). The number of colonies generated from high density (50 cells/pl) 

cultures of E14.5 GZ in the presence of FGF2 and anti-FGF2 antibody (1.25 &ml) was 

decreased by almost 100% (p<0.05), compared to the number of colonies generated in the 

presence of FGFS and a non-specific control antibody (matched for species and isotype 

sirnilarity) (Figure 3.5A). However, there was no difference in the number of colonies 

generated in the presence of EGF and the anti-FGF2 antibody, compared to controls in 

EGF (Figure 3.SA). The EGFR inhibitor (O. 16 CrM) did not block neural stem œll 

proliferation in the presence of FGF2, but was effective in elirninating neural stem cell 

proliferation in the presence of EGF (Figure 33). These results show that EGF and 

FGF2 stimulate neural stem cell proliferation in highdensity cultures through completely 

independent signaling mechanisms. 

To determine if the cell nonautonomous effects that increased neural stem œll 

proliferation at high ce11 densities obscured any putative endogenous EGF or FGF2 

signaling in response to exogenous growth factor, we tested the effects of blocking EGF 



Figure 3.4 Neural stem cells proliferate independently of EGFR signaling in response to 
FGF2, but FGFRl signaling is aitical for FGF2-dependent n e d  stem œll proliferation. 
(A) The panel shows PCR anal ysis of genomic DNA isolated from E14.5 EGFR (+/+), 
(+/-) and (-/-) mice. The expected mutant (1.8 kb) and wildtype (1.3 kb) bands are 
indicated. (B) Neurospheres generated (mean as a percent control S.E.M.) from neural 
stem cells isolated fmrn the E14.5 GZ of EGFR (4) (n=S) and EGFR (+/+) ( n 4 )  
embryos and plated at 50 celldpi in the presene of EGF (20 nglml) (white bars) or FGFS 
(10 ng/rnl) with heparin (black bars). The 1 0 %  control represents the numbers of 
neurospheres generated from EGFR (+/+) embryos in either EGF or FGF2 and heparÏn. 
(C) Neurospheres generated (mean as a percent control f S .E.M.) from neural stem cells 
isolateci from the E8.S anterior neural plate of ROSA26-FGFRl(+/-) tetraploid chimeric 
(controls; n=24) or ROSA26-FGFR 1(-/-) tetraploid chimeric (n=25) embryos and plated at 
10 celldpl in the presence of FGF2 (10 ng/ml) with heparîn. 
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signaling (EGFR inhibitor) or FGF2 signaling (anti-FGFZ antibody) in lower ceIl density 

cultures (10 cellslpl), whem the influence of these cellular interactions on colony formation 

is less. A similar result was observed when the sarne experirnent was perfonned ai all 

plating densities of 1 œlVpl, a condition that diminishes the ceIl nonautonomous effects 

even further (&ta not shown). Therefore, the results demonstrate that even at low ceIl 

density, secondary release of FGF2 in response to EGF (Figure 3.5C) or secondary release 

of EGF in response to FGF2 (Figure 3.5D) does not contribute to the numbers of neural 

stem cells that proliferate to form colonies in vitro. Thus, the facilitative ce11 

nonautonomous effects at either hi@ (50 celldpl) or Iower (10 celldpl) ceIl densifies are 

likely due to additional unknown endogenous factors and not due to endogenous EGF or 

FGF2 signaling. High ceIl density E14.5 GZ cultures sornetimes results in a very small 

number of neural stem cells clonally proliferating to form neurospheres in the presence of 

serum-free media without exogenous growth factors (3.8 1.2, n=6), which is never 

observed at lower ceIl densities. Thus, although the unknown mitogenic factor(s) that 

mediate this proliferation are not sufficient alone to account for the robust f&litative œll 

nonautonomous effects observed in the presence of exogenous EGF or FGFZ, this does 

not preclude the possibility that these unknown factors may interact with the exogenous 

growth factors to substantially enhance neural stem ce11 proliferation. 

Growth factor concentration has little effect on the relative fates of neural 

stem cell progeny 

It has been shown previously that the levels of growth factor receptm and their 

ligands are dynamic throughout development. For example, levels of FGF2 increase during 

embryogenesis (Powell et al., 1991; Nwcombe et al., 1993; Weise et al., 1993). The 

present findings that the numben of neural stem cells isolated from the developing 

telencephalon increase during development and that growth factor concenaaiion can 



modulate neural stem ceIl proliferation even at one stage of developrnent suggests that 

growth factor concentration may regulaîe neural stem ceIl proliferation in vivo. Having 

shown that neural stem cell proliferation is influenced by EGF and FGF2 concentration we 

investigated whether growth factor concentration had any influence on the fates of the stem 

ce1 l-deri ved progen y. 

Previous work has revealed that FGF2 influences the types of progeny generated 

from E IO cortical precursor cells in a concentration-dependent manner (Qian et al ., 1997). 

When our neural stem cellderived colonies are plated on an adhesive substrate, then the 

cells will adhere and in the presence of fetal bovine semm will differentiate into neurons, 

astrocytes and oligodendrocytes expressing phenotype-specific markers. Sphere colonies 

that were generated from the E14.5 striata1 GZ in the presence of optimal concentrations of 

either EGF (20 ng/ml) or FGF2 (10 nglml), or low concentrations of either growth factor 

(0.6 ng/rnl) demonstrated multipotentiality when cultured in the presence of media 

containing fetal bovine semm (data not shown). In order to address the effect of EGF and 

FGF2 on the generation of neurons and glia independent of any unknown factors present in 

serum, we isolateci EGF- and FGF-responsive neural stem cells (at low cell densities) in 

either high or low concentrations of growth factor and then allowed for diffemntiation in 

the same serum-free conditions. The &ta show thaî independent EGF- and FGF- 

responsive pnmary neural stem cells both demonstrate multilineage potential, regardless of 

growth factor concentration (Table 3.1). These results are consistent with the results from 

the growth factor dose-dependent clonal analyses (see above). The proportion of neurons 

and ~Iigodendrocytes d e c d  in the presence of lower concentrations of eiîher EGF or 

FGFS, but the proportion of astrocytes (approximately 55%) rernained constant. In low 

concentrations of FGF2 the perçentage of 04' oligodendrocytes in the sampled cells was 

zero. However, since there is an obvious trend for a reduction in differientiated 

oligodendrocytes in low concentrations of both EGF and FGF2, we suggest that these 

conditions were likely not permissive for oligodendmcyte differentiation. Certainly, sphere 



F i g u ~  3.5 Endogenous release of EGF or FGF2 dœs not influence neural stem celi 
proiiferation. The number of neurospheres generated from neural stem cells isolateâ from 
the E14.5 GZ in the presence of the anti-FGF2 antibody (1.25 Cr&/rnl) is substantially 
reduced in the presençe of FGF2 (10 nghl) with heparin compared to control (conAb and 
FGFS + heparin), but not in the presence of EGF (20 ng/ml) comparied to control ( c d b  
and EGF), at 50 celldpl (A) or 10 cellslpl (C) plating densities. The number of 
neurospheres generated in the presence of the EGFR inhibitor (0.16 PD) is also 
substantially decreased in the presence of EGF compared to control @MSO + EGF), but 
not in the presence of FGF2 and heparin compared to control O M S 0  + FGF2 + heparin), 
at 50 celldpl (B) or 10 celldd @). N=6 embryos for each growth factor condition group at 
both high and low ce11 àensities. 
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colonies generated in Iow concentrations of FGF2 and allowed to diffmtiate in the 

presence of low concentrations of FGF2 and 10% FBS also produce a very srnail 

percentage of 04' cells (data not shown). Colonies plated in FGF2 generate more neurons 

comparai to colonies plated in EGF (Table 3.1)- which may suggest thaî FGF2-responsive 

stem cells are specified to produce more neurons than EGF-responsive stem cells. 

However, we cm not nile out the perhaps more likely possibility that the growth factors 

were influencing the progeny of the stem cells (rather than the stem cells themselves) in a 

selective manner. Thus, although neural stem ceIl proliferation is regulated by growth 

factor concentration, both EGF- and FGF-responsive neural stem cells maintain their 

multilineage potential in the presence of varying growth factor concentrations. 

Neural stem cell proliferation is additive with the combination of EGF and 

FGF2 art low cell density 

Neural stem cells present in the E14.5 GZ have EGF and FGF2 receptor signaling 

capacity, and either factor alone is sufficient to activate neural stem a l 1  proliferation in 

serum-free, defined media. To determine directly the sensitivity of neural stem ceIl 

proliferation to EGF or FGF2, we assayed the numbers of colonies generated in the 

presence of EGF, FGF2 and the combination of both mitogens at very low ce11 plating 

densities. The numbers of neurospheres generated in the presence of FGF2 was greater 

than the number of neurospheres generated in the presence of EGF from 1 œlVpl to 10 

cells/~l (Figure 3.6A). This observation is consistent with the previous finding that at a 

lower ceIl density (10 celldpl) and optimal concentrations of EGF (20 ng/ml) and FGF2 

(10 ng/ml) a greater number of colonies are generated in FGF2. Furthemore, from 1 celu@ 

to 10 celldfl the number of colonies generated in the combination of EGF and FGF2 was 

additive (Figure 3.6A). Conversely, the numbers of colonies generated in EGF or FGF2 at 

optimal concentrations and high ce11 plating density (50 celldpl) were equivalent (Figure 



Table 3.1. The relative proportions of neuronal and glial progeny from neural stem ceUs 
isolated in different p w t b  factor concentrations. Neural stem cells isolated from the E14.5 
GZ in different concentrations of EGF or FGF2 were cultured for 6 days in vitro and then 
transferred to coated coverslips and allowed to di fferentiate for a further 7 days in the same 
growth factor conditions. Coverslips were processed for MAPZ (neurons), GFAP 
(astrocytes) and 04 (oligodendrocytes) using immunocytochemistry. 



lsolated and 
Differentiated in % neurons (n) % astrocytes (n) % oligodendrocytes (n) 

-- - 

20 ng/ml EGF 6.1 +0.7 (4) 56.3+6 (6) 2.6+0.3 (3) 

0.6 ng/ml EGF 2.6+0.3 (6) 54.1+3.7 (6) 0.7+0.2 (6) 

10 ng/ml FGF2 15.4+2 (5) 56.4t5.3 (6) 1.9+0.3 (5) 

0.6 ng/ml FGF2 11.7+2.5 (6) 57.8+7.9 (4) O.O+O.O (6) 



3.3 A). We further exarnined the role of facilitative œll nonautonomous effects on neural 

stem ceIl proliferation over the lower range of ce11 densities (1 versus IO cellslpi) by plating 

the sarne small absolute number of ceils (2000) in different volumes. Neural stem cell 

proliferation was increased more than 10 foîd in EGF and in FGF2 at the higher &nsity 

when the same absolute nurnbers of cells were plated in different volumes (Figure 3.6B). 

Therefore, alf of these &ta suggest that neural stem cells may have a differential sensitivity 

to EGF and FGFS, which can be rievealed over mlatively low cell densities, but that is 

obscured at high cell densities due to additional ceIl nonautonomous effects produced by 

the release of unknown endogenous growth factors. 

One possible interpretation for the enhand  proliferation of neural stem cells in the 

presence of combined EGF and FGF2 compareci to either factor alone over dl of the lower 

cell densi ties (Figure 3.6A) is that EGF and FGF2 interact synergistically to elicit a stem 

ce11 to divide. To test this possibility, high and low growth factor concentrations were 

combined to determine if the number of E14.5 neural stem dl-denved colonies was greater 

than additive (i .e., substantially p a t e r  than the estimated number of colonies generated 

when adding the numbers of coionies seen when only a single high or low growth factor 

concentration was present). The combination of high and low concentrations of EGF and 

FGF2 did not appear to interact synergistically to promote neural stem œ l l  proliferation 

(Figure 3.6C). These &ta argue that EGF and FGF2 can independentiy elicit the 

proliferation of EGF- and FGF-responsive stem cells. 

One possible explanation for the additivity in the number of colonies generated at 

low ce11 densities in the presence of the combined growth factors (and lack of synergy) is 

that there are separate populations of neural stem cells that are responsive to either EGF or 

FGF2. To further test the putative heterogeneity in the neural stem cell population we 

estimated the minimal frequency of neural stem cells at lirniting dilutions. The lack of 

specific morphological or biochemical criteria for identifying neural stem ceils in vivo 



presents a major problem when attempting to detemine the frequency of stem cells in the 

GZ. Currentl y, the best biochernical marker for neural precursor cells is the intermediate 

filament protein nestin (Lendahl et al., 1990), however it is not specific to neural stem cells 

and is expressed in other ceIl types including dcveloping cardiac cells (Zirnmcrman et al.. 

1994) and neural progenitors. We took advantage of the neural stem ceIl colony assay, in 

which one colony represents the proliferation of a single self-renewing, multipotentiai 

neural stem ceIl (Reynolds and Weiss, 1996), and applied a limiting dilution analysis 

(Lefkovits and Waldmann, 1984; Sharrock et al., 1990; Bellows and Aubin, 1989) in order 

to &termine the specific frequency of neural stem cells (amongst a population of VZ neural 

precursors) that proliferate in response to either EGF, FGF2 or the combination of EGF 

and FGF2. The linear relationship between the peantages of wells without colonies and 

the nurnbers of cells plateci per well suggest that separate single neural stem cells are 

proiiferating in EGF and FGF2 to give rise to colonies. When plating at !irniting dilutions, 

the proportion of culture wells with no colonies (Le. negative wells) is defined by the zero 

terni of the Poisson distribution: F,=e-'. The number of cells quired to allow for the 

isolation of one stem cell (x=l) can be calculated using F,=ëi=0.37 or 37%. Based on the 

Poisson distri bution and the intersect at the 37% level, we estimated the minimal frequency 

of neural stem cells in the E14.5 VZ preçursor population to be 0.6% in the presence of 

EGF, 1.3% in the presence of FGF2 and 2% (additive) in the presence of both EGF and 

FGFS combined (Figure 3.6D). These data reveal that there are separate EGF- and FGF- 

sensitive populations of embryonic forebrain neural stem cells. 

EGF-responsive neural stem cells are lineage descendents of FGFZ- 

responsive neural stem cells 

The above experiments revealed that EGFR and FGFRl signaling is critical for 

EGF- and FGFZ-dependent neural stem ce11 proliferation, respectively, and that FGF- and 

EGF-responsive neural stem cells may represent two separate subpopulations within the 



Figure 3.6 At low ceIl âensities, the frequency of El45 neural stem cells varies in EGF 
and FGF2 alone and proliferation is additive in the presence of EGF plus FGF2. (A) When 
decreasing numbers of cells were p l u  in 200 pi of media the number of neurospheres 
generated in the presence of both EGF (20 n g h l )  and FGFZ (10 ng/ml) with heparin was 
additive compared to  the numbers generated in either growth factor alone at al1 ceIl densities 
tested (equal to and less than 10 celldpi). (B) When the sarne absolute number of cells 
(2000 cells) was plated in different volumes, a substantiai faci ütative cornmuni ty effect was 
observed, and at both densities the number of neurospheres generated in both EGF and 
FGF2 was additive compared to other growth factors alone. (C) When cells are plated (10 
celldpl) in varying combined concentrations of growth factors, EGF and FGF2 do not 
interact synergistically to promote neural stem cell proliferation. @) Cells plated at limiting 
dilution (in 200 pl volumes of media) revealed that the frequericy in which at least one 
neural stem cell will proliferate to form a neurosphere (37% mark on the y-axis) varied in 
the presence of either EGF (20 ng/ml). FGF2 (10 ndml) with heparin. or both EGF and 
FGF2. N=6-7 embryos for each ce11 density and growth factor condition for al1 four 
experimen ts. 
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E 14.5 GZ. Because both FGFR 1'"' embryos and ROSA%-FGFR 1'"' tetraploid chirneras 

die by approximately E9.5, in order to determine if a lineage relationship exists between 

FGF-responsi ve neural stem cells and EGF-responsi ve neural stem cells (whic h normal1 y 

do not begin to ernerge until El 1.5-E13.5 in the striatal GZ) we generated diploid chimeras 

in which wildtype cells (CDl) allowed the embryos with cells harboring an FGFRI'") 

mutation to survive until E14.5. We hypothesized that if the EGF-responsive neural stem 

cells arose independentl y of the FGFZresponsive neural stem cells during development, 

then an FGFRl nul1 mutation would not influence the numbers of EGF-responsive stem 

cells isolated, but would cause an attenuation of the FGFZrespnsive stem cells (sirnilar to 

w hat was observed from the Eû .5 ROSA26-FGFR 1""' tetraploid chimera results). 

The rielative contribution (percent chimerism) of cells from either the ROSA26 

FGFR 1'") lineage or the R0S~26-FGFR l'*' lineage in the diploid chimeras was estimared 

from histological sections on the basis of &galactosidase (b-gal) sraining (Figure 3.7A). 

Single hernispheres obtained from E14.5 telencephalons from ROSA26-FGFRl(+'-' diploid 

chimeras (controls, n=8) demonstrated a mean percent chirnerism of 34.8% within the 

suiatal GZ, w hile those obtained from R0S~26-FGFR lC4-' diploid chirneras (n=8) 

demonstrated a mean percent chimerism of 12.4% within the striatal GZ. 

