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Abstract

The mature nervous system is composed largely oftwo cell types, glial ceUs and

postmitotic neurons. Ali pobnitotic neurons ofthe mature nervous system derive from

proliferating neural precursor cells. To generate a neuro~ a precursor must cease

dividing and express a number ofgenes that are characteristic of the neuronal phenotype.

How these changes in œil behaviour and phenotype are brought about in mammals is stilJ

poorly understood.

This thesis describes experiments that were designed to explore cell intrinsic mechanisms

regulating the generation ofneurons from neural precursor ceUs. Specifically, the

regulatory region of the rat TaI a ...tubulin gene, which encodes an isofonn ofa-tubulin

expressed in neurons throughout the nervous system immediately following œil cycle

exit, was analyzed to identify DNA sequences directing early neuronal gene expression.

A novel 10-nucleotide reguJatory sequence, named the neuronal restriction element

(NRE), bas been identified. In the context of the TaI gene, the NRE inhibits precocious

expression in neural precursor cells. Interestingly, the NRE is conserved in the a-l a

tubulin gene and is found in a number of neural genes expressed widely and early in

development. As suc~ the NRE may affect the onset time ofa battery of neuronal genes

and modulate the timing ofneuronal differentiation. In vitro, the NRE binds Su(H), a

highly conserved transcription factor involved in the repression ofneuronal

differentiation.

A second novel regulatory element bas been identified, the forebrain response element

(FRE), which acts to enbance gene expression sPeCifically in the neocortex. The FRE

overlaps the NRE and a1so contains a conserved 30-nucleotide sequence constituting a

putative homeodomain recognition sequence. We speculate that the FRE consists oftwo

subelements that act synergistically to promote gene expression in newbom and mature

neocortical neurons.



• Résumé

Il Ya deux types de cellules dans le système nerveux; les cellules gliales et les neurones

postmitotiques. Tous les neurones du système nerveux sont dérivés à partir de cellules

progénitrices neuronales. Afin de générer une neurone, une ceullule progénitrice

neuronale doit arreter sa division et commencer d'exprimer des gènes charactéristiques

du phenotype neuronal. Cépendant, la façon dont ces changement cellulaires se

présentent dans les mammifières n'est pas determinée.

Cette thèse décrit des expérients conçus afin d'examiner les méchanismes cellulaires qui

sont responsables de contrôler la génération des neurones à partir de progénitrices

neuronales. En particulier, la régionregulatrice du gène TaI a·tubuline, qui est éxprimée

par les neurones du système nerveux immédiatement après leur sortie du cycle cellulaire,

a été analysée.

• On a identifié une nouvelle séquence régulatrice de IObp, qu'on a appelée "l'élément de

réstriction neuronal" (NRE). En plus, on a démonstré que dans le contexte du gène Ta l,

le NRE est requis pour la répression de l'expression précoce des gènes neuronaux. Cette

séquence de lObp est bien conservée, et se retrouve dans plusieurs gènes neuronaux.

Ensemble, ces résultats suggèrent que le NRE peux moduler le debut de l'éxpression des

gènes neuronaux et le chronométrage de la différentiation neuronale.

"Supressor of Hairless(Su(H», un facteur de transcription, se lie dans la region du NRE.

Cela suggère que Su(H) est possiblement impliqué dans la répression de l'activité du

promoteur Ta1 dans les précurseurs neuronaux et les neurones immatures par son abilité

a se lier dans le NRE.

•
Une deuxième séquence règlementaire à était identifiée. Celle-la contient une module

d'activation de la transcription, spécifique au néocortex. Cette séquence, nommée

''l'element de résponse de l'avant-cerveau" (FRE), inclus le NRE, en plus d'une séquence

conservée de 30bp qui sert comme endroit de reconnaissance canonique pour les facteurs
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à homéodomaine. L'hypothèse est que le FRE contient deux éléments qui se comportent

ensemble à stimuler l'activation de la transcription dans le néocortex.
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Claims for Originality

Three novel findings are reported in this thesis, ail ofwhich stem from an analysis of the

previously defmed TaI a-tubulin gene promoter. First, deletion ofa 66-nucleotide

segment of the Tai promoter, the aetivity ofwhich is normally restricted to postmitotic

neurons, may have led ta precocious promoter activity in neural precursor cells. As suc~

the 66-nucelotide segment may constitute a repressor ofprecocious neuronal gene

expression. It is argued that a 10-nucleotide sequence, the NRE, located within the 66

nucelotide segment may contribute to the repressive activity ascribed to the segment.