These estimates are consistent wi th previous chimerism data from di ploid chirneric 

embryos analyzed between E9.5 and E10.5 showing that fewer mutant cells (compareû to 

controls) contribute to anterior neural sûuctures (Ciruna et al., 1997). Cells isolated from 

the stnatal GZs of the opposite hernispheres were cultured in semm-free conditions in the 

presence of optimal concentrations of either FGF2 (10 ng/ml) or EGF (20 ng/ml). The 

numbers of $-gal' colonies (containing al1 blue cells deriveci from either the ROSA26- 

FGFRI'"') stem cells or &nved from the ROSA26-FGFRl'+'-) stem cells) and the numbers 

of fi-gal' colonies (containing al1 white cells derived from wildtype CD1 stem cells) were 

quantified after 7 days in culture (Figure 3.7B). The results show that the pmliferation of 

both FGF- and EGF-responsive neural stem cells is âecreased by p t e r  than 95% in 



E 14.5 ROSM6-FGm l'-&' diploid chirneras (n=8) c o m p d  to ROSA26-FGFR l'*-) 

diploid chirneric controls (n=8) (Figure 3.7C). The number of colonies generated in both 

EGF and FGF2 is enhanced by -5096 and by over two-fold, respectively, h m  wildtype 

CD1 denved neural stem cells (f%-gal-) in the ROSA26-FGFRI'") diploid chimeras 

compared to the ROSA26-FGFR l'&' diploid c h i M c  controls (Figure 3.7C). This 

suggests that in these diploid chirneras, wildtype newal stem cells can partially compensate 

for the overall reduction in the numbers of neural stem cells in the GZ in vivo by increasing 

their syrnmemcal divisions prior to El45 However, since thetle is an overall 50% 

decrease in the total nurnber of neurospheres generated h m  the ROSA26FGFRl"") 

diploid chimeras (ROSA and CD1 combinecl) compared to the ROSA26-FGFRI'"' diploid 

chimeric controls (data not shown), this increase in the number of sphere colonies in vitro 

may only represent a very minor compensatory effect. Thus, these results are consistent 

with the hypothesis that EGF-responsive neural stem cells are limage descendents of the 

FGF-responsive neural stem cells during fore brain development. 

Discussion 

Simple neural lineage models &pict self-renewing, multipotentid stem cells giving 

rise to progenitor cells that are more restricted in their potential to generate differentiateû 

ne urons, astmcytes and oligodendrocytes depending on factors that influence either their 

proli feration, differentiation or survival (Gage et al., 1995; Temple and Qian, 1995; Johe et 

al., 1996; Weiss et al., 1996). The present data builds upon this fundamental notion to 

support an alternative mode1 in which separate, lineage-related stem cells are also present in 

the E14.5 GZ (Figure 3.8). This conclusion is based on the evidence that: (1) only FGF- 

responsive neural stem cells ~IE present at early developrnental stages, but these cells can 

generate EGF-responsive stem cells when passagecf in vitro and EGF-responsive stem cells 

can be isolated at later developrnental stages in vivo; (2) at low cell densities 



Figure 3 -7 In ROSA26-FGFR 1 (-/-) diploid chimeras. both FGF2- and EGF-responsi ve 
neural stem ce11 proliferation is diminished from E14.5 striaial GZ cells harboring the 
FGFR 1(-/-) mutation. (A) Lateral view of an E14.5 left hemisphm (rostral end to the kft) 
stained with X-gal depicting the chirneric pattern of cells with either a msgenic ROSA26 
FGFRl(+/-) genetic background (f3-gal' cells a p p  blue with the X-gal histochernic+ 
reaction) or a wild type CD1 genetic background (non-staining white cells). Large. solid 
arrow pointing to the forebrain; open arrow pointing to îhe midbrain; small, solid m w  
pointing to the spinal cord. (B) Neurospheres generated h m  single El45 striatal GZ stem 
cells after 7 days in vitm in the prrsence of 10 nghl  FGF2, and subsequently processed 
for X-gal staining. S p h e ~  colonies with a ROSA26-FGFRl(+/-) genetic background 
expressed fJ-gal and stained blue throughout with the histochernical reaction. The stem œll 
derived neurosphere with a wild type CD1 genetic background did not express bgal and 
did not stain histochemically. Photographs of these two colonies were faken from a single 
culture. (C) Neural colonies generaîed fmm neural stem cells isolateû from the E14.5 GZ 
of ROSA26-FGFR 1 (+/-) diploid chimeric miœ (n=8) and ROSA26-FGFR 1(-1-) diploid 
chimenc mice (n=8) and plated in duplicate at 10 celldpi in the presence of EGF (20 nglrnl) 
or FGF2 (10 ng/ml) with heparin. The 100% control reprrsents the numbem of 
neurospheres generated h m  ROSA26-FGFRl(+/-) diploid chirneric mice (controls). From 
these control mice, neurospheres were &rived h m  stem cells with either a ROSA26 
FGFR 1 (+/-) genetic background [black bars, (+A) beta-gal'] or from stem cells with a wild 
type CD1 genetic backgroud [white bars, ( 1 )  beta-gal-] in either EGF or FGF2 and 
heparin. In ROSA26-FGFR 1 (-1-) diploid chimerias. neurospheres were âerived from stem 
cells with either a ROSA26-FGFRl(-1-) genetic background [striped b, ( 4 )  beta-gal'] or 
from stem cells with a wild type CD 1 genetic background [grey bars. (4) beta-gal]. Scale 
bars: A=10 mm, and B=100 pm. 
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greater numbers of neural stem cells profiferate in response to FGF2 than to EGF; (3) 

newal stem ceIl proliferation is additive in the presence of both mitogens; (4) there is a 

differential frequency of EGF- and FGF-responsive stem cells at lirniting dilutions, 

suggesting that these two stem ce11 populations are separate; and (5) a mutation in the 

FGFRl gene which prevents the expansion of the FGF2-dependent neural stem cells 

during telencephalic development also prevents the emergence of the EGF-responsive 

neural stem cells. Unknown endogenous factors (other than EGF or FGF2) can facilitate 

the proliferation of FGF- and especially EGF-responsive subpopulations to form 

neurospheres, and at higher ceil densities serve to obscure the ciifferences between the 

EGF- and FGF-responsive stem cells. Despite the presence of separate EGF- and FGF- 

responsive stem cells, both types are self-renewing and capable of generating neurons, 

astrocytes and oligodendrocytes. 

A neural stem cell that proliferates in response to FGF2 emerges earliest in 

embryonic forebrain development 

The expression of FGFRl within the Eû.5 neural plate indicates that neuroepithelial 

cells at this early stage of development are competent to proliferate in response to FGF2, 

the primary ligand for this FGFR subtype (Ornitz and Leder, 1992; Johnson and Williams, 

1993). Using the in vitro clonal neurosphere assay for neural stem cells, we showed that 

only FGF-responsive neural stem cells are present as early as E8.5 within the anterior 

neural plate, near the onset of neural development in the pst-gastnilating mouse embryo. 

The substantial attenuation of E8.5 neural stem ceIl proliferation observed in rnice lacking a 

functional FGFR 1 (ROSA26-FGFR 1'") teiraploid chimeras) suggests that the rnitogenic 

signal provided by FGF2 is primarily mediateci by FGFRl. However, FGF2 may also 

signal through other FGFR farnily rnembers to cause a small percentage of the FGFZ- 

dependent neural stem cells to proliferate at this early stage of neural developrnent. For 

example, FGFR2 has been shown to be expresseci in the earl y embryonic GZ (Orr-Urtreger 



et al., 1991). The sphere colonies generated in FGF2 can be subcloned in vitro in the 

presence of EGF or FGF2, suggesting that the FGF-responsive neural stem cells are the 

Iineage precursors to the EGF-responsive neural stem cells. Our evidence from the 

R0S~26-FGFR l"&' mouse diploid chimenc analyses demonstrates that this lineage 

relationship between FGF-responsive and EGF-responsive n e d  stem cells also exists in 

vivo. Since both EGF- and FGF-responsive neurai stem cells that contained the FGFRI'"' 

mutation were significantly diminished from the E14.5 striatal GZ, Our data strongly 

suggest that the ontogeny of the EGF-responsive neural stem cell is not independent of the 

FGF2-responsive neural stem cell, but rather that the FGF2-responsive neural stem œll 

gives rise to the EGF-responsive neural stem cell during forebrain development. It is 

possible that the FGF-responsive stem cell population secretes an unknown factor that is 

necessary to promote the developrnent of an EGF-responsive stem cell population. 

However, this is unlikely since we would expect that in the diploid chirneric rnice, the 

FGF-responsive stem cells with the wildtype CD1 background would be able to provide 

this unknown factor to allow the RosA~CLFGFR 1""' (or ROSA~CLFGFRI'"'' control) cells 

to proliferate in response to EGF at E14.5. The neural stem cell-derived colonies in the 

presen t study also dernonstrate multilineage potential (generating neurons, astrocytes and 

oligodendrocytes), confirming their stem cell status. Therie is a -7-fold increase in the 

number of neurai stem cells (in sirni lar ce1 1 density cultures) isolated between E8.5 (anterior 

neural plate) and E 14.5 (sîriatal GZ) in the present study. The estimated frequency of 

colony-forming stem cells as a Fentage  of the total viable GZ cells cultured in vitro 

increases from 4 . 3 %  at Eû.5 to at least 2% at E14.5. Since only the striatai GZ was used 

to determine stem ce11 frequency at E14.5 and not the cortical GZ (the other major 

derivative of the anterior neural plate), the magnitude of the increase in neural stem œll 

frequency may be underestimated. Nonetheless, these results reveal that the neural stem cell 

population substantially expands through syrnmetricai divisions within the GZ throughout 

the earl y stages of forebrain developrnent. These initial observations provide a basis for 



Figure 3.8 Mode1 of EGF- and FGF2dependent proliferation of neural stem cells during 
telencephalic development. The FGF2-responsive neural stem cells at Eû.5 axe the tineage 
precursors to the EGF-responsive stem cells, and both of the relatively separate EGF- and 
FGF2-responsive subpopulations am present in the E14.5 GZ. Self-renewal capacity and 
multi lineage potential is maintaineci in both subpopulaîions. 
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further examining when and to what extent symrnetrical stem ce11 divisions occur during 

this time period. 

Between E13.5 and E15.5 there is an increase in the EGF responsiveness of neural 

stem cells isolated from the cortical GZ and striatal GZ. An earl y FGF2 responsiveness of 

neural precursors has been observeci in multi poten tial precursors from the El0 

telencephalon (Kilpatrick and Bartlett, 1993) and neural stem cells from the El0 spinal cord 

(Kalyani et al., 1997). Different regions of the developing forebrain are known to have a 

differential pattern of maturation. The= is evidence for caudorostral and ventnxlorsai 

gradients of maturation in the forebrain, with the most rostral (olfactory bulbs) and most 

dorsal (cortex) regions developing Iast (Smart and Smart, 1982). The absence of 

substantial EGF-responsiveness of neural stem cells may reflect the "irnrnanuity" of this 

telencephalic region. The stronger expression of the EGFR in ventrai forebrain regions at 

early stages is consistent with this possibility (Eagleson et al., 1996). One possible 

mechanism for the increûsed responsiveness to EGF may involve the upregulation of 

EGFR expression. In accordance with this interpretation, Burrows et al. (1997) have 

shown that very few stem cells present in the E 12-E 15 rat cortical germinal zone nonnally 

proliferate in response to EGF, which is ontologically sirnilar to the ElO-El3 mouse 

cortical germinal zone. However, when the number of EGFRs is increased in these cells 

using a retroviral constnict then neural stem cell proliferation in response to EGF is 

enhanced at these early ages. This suggests that a critical ratio of ligand:receptor was 

necessaxy to elicit EGF-âependent proliferation of neural stem cells that were present, but 

relatively unresponsive (Burrows et al., 1997). If only a singIe stem cell population exists, 

then an enhanced EGF response in the EGFR-transfected cells could be interpreted as the 

precocious response of a single stem cell to EGF. However, it is equally plausible that if 

separate EGF- and FGF-responsive stem cell populations were present in the GZ, both 

types of stem cells can be transfected with the EGFR constnict, enhancing their 

responsiveness to EGF. Indeed, one novel prediction from the present results is that if both 



EGF- and FGF-responsive stem cells can be transfected with the EGFR constmct, then the 

additive effects on neurosphere formation at ce11 low densities in the presence of EGF and 

FGFS combined would disappear. 

The FGFRl("' mutation is embryonic lethal (between E7.5 and E9.5) and mutant 

mice demonstrate severe axial patterning defects (Deng et al., 1994; Yamaguchi et al., 

1994). Embryos with a less severe phenotype at E8.5 displayed relatively srnall and 

disorganized neural fol& (Yamaguchi et al., 1994). This suggests that although cells of the 

dorsal midline ectoderm aie specified to becorne neural, the FGFRl'&' neural stem cells 

present at this eariy stage of developrnent may be unable to proliferate in response to FGF2 

to expand the population, which rnay be a necessary antecedent to neurogenesis. Our 

present results reveal that FGFRl is critical not only for FGF2-dependent proliferation of 

neural stem cells at E8.5, but also for the expansion of this population throughout forebrain 

development. The EGFR'") lethai phenotype, on the other hand, was dependent on genetic 

background, with the age of death ranging from implantation to postnatal &y 20 (Miethm 

et al., 1995; Si bilia and Wagner, 1995; Threadgill et al., 1995). Epithelial proliferation and 

differentiation were compromised in many tissues. Neural developrnent in early stages of 

embryogenesis was relatively spared, but by El8 there appeared to k reduced cortical size 

in both the cerebrum and cerebellum, with a concomitant GZ expansion (Thdgil l  et al., 

1995). The EGFR'"' mutation appeared to affect multiple rnechanisrns (including ceU 

survival, proliferation, differentiation and migration) regulating neuronal and glial cell types 

(Si bilia et al., 1998). The present results show that the EGF-induced proliferation of neural 

stem cells isolated from the EGFR'"' forebrain GZ is drastically reduced, but that FGF- 

responsiveness of neural stem cells in these mutant mice is not affected. Since early neural 

development is apparently normal in these mutants, these results indicate that EGF- 

responsi veness of neural stem cells is not necessary at early stages, but may subsequentl y 

be required for the production of progenitor cells at later stages of development (as judged 

by the late neural phenotype in the EGFR'"' mice). Furthermore, it will be important to 



detemiine if the progenitor cells produced by forebrain stem cells are dependent upon EGF 

for the proper production of neurons and glia from ol&r embryonic and early postnatal 

periods, when the EGF-dependent neurodegeneration is most prevalent (Sibilia et al.. 

1998). 

Separate EGF- and FGF-responsive neural stem ce11 populations CO-exist at 

later stages of forebrain development 

There are two possible rnechanisms by which FGFS and EGF can influence neural 

stem cell proliferation at different stages of development. The first is that the neural stem 

ce11 possesses only FGFRl signaling at E8.5, but by E14.5-15.5 has developed both 

EGFR and FGFRl signaling capacity, either of which alone may be sufficient to activate 

the neural stem cell. It is conceivable that the differences in EGF- and FGFZdependent 

proliferation may actually reflect the ability of these mitogens to regulate later progenitor 

ceIl proliferation within a stem ce11 lineage (sphere colony), rather than differentially 

influencing two separate stem ceIl populations to divide. These differences, however. 

would still support the notion that neural stem cell lineages can be differentially regulated 

by EGF and FGF2. The second possibility is that the FGF-responsive neural stem ce11 ai 

E8.5 is the precursor in a lineage to the EGF-responsive stem cell, but that both of the 

separate EGF- and FGF2-responsive neural stem cells are present in the E14.5-15.5 GZ 

(Figure 3.8). Indeed, this hypothesis is strongly supported by our analysis of the 

ROSA26-FGFR 1""' diploid chimeras. Although EGFR and FGFR expression appears to 

be ubiquitous among neural stem cells and their progeny in primary sphere colonies, the 

variation in receptor expression within individual cells provides at lest some initial 

correlative evidence to suggest that cells which express mostly EGFR or mostly FGFR are 

maintained as differentially responsive cells, and perhaps some of which may be stem cells 

with the capacity to self-renew. It is clear from the present results that neural stem œll 

proliferation in EGF or FGF2 is concentrationdepen&nt, and others have shown that stem 



ce11 proliferaiion in the presence of EGF also depends on the levels of EGFR (Burrows et 

al., 1997). The fact thaî high levels of EGFR a required for sorne neural stem cells to 

divide (Burrows et al., 1997) offers the possibility that cells expressing high levels of one 

receptor proliferate in the presence of ligand in a concentration-dependent manner. but that 

low levels of the other riecepor ren&r the cells unresponsivc regardes of ligand 

concentration. 

Previous reported estimates of the frequency of FGF2-responsive rnultipotential 

precursor cells in the embryonic forebrain ranged from approximately 4% (at E10) to 5% 

(at E17) (Kilpatrick and Bartlett, 1995). On the other hand, the frequency of El2 and El4 

cortical GZ cells isolated in conditioned media with the characteristics of stem cells was 

approximately 7% @avis and Temple, 1994). Lirniting dilution analyses revealed that the 

minimal frequency of neural stem cells in the E14.5 GZ is 0.6% in the presence of EGF, 

i .3% in the presence of FGF2 and 2% in the combination of EGF and FGF2, and indicates 

that stem cells are differentially recruited on the bais of what p w t h  factor is present. The 

higher frequencies reported by others may have included progenitor cells as well as true 

stem cells. Alternatively, Our estirnateci frequencies of stem cells using limiting dilution may 

be low because of the present finding thaî cell nonautonomous effects of ceIl density. that 

are not due to the endogenous release of EGF or FGF2, more than proportionally increase 

the number of stem cells. Thus, ceil-plating density is a critical variable when derermining 

maximal stem cell frequency. Nonetheless, dl of these estimates reveal that the stem œll 

pool makes up only a smail percentage of the total GZ precursor population. The present 

data suggest a large increase in the absolute number of forebrain stem cells between E8.5 

and E14.5-15.5, but recent estirnates of the numbers of stem cells in the adult forebtain 

subependyma (Morshead et al., 1998) suggest that the stem ceIl population may not 

substantial ly increase from later embryogenesis to adulthaxi. 



Neural stem ceIl proliferation is diffenotially sensitive to EGF, FGF2 and 

separate ce11 nonautonomous effects 

Neural stem cell proliferation aiso may be secondady modulated via cell£ell 

communication in response to a primary mitogenic signal. The present results reveal that 

growth factor concentration mgdates the proliferation of neural stem cells in a a l 1  density- 

dependent manner. The secretion of diffusable factors by responsive cells may subserve 

such ceIl nonautonomous effects. Furthemore, the concentration of the factor($) will be 

greater when many secreting celis are in close proximity than when only a few dispersed 

cells are present. Therefore, the density of cells plated in a volume of media is critical for 

enabli ng endogenous secreted factor(s) to influence neural stem cell proli feration in Our 

serum-free conditions. Others (Hulspas et al., 1997) have demonstrated that the 

proliferation of neural stem cells is density-&pendent even at celi dcnsities ranging from 

50-200 cellslfl. Furthemore, Hulspas et al. (1997) showed that by rnixing cells of a 

ROSA26 genetic background with cells of a BalWc genetic background that virtually al1 of 

their stem cell colonies at such high cell densities were clonal (Le. did not contain a mixture 

of cells with both genotypes). This was also txue in our results with ROSA26-FGFRl'-'-' 

and ROSA26-FGFR 1'"' diploid chimeras. When striaial GZ tissue. containing a mixture of 

ROSA and CD1 cells, was dissociated and cultured at low œll density in vitro, the neurai 

colonies that were generated were either composed of entirel y f3-gai+ (blue) cells or entirel y 

CD 1 (white) cells and no mixed clones were observed. 

In the present study, we demonstrated that there is a facilitative effect of increased 

density on the proliferation of both FGF- and EGF-responsive neural stem cell 

subpopulations, but which may have a greater influence EGF-responsive stem œil 

proliferation. We have also showri that neural stem cell proliferation (at both high and low 

ceIl densities and in the presence of optimal concentrations of exogenous EGF or FGF2) is 

independent of the endogenous secretion of FGF2 or EGF by neural precursors in 

response to the primary exogenous niitogenic signal. Therefore, the nature of the observed 



ce1 l nonautonomous effects remains to be detennined. Prolifetation of neuroepithelial cells 

has been shown to depend on ttii production of IGF- 1, acting itself as a survival factor 

(Drago et al., 199 1). Cellular interactions mediated by secnted factors also may regulate 

receptor levels. For example, KGF (FGW) is a potent induc~r of TGFa in keratinocytes 

and causes activation and down modulation of the EGFR (Dlugosz et al., 1994), 

influencing keratinocyte responsiveness indiractly by activaîing an EGFR-mediaieci signal 

for proliferation. Thus, mitogenic signals from other rnembers of the FGF growth factor 

farnily or the upregulation of survivai factors, such as IGF-1, rnay mediate the ceU 

nonautonomous effects, which potentiate the FGF- and EGF-msponsive n e d  stem ce1 

proliferation. The source of these factors also remains undetermineci. Even at high cell 

densities, pure populations of oligodendrocyte precursors do not divide in the absence of 

exogenous growth factors, suggesting that mitogenic signals for these precursors originate 

from ce11 types other than the precursors themselves (Barres et ai., 1992). In the present in 

vitro assay, primary cultured neural stem cells are part of a heterogeneous population of GZ 

cells including postmitotic progeni tors. Therefore, it will be of interest to detennine if the 

ce11 densi ty-dependen t proli feration is mediated by stem ce11 interactions exclusive1 y, by 

progenitor/postmitotic cells, or by a mixture of al1 of these ceIl types. 

The different neural stem cells maintain multipotentiality irrespective o f  

growth factor conditions 

The independent EGF- and FGF-responsive neural stem celis isolated here both 

dernonstrate multilineage potential. Consistent with previous results on expanding El0 

cortical precursors (Qian et al., 1997), the proportion of 04' oligodendroglial progeny 

increases, with both incrieasing FGF2 and EGF concentrations in the present study. 

However, two of the pmsent results arir notably different from these pmvious findings. 

First, the proportion of GFAP' astrocytes was similar in al1 growth factor conditions 

assayed (Table 3.1). Qian et al. (1997) reported that the glial cells generated in cortical stem 



ce11 clones were predominanily of the oligodendrocyte lineage (98%), and that only in the 

presence of astrocyte-rneningeal cell-conditioned media (plus FGF2) would the perwntage 

of glialcontaining clones that contain astrocytes increase substantiall y. The present results 

demonstrate that neural stem cells isolaîed h m  the seiatal GZ generate al1 ihree major 

neural cell types. One possible explanation for these differences is that there an temporal 

(El0 vs. E14.5) and spatial (cortical GZ vs. striaial GZ) restrictions on the competence of 

stem cells to generate neurons and glia in response to growth factor concentration. Second, 

the proportion of MAP2' neurons decreased with demasing concentration of ôoth FGF2 

and EGF (Table 3.1). This result stands in contrast to the previous finding that the 

percentage of Ptubulin iIï+ neurons present in corticai stem cell clones increased to >90% in 

low concentrations of FGF2 (Qian a al., 1997). Low FGF2 concentrations may delay 

neuronal differentiation of progenitors rather than act on the stem cells directly. Thus, the 

increase in Ptubulin JII' cells (Qian et al.. 1997) may represent a selective increase in the 

proportion of immature neurons which then results in a comsponding decrtase in the 

proportion of more differentiated (MAP2+) neurons flable 3.1). It is possible that the 

instructive capacity of EGF and FGF2 may only be ~vealed when a very small number of 

cells (i.e. smdl number of cellicione) are present in a well. as was the case in the study 

reported by Qian et al. (1997). Perhaps the same cell nonautonomous effects that facilitate 

neural stem cell proliferation from a primary culture are also pnsent within sphere colonies 

(i .e. a relatively grieater number of cells/clone) to ensure the multipotentiality of the stem 

ce11 by maintaining relatively sirnilar proportions of various differentiated progeny. even 

under various growth factor conditions. The presence of EGFR and FGFRl on dl neural 

stem cell-derived cells within colonies inclicates that the &gme to which neuronal and glial 

fate may be altered also depends on the ability of EGF or FGF2 to act in a inductive manner 

on the progeny of neural stem cells (rather than on the stem cells themselves) to promote 

progenitor ce11 survival, differentiation or proli feration. Although i t nmains fomall y 

possible that EGF and FGF2 can differentially instruct stem cells to generate nemns and 



glia (Johe et ai., 19%)- the cells isolated by Qan et ai. (1997) rnay be a later precursor in 

the stem ce11 lineage, that may or may not be multipotential, compared to the stem ce11 

isolated in the neural stem cell colony forming assay which is multipotential and self- 

renewing. Indeed, we would suggest that the tme neural stem cells (EGF- or FGF- 

responsi ve) al way s retain their undi fferentiated multipotential state throughout life and that 

inductive environmentai signals influence the differentiation of the progeny of the stem cells 

(although not the stem cells themselves). For example, BDNF (Ahmed et al., 1995) and 

IGF- 1 (Arsenijevic and Weiss, 1998) have been shown to enhance the différentiation of 

neurons from EGF-derived sphere colonies, while bone morphogenetic proteins (BMPs) 

(Gross et al., f 996) promote astrocyte differentiation from EGF-deriveci neurospheres. 

The presence of different classes of stem cells during development raises the 

p s i  bi lity that the early specification of forebrain compartments may be pady due to the 

establishment of different stem ceIl populations. Although in the preserrt study both EGF- 

and FGF-responsive stem cells main their multilineage potential in defined serum-free 

conditions, it is possible that there are unique intnnsic components in each of the separate 

stem cell lineages. The interaction between such distinct intracellular components and 

selective exogenous factors (e.g. BDNF, IGF-1, BMPs) may act to reguiate the production 

of specific types or numbers of neuronal and glial progeny in a temporally- and spatially- 

dependent manner. 



Neural Stem Cell Regionalization 

This chapter will be submitted for publication: 

Tropepe, V., Hitoshi, S., Ekker, M., van der Kooy. D. (2000). Neural stem ceIl Iineages are 

regionally specified in the develooping brain, but this regionalization is not irreversible and 

can be altered by local induction. 



Summary 

Regionai patteming in the developing rnarnrnalian brain is partially mgulated by 

restricted gene expression patterns within the germinal zone, which is composed of stem 

cells and their progenitor ceIl progeny. Using an in vitro colony-forming stem cell assay, 

we demonstrate chat under Qefined conditions, the behavioral properties of neural stem cells 

isolated from the embryonic neocortex, basal ganglia and rnidbrain primordia are 

conserved, but that these stem cells express molecular markers of regional identity, 

independent of their in vivo environment. We tested whether isolated stem ceIl colonies 

were committed to their identity of origin by utilizing mice harboring a zebraf~sh 

dlr4/dMZacZ-transgene, whic h is speci ficall y expressed in the subventricular zone and 

mande region of the E14.5 ventrai forebrain. We show that although none of the isolated 

stem ceIl colonies expressed this specific regional marker (transgene), cues exclusively 

from the ventrai forebrain in a co-culture paradigm could induce transgene expression in 

neural stem ce11 colonies derived from both the dorsal and ventral forebrain as well as from 

the midbrain. Thus, neural stem cells and their progeny are regionally specified in the 

developing brain, but this regional identity can be altered by local inductive cues. 

Introduction 

The vertebrate brain is parceleci into specialized regions during development. A 

prevailing mode1 proposes that regional identity is established through the formation of 

transien t segment-li ke structures. These structures a~ called prosorneres in the forebrain, 

mesomere for the midbrain and rhombmeres in the hindbrain and are defined by 

morphoIogical, hodological and gene expression criteria (Rubenstein et al., 1994; Lurnsden 

and Knimlauf, 19%). In mammals, the cerebral cortex and striatum (composed of the 

lateral and mediai ganglionic eminences) comprise the main dorsal and ventral anatomical 



derivatives, respectively, of the second most anterior prosomeric segment within the 

forebrain (Puel les, 1 995). Earl y expression of regdatory genes pref gures compartmental 

histogenesis in these specialized regions. For instance, members of the Emr family of 

homeobox genes, such as Emr-1 and Emr-2, are expressed within the cortical primordium 

(Simeone et al., 1992), while members of the DLr farnily of homeobox genes, such as D M  

and Dlx-2, are expressed within the shiatal primordium (Bulfone et al., 1993). In these 

regions, gene expression is codateci with precursor cells within the genninal zone, which 

is composed of stem cells and their progenitor ceIl descendents. Thus, non-overlapping 

patterns of gene expression along the dorsovenual axis may enable proliferating precursor 

cells within the germinal zone of these compartments to be speci fied to a restricted cortical 

or striatal ceIl fate. Indeed, them is evidence for clonal restriction of some (Fishell et al., 

19931, but not al1 (Anderson et al., 1997a) progenitor ce11 migration within these dorsal and 

ventral forebrain tenitories, and this pattern of lineage restriction is also observeci between 

rhombomeres in the developing hindbrain (Fraser et al., 1990). 

Regional patterning is regulated by inductive signals frorn adjacent tissues, such as 

the prechordal plate and notochord (Lumsden and Krumlauf, 1996). Neural stem cells, 

which are considerd the Iineage precursors to al1 neuronal and glial cells in the rnamrnalian 

nervous system (Weiss et al., 1996; Gage, 2000), are mitotically active at the onset of 

forebrain neurogenesis and are present in the neural plate prior to the overt segregation of 

dorsal and ventral forebrain comparbnents (Tropepe et al., 1999; Martens et al., 2000). 

Hence, neural stem cells together with their progeny are poised to receive inductive signals 

that establish a regional identity in vivo. It is not known, however, whether neural stem 

cells possess intrinsic regional identity, which, for example, can be maintaineci in the 

absence of their in vivo environment, or whether neural stem cells in the developing brain 

general ly lack positional information. The latter possibility may indicate that the aquisi tion 

of regional specification in the mammalian brain occurs primaily at the level of the 

progenitor cells in a lineage-independent manner. In the pmsent study, we investigated 



whether mouse neural stem cells isolated from different germinal zone regions dong the 

dorsoventral and an teroposterior axes of the brain âisplayed region-spi fic c haracteristics. 

Materials and Methods 

Isolation of forebrain and midbrain neural stem cells 

Timed-pregnant CD1 rnice (Charles River) or timed-pregnant #&4fiIucZ 

transgenic mice on a CD1 genetic background (Zerucha et al., 2000) at the specitied 

gestational ages werie killed via cervical dislocation. The uteri were aseptically removed and 

transferred to petri dishes containing sterile ca2+- and Mg+-free Dulbecco's phosphate- 

buffered saline (PBS; GIBCO) with 30% glucose (Sigma) and 2% penicillin/streptomycin 

(5000 W; GIBCO). Each embryo from the uterine sac was dissected and transferred to a 

new sterile petri dish containing fresh PBS in order to rinse away excess blood. Under a 

dissecting microscope (Zeiss) and using sterile, fine forceps the amniotic sac was gently 

rernoved and the embryos were again transferred to a new petri dish containing fresh PBS. 

Head primordia were excised and transferred into fresh PBS with a wide-bore, firie- 

polished Pasteur pipette. E 14.5 or Ei 8.5 brains were removed after the removal of the 

epi demi s and calvarium using iris sci ssors . Brai ns deri ved from JaLr4/6lacZ transgenic 

mice were bisected and one hemisphere was processed for $-galactosidase histochemistry 

(see below). Tissue from the dorsai cortex, the ventral striatum, and the dorsal and ventral 

portions of the midbrain of the opposite hemisphere was dissected. For cortical and 

midbrain dissections, the rneninges were also removed pnor to cul turing. The 

neuroepithelium was washed in PBS to remove lwsely adherent cells. Unless specified, 

the ventral forebrain dissected tissue incl uàeà both ventricular and subventricular zones. 

Tissues dissected h m  these regions were transferred to serum-free media (see below) and 

mechanicaily dissociated into a ceIl suspension wi th a small-bore, fire-polished Pasteur 



pipette. CeIl viability was assessed using trypan blue exclusion (0.4%; GIBCO) and 

typically ranged from 8û% to 85%. 

Cell culture 

Cortical, süiatal and midbrain cells were cultured in a newal stem œll  colony- 

forming assay (Reynolds et al., 1992). Cells were plated at 10 celldpi in 24-well (0.5 

rnVwell) uncoated plates (Nunclon) in serum-free media composeci of a 1:l mixture of 

Dulbecco's modifiai Eagle's medium (DMEJM-, GIBCO) and F-12 nutrient (GIBCO) 

including 0.6% glucose (Sigma), 2 rnM glutamine (GIBCO), 3 mM sodium bicarbonate 

(Sigma), and 5 rnM HEPES buffer (Sigma). A defined hormone and salt mixture (Sigma) 

that included insulin (25 @ml), transfemn (100 @ml), progesterone (20 nM), putrescine 

(60 pM), and selenium chloride (30 nM) was used instead of serum. Cells were plated in 

serum-free media containing 10 ng/d FGF-2 (human recombinant; Sigma) and 2 CI&/ml 

heparin (Upstate Biotech), or 20 nglml EGF (mouse subrnaxillary; Upstate Biotech). In 

order to assess self-renewal, primary sphere colonies (selecting mainly floating colonies 

after 7 days in vitro) were subcloned by mechanically dissociating a single sphere colony in 

0.2 ml of serum-free media, in identicai growth factor conditions as the primary culture, 

and plated in uncoated %-well (0.2 dwell)  plates (Nunclon). Stem ce11 self-renewal was 

assessed by identifying new sphere colonies after a further 6-7 days in vitro. 

Immunocytochemistry 

Seven days after primary culture, single sphere colonies were transferred to 

individual wells of a 24-well culture plate (Nunclon) (0.5 mUwell) previously coated with 

MATRIGEL basement membrane maaix (15.1 mg/d stock solution diluted 1:25 in serum- 

Free media; Becton-Dickinson). The media contained 1% fetal bovine serum (Gibco) and 

was not changed for the rest of the culture period. Wells were pmessed 7 days later using 

immunocytochemisuy, at which tirne cells within the sphere colonies spread consiâerably 



throughout the MATRIGEL substrate. Colony cells were fixed in 4% paraformaI&hy& (in 

PBS, pH 7.2) for 20 minutes at room tempemure followeû by 3 (5 minutes each) washes 

in PBS (pH 7.2). Cells wem then permeabilized for 5 minutes in PBS containing 0.3% 

Triton-X, rinsed for 5 min (2x) in PBS and blocked for 1 hour in PBS containing 10% 

normal goat semm (NGS). After blocking, cells were incubated in anti-MAP-2 mouse 

monoclonal (IgG) ( 1 : 1000; Boehringer Mannheim) and anti-GFAP rabbit p l  yclonal (IgG) 

(1:400; Chemicon) antibodies diluted in PBS containing 10% NGS ovemight at 4°C. Cells 

were then rinsed in PBS three times (5 minutes each) and subsequently incubated in FlTC 

goat anti-rabbit (1 : 2 0 ;  Jackson ImmunoResearch) and TRlTC goat anti-mouse (1 :20;  

Jackson ImmunoResearch) secondary antibodies at 37°C for 30 min. Cells were rinsed 

tiiree times (5 minutes each) in PBS. Separately cultured sphere colonies (hm sirnilar 

pnmary culture conditions) were used for oligodendroc ye i mmunoc ytochemistry in otder to 

confirm previous findings that sphere colonies generated from neocortical and GE neural 

stem cells containeci neurons, astmcytes and oligodendrocytes and were therefore 

multipotential (Tropepe et al., 1999) and to determine the multipotentiality of midbrain 

derived stem cells under similar conditions. Cells were incubated in anti-04 mouse 

monoclonal ('lm antibody (1:4û; Boehringer Mannheim) in PBS containing 10% NGS at 

4°C ovemight. The next day, wells were rinsed three tirnes (5 minutes each) and 

subsequen tl y incubated in FlTC goat anti-mouse-IgM (1 : 2 0 ;  Jackson ImrnunoResearch) 

secondary ant ibdy in PBS containing 10% NGS at 370C for 30 minutes. Cultures were 

counter Iabeled with the nuclear stain Hoechst 33258 (0.015 mg/ml stock solution diluted 

to 0.001 mg/ml; Boehringer-Mannheim) for 5 min at room temperature. After rinsing three 

times (5 minutes each), Fluor-mount was added to each well. Fluorescence was visualized 

usi ng a Ni kon Microphot microscope. Secondary anti body-on1 y controls were processed 

simul taneousl y using the identical protocol except di lution solutions were &void of 

primary antibodies. Al1 secondâry antibody controls were negative. Numbers of cells were 



quantified by counting 3-4 random standardized areas (using an ocular grid) at 20X 

objective magnification in each culture. 