The importance of the NRE is inferred from its conservation within the a-/ a-tubulin

gene. It is located in a similar position in the goldfish a-1 a-tubulin gene and May

function as a transcriptjonally repressive sequence in this contexte In addition, the

location of the NRE in several neuronal genes, either alone or at the core of the

previously described neuronal restriction silencing element (NRSE), suggests it May he

widely involved in the regulation ofneuronal gene expression. Moreover in the coRtext

of the neural LI gene, the NRE has been shown to he required for the repression of

preeocious promoter activity. The identification of the NRE highlights a possible scheme

for constituent neuronal gene repression prior to neuronal ditferentiation, one which may

contribute to the timing of neuronal differentiation. Regardless ofmeehanism, these

slodies have potentially unmasked transcriptional activity in neural precursor cells that

may impinge on neuronal genes prematurely and which may normally require early

opposition.

The second finding in this thesis supports the argument for NRE funetion by providing a

possible link between the NRE and a transcriptional repressor known to he required for

the repression ofprecocious neuronal gene expression in mammals, namely the

"suppressor ofhairless/recombination signa/-binding protein-Jk" gene product

(Su(H)/RBP-Jk). Su(H)/RBP-Jk hound the NRE in a sequence specifie manner in vitro.

Though the relevance ofthe interaction has yet to he demonstrated, its POtential

importance is intimated by the fact that Su(H)/RBP-Jk bas been evolutionarily conserved

in sequence and to sorne extent function, as it is required for the inhibition ofectopie
10
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neuronal differentiation in both Drosophila and C. elegans and the repression of

precocious neuronal diiferentiation in mammals. Further, the putative Su(H)/RBP-Jk

binding site bas been conserved in the a-l a-Iubu/in gene. The intrinsic repressive

activity ofSu(H)/RBP-Jk and the situation of the NRE in many neuronal genes may in

part explain why the targeted disruption ofSu(H)/RBP-Jk in transgenic mice 100 to

precocious neuronal gene expression and differentiation in the developing nervous

system. Su(H)/RBP-Jk May provide critical negative regulation ofneuronal genes and sit

at a pivotai point in the transcriptional hierarchy goveming neuronal differentiation.

Furthennore, by virtue of its conservation in the Notch signaling cascade, a connection

between Su(H)/RBP-Jk and the NRE potentially places constituent neuronal genes under

direct control ofthe Notch pathway, which is believed to repress neuronal differentiation

early, and inhibit neurite outgrowth following differentiation. With respect 10

ditTerentiation, this would represent a new and direct mechanism ofregulation by the

Notch pathway, which is presently believed ta repress neuronal differentiation solely

through the negative regulation ofdifferentiation-promoting transcription factors, which

in tum regulate neuronal genes. The mechanisms responsible for the repression of

neurite outgrowth have yet to he discemed.

Third, in both embryos and adults, deletion ofthe same 66-nucleotide segment of the TaI

promoter diminished activity specifically in the neocortex while deletion ofan

encompassing 184-nucleotide segment led to a further decrease in activity specifically in

the neocortex. The deletions affected neocortical gene expression in both embryos and

adults, implicating a single regulatory module in the regulation ofgene expression in

immature and mature neocortical neurons. ft is argued that the 184-nucleotide segment

contains a bipartite cis-regulatory module that contributes the neocortical aspect of

aetivity to the pan-neuronal and neuron-specific activity of the Ta} promoter. We have

named this 184-nucleotide sequence the forebrain response element (FRE). This novel

finding groups neocortical neurons together molecularly, suggests that they share

common transcriptional activity, and suggests that neuronal differentiation in the

neocortex May be regulated by a unique transcriptional mechanism. It further suggests

that neuronal gene expression in mature neocortical neurons is regulated by

11
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transcriptional mechanisms similar to those operating in developing neocortical neurons.

When compared ta the expression patterns ofseveral developmentally important neural

transcription factors, this molecular grouping and the sequences contained within the

184-nucleotide segment suggest a possible mechanism for the activity changes that

resulted from the deletioDS. Regardless ofmechanism, these slodies have identified a

potentially useful tool for manipulating gene expression in this very important population

ofneuroDS.

In summary, this thesis identifies a novel element that putatively represses precocious

neuronal gene expression in neural precursor ceUs. It further suggests a novel role for

Su(H)/RBP-Jk, and possibly the conserved Noteh pathway, in the timing ofneuronal

differentiation via this novel mechanism of neuronal gene repression. This mechanism

May a1so he relevant to the Notch pathway's purported role in the repression of neOOte

outgrowth in mature neurons. Finally, it supports the hypothesis that neuronal

differentiation is not globally regulated by identifying a novel regulatory module

involved in neuronal gene eXPression specifically in the neocortex. Molecular division

within the nervous system is thus revealed using the regulatory region ofa structural pan

neuronal gene and suggests that neocortical neurons may depend on transcriptional

regulatory mechanisms unique to this neuronal subtype for the regulation of neuronal

differentiation.