RT-PCR 

Totai RNA was isolated using the RNeasy extraction kit (Qiagen) and 1 pg of total 

RNA was used to synthesize cDNA with oligo-d(T),,,, prirners and MuMLV reverse 

transcriptase (Superscript II; Boehringer-Mannheim) at 50°C for 1 hour. The PCR reaction 

mixture (20 pl) consisted of 1 pi cDNA, 16 pmol 5' primer. 16 pmol 3' primer, 0.2 mM 

dNTP, 2 pi PCR reaction buffer and 0.8 U of Taq polymerase (Promega). cDNA was 

ampli fied in a thermal cycler (Perkin-Elrner). For dl primer pairs denaturation for 30 sec at 

94°C' annealing for 30 sec and extension at 72°C was used. The sense and antisense 

pnmers, ~ g '  concentration. annealing temperature, extension time and number of K R  

cycIes were used for the following genes. E m l :  sense 5'- 

CGAGAAGAACCACTACGTGG-3*, antisense 5'-AGGTGACATCGATGTCCCC-3'' 

1.5 mM Mg", 56°C' 40 sec, 40 cycles. Oorl: sense ST-TCACAGCTGGACGTGCT'CGA- 

3', antisense 5'-GCGGCGGmC?TGAACCAAA-3'. 1.65 rnM Mg", 58°C. 40 sec. 35 

cyc f es. DLr2: sense 5'-ACACCGCCGCGTACACCTCCTA-3 ' , antisense 5' - 

C T C G C C ~ C C A C A T C ' I T C I T - 3 ' ,  1.2 m M  ~ g " ,  56T, 40 sec, 40 cycles. fil: 

sense 5 ' -GACAGTGGCGGTGGTAGTG-3'. an tisense 5'- 

GAGGAGCCTGGAGGTGGC-3', 1.2 mM Mg2+. 56T, 40 sec. 40 cycles. As a contml, 

cDNA amplification of the GAPDH gene (glyceraldehyde-3-phosphate ckhydrogenase) 

was simultaneously run in each PCR experiment. Primers for GAPDH: sense 5'- 

ACCACAGTCCATGCCATCAC-3'. antisense 5'-TCCACCACCCTGTïGCîGTA-3' and 

PCR reaction conditions were similar to conditions used for Ernxl amplification (see 

above). Arnplified products were electmphoresed in 2% agarose gel containing ethidium 

bromide (25 &ml) and bands were visualized with UV light (DuaiLite Transilluminator. 

Fisher Biotech). 



Co-cultures 

CD 1 embryos at 14.5 days of gestation were isolated and their brains dissected in 

PBS as descxibed above. In order to use intaft saiaral tissue as a subsirate for sphere 

colony co-cultures, E14.5 brains were placed (mstral end facing up) in a 35 mm petri dish 

and covered with a 1% solution of low rnelting point agarose (Sigma) at -37°C and then 

irnrnediatel y placed at 4°C to harden the agarose solution. Brains were then sectioned on a 

vibratome in ice cold 0.9% saline. Approxirnately two to th= 400 pm thick coronal 

sections were cut from each brain. Sections used in the analysis included cortex, striatum. 

septum and preoptic areas rostraliy (surrounding the laterai ventricles) and mterior 

thalamus caudal1 y (surrounding third ventricle). Sections that were more rostral (including 

only cortex and septum and no or very linle stnatal tissue) were either excIuded or used as a 

controt for the absence of striatum. Individual sections were placed flat on a TranswellCol 

ftlter insert (Coming) measuring 24 mm in diameter (3.0 pm pore size) in 6-well platcs and 

incubated in 1 ml of serum-free media (as above) for 1 hour. A sirnilar pcocedw was used 

for cortical (dorsal cortex) tissue substrates and rnidbrain (presumptive tectum) tissue 

substrates except that the slices were horimntaily cut and placed ventricular zone side up on 

the filters. Two to three individual sphere colonies (deriveci from E14.5 transgenic cortical. 

sviatal or midbrain tissue) were placed on the slice tissue (in the region of the stxiatum for 

coronal slices) with a pipette under an inverted microscope at 4X objective mapification. 

Co-cultures were incubated at 37°C and 5% CO, undisturbed for a maximum of 5 days. 

Although ceIl death was minimized with this protocol, it remained endent aftR 5 days 

(necrotic tissue was often light brown in appearance) but was easily distinguished from 

positive $-gai staining. Co-cultwes were then processeci for &gai expression 

histochemicat ly (see below). 



fLGalactosidase histochemistry 

X-gal staining was used to &tect the expression of the Lac2 transgene in single 

hemispheres of rfdLr4/6lacZ transgenic brains, primary tfdlr4/6lacZ sphere colonies 

generated from cortical, striatal or miciblain tissues, primary monolayer cultures fmm these 

same tissues, or 5&y CO-culturies of E14.5 CD1 forebrain and rnidbrain tissue and 

afdlx4/6lacZ primary sphere colonies (as above). Tissues were rinsed in LOO rnM sodium 

phosphate buffer (pH 7.4). and then fixed in 0.2% gluteial&hy&, 2 mM MgCI,, 5 rnM 

EGTA and 100 mM sodium phosphate (pH 7.3) at room temperature for 5 min. (sphere 

colonies, monolayer cultures) or 15 min. (hemispheres, and co-cultures). Tissue samples 

were then washed (3x) in wash buffer containing 0.02% NP-40, 0.0 1% deoxycholate, 2 

mM MgCl? and 100 rnM sodium phosphate (pH 7.3) for 5-15 min. each. Tissues were 

stained in 1 mg/d X-gal, 5 mM K,Fe(CN),, 5 mM K,Fe(CN),, 0.02% NP-40, 0.0 1 % 

deoxycholate, 2 mM MgCl, and 1 0  mM sodium phosphate buffer (pH 7.3) at 37°C 

ovemight. Tissues were then rinsed with wash buffer and stored at 4°C. For cryosections, 

brain hemispheres were postfixed ovemight in 4% parafonnaldehyde at 4"C, subsequently 

cryoprotected with 20% sucrose, cryosectioned at 14 p. 

Results 

Between neural compartments: Neural stem cells isolated from forebrain 

and midbrain primordia demonstrate comparable behavioral characteristics 

Although the neumtransmitter phenotypes of neurons and general cytoanzhitectu11: 

of the cortex, striahim and midbrain a ~ e  quite distinct, neural stem cells within these 

developing regions do not appear to be restricteù in their capacity to generatte 

neurotransrnitter-specific neurons. For example, isolated embryonic striatal stem ceIl 

co!onies (or d u i t  striatal stem ceIl colonies) in vitro can generate dopaminergic neurons, 

which are not norrnally found in the matwe striatum (Daad and Weiss, 1999). Thus, the 



differentiation of specific types of neurons appears to be rnediated prirnarily by local 

extrinsic factors and is not an intrinsic pmperty of stem cells in different regions. We 

reasoned that although neural stem ce11 progeny in vivo can be influenced to differentiate in 

a region specific manner, neural stem cells thernselves may, in fact, display similar 

behavioral characteristics when isolated in identicai conditions independent of their local 

environment. Neural stem ceIl behavior can be operationally defined (and empirically 

tested) as the ability to proliferate and produce progenitor cells, self-renewal capacity and 

neural multilineage potential. We cornpared the behavior of cortical, striahun and midbrain 

derived neural stem cells isolated fmrn mouse germinal zone dissections at E l 4 5  We have 

previously shown that at this stage of development, co-existing populations of FGF- 

responsive and EGF-responsive neural stem cells divide to produce clona1 colonies of 

undifferentiated cells (Tropepe et al., 1999). The rnajority of these progeny will 

differentiate into the three main types of nerve cells (nemns, astmcytes and 

oligodendrocytes) w hi le a small proportion of stem ceIl descendents maintain the ability to 

generate new clonal colonies. Thus, the original colony-forming ce11 is considered to have 

self-renewal and muItilineage potential (Potten and Loeffler, 1990; Weiss et al., 1996; 

Momson et al., 1997) in response to these growth factors. Both EGF-responsive and 

FGF-responsive neural colonies were generated h m  cortical, stnatal and midbrain cultures 

(Fig. 4.1 A). Consistent with previous findings (Tmpepe et al., 1999) there was a grieater 

number of FGF-responsive stem cells compared to EGF-responsive stem cells fmm 

cortical and striaiai germinal zone tissues. Furthemore, this growth factor-dependent bias 

in colony formation was similarly observed from midbrain derived neural stem cells (Fig. 

4.1A) suggesting ttiat distinct EGF- and FGF-responsive neural stem cell populations are 

distributed not only dong dorsoventral compartments of the forebrain, but also along the 

anteroposterior axis between the forebrain and midbittin. 



Figure 4.1. Neural stem cells isolated h m  different regions of the E14.5 mouse brain 
display comparable behavioral c haracteristics in vitro. (A) EGF-responsi ve and FGF- 
responsive neural stem cells isolated from the cortical. striatal and rnidbrain geminai zones 
(VZ+SVZ) and culnired in sem-free media clonally proliferated to form sphere colonies 
after 7 days of culture. Data represent 2-6 separate experiments and the means wem &rivd 
from a total of n=12 embryos per group. (B) To assess the self-renewal capacïty of the 
original colony-forming neural stem cell, single primary cortical (n=7 EGF, n=9 FGFZ), 
striatal (n= 1 1 EGF, n= 12 FGF2) and rnidbrain (n= 12 EGF, n=12 FGF2) neural stem ce11 
colonies were manually dissociateû and recultured in identical growth factor conditions 
and the numbers of secondary colonies from each single prirnary colony was quantifid 
after 7 days in culture. Daîa are representative of at least 2 separate experiments for the 
region-specific sphere colonies sarnpled (C) Irnrnunolabeling for neurons (anti-MAP2+), 
astrwytes (anti-GFAP*) and oligodendrocytes (anti-04') derived from single neural stem 
ce11 colonies cultured for 7 days in serum-free rnedia and subsequently allowed to 
differentiate for a further 7 days on an artifical extracellular rnatnx substrate in rnedia 
containing 1% FBS. Ctx, cortex; STR, striatum; MB, midbrain. Scale bar: 20 pm. 
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Single FGF-generated and EGF-generated primary colonies From al1 thme regions 

were capable of producing new secondary colonies after 7 àays un&r sirnilar growth factor 

conditions (Fig. 4.lB). The number of new secondary colonies generated from the 

subcloning of a single primary colony can be considered an estirnate of the extent to which 

the initial primary colony-fotming stem ce11 un&xwent symmetric (expansionary ) di visions 

(Reynolds and Weiss, f 996). EGF-responsive stem cells from al1 three germinal regions 

demonstrate a greater capaçity for symrneüic division than FGF-responsive stem cells 

isolated from the same germinal region (Fig. 4.1B). 

To assess neural stem cell multipotentiality, single FGF-responsive colonies were 

cultured for 7 days under conditions known to promote neuronal and glial differentiation of 

stem ceIl progeny. Cultures were pmcessed for immunocytochemistry to detect the pan- 

neuronal protein M . ,  the astrocyte-spi fic intermediate filament protein GFAP, and the 

oligodendrocyte-specific sulfatide antigen 04. Colony-forming stem cells &rived fmm 

cortex, striatum and midbrain demonstrated neural rnultilineage potential (Fig. 4.K).  

Overall, the proportion of neuronal and glial cells that differentiated un&r these conditions 

was comparable among the region-specific stem ceil colonies. However, the percentage of 

MAP2' neurons observed from the midbrain stem cell colonies (6.4%) was significantiy 

less than the percentage of MAP2' neurons derived from neocorticai stem ceI l  colonies 

(15.4%) (t = 4.35, p4.05). A similar, but not statistically significant, difference was also 

observed for the percentage of MAP2+ neurons diffexentiating from midbrain (6.4%) and 

stnatal stem ce11 colonies (14.9%). Thus, these data suggest that under our in vitro 

differentiation conditions midbrain stem cells may have a relatively attenuated intrinsic 

ability to generate neurons cornpanxi to forebrain stem cells. However, differentiation of 

stem ce1 l progeny is sensitive to substrate and growth factor composition in vitro (Ahmed et 

al., 1995; Qian et al., 1997; Tropepe et al., 1999). Thus, a more likely explanation may be 

that forebrain and midbrain stem ce11 progeny are differentially responsive to enviconmental 



conditions. Although implied, whether this bias is in the progeny is sûictly inherited from 

their stem ceIl precursors remains to be formall y demonstrated. 

Taken together, these data indicate that the behavior of EGF- and FGF-responsive 

neural stem cells is generally c o n s e d  between dorsal forebrain (cortex), ventral forebrain 

(striatum) and midbrain neural compartments. However, behavioral resemblance alone 

does not reveal whether these stem a l 1  populations have unique positional identity that is 

established during the course of neural patteming. It is possible that the regulation of stem 

ceIl behavior (as defined above) may be independent of a stem cell's position in the 

developing brain. Indeed, positional infornation may partly regulate the types of progeny 

generated by n e d  stem cells in different brain regions in vivo (or under defined 

conditions in vitro), even though neural stem ceIl behavior is generally conserved between 

neural compartments. 

Within neural compartments: EGF- and FGF-responsive stem cell 

populations are difïerentially distributed in the ventral forebrain germinal 

zone 

Given that neural stem cells are spatially distributed between germinal 

compartments in the brain, we exploreci whether EGF- and FGF-responsive stem cells 

were similarly distributed arnong two distinct proliferative zones (ventricular zone - VZ, 

and su bven tricular zone - SVZ) wi thin a single neural compartrnent. Our previous 

observations (Tropepe et al., 1999; Martens et al., 2000) suggested that the emergence of 

an EGF-sensitive stem ceil population between El 1.5 and E13.5, from an earlier 

established FGF-sensitive stem cell population in the VZ, within the striatum comlated 

with the development of SVZ. Thus, to determine whether EGF-responsive stem cells were 

preferentially localized to the SVZ, we used coronal slices of the E14.5 forebrain (-500 p 

m) to facilitate dissection of the VZ from the SVZ within the sûiatal germinal zone (lateral 

and medial ganglionic eminences were both included) (Fig. 4.2A). Although the separation 



Figure 4.2. EGF-~sponsive and FGF-responsive neurai stem œlls are differientiall y 
spatially disuibuteci in the ventral forebrain germinal zone. (A) Schematic representation of 
the microdissection procedure. Coronal sections ( - 5 0  pm thick) werr obtained from 
E14.5 brains and the VZ (including some SVZ tissue) was dissected away f m  the 
majori ty of  the SV2 (including sorne rnantle zone tissue as well) in the ventral forebrain and 
cells were cultured in either EGF or FGF2 at relatively low ce11 densities. Figure adapted 
from Altman, J and Bayer, S.A. (1995). Atlas of  pmatal rat brain development. CRC 
Press. Boca Raton. (B) Primary colonies generaîed after 7 &ys of culture in s e m - f r e e  
media from EGF-responsive and FGF-responsive neural stem œlls localized to the VZ or 
SV2 of the ventral forebrain. The data represent 3 separate experirnents with n=12 embryos 
sampled. STR, striatum. 



EGF 



of these two proliferative zones within the germinal zone is not complete, great care was 

taken duting the dissection to conml for the depth of the VZ and the contours of the 

striatum. The cell suspensions of the VZ and SV2 tissues were plated at the same densities. 

The numbers of E14.5 FGF-generated colonies was greater than the numbers of EGF- 

generated colonies both in isolated VZ tissue (t = 13.9. pd.05) and SVZ tissue (t = 2.7, 

p<0.05) (Fig. 4.2B). However, there were more than twice as many FGF-generated 

colonies from the isolated VZ tissue compared to the SV2 tissue (t = 27.8, p<0.05), 

whereas, similar numbers of EGF-generated colonies were observeci from both the VZ and 

SV2 tissues (t = 0.1, p>O.OS) (Fig. 4.2B). This differential distribution of FGF- and EGF- 

responsive stem cells in the VZ and SVZ also persisteci into late embryonic stages. Ai 

E 18.5, the numbers of EGF-generated colonies in the VZ (32.1 + 4.2, n = 10) and SVZ 

(25.0 f 4.8, n = 10) were not statistically different (t = 1.1, pM.05); whereas, 

significantl y more FGF-derived colonies were generated h m  the VZ (34.5 i 5.4, n = 10) 

than the SV2 (7.7 k 0.9, n = 10) (t = 4.9, p<0.05). These data suggest that the FGF- 

responsive stem ceIl population is locaiized pnmarily to the VZ of the GE germinal 

cornpartment, whereas EGF-responsive stem cells are approxirnately equally distributeci 

throughout the striatal genninal cornpartment during initial embryonic forebrain 

deveiopment. Furthemore, by late neurogenesis, the population of EGF-responsive stem 

cells within the SVZ is approximately three-fold pater  than the FGF-responsive 

population, suggesting the independent developrnental regdation of these two types of 

neural stem cells. Thus, neural stem cells are differentially spatially organized dong the 

ventriculopi al axis wi thin a single histogenic cornpartment. 