12



•

•

•

List of AbbreviatioDs

Ac, anterior commissure

Am, amygdala

AS-C, acahete-scute complex

BF-1 Bf-2, brain factor one, brain factor two

b~H, basic helix-loop-helix

bp, base pair

Cc, corpus callosum

cer, cerebellum

Cg, cingulum

CNS, central nervous system

Cpu, caudate and putamen

Da, daughterless

Den, dorsal endopirifonn nucleus

E, ernbryonic day

Elav, ernhryonic lethal abnormal vision

Erne, extramacrochaete

Ems, empty spiracles

EMSA, electrophoretic mobility shift assay

E(spl), enhancer of split cornplex

Er, entorhinal cortex

Eya, eyes absent

Gcm, glial cells missing

GMC, ganglion rnother cell

Gp, globus pallidus

H, hairy

HDAC, histone deacetylase

Hes, hairy enhancer ofsplit homolog

Hi, hippocampus

Hyp, hypothalamus

13

)
/



•

•

•

kb, kilobase

Iv, lateraI ventricle

Mash, mammalian achaete -scute homolog

Math, mammalian atonal homolog

MGE, Medial ganglionic eminence

Nc~ neocortex

Ngn, neurogenin

NRE, neuronal restriction element

NRSE, neuronal restriction silencing element

NSCL, neurological stem cellieukemia factor

Otx, orthodenticle

Pi, pirifonn cortex

P, pons

PNS, peripheral nervous system

Pros, prospero

RA, retinoic 8Cid

REST, RE1 silencing transcription factor

Rsg, retrosplenial granular cortex

S,septum

Sc, superior colliculus

SOP, sensory organ precursor

SMRT, silence mediating repressive transcription factor

Su(H)/RBP-Jk, supressor ofhairless, recombination signal binding protein

SVZ, subventrieular zone

Vp, ventroposterior thalamic nuelei

WRPW, tryptophan arginine proline tryptophan

3v, third ventriele

~-gal, beta-galactosidase

14

(



• List of Figures

Figure 1: Alignment ofNeuronal Gene Sequences Reveals Common "NRE~~

Figure 2: Construction of TaI-n/aeZ, @RE-nJacZ, and M"RE-n/aeZ Transgenes

Figure 3: Comparison of Ta/-n/aeZ and MlRE-nlacZ Mice al E9.5

Figure 4: Comparison of Ta/-nJaeZand MlRE-nlaeZMice al EIO.O-IO.5

Figure 5: Comparison of TaI -nlaeZ and dNRE-n/aeZ Mice al El0.0-10.5 : The Cranial

Ganglia

Figure 6: Comparison of Cortical Precursor CeUs Cultured from TaI -nlaeZ and MlRE

nlaeZMice• Figure 7: MlRE-n/acZ and I1FRE-n/aeZ are Expressed in the Ependymal Layer of the

Adult Brain Where TaI -n/aeZ Expression is Excluded

Figure 8: Comparison of Tal-n/aeZ, MlRE-n/aeZ and I1FRE-nlaeZ Mice al E13.S

Reveals Differences in the Forebrain

Figure 9: Comparison of Ta/ ..nlaeZ, MlRE-n/aeZ and JiFRE-n/tleZ Expression in the

Early Postnatal Brain

Figure 10: Comparison of Ta/-n/aeZ, MlRE-n/aeZ, and MRE-nlaeZ Expression in the

Adult Brain

•
Figure Il: Comparison of TaI-n/aeZ, MlRE-n/aeZ and M"RE-nlaeZ Expression in the

Rostral Brain

IS

1



• Figure 12: Comparison of TaJ-nlacZ, MlRE-nlacZ, and t1FRE-nJacZ Expression in the

Midbrain

Figure 13: Comparison of TaJ-nlacZ, MiRE-nlacZ, and M'RE-nJacZ Expression in the

Cerebellum

Figure 14: Distribution ofLimited ~-gal Aetivity in the Neocortex ofdFRE-n/acZ and

MlRE-nlacZ Mice

Figure 15: Ectopie ~-gal Expression is Detected in the Kidney in MlRE-n/acZ Line 9