Forebrain and midbrain stem cell colonies express unique molecular 

markers of  regional identity 



The above experirnents showed that neurai stem cell populations (with sirnilar self- 

renewal capacity, multilineage potential and growth factor responsiveness) are localized 

along the dorsoventral and anteroposterior axes (between histogenic compartments) within 

the brain. Moreover, neural stem cell populations can be diffeiientially distributed within a 

single histogenic compartment (between the striatal VZ and SVZ). To &termine if forebrain 

and midbrain newal stem ceIl colonies have unique regionai identity, we assayed for the 

expression of region-speci fic regulatory genes Emr 2 ,  DL3 and En- 1 in isolateâ forebrain 

and midbrain stem cell colonies using RT-PCR. During developrnent Emrl is expressed in 

the cortex (Sirneone et al., 1992) and DLr2 is expressed in the striaium (Bulfone et al., 

1993). On the other hand, En2 expression is localized to the posterior midbmin and anterior 

hindbrain region (isthmus) (Davis and Joyner, 1988). FGF-responsive stem cell colonies 

were generated h m  the cortical, striatal and rnidbrain germinal zones from E14.5 embryos 

and age-matched primary tissue isolates served as positive controls for gene expression. 

Isolated stem ce11 colonies demonstrated region-specific gene expression patterns (Fig. 

4.3). E14.5 cortical colonies express E m l ,  but not Dix2 or E n l .  Striatal colonies express 

Dix2, but not Emrl or Enl .  Midbrain colonies express Enl,  but do not express E m  or 

DLx genes. A similar expression profile was observed for EGF-generated stem cell colonies 

isolated from the same germinal regions (data not shown). We also determined tic 

expression of Otxl, which is disüibuted throughout the dorsal and ventral forebrain and 

midbrain compartments at early stages of neural development, but declines after E15.5 

(BoncineIli et al., 1993). The results show that by E14.5, Otxl expression is present in 

isolated forebrain derived neural colonies (both cortical and striatal), but is not expressed in 

midbrain deriveci colonies (Fig. 4.3). Thus, at this later stage of development, Otxl 

expression molecularly defines a boundary between neurai stem cell lineages of the 

forebrain and midbrain. 

These findings suggest neural stem cells along the dorsoventral as weU as 

anteroposterior axes have intrinsic regionai identity that is maintaineci when isolated in 



vitro. Moreover, this region-specific positional information (in the form of gene 

expression) is distinct h m  the region-nonspecific or relatively comparable neural stem cell 

behavior. 

Relatively late markers of ventral forebrain regional identity are not 

expressed by isolated striatal stem cell colonies 

Clonal neural stem ce11 derived colonies are composed of undifferentiaied cells. The 

expression of Dix2 in stnatal derived stem ce11 colonies is consistent with the fact the in 

vivo, DM is localized to the VZ and SVZ where stem cells and their early progenitor œil 

progeny reside (Eisenstat et al., 1999). As the progenitor cells migrate away from the 

germinal zone into the overlying mantle region they begin to express other genes of the DLx 

family, such as DlxS and in more mature cells D M  (Eisenstat et al., 1999). To test if 

isolated neural stem ceIl colonies express relatively late markers of regional identity, we 

utilized ~dlx4/dMacZ-transgenic mice (Zerucha et al., 2000). Transgene expression in 

the E14.5 ventral forebrain resembles the expression of endogenous DLrS and D M ,  but is 

thought to more closely mimic endogenous DM expression (Zenicha et al., 2000). We 

confirmed that the ~dIx4/dlx6enhancerdriven lac2 expression is exclusivel y confineci to a 

majority of cells in the SVZ and mantle region of the ventral forebrain, including the 

striatum and septum, but not the VZ (in 14 Hm sections of the E14.5 forebrain, data not 

shown) (Zemcha et al., 2000). Thus, expression of this specific reporter constmct acted as 

a molecutar marker for pteçursor cells within striatal stem ce11 colonies that progressed 

through to later stages of differentiation, essentially recapitulating the in vivo differentiation 

sequence. However, neural stem cell colonies isolated from the striatum (either VZ or SVZ) 

did not express the transgene when assayed histochemically. Neocortical and midbrain 

neural stem ceIl colonies were similariy negative for transgene expression. Thus, cells 

wi thin striatal deri ved stem ce11 colonies do not express genes that are normal1 y restricted to 

more mature striatal cells. There are two possible explanations for these results. First, cells 

within a neural stem ce11 colony may require further diffmntiation in order to express laîe 



Figure 4.3. Isolateci E 14.5 neural stem ceIl colonies express region-specific genes. Gene 
expression analysis was &terminai using RT-PCR. RNA was isolateci h m  neural stem 
ce11 colonies derived h m  cortical, striatal or midbrain germinal zone dissections generated 
after 7 days of culture. Rimers were designeci to &tect Emx 1 (229 bp), Dlx2 (3 10 bp), 
En1 (567 bp) and Oa l  (128 bp). To normalize for the amount of cDNA present in the 
sarnpie, the cDNA for GAPDH (452 bp) was amplified and band intensity was comparable 
to the band intensities of the other markers (not shown). Ctx, cortex; STR, striatum; MB, 
midbrain. Data are representati ve of 3 separate experiments. 
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regional markers. Second, the expression of this specific transgene (and other late markers 

of differentiation) in stem ceIl progeny may &pend not on the degree of differentiation, but 

rather on regional cues provided by the cells within the stnatal environment. 

To distinguish between these two possi bilities, we tested whether further 

differentiation of neural colony-derived progenitor cells was suficient for transgene 

expression by culNing cortex, stnatum and rnidbrain derived stem ceIl colonies in 

conditions that prumoted neuronal and glial differentiation (as above). Aher 7 days of 

di fferen tiation, cells were assayed for tmnsgene expression histochernicall y. Approximatel y 

200 cells were randomly sampled for each differentiated sphere colony. &gd' cells were 

extremely rare ( 4 . 3 %  averaged over al1 of the sphere colonies assessed) in differentiated 

striatal stem ce11 colonies isolated from either the VZ (n=69 colonies) or the SVZ (n=83 

colonies). The majonty of differentiated striatai sphere colonies did not contain &gal 

expressing cells. Furthemore, no transgene expressing cells were observed from cortical 

colonies (n=36 colonies) or midbrain colonies (n=23). Thus, differentiation alone is not 

sufficient for transgene expression (a later marker of regional identity) in stem ceIl denved 

neuronal and glial progeny, even though it is sufficient, for example, for neurotransmitter- 

specific neuronal differentiation - a late event in neuronal maturation (Daadi and Weiss, 

1999). These &ta suggest that although the exp~ssion of early markers of regional identity 

may be intrinsic to isolated neural stem cells (and inherited by their early progeny) the 

expression of late mgional markers in these progeny may require the induction andhr 

maintenance by specific regional cues provided by other cells. 

Specific cues from the ventral forebrain induce the expression of a ventral- 

specific transgene in both forebrain and midbrain stem ceil colonies. 

To determine if late markers of mgional identity can be induced by local cues we 

used two versions of a CO-culture paradigrn. In the first experirnent, cortical or striatal stem 



cell colony &r iva i  cells from transgenic miœ were dissaciated and co-cultured with host 

CD1 cells from a primary (non-sphere fonning) striatal dissection (1: 1 ratio) at rrrlatively 

high ce11 densities (50 celldpl each) in similar differentiation conditions as above. Marker 

gene expression was not induceû in colony cells derived from either the neocortex or the 

striatum (n=6-12 co-cultures per group). However, given thaï these co-culture conditions 

do not compensate for the extensive contact-rnediated cellular interactions that may be 

necessary for regional specification, we employed a more sensitive CO-culture slice 

paradigm where tissues remained relatively intact and viable over a 5day period. Coronal 

400 pm sections from E14.5 CD1 forebrain were used as a substrate on 6-well filter 

inserts. Using a pipette, 1-3 striatum derived colonies were deposited on the slice tissue in 

the vicinity of the sbiatal germinal zone/mantle region. After 5 days of co-culturing, robust 

transgene expression was detected histoçhemically in 82% of the cocultured colonies (Fig. 

4.4A) in the germinal zone tegion of the striatum (lateral to the ventricular lumen) and the 

septum (medial to the ventricular lumen) (Fig. 4.4C). Sorne distortion of the slice 

morphology is evident after 5 days and B-gal' cells were often observed very close to the 

midline between the hernispheres (Fig. 4.4C). In contrast, horizontal slice cultures of 

cortex or rnidbrain (or rostrai coronal slices that do not contain suiatal tissue) were n a  

sufficient substrates for inducing transgene expression in striatal stem ceIl colonies (Fig. 

4.4B). Thus, the striatal primordium acts as a specific inductive cue for the expression of a 

relatively late molecular rnarker of regional identity in isolated ventral forebrain stem ce11 

l i neages. 

In order to define moct precisely the source of the inductive signal, we dissected 

away the VZ tissue (which included some SVZ) from the remaining SVZ/mantle region of 

the striatum in 400 pm E14.5 coronal sections and cultured the separate VZ tissues on the 

same filter situated at a distance from the remaining brain section. We reasoned that since 

the progeny of neural stem cells (derived from the germinal zone) within the clonally 

detived colonies did not express the transgene in isolation, the source of the inductive 



Figure 4.4. Region-specific gene expression in isolated forebrain and rnidbrain neutal stem 
ce11 colonies is not imversible. (A) One-thme neural stem œll colonies (cortical, striata1 or 
midbrain) derived from E14.5 ~&4/dLrolacZ transgenic niiœ w a c  co-culautd with 
E14.5 CD1 tissue (cortical, striata1 or rniâôrain) and the numbers of CO-cultures that had 
detectable vansgene expression (~galactosidase' w ith X-gal histoc hernistry ) were 
tabulated. (B) Transgene expression was not induced in cortical, striata1 and micihain 
colonies when placed on CD 1 cortical tissue (depicted hem) or midbrain tissue. (C) After 5 
days in serum-free media, robust transgene expression could be observed only when 
sphere colonies were placed in the region of the ventral forebrain (dashed outline). Some 
necrosis was also evident (arrows) in the host tissue after 5 days in vitro. (D) Transgene 
expression was not observed (0/4 CO-culturies) in isolated E14.5 striatal VZ tissue (arrows), 
but was exp~ssed (4/4 co-coultures) in the remaining striatal tissue composed of SVZ and 
mantle regions (doted lines on right). Data represent 3 separate experiments. Scale bar: 1 
mm. 
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signal in the co£ultwe paradigrn likely arose from the striata1 rnantle region, where 

transgene expression is observed in vivo. Transgene expression h m  sûiatwn derived stem 

cell colonies was not observed when colonies were CO-cultured with isolated VZ tissue 

(Fig. 4.4D). In contrast, robust transgene expression was inducecl in co-cultured GE 

derived stem ceIl colonies when placed in the SVZImantle region of the ventral fombrain 

(Fig. 4.4D). These findings suggest that the once neural stem ce11 progeny (hm in the 

germinal zone) migrate into the overlying maritle zone in the ventral forebrain, local cues 

regulate the expression of different sets of regionally restricted genes in a œll 

nonautonomous manner. 

We next sought to determine if dorsaf forebrain and midbrain stem ceIl lineages, 

which normally do not express early or late markers for ventral forebrain identity but 

instead are specified to their region of origin, could be induced to express the ventral 

forebrain zfdLr4/dln6lacZ transgene marker. Cortical and midbrain &rived stem celi 

colonies were similady co-cultured on CD1 stnatal primordia (coronal slices) or on CD1 

cortical or midbrain primordia (horizontal slices) under the sarne culture conditions. After 5 

days, tioth corticai (85%) and midbrain (75%) colonies (Fig. 4.4A) had strong transgene 

expression in an analogous pattern when exposed to the striatal environment. In contrast, 

no transgene expression was observed when these colonies were co-cultured with either 

cortical or midbrain substrates. These data indicate that local cues from v e n d  forebrain 

tissue can specifically induce the expression of a relative1 y lateexpressing ventral forebrain 

gene in isolated neural stem ceIl Iineages from both the dorsal forebrain and the more 

postenor midbrain, even though these neural stem ceIl colonies do not express D U  (an 

early ventral regional marker). Thus, neural stem ceIl lineage specification dong the 

dorsoventml and anteroposterior axes is not imversible and region-speciftc gene 

expression, especially later markers of regional identity, &pend on inductive signals 

provided by the local environment. 



Discussion 

Histogenesis of distinct forebrain and rnidbrain compartments is regulated by the 

generation of neuronal and glial progenitor cells from neural stem cells localized to tLie 

germinal zone. In principle, the pattern of regional histogenesis can occur in two ways. 

First, cornrnon (region independent) neural stem cells may divide to produce progenitor 

cells, which am then induced to manifest a region-specific pattern of gene expression and 

morphology according to local cues (whether soluble or contact meâiated). In this case, 

neural stem cells are not intrinsically specified and their progeny subsequently acquire their 

regionai identity. Second, neural stem cells may harbor a region-specific identity 

(established prior to the onset of neurogenesis) that is inherited by their progenitor ceil 

progeny. Consistent with this latter possibility, our data demonstrate that neural stem œU 

deri ved colonies in vitro (formed clona11 y from single n e l d  stem cells) express molecdar 

markers of regional identity. Although these findings do not allow us to conclude 

unequivacally that the very few neural stem cells themselves within each colony express 

regional markers, the fact each colony is clonaily derived from a single stem œll suggests 

that regionalization is intrinsic to the colony forming stem cells within E14.S forebrain and 

rnidbrain compartments. 

Previous repons demonstrateci that the early expression of transcription factors in 

the anterior neural plate (E8.5) already defines a regionalization pattern that persists after 

the onset of neurogenesis (Shimamura et al., 1995). Furthemore, when prwursor cells 

derived from the early neural tube (E9.5-EL0.5) are isolated in vitro, they maintain their 

regional specification (Nakagawa et al., 1996). Our present results are among ttre first to 

demonstrate that the E 14.5 embryonic forebrain neural stem cells (from dorsal or ventral 

compartments) isolated from their in vivo environment generate clonal colonies that express 

a forebrain-specific regional marker (Ofxi), whereas neural stem cells isolated from the 



midbrain i nstead express a rnidbrain-hindbrain-speci fic regional marker (En 2).  These data 

reveal that neural stem cells in the E14.5 rnammalian brain rnanifest a regionai identity 

dong the anteroposterior axis during developrnent. In a very recent study, Zappone et al. 

(2000) demonstrated that mouse E14.5 corrical neural stem cell colonies expressed a 

telencephalic restricted Sox2 transgene, but that this transgene was not expressed by spinal 

cord derived neural stem cell colonies. Thus, neural stem ceIl regionalization may be 

regulated throughout the entire âeveloping CNS. Moreover, neural stem ceIl regiondization 

during development is not restricted to the anteroposterior axis. We show that even within 

the forebrain, neural stem ceIl colonies derived from the dorsal compartment (cortex) 

express Ernxl, but not Dk2,  and n e d  stem cell colonies &rived from the ventral 

cornpartment (striatum) express DlxZ, but not E n d .  Thus, neural stem cells maintain a 

distinct dorsoventral identity within the forebrain, suggesting that neural stem cell 

regionalization cm be regulateâ within distinct histogenic compartments M e r  than 

between broad CNS domains only. 

The expression of âifferent DLx genes in the ventral forebrain is comlaîed with the 

sequence of cellular differentiation (Liu et ai., 1997; Eisenstat et al., 1999). Dlxl and DM 

are expressed in progenitor cells primarily within the VZ and SVZ of the beveloping 

striatum. In the pmess of differentiation and migration out of the genninai zone, 

progenitor cells begin to express first D M  and then D M  once they reside in the mande 

zone and differentiate into maturie projection neurons and interneurons, some of which 

migrate to the cortex. Although D M  is expressed in striatum derived neural stem ce11 

colonies, extremely few colony cells express the bfdLr4/dLroIacZ transgene, which 

normally rnimics the endogenous expression of D M  and D M  in vivo (Zemcha et al., 

2000), after an additional 7 days in differentiation conditions in vitro. These findings 

suggest that the expression of early regional ventral forebrain markers (DLr2) may be 

intrinsic to isolated striatal neural stem cells (and inherited by their early progenitor œll 

progeny), but that expression of these genes may not be suficient for cells within the 



colony to acquire a mature regional phenotype (DLrS/6). It remains formally possible that in 

the absence of the specific in vivo ventral forebrain environment the expression of laie 

regional markers may require more tirne dunng in vitro differentiation. However, our 

findings suggest that a laie regional identity may instead require a region-specific inductive 

cue that is not present within the neural stem ce11 colonies. When isolateci n e d  stem ceil 

colonies were co-cultured on E14.5 brain tissue slices, transgene expression in striatum 

derived colonies was induced within 5 days, but only when the colonies were localized to 

the ventral forebrain. Both cortical and midbrain tissue was not sufficient to induce 

transgene expression. Thus, the full expression sequence of DLr genes and regional 

maturation may require further induction or maintenance of an extnnsic signal (present in 

vivo, but not in vitro), as opposed to the notion that the full sequence of DLr expression is 

si mpl y triggered (intrinsicall y) once progenitor cells express D M  or D U  (Eisenstat et al., 

1999). The fact that corticai and midbrain neural stem ce11 colonies could be induced to 

express a relatively late marker of ventral forebrain regional identity (transgene) without 

ex pressing Dix2 is consistent with the idea that the sequence of Dix gene expression rnay 

be primady regulated by extrinsic cues. 

These studies also reveal the more precise tissue source of the specific ventral 

forebrain inductive signal on neural stem cell colonies. 1 showed that the ventral VZ is not 

the source of the inducing signal for late regional gene expression. Rather, the overlying 

striatal S VZImantle zone tissue was sufficien t for inducing transgene expression. These 

findings indicate that the inductive signal is localized to differentiated regions of the ventral 

forebrain. Interestingl y, differentiation of very few neural stem cell deriveci progen y in the 

absence of the in vivo coculture environment showed transgene expression. Th us, 

neuronal and glial differentiation per se may not regulate the positionai information of these 

cells (at least outside of their natural environment). 

The nature of the specific ventrai fonzbrain inductive signal on neural stem œll 

colonies is not known. Sonic hedgehog (Shh) has been shown to be critical for inducing a 



v e n d  forebrain mgional identity (Chiang et  al., 19%; Nakagawa et al., 1996; Shimamura 

and Rubenstein, 1997; Kohtz et al., 1998). However, Kohtz et al. (1998) dernonstrated 

that DM induction by Shh was limiteâ by an eady pend  of competence in telencephalic 

explants, which was lost after E12.5 in rat (-E1O.S in mouse). 1 demonstrated that the 

zfdLr4/dLu6lacZ transgene (which rnirnics DLrS and D M  in vivo) could be induced in 

striaturn, cortical or midbrain neural stem ce11 colonies (the laüer two of which do not 

express D k 2 )  by mouse ventral forebrain tissue at E14.5. One possibility is that transgene 

expression (or late regional markers in general) is regulated inciependentl y of early regional 

marker gene expression (e.g. DM) ,  both of which can be induced by Shh or other ventral 

forebrain derived factors. This would explain why neural stem ce11 colonies &rived from 

cortex and midbrain could be induced to express the transgene, in&pen&nt of early D U  

expression. Altematively, upregulation of Dkl and DLr2 may be requinxi prior to 

transgene expression in ail of the CO-cultuted neural stem cell colonies (which ow 

techniqices did not allow us to detect). If the latter mode1 is correct, then one preûiction 

would be that late regiond gene expression in forebrain or midbrain neural stem cell 

colonies det-ived from DLrlhDLrZ double knoçkouts (Anderson et al., 1997b) would be 

attenuated. 

Several studies have demonstrated that regional specification of forebrain 

prec ursors i s mediated by extnnsic cues. For instance, w hen ventral (striatal) precursors 

isolated from the embryonic rodent forebrain ec topicall y integrate into dorsal (cortical) or 

more posterior (midbrain) tissues after transplantation in vivo, cells differientiate in a 

region-specific mannet (Brustle et al., 1995; Campbell et al., 1995; Fishell, 1995). These 

findings indicate that precursor cells &rived from any one mgion can alter t k i r  

morphological. biochemical and hodological pmperties according their specific 

environment. Here 1 demonstrate that ventral forebrain regional identity can be induced in 

dorsal forebrain derived or midbrain derived neural stem ceIl colonies, suggesting that 



neural stem œll üneages may be specified but not cornrniüed to any one wmpartrnental 

identi ty. 

1s the regulation of neural stem cell behavior distinct h m  the regulation of neural 

stem ceIl regional identity? The fundamencal behavior of rnammaiian neural stem cells, 

which c m  be operationally defined as the ability to generate neuronal and glial progenitor 

cells, self-renewal capacity and neural multilineage potentid, is similar in stem cells 

localized throughout the developing brain. Superimposeci upon this fundamental behavior, 

is a unique pattern of spatial organization both between and within histogenic 

compartments. During forebrain development, FGF-responsive neurai stem cells cm give 

rise to separate EGF-responsive neural stem cells (Tropepe et al., 1999). We demonstrated 

that the relative proportion of co-existing FGF-responsive and EGF-responsive neural stem 

cells in dorsal and ventral forebrain compartments is sirnilar to that of the rnidbrain 

compartrnent. These findings reveal that the rnechanism for the formation of these separate 

neural stem cell populations may be the same in al1 regions of the developing brain. The 

emergence of an EGF-responsive neural stem œll  subpopulation is coincident with the 

development of the SV2 within the striatal germinal zone (Tropepe et al., 1999). Here 1 

show that at E14.5, neural stem cells in the striaturn are differentially distributed dong the 

venuiculopial axis and this spatial organization persists into later stages of neurogenesis. 

FGF-respcmsive neural stem cells are preferentially localized to the VZ and EGF- 

responsive neural stem ceils are distributed throughout the VZ and SVZ. Furthemore, 

EGF-responsive neural stem cells are more abundant in the SV2 at later stages (E 18.5) 

compared to the FGF-responsive population. Thus, in addition to producing the first 

neuronal progenitor cells by dividing asymmetrically before the formation of the SVZ, 

FGF-responsive neural stem cells in the VZ also divide asymmetrically to pd-uce EGF- 

responsive neural stem cells that &orne progressively localized to the SVZ. The 

significance for this differential distribution is currentiy not well understood. A nul1 

mutation in the EGF-receptor gene can prefemntially affect the proliferation of EGF- 



responsive neural stem cells and is asfociated with glial degeneration in the postnarai cortex 

(Sibilia et al., 1998; Tropepe et al., 1999). In contrast, a FGF-receptor-1 nul1 mutation 

diminishes FGF-responsive neural stem cell behavior at very early stages and prevents the 

emergence of the EGF-responsive neural stem ce11 population at later stages (Tropepe et al., 

1999). It is possible that the extrinsic signais (e-g. mitogens) regulating neural stem ceil 

behavior in vivo may change over time. Thus, the recruitment of different classes of stem 

ce1 1s may be under the control of specific signals in any one compartment. 

A null mutation in the Moshl gene in mouse affects the fonnation of the SVZ in the 

striatal compartment as well as specific neuronal subtypes that are generated from the SVZ 

(Casarosa et al., 1999). In these animals, Notch signahg is attenuated affecting the 

generation of neuronal progenitor cells in the SVZ, particularly from the medial ganglionic 

eminence. Given that Notch signaling has recently been shown to affect newal stem ce11 

behavior (Nakamura et al., 2000), neural stem ceIl behavior may similarly be affected by 

the loss of Mashl signaling (perhaps more prominently in EGF-responsive stem cells). 

This raises the interesting question of whether regional ikntity is also affected in these 

mutant ani mals or whether stem ceIl regionalization and stem ce11 behavior are distinctly 

regulated. In light of the present results, one prediction would be that striatal neural stem 

cells from the Mashl null mutants would maintain their ventral forebrain regional identity, 

even though the generation of neuronal progeny from neural stem cells (mediated in part by 

Notch signating) is compromised. On the other han4 can regional neural stem ce11 i&ntity 

be dtered without affecting neural stem ceIl behavior? Although it is still uncertain whether 

neural stem cells themselves (together with their progeny) change their regional identity, 

our co-çulture experirnents suggest that fundamental neural stem ce11 behavior would be 

conserved even if neural stem ce11 position between histogenic cornpartrnents is aitered. 

in  conclusion, these findings reveal that newal stem cell lineages from different 

compartments in the developing marnrnalian brain behave in a remarkably similar manner, 

but have a distinct spatial identity. Within a single histogenic compartment (e.g. the 



striatum), relatively separate neural stem œll populations, based on their growth factor 

respon si veness, axe di fferentially segregated dong the ventrïculopial axis. B e w n  

histogenic compamnts (dong the dorsoventral or anteroposterior axes), isolated neural 

stem c e I I  lineages have a region-specific pattern of gene expression. Furthemore, 

additional regional identity in neural stem ce11 progeny, which is indicative of a mort: 

differentiated phenotype in a single histogenic cornpartment, can be induced by local cues 

in a ce11 nonautonomous manner. Finally, regionai specification of neural stem ceIl Iineages 

between dorsal and ventral or anterior and posterior histogenic compartrnents rnay not be 

irreversible. Thus, the fates of neural stem ce11 lineages are not committed to specific 

histogenic compartrnents, but rather sorne phenotypic plasticity is inherent to ail neural stem 

ce11 lineages. 



cha~ter v 
General Discussion 



In this thesis, 1 have revealed putative mechanisms that regdate the formation of 

neural stem cells during rnamrndian development. 1 propose a pattern of neural stem ceIl 

formation that occurs in at least three stages. The first stage involves the acquisition of a 

pluripotent primitive neural stem ceIl identity from the embryonic epiblast. The second 

stage involves the restriction of multiiineage potential and the diversification of growth 

factor responsiveness resulting in stem ceIl heterogeneity. Finally, the last stage involves 

the establishment of a unique (but not a committed) regional "address" for neural stem ceil 

lineages - a pattern that correlates with the development of specialized functional regions in 

the brain. 

In this final chapter, 1 discuss my working mode1 of neural stem ceil ontogeny with 

respect to its implications for neural development and for cellular homeostasis in the adult 

CNS. Furthemore, 1 speculate on a possible, and arguably sirnplistic, stem ceIl phylogeny 

by comparing what is known about stem cells in different rnetazoan phyla in the hope of 

dnwing attention to the utility of the comparative approach for advancing ow knowledge of 

neural stem cell biotogy. 

Neural stem ce11 ontogeny 

Once the primordium of the embryo proper is established (i.e., the segregation of 

ES cells in the [CM fmm extraembryonic tissue), the formation of the neural stem ceIl 

lineage is initially under inhibitory control. I suggest that in isolation at relatively low œll 

densities, ES cells have an autonomous tendency to differentiate into neural cells, but that 

this tendency is partially mitigated by interçellular signals (stronger at higher densities) that 

inhi bit neural differentiation. In vivo, where cell âensity (and neural inhibition) is maximal, 

neural stem ce11 differentiation is highly dependent on the suppression of neural inhibition, 

which is initially meûiated by surrounding tissues and subsequently by specialized regions 

of the embryo, such as the organizer. This notion is consistent with what is cumntly 

known about the acquisition of neural fate in veriebrate embryos. Thus. rny data support 



the default hypothesis of neural specification. 1 have shown that molecules, such as BMP4 

(a TGFB family member of extracellular proteins) can actively suppress the formation of ES 

denved neural colonies. Furthemore, functionally blocking TGFP-mlated signaling by 

targeted nul1 mutation of the S d 4  gene or extracellular anatagonism of BMP proteins 

using the antagonist mCer-1 or noggin can enhance neural colony formation. In vivo, wherie 

cells are in close contact, the action of such neural inhibitory molecules within the epiblast 

is suppressed by the same antagonists &rivai from the AVE (Beddington and Robertson, 

1999) or the organizer (Bachiller et ai., 2ûO).  The default mechanism. which is purporteci 

to play a major d e  in the formation of neural tissue in the epiblast, rnay function by 

allowing individual cells to adopt a neural stem ceIl identity. However, the type of neurai 

stem ce11 that is fonned appears to be intermediate between an ES ceIl and a CNS &riveci 

neural stem cell, suggesting that the neural stem ce11 lineage may first be established from a 

primitive neural stem cell. 

My results suggest that the primitive neural stem ce11 is the lincage precursor to 

more defini tive neural stem cells in the developing mamrnalian CNS. First, primary neural 

colony formation (clonally &rived from a single ES ceIl) requires both FGF and LIF. 

While subsequent self-renewal of colony-foming stem ceils requires only FGF, other 

factors such as L E  can facilitate this process. However, under these conditions EGF- 

responsiveness is not achieved. FGF-responsiveness, but not EGF-responsiveness, of 

subcloned ES ôenved primitive neural stem ceIl colonies is comparable to the FGF- 

responsive, but not EGF-responsive, neural stem cells isolated from as eariy as the E8.5 

anterior neural plate. Here, neural stem cells are initiaily only FGF-responsive, but 

subsequently give rise to both FGF- and separate EGF-responsive subpopulations t h  are 

partially segregated within the germinal zone of the developing brain. At these stages, L E  

alone is not sufficient for, but can facilitate neural colony formation. Thus, the change in 

growth factor responsiveness over tirne may reflet the various stages of the neural stem 

ceIl lineage. This is supported by a second piece of evidcnce, which âernonstrated that 



neural colonies also have a distinct protile of neural (and non-neural) gene expression. 

Neural genes, such as E n d  and HoxBI, are both expressed in ES derived neural 

colonies, whereas these genes are separatel y expressed h m  distinct neocortical o r  

midbrainhindbrain &rived neural stem ce11 colonies, respectively, which is consistent with 

the regional in vivo expression pattem (Rubenstein e t  al., 1998). Furthermore, other neural 

forebrain genes such as O a l  and Six3 are not expressed in ES derived neural colonies, but 

are expressed in E 14.5 forebrain (both dorsal and ventral compartments) &ri ved colonies. 

These data indicate that overt regionalization and anteropostefior i&ntity are not likely to be 

present in ES derived neural stem cells, but that regional identity is acquired and maintained 

at later stages possibly through the influence of patteming signals from non-neural as well 

as neural tissues. Finally, ES deriveci primitive newal stem cells display a much broder  

potential to give rise to neural and non-neural tissues. ES &riveci neural stem ce11 colonies 

con tain neurons, astroc ytes and oligodendnic ytes as well as undifferentiated cells that 

express the neural preçursor marker nestin. However, the expression of at least one non- 

neural gene (GATA-4) in ES derived neural colonies, but not forebrain neural colonies, and 

the apparent ubiquitous colonization of ES colony derived cells in chirneric embryos, which 

is observed infrequentiy from forebrain derived colonies (Clarke et al., 2 0 ) ,  indicate that 

the primitive neural stem cells are pluripotent. Furthermore, these data suggest that the 

pluripotency is dramatically atienuated once primitive n e d  stem cells have developed into 

definitive neural stem cells by E8.5. However, the rnolecular mechanisms regulating the 

subsequent restriction in neural stem ce11 Lineage potential and change in growth factor 

sensi ti vi ty remains to be determineci. 

Are there parallels to this pattern of stem œil development in other rnammalian 

tissues? The developrnent of hematopoietic stem cells provides some surprising insight. It 

is commonly believed that hematopoiesis during mouse embryogenesis begins at -ES in the 

yolk sac blood islands (Moore and Metcalf, 1970). Hematopoietic precursor cells then 

migrate first to the liver, then spleen and finally to the bone marrow where they resi& into 



adulthood (Momson et al., 1994). The ability to repopulate the entixe hematopoietic 

lineages in irradiated adult animals is a definitive criterion of hematopoietic stem œil 

activity. After El 1.5, al1 of these tissues have repopulation ability, suggesting chat 

hernatopoietic stem cells are pmsent in these tissues and have undergone migratory 

dispersion from their initial yolk sac origin. Muller et al. (1994) âemonstrated that ceils 

from the aorta-gonad-mesonephros (AGM) region of the younger E10.5 embryo. a novel 

iden ti fied si te of embryonic hematopoiesis, effective1 y repopulated irradiated adult rccipient 

mice. However, other age-matched (E 10.5) tissues. such as the liver and yolk sac. were 

incapable of repopulating. Thus, a somewhat counter-intuitive mode1 ernerged whereby 

early hematopoietic precursors from the yolk sac were, in fact. more restricted in their 

potential to give nse to the various blocd lineages under repopulation conditions and thaî 

the true hematopoietic stem a l 1  activity was acquired at later stages (Muller et al., 1994). 

These early stem cells rnay reflect phitive hernatopoietic stem cells, which subsequently 

mature into definitive hematopoietic stem cells. Alternative1 y, two separate populations of 

stem ce1 ls may develop independentl y. Comparable transplant experimnts in the nervous 

system using neural stem cells have been performed, but in contrast to the blood system. 

neural stem ceil derived progeny andergo rnostly glial differentiation in vivo and functional 

recovery due to re-instatement of neuronal circuitry has not been established. However, 

partial functional recovery after in vivo transplantation of neural stem ce11 derived 

oligodendrocytes (selccted in vitro) has been observed (Bnrstle et al., 1999). Such 

paradigms are considered defini ti ve "functional" assays for speci fic cell-type neural 

replacement therapy. Nonetheless, the ability of enriched stem cell populations, without 

pnor selection of progenitor ce11 progeny, to diriectly orchestrate the cell-type specific 

differentiation in vivo has not bzen demonstrated. The problem here is an inability to 

prospectively identify neural stem cells in a population. In this regard, some advancernents 

are king made to be able to sort, using flow cytometiy, neural crest &rivai stem cells (sce 

below) that express the low affiinity neurotrophin receptor p75 (Momson et al.. 1999). To 



summarize, it would seem that although limage potentials Vary, at least one sirnilarity 

between the ontogeny of the hernatopoietic stem ceIl and that of the neural stem ceIl might 

be considered. This involves the general progression during developrnent h m  a primitive 

(transient during early developrnent) type of stem ce11 to a more definitive (later 

development and lasting throughout life) type of stem cell. 

Current evidence suggests that mammalian tissues may contain a heterogeneous 

population of stem cells well into adulthd. Hematopoietic stem cells rnay either be long- 

term repopulating stem cells or short terni repopulating stem cells. Both have multilineage 

potential and persist throughout life, but differ with respect to their long-tem reconstitution 

potential (Trevisan and Iscove, 1995). Thorgeirsson (19%) has argued that the adult liver 

contains both unipotential stem cells that give hse to hepatocytes and multipotent oval cells 

that give rise to bile duct epithetiurn (and other epithelial types such as acinar cells of the 

exocrine pancreas) as well as hepatocytes. There is evidence that osteoprogenitors in fetal 

calvarium may be a heterogeneous population based on the expression of different 

molecular markers (Aubin, 1998), but it remains to be &temineci whether these different 

progenitors arise from distinct stem cell classes. 1 have demonstrateci that the ernhyonic 

CNS during mid-neumgenesis is composeci of separate FGF-responsive and EGF- 

responsive neural stem ce11 subpopulations that CO-exist throughout the CNS and are 

lineage refated. Furthemore, these stem cells have distinct ceIl cycle kinetics (Martens et 

al., 2 0 )  and appear to be spatially segregated, in part, within the germinal zone. The 

reason for such an organization is currently not clear. Both types of neural stem cells have 

self-renewal and neural multilineage potential in vitro and express similar region-specitic 

patteming genes within a single histogenic cornpartment. Also, the p w t h  factor &pendent 

bias (more FGF-responsive stem cells than EGF-responsive stem cells) is present in 

several regions of the embryonic CNS at relatively early stages and it remains controversial 

whether this difference persists into adulthood (Craig et al., 19%; Gritti et al., 1999). It is 

possible that since the EGF-responsive stem cells emerge latet dwing development, they 



may be more actively involved in gliogenesis in vivo, which persists beyond 

neuronogenesis into eariy postnatal stages. Indimct evidence cornes h m  studies using the 

EGF-receptor null embryos, which dernonstrate that glial, but not neuronal differentiation 

is specifically impaired in the developing neocortex (Sibilia et al., 1998). Given thai EGF- 

responsive stem cells are dismbuted further away from the venmcular lumen, another 

possibility is that discrete sources of signaling molecules in more differentiated regions 

duri ng developrnent may preferentiall y influence this su bpopulation compared to the FGF- 

responsive population, which appears to be localized closer to the lumen. In late embryonic 

stages, EGF-responsive stem cells are estimated to divide more frequently than FGF- 

responsive stem cells (Martens et al., 2000). Furthemore, adult EGF-responsive stem cells 

in the forebrain subependyma undergo enormous expansionary (syrnmetnc) divisions after 

EGF infusion into the lateral ventricles compared with syrnrneûic divisions induced by 

infusion of FGF (Craig e t  al., 19%). It is conceivable that the EGF-responsive stem cells 

may participate more actively in the adult homeostasis of neuronal production in the 

forebrain, w hile the FGF-responsive stem cells remain more quiescent. Consistent with 

this possibility, in TGFa null mice the number of dividing neuronal progenitor cells is 

diminished by -508, even though the ability of EGF-responsive stem cells to form 

colonies in vitro is undiminished in the presence of exogenous EGF (Tropepe et al., 1997). 

TGFa is a member of the EGF family of growth factors that is prefenmtially expressed in 

the forebrain subependyma, whereas there is little or no FGF expression ( S e m g y  et al., 

1993) and the presence of FGF-responsive stem cells in this region (Gntti et al., 1996) 

does not seem to compensate for the loss in progenitor ce11 proliferation. Thus, the lack of 

EGF receptor signding may have attenuated neural stem ce11 division in vivo resulting in a 

substantial loss of olfactory interneurons (Tropepe et al., 1997). In contrast, few EGF- 

responsive neural stem cells arie pmsent in the adult spinal cord compared to FGF- 

responsive stem cells (Weiss et al., 19%). If FGF-responsive stem cells are sirnilady more 

quiescent in the spinal cord as they may be in the forebrain, then the presence of fewer 



EGF-responsive stem cells may account for the rare turnover of preçursor cells 

surrounding the central canal compared to the forebrain. In fact, infusion of EGF alone into 

the spinal central canal was ineffective at promoting precursor ce11 proliferation in vivo 

(compared to saline control) even though FGF infusion resulted in a significant increase in 

proliferating cells in this region (Martens and van der Kooy, 1999). Therefore, these 

observations suggest that the behavior of these two neural stem cell subpopulations rnay be 

differentially regulated in a temporally and spatially dependent manner, but their full 

contribution during development and to cellular homeostasis in the adult CNS rernain to be 

determineci. Stem cells have been implicated in rnediating neuronogenesis in the adult 

rodent hippocampus (Kempermann et al., 1997; Gould et al., 1999a) and primate 

neocortex (Gould et al., 1999b). The relationship of these anatornical loci to leaming and 

memory provide an interesting avenue for investigating the role of neural stem cells in btain 

function. 

Other ontological phenomena may be more specific to tissues that bear strict 

anteroposterior patterning during development, such as the CNS or pertiaps the gut, which 

ultimately translates into regional specialization in the adult. Transplants of different regions 

of intestinal epithelium from the duodenum to the colon subcutaneously resulted in 

persistent regional ciifferences in cell types present in the ectopic site (Rubin et al., 1992). 

In chapters 1 and IV, 1 reviewed some the endence for regional specification dong the 

anteroposterior and dorsoventral axes of the brin. Two of the main findings from the 

results in chapter IV that 1 believe are novel and interesting axe: (1) that neural stem œll 

lineages maintain their regional iôentity even when isolated h m  their natural in vivo 

environment; and (2) that this specification is not irreversible. 

In vivo gene expression (Rubenstein et al., 1998) and progenitor ceIl migration 

patterns (Halliday and Cepko, 1992; Walsh and Cepko, 1992; Fishell et al., 1993) identify 

c lear boundaries that separate the developrnent of different forebrain compamnts. Several 

studies have shown that progeni tor cells that are specified to a ventrai forebrain identity cm 



take on a new host region-specific identity when allowed to integrate into the neocortex 

(dorsal forebrain), as revealed by molecular, morphological or hodological miiena (Bnistie 

et al., 1995; Campbell et al., 1995; Fishell, 1995). This apparent plasticity in dorsal versus 

ventral ceIl identity may be relateci to the mode of rodent forebrain developrnent. Others 

have demonstrateci that eariy and late neocortical progenitors in the ferret (with a 

comparatively proüacteù rate of neocorticai development) display a sûiking cornmitment in 

their ability to integrate into only homotypic layers when transplanteci to host neocortical 

tissue (Frantz and McConnell, 1996). An interesting question that was not addressed by 

these studies, however, is whether the progenitor celis thai were used had an intrinsic 

regional identity at the time of the transplant, or whether the local environment was required 

to constantly maintain their identity . In other words, did these dorsal and ventral forebrain 

cells maintain h i r  regional identity away from their onginal or even hetemtopic 

environment? To begin to address this issue, 1 showed for the first tirne that isolated stem 

cells dong the anteroposterior and dorsoventral axes can generate a colony of 

stem/progenitor cells in vitro that maintains the molecular identity of origin. 1 infer that this 

specification is intrinsic to the stem cells, which is then inherited by their progenitor œll 

progeny in the absence of the in vivo environrnent. However, local environmental cues can 

certai nl y influence regional marker gene expression, suggesting that these stem ce1 1 lineages 

are not committed to their region of origin, at least in terms of gene expression patterns, 

which is consist with the aforementioned transplant studies. What is not clear is whether 

the observed plasticity is a function of the stem cell progeny exclusively, or whether stem 

ce1 1s themselves can alter their regional identi ty when influenced by local cues. The lack of 

a specific neural stem cell marker does not permit a conclusive answer to this question at 

this time. However, one experirnent that is in progress could potentially address this 

important issue. Briefly, embryonic midbrain neural stem ceIl colonies &rived from rniœ 

ubiquitously expressing the GFP transgene could be dissociated into a cell suspension and 

injected into the embryonic forebrain lateral ventricle. The test is whether midbrain stem 



cells (that express midbrain-specific genes, but not forebrain-specific genes), that randomiy 

integrate into either the dorsal foriebrain (neocortical) or ventral forebrain (sttiatum) 

germinal zones after several days, could generate new colonies (isolated GFP+ colonies in 

vitro) that now express foriebrain-specific markers (using RT-KR). If my rnodel of 

reversi ble regional stem cell ikntity is comct, then it is predicted that these midbrain stem 

ce11 derived colonies will in fact express forebrain-specific genes and may down-regulate 

midbrain-speci fic genes. Alternative1 y, if neural stem cells themselves are cornmittecl to 

their identity of ongin (and h e m  the observed plasticity is intrinsic to progenitor cells), 

then rnidbrain stem cells conditioned by a forebrain environment wiil generate neural 

colonies that maintain midbrain-specific gene expression when clonally isolated in vitro. 

Recent transplant studies investigating neural plasticity using neural stem cells 

provide rather conflicting results. Ader and colleagues (2000) dernonstrated that when 

embryonic ventrai forebrain (or spinal cord) &rived neural stem ceil colonies were 

transplanted to the early pst-natal eye, the vast majority of cells adopted an 

oligodendrocyte phenotype expressing myelin dong the nerve fibers of the ganglion cells. 

Very few or no neural stem ce11 colony deriveci cells were observeci to integrate into other 

retinal ce11 Iayers or differientiate into rietinal neurons. Thus, the pst-natal rietinal 

environment, at best, facilitated the differentiation of oligodendrocytes, a ce11 type normally 

generated by forebrain stem cells, but not rietinal neurons. However, rietinal stem cells 

isolated from the embryonic and adult pigmented ciliary margin of the eye can in fact 

generate several retinal cell types in vitro (photoreceptor neurons, bipolar neurons, and 

Muller glia) based on molecular and morphological criteria, but oligodendrocytes were not 

observed (Tropepe et al., 2000). Given that oligodendrocytes are not n o d l y  produced 

from retinal precursors during development, these studies suggest that there may be a 

certain degree of phenotypic resûiction when comparing the forebrain versus the eye. This 

c m  occur in at least two ways. First, rietinal stem cells may be restricted to produce only 

retinal ce11 types (as rnentioned above) and forebrain stem cells may be restricted to produce 



only forebrain ceIl types (e.g. pyramidal neurons, astrocytes and oligodendrocytes). 

Second, the postnatal retinal environment may not be competent to induce tissue-specific 

change in phenotype of the transplanted forebrain stem cell-derived progeny. The wrollary 

experiment where retinal stem ce11 colonies are transplanted to an ectopic forebrain site may 

confirm whether this is also tnie for the forebrain environment, and this expmrnent is 

currently underway in the lab. Other evidence strongly rejets this notion of restriction of 

regional stem ce11 identity in the CNS (Bjomsen et al., 1999). These authors observed that 

embryonic o r  adult forebrain derived neural stem cell colonies that have sequentially been 

subcloned for many generations in vitro could rescue lethally irradiated miœ by generating 

new hematopoietic ce11 lineages in the bone marrow. Other studies also revealed that tissue- 

specific stem cells may have a cornmon inherent potential to produce lineages of other 

tissues (Eglitis and Mezey, 1997; Gussoni et al., 1999). More recently, Clarke et al. (2000) 

demonstrateci that adult neural stem ce11 colonies could contribute to al1 embryonic tissues 

except, interestingly, the hematopoietic lineages. As discussed in Chapter II, the relativel y 

infrequent contribution of the neural stem cell colonies to non-neural tissues in the mouse 

chimera paradigm is consistent with my observation that non-neural lineage potential 

becomes restricted through the development of primitive neural stem cells to &finitive 

neural stem cells. However, it is clear that environmental cues c m  substantially influence 

the abiIity of neural stem ceIl lineages to adopt specific phenotypes, a phenomenon chat was 

evident from my results of Chapter N on neural stem ceIl specification. One caveat. 

however, is that since populations of stem cells and their progenitors are assayed 

simultaneously in these ectopic transplant experiments, it is uncertain whether such 

ciramatic plasticity revealed in the neural colony transplants (into b l d  or blastocysts) is 

intrinsic to the stem ceIl progeny - in their ability to readily change their identity in response 

to the local environment or niche - or whether the plasticity i s  intrinsic to the neural stem 

cells. One ineiguing possibiiity is that if stem cells from d l  tissues retain the potential to 

generate al1 types of cells, then this ability may be a vestige h m  ancestral stem cells dunng 



the course of metazoan evolution (see below). Nonetheless. our knowledge of how 

exogenous factors cmld potentidl y influence the bbchoice" of a neural stem ceil to generate a 

speci fic progenitor ceIl type remains Iirnited. 

Progress in the biology of the neural crest has perhaps been the most instrumental 

in elucidating how growth factors can influence the fate of multipotent precursor cells. 'The 

neural crest is a transient migratory population of precursor cells that originate from the 

dorsal tips of the neural fol& just prior to complete neural tube closurc, and give rise to a 

vatiety of ce11 types including neurons of the PNS, Schwann cells, melanocytes. cartilage 

and smooth muscle ce1 ls (Le Douarin, 1982; Bronner-Fraser and Fraser. 1989). It has been 

demonstrated that the neural crest contains a population of stem cells thaî can produce 

alternative neural fates by ins-tive signals (Stemple and Anderson, 1992). For example. 

GGF can promote crest stem cells to produce Schwann cells. BMW4 can promote 

autonornic neuronal differentiation. and TGFf31-3 can pmmote smooth muscle ceU 

differentiation (Shah et al., 19%). Because these crest stem cells can only be isolated as 

late as the early postnatal p e n d  (Morrison et al.. 1999). but not from the adult, their self- 

renewal is evidently limited and therefore they may represent a transient renewing 

multipotent precursor population according to some operational stem ceIl definitions (Gage. 

2000). A sirnilar conclusion for an "instructive" influence of growth factors has b g n  

drawn from analyses of CNS neural stem cells. Johe et al. (1996) demonstrated that PDGF 

could influence neural stem cells to produce neurons, whereas CNTF promoted astrocyte 

differentiation. A prevailing problem. however, is that in these studies sekctive effects of 

survival or proliferation on progenitor cells cm not be dealt with adequately. What is 

required is a specific stem cell marker that can be used to monitor how these factors 

influence a single stem ceIl to divicie asymmetrically to produce one stem cell and one 

unique progenitor cell. In chapter III, 1 demonstrated that neural stem ce11 deriveci progeny 

are strongly influenced by their differentiation culture environment. So far. the most 

promising advance has been to first purify the stem cell population by flow cytometry 



(Momson et al., 1999). Thus, subsequent exposure of these cells (most of which have 

multilineage potential and appear to be a homogenews stem celi population) to the various 

growth factors rnay reveal quantitative diffemnces that could be used to argue the 

"instructive" versus "selective" effects of these factors. Nonetheless, i t is clear from these 

examples that the identification of a unique neural stem cell marker (if one exists) would 

make an enormous impact on neural stem cell biology. 

Toward a stem ce11 phylogeny 

Al1 metazoans harbour a diverse assemblage of specialized cell types that form the 

basis for a variety of simple or complex functionai organ systems. Some animals contain 

unique cell types that are not representative of al1 animal phyla. For instance, the stinging 

cells, or nematocytes, of cnidarians are not present in any other phylum (Bode, 1996). On 

the other hand, with the exception of the phylum phfera (sponges), dl extant animals have 

nerve ce1 1s. The existence of a common specialized ce11 type, such as a neuron, in al1 animals 

that have evolved inkpendently of the sponges may indicate that phfera undenvent a 

secondary loss of nerve cells through the course of their evolution. Alternatively, nerve cell 

specialization may have evolved after the bifurcation of the sponges and al1 other animals 

from their last common ancestor. From an embryological perspective, the generation of 

common specialized cell types, such as nerve cells, among most rnetazoans would seem to 

suggest that there is a common developmental strategy for generating a diverse repertoire of 

ce11 types. During mammalian embryogenesis, for instance, single primordial stem cells 

(e.g. the ES cells of the ICM) produce al1 ceIl lineages of the embryo, including tissue- 

specific stem cells. The continued presence of stem cells in adult tissues and their 

contribution to regeneration and cellular homeostasis suggests that the cellular and molecular 

events underlying rnammalian embryogenesis may be recapitulated during regeneration. To 

speculate further, it is possible that a similar developmental strategy is common to al1 

metazoan phyla (Figure 5.1) and that the origin of the metazoa was 



Figure 5.1. Metazoan ph y logen y. Schemtaic represen tation of descendent extant ph y la from 
ancestral metazoans. Only some phyla have been included in each of the superphyla 
(lophotroç hozoa, ecdysozoa, deuterstomata) for cfarity and branching Lines &pic% lineal 
relationships and do not accurately indicate the time of phyletic divergence. Figure is adapd 
from Adoutte et al., 1999. Please note that this tripartite organization for the mmman 
radiation is used as a convenient reference for the relationships of the extant phyla rnentioned 
in the text and is by no means a &finitive phylogeny. 
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contingent upon the multiplication and diversification of a single ancestral stem cell. Below 1 

offer several pieces of evidence for a plausible scenario linking the putative stem ceIl origin 

cf multicellular animais and a role for these stem cells dwing developrnent, regeneration and 

adult cellular homeostasis. 

Origins 

To begin to address this issue, it is important to first establish whether there is any 

evidence that the transition from single~lled organisrns to multicellular animals c m ,  in 

principle, have occurred through the multiplication and specialization of a single stem cell. 

The morphology and behavior of two extant basal eukaryotes pmvide relevant examples 

that support this possibility. 

First, c hoanoflagellates, w hich are single-celled protists, are characterized by a 

specialized collar of rnicrovilli that surround a fiagellum (Margulis et al., 1991). This 

structure allows these singlecelled organisms to absorb food (bacteria) that is filtered 

through the pumping action of the flagellum. Ponfera feed by a very sirnilar filtering action 

of specialized cells called choanocytes, named as a result of their striking stxucturai and 

functional si milari ty to their single<elled organismal counterparts (Ruppen anci Bames, 

1994). Thus, the structure and function of a singlecelled organism can assume a sirnilar 

role as a specialized ce11 within a multicellular animal, and sponges are the closest living 

relatives to these basal eukaryotes and represent a basal position in rnetazoan phyiogeny 

(Knoll and Carroll, 1999). One possibility is that during the course of the evolution from a 

choanoflagellate-like cell, ceIl division produced multiple cells endowing this putative 

ancestral multicellular animal with novel cell lineage relationships, ce11 type specializations 

within the cluster and environmental adaptability, which would be favorably selected. 

In terestingl y, the placozoan species trichoplax contain cells, many of which have ciliated 

"hoods" resembling pori feran choanocytes, that can rebuild tissues through mitosis after 

dissociation (Rassat and Ruthmann, 1979; Ruthmann and Terwelp, 1979). Trichoplax is 



the most primitive metazoan known and may closely riesemble the first mdticellular 

animals, but ceIl Iineage in these species has not been ktennined. In keeping with my 

hypothesis, chen, one would pt.ledict that a stem ce11 exists in basal metazoan species that, 

through ce11 division, can account for the putative diversification of cell types h m  a single 

ancestral stem cell. If the ancestral choanoflagellate-like ce11 were a stem cell, then that 

ancestral stem ceIl aiso may have been capable of regeneration - a property that is common 

among the vast majonty of stem cells found in extant metazoans. In this regard, the asexual 

reproduction in protozoans, such as Bursarta (reviewed in Sanchez Alvarado, 2000), is 

stri kingly similar to regeneration in these sarne organisms - each haif of a severed ceIl 

regenerates into a fully formed protozoan. However, it is clear that regeneration in a single 

celled organism is qui& different from the conternporary view of regeneration in animals. 

In single celled organisms, parts of a severed ceIl are capable of producing whole 

indi viduals. Nonetheless, regeneration may be one of the most primordial of attxibutes and 

a common ancestral origin of regeneration in ail metazoans rnay be intirnately linked with a 

common ancestral stem ce11 origin for the rnetazoa. 

Second, arnoeboid proti s ts, suc h as Diczyostel ium discoideum, exist as single- 

celled organisms under favorable conditions, but in contrast to the rnetazoa, these 

organisms can achieve multicellularity by ce11 aggregation in response to nutrient depletion. 

The slug that is fonned as a result of cellular aggregation has clear anteroposterior 

organization, including a few "specialized" ce11 types, such as pre-spore cells (postenor) 

and pre-stal k cells (anterior) (Brown and Firtel, 1999). If separated, however, pre-stalk or 

pre-spore cells can regenerate the missing ceIl types. Although this broad range of cellular 

plasticity exists in al1 of the slug cells, a smail proportion of cells, the so£alled ALC, seem 

to contri bute most to the regenerating process, essentially acting like stem cells (Abe et al., 

1994). Thus, slug formation in Dicfyosîelizm represents a putative scenaio of the 

diversification of a single stem cell. Since al1 singlecelled amoebae have the potential of 

becoming any ceIl type within the organized slug, the parrial segregation of stem-like and 



more differentiaîed ce11 types parallels the organization of many metazoan tissues thaî are 

iormed through stem cell proliferation. Taken together, these two examples rieveal possible 

1 in ks between singlecelled organi sms, whic h independend y perform al1 necessary 

"organismal" functions and multicellular organisms that parcel different functions to 

specialized cells. This transition, 1 would argue, occurs as a result of multiplication and 

diversification of a single ancestral stem d l .  

Metazoan Life history 

One stem ce11 criterion that has been previously mentioned is longevity - the ability of 

the stem ce11 population to last throughout life. In order to account for a phylogeny of stem 

cells, one must also consider the evidence for the presence of adult stem cells in 

representative species for al1 of the extant rnetazoan phy la (Figure 5.1). Comparative data on 

stem ce11 biology in this regard is sparse, but 1 will provide a few relevant examples. 

One exarnple of a pre-bilaterian animal has already k e n  mentioned. The porifera 

(sponges) contain a smdl population of totipotent stem cells, called archaeocytes, lodged in 

the body wall that can replace cells that have been lost (Ruppert and Barnes, 1994). These 

animals d o  not have any organs, per se, but contain several specialized ce11 types. Nortnaily 

the archaeocytes are involved in ingesting and digesting food and transporthg nutrients to 

other cells. These functions ban: a resemblance not only to the choanocytes, which can be 

generated from these stem cells during regeneration, but also to the singlecelled 

c hoanoflagel lates. Evidence for a direct lineage relaîionshi p between the archaeoc ytes and dl 

other poriferan cells during developrnent is necessary to further validate the notion that stem 

cells are the ultimate lineage precursors in this species. The cnidaria, like the porifera, arose 

very early in metazoan evolution and represent a second gmup of pre-bilaterian animals 

(Knoll and Carroll, 1999). Hydra, a rnember of the midarian phylum, consists of several 

stem ce11 lineages (epi theliai and intersti tid) and have robust regenerati ve capacity (Bode, 

1996). Bath epithelial and interstitial stem cells exhibit self-renewing and multipotentiality 



throughout life. Interestingly, epithelial stem cells in hydra n o r d l y  have a basic functional 

role in protection and osmoregularity in addition to their stem ce11 characteristics (Bode, 

1996). Thus, in these ~latively simple pre-bilaterian animals, stem cells rnay at least 

patially assume a specialid function that is independent of their "stemness." In fact, a 

recent exarnple of such a dual role for stem cells cornes from the adult rnamrnaiian forebrain 

neural stem cells that appear to dernonstrate astrocyte-like characteristics (Doestch et al., 

1999). One can similarly infer such a role for adult rnamrnalian retinal stem cells that mide 

in the pigmented ciliary margin of the eye (and am pigmented) and display stem œll 

characteristics in vitro (Tropepe et al., 2000). These rnammalian rerinal stem cells resemble 

other vertebrate retinal stem ceils in both anatomicai localization and multilineage potentiai 

(Johns, 1977; Wetts et al., L989), but differ with respect to their frequency of division. 

Adult in vivo retinal neuronogenesis in teleost and amphibian species is mlatively constant, 

whereas marnmalian stem cells are quiescent. The absence of observable retinal stem œil 

activity in vivo may indicate that their stemness is actively repressed but they persist by 

virtue of the fact that they may have an independent function. However, M e r  experiments 

are requinxi in severai representative phyla in or&r to confirm the possibility of a dual mle 

for stem ce11 function that is evolutionarily conserved. 

Animals belonging to the ecdysozoa, a number of diverse phyla represented by the 

fact that animals molt their outer cuticle (Adoutte et al., 1999), am capable of adult 

regeneration (e.g. limb regeneration) and, in some cases, contain putative adult stem cells 

involved in cellular homeostasis. Arthropod species, such as decapod cnistaceans (Schmidt 

and Harzsch, 1999) and insects (Cayre et al., 1994) have been shown to exhibit adult 

neurogenesis in the centml olfactory pathway and dorsal cortex, respectively, of the brain. 

Neural stem cells are thought to mediate adult arthropod neurogenesis (Schmidt and 

Harzsch, 1999). Neural stem-like cells are sirnilady thought to actively participate during the 

formation of the insect peripheral nervous system dunng development (Doe et al., 1998), 

but i t remains unclear whether these stem cells a the same population i&n ti fied in the &lt 



insect brain (mushroom body). Also, the priesence of stem cells in many other ecdysozoan 

species, such as the onychophora or  the gastrotrichs is not known, although regeneration is 

known to uccur in these species. In contrast, there is very Iirtle evidence for adult stem cells 

in the other major ecdysozoan group, the nematodes. During the development of 

Caenorhabd.iis elegans, the P-blastomeires undergo a series of asymmetirc cell divisions to 

produce the sornatic founder ceIl populations AB, MS, E and C as well as the gexmiine 

precursor P, (Sulston et al., 1983). Thus, these stem-like cclls are self-mnewing and 

mu1 ti potenti al during developrnen t. In adul t stages, however, stem cells are either tenninall y 

quiescent or  al1 ce11 lineages undergo tenninal differentiation, and thus stem cells are absent. 

Furthemore, there have been no reported cases of regeneration in these animals (of which 1 

am aware). Thus, with regards to the apparent absence of adult stem cells in this extensively 

charactenzed species, and the apparent absence of regeneration. the nematodes may be a 

highly derived group of animals that undenvent secondary loss of stem ceIl mediated 

development and regeneration over the course of their evolution. Whether this is true for al1 

nematodes or is indicative of a handful of favorite lab animals remains to be determineci. 

Members of the lophoimchozoa, such as the planarian species within the 

platyhelminthes phylum, represent the simplest bilaterian triploblastic (ttuee g m  layer) 

animals (Adoutte et al., 1999). From plandan regeneration studies it was suggested that 

toti potent somatic stem cells, cal led neoblasts, existed in the mesench ymal spire t h u g h o u t  

the body to supply appropriate cells for regeneration (Baguna et al., 1989; Agata et al., 

1999). In these studies. it was postulated that the neoblasts primarily contributcd to the 

regeneration blastema (remnani stump left over from the severed tissue), which may indicatc 

that stem ceIl activity is absent or not activated in non-neoblast cells. A molecular rnarker for 

this type of segregation was found in the f o m  of a vasa-like RNA helicase gene, which is 

expressed in the neoblast chromatid bodies (unique moiphological features of sornatic stem 

cells) as well as the germline cells (Shibaîa et al., 1999). It is presently uncertain whether 

other members of the lophotmhozoa have stem cells in the adult that contribute to the 



process of regeneration. Cells with stem-like properties have Oeen observed dunng the 

development of molluscan and annelid development. For instance, one of the macrorneres 

that is established dunng cleavage stage is induced to becorne the stem œll of the left and 

righ t mesodennal bands, called the rnesentoblast (van den Biggelam et al., 1997). However, 

i t is not clear whether these or other putative stem cells persist in adult stages and contxibute 

to the process of regeneration or cellular homeostasis. Again, the fact that adult regeneration 

does occur in many lophotmchozoan phyla is consistent with the persistence of stem cells 

into adulthood. 

Actuail y, man y groups of Iophotroc hozoa (including platy helmithes, annelids and 

nemerteans) as well as invertebrate deuterostomes (such as echinoderrns and the 

hemichorûâtes) contain species that present another intiiguing problem with respect to the 

existence of stem cells in adult stages. Several species within these groups undergo what is 

known as maximal indirect development. Indirect developers give rise to a rather simple 

ciliated larva that may bear little or no resemblance to the adult body form (Peterson et al., 

1997). During metamorphosis, many lamal structures axe lost and the juvenile develops 

from a small patch of cells, called set-aside cells, that remain pluripotent and relatively 

undi fferentiated throughout embryogenesis (Peterson et al., 1997). Davidson and 

colleagues have argued that the invention of set-aside cells and their utilization of novel 

genetic regdatory mechanisms, such as Hox gene expression, allowed for the evolution of 

the bilaterean body plan (Davidson et al., 1995; Peterson et al., 2000). Their hypothesis for 

modem invertebrates generally assumes that at early embryonic stages, animals that 

undergo maximal indirect development will generate a higher proportion of larval-specific 

ce1 ls, whereas animals that undergo direct development (larva that share several features 

with the adult body form) contain less larval-specific cells and a greater proportion of set- 

aside cells. These authors also argue that indirezt development (segregation of land and 

set-aside cells) is the ancestral state and that several transitions toward a direct development 

pattern must have ocçurred. For the pcrpose of the pmsent discussion, the mode of 



metazoan developrnent that best represents the ancestral state is an esoteric point thaî is 

beyond the scope of this thesis. Regardless of mode, it may be inzcurate to posit that set- 

aside stem cells were an invention for the bilaterians. An alternative view is that stem celis 

during early stages of development rnay either produce cells that fonn transient s ~ t u r e s  

that are subsequently lost (indirect developrnent) or structures that prefigure the aduit 

anatomy (direct development). Afterall, stem cells with similar behaviors to that of set-asi& 

cells are found in abundance in pre-bilaterian animals. 

Finally, the deuterstomes are comprised of the echinoderm, hemichordate and 

chordate phyla. Regeneration is known to occur in the hernichordates and in echinodetms, 

but stem cells have not been cfeariy identified. The chordates are subdivided into the 

uroc hordates (ascidians), cephalochordates (amphioxus) and the vertebrates. As 

representative of vertebrates, stem cells in mammais (pnmady rodents) has bcen 

extensive1 y investigated and, as previously descri bed, stem cells play a major d e  during 

regeneration and cellular homeostasis. There is also evidence for whole-body stem ceIl 

mediated regeneration in the botryllid ascidians (RinkeMch et al., 1995). Whether 

undi fferentiated stem cells are the source of regeneration in other non-vertebrate chordates 

or within otber deuterostome phy la remain to be cietennineci. 

Model 

1 propose that the ongin of the met- occumd through the multiplication and 

diversification of a stem cell. Stem ceIl lineage selection in the context of evolution has 

recently been considered (van der K w y  and Weiss, 2000; Weissman, 2000). Althwgh a 

stem cell-based phylogeny is admittedly a reductionist approach and akin to a "selfish stem 

cell," it is nonetheless comparable to alternative methods that have traditiondly involved the 

cornparison of single or few anatomical stnictures, early embryonic cleavage pattern, and 

more recently DNA sequence analyses of a handful of genes. 



The hypothesis for a stem ce11 phylogeny c m  be sumrnarized as follows. First, the 

single-celled pre-rnetazoan ancestor was a stem cell. Second, the singlecelled stem 

ancestor divided to produce a multicellular organism composed of stem cells that can be 

di fferen tiall y speci fied, but that retain multilineage potential. Specializaiion of cell types 

(e.g. observed during slug formation in Dictyostelium) is directly comlateû with their 

ability to adapt to different microenvironments. Thini, the formation of multiple distinct œll 

types in simple metamans (e-g., placozoa, porifera) is a consequence of stem œll 

asymmetric division during development. Although ail of the cells within the proposed 

ancestral metazoan would retain stem ce11 properties, stem cell function becornes 

progressively resmcted to only small subsets of cells, while the other cells rernain 

committed to a specific ce11 fate, as is observed in extant basal metazoans. In contrast to the 

model put forth by Davidson and colleagues, set-aside cells (as described in rnaxirnally 

indirect developing species) are the primordial stem cells and not a subsequent invention 

that prefigured the emergence of a new bilaterian form of development. 1 would argue that 

metazoan lineages that develop directly simply by-pass the production of non-retained 

larval structures. Alternative1 y, species that maintain a maximal1 y indimt  mode of 

development have evolved independent rnechanisms for generating many larvai tissues 

(from set-asi& stem cells), perhaps for the purpose of niche adaptation of the larvae, which 

are then discarded in the juvenile. This would also suggest that once the stem cells have 

generated Iarval structures, they remain datively quiescent until the onset of juvenile 

development. Interestingly, land structures are not al1 lost when these anirnals undergo 

metamorphosis. For exarnple, the larvai gut gives rise to the juvenile gut (van den 

Biggelaar et al., 1997). Thus, stem cells generate several ceIl types at the onset of 

development, some are then lost and yet others are generated at different times. Finally, in 

many invertebrate as well as several vertebrate species (e.g. especially in marnrnals), the 

stem cells of development persist into adulthood where they may be ubiquitous as in the 

hydra, or may be sporadically displaced and differentially active during regeneration, as in 



the planaria. A direct test of this would be to label individual cells in very early stages of 

developrnent using modern indelible labeling techniques (e-g. retroviral reporter gene 

expression constnicts) and observing their contribution during adult regeneration. 

Furthemore, in addition to regeneraîion and cellular homeostasis, stem cells rnay have a 

func tional role in physiological homeostasis (e.g. the pori feran archaeoc ytes, manimalian 

forebrain subependymal astrocyte). Although this hyphesis may be adequate as a starting 

point for understanding stem ce11 phylogeny, it clearly requires further consideration on the 

putative mechanisms that &fine the important transitions discussed above. 

In addition to gaining a better understanding for the role of stem cells in the 

evolution of metazoan development, investigating stem ce11 biology in the pre-bilataria, 

lop hotroc hozoa, ecdysozoa and deuterostornes is advan tageous for three main reasons. 

First, many of the species within these taxa have a rielatively simple body plan with 

manageable numbers of cells for lineage analyses offering highly resolved spatial and 

temporal information on how stem cells behave during regeneration in the adult. Thus, the 

use of simple experirnental paradigms can provide an abundance of information on the 

basic function of stem cells in metazoan development and homwstasis. Second, just as 

broad-ranging similarities in embiyological stages helped to &fine the r~lationship between 

species sharing a common body organization over the last two hundred years, a cieeper 

knowledge of the mechanisms of embryology will further resolve our understanding of 

these relationships in the next two hundred yeats* Lineage relationships between stem cells 

and their diverse progeny within any one species will be infinitely useful in comparing how 

other species achieve a similar ce11 type diversity. For instance, do al1 vertebrates have 

neural stem cells? Are dative restrictions in tissue-specific stem ce11 potentials in mammals 

or other classes of animais coincident with an increase in overall body size or complexity in 

organization? Final1 y, one can test whether a &fault mechanism for neural fate specification 

(neural stem cell, neuronal or other neural cell types), which is proposecl to account for the 

establishment of a neural fate in vertebrates, occurs in other metazoan phyta. As an 



extension of the stem ce11 phylogeny proposed in this chapter, one rnay infer that if default 

neuralization is, in fact, a universal mechanism for generating neural ce11 types (and other 

ce11 types by initially inhibiting neural differentiation), then it follows that the metazoan 

radiation may have onginated h m  a neural stem-like cell. Such a simplistic and speculative 

notion is, of course, meaningless without some initial hint of evidence o r  at least rational 

deduction. Well, I have no evidence to offer, but 1 am struck by the complex behavior of 

some single celled protists, such as the Parumecium, that effectively sense and respond to 

their microenvironments just as neurons do. My intention hem is not to draw direct 

paralleis with single celied protists and mammalian neural stem cells. However, 1 believe in 

the possibility that the evolutionary history for rnetazoans originateû from a single nerve- 

like ceIl that could have thriveci as an individual organism, multipled to produce new and 

distinct ce11 types, and retained this potential at later stages of life. Further investigations of 

stem cells in species of diverse phyla will heip to sustain o r  refute this claim. Regardless, 

comparative stem ce11 biology is poised to rnake a significant impact on our understanding 

of the deveiopment and evolution of metazoan diversity . 
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