Figure 16: Electrophoretic Mobility Shift Assays

Figure 17: Developmental Distribution and Tissue Distribution ofNRE and RBP..Jk

• Consensus Sequence Binding Complexes

Figure 18: Cross Competition Suggests the NRE and RBP·Jk Consensus Sequence

Binding Complexes are Related

Figure 19: ln Vitro Translated RBP·Jk Binds the NRE

Figure 20: NRE..Binding Complex in EIO.O and Cultured Cortical Precursor Extracts

Co-Migrates with ln Vitro Translated RBP-Jk/NRE Complex

Figure 21: Anti-RBP-Jk Antibody Shifts E13.5 NRE-Binding Complex

Figure 22: In Vitro Translated RBP-Jk/NRE Complex Co-Migrates with EI3.S NRE

Binding Complex and is Similarly Supershifted by Anti-RBP-Jk Antibody

• Figure 23: ln Vitro Translated REST does not Bind the NRE

16



•
Contribution to Papers

Gloster A., EI·Bizri D, BalDji S. X., Rogen D., Miller F. D. 1999. Early induction of

Tal a-tIIblllin transcription in neurons of the developing nenous system. J. Comp.

Neurol. 405(1): 45-60.

1took new pictures ofold sections and stained and photographed new sections in order to

improve the photographie quality and resubmit this paper. 1contributed figures 1-7 to the

final copy, though 1did not perform the original analysis of Tai-n/acZ mice described in

the paper.

• Toma J. G., Rogen D., Senger o. L, Campenot Re B., Miller F. D. (1997) Spatial

Regulation of neuronal gene expression in response to nerve growtb factor. Dev.

BioL 184(1) : 1-9.

On this project, 1was iovolved in the Nonhem blot analysis ofneuronal gene expression.

1harvested cultures along with Dr. Jean Toma~ and we performed RNA extractions and

Northem blot analyses together.
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Gloster A, EI-Bizri H, Bamji S X, Rogers D, Miller FD (1999) Early induction of TaI a

tubu/in transcription in neurons ofthe developing nervous system. 1. Comp. Neural.

4OS(1): 45-60.

Toma JG, Rogers D, Senger DL, Campenot RB, Miller FD (1997) Spatial Regulation of

neuronal gene expression in re-sponse to nerve growth factor. Dev. Biol. 184(1) : 1-9.

Book Chapters:

• Miller FD, Rogers D, Bamji SX, Slaek RS, Gloster A (1996) Analysis and manipulation

of neuronal gene expression using the TaI a-tubu/in promoter. Seminars in Neurosci.

8:117-124.

Publisbed Abstracts

Rogers D, Laferriere N, Brown D, Peterson A, Yang X-M, EI-Bizri H, Gloster A, Miller

FD (1997) Transcriptional regulation ofa neuron-specifie pan-neuronal gene. Soc.

Neurosci. Abst.

•
Yang X-M, Rogers D, Gloster A, EI-Bizri H, Peterson A, Nepveu A, Miller FD (1997)

Cux homeodomain protein binds to the homeodomain consensus element within the TaI

a-Iubulin promoter which is required for cortical expression in transgenic mice. Soc.

Neurosci. Abst.
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Rogen D, Gloster A, Laferriere N, Brown D, Peterson A, Miller FD (1995)

Identification ofcis-clements in the TaI promoter responsible for neuron-specific gene

expression in transgenic mice. Soc. Neurosci. Abst

Rogen D, Laferriere N, Gloster A, Brown D, Miller FD (1994) Analysis ofcis-elements

in the Ta1 a-tubulin promoter. Soc. Neurosci. Abst.

Toma JO, Rogen D, Campenot RB, Miller FD (1993) Nel~~nal responses to NGF are

spatially regulated: NGF exposure at terminais versus œIl bodies difTerentially aIters

neuronal gene eXPression. Soc. Neurosci. Abst.
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Rationale

In the mammalian nervous system, neurons are generated from proliferating neural

precursor cells. The molecular mechanisms governing œil cycle exit and neuronal

differentiation are poorly understood. The present studies were undertaken to probe the

intrinsic genetic mechanisms that underlie these developmental changes. The appropriate

timing and placement ofneuronal ditTerentiation is presumed to be pararnount to the

fonnation ofan integrated nervous system and fidelity of function. Such understanding

may yield insight into mechanisms responsible for naturally occurring developmental

abnormalities, as weil as pathologic states in which cell growth and ditTerentiation are

perturbed. Further, with the advent ofcell replacement therapy in the mature nervous

system and the use ofstem cells in such procedures, an understanding of the mechansims

regulating neuronal ditTerentiation May facilitate the direction ofpluripotent precursor

cells towards desired cell fates.

This thesis focuses on the genetics of neuronal differentiation. The outlined experiments

were undertaken to examine intrinsic genetic mechanisms that regulate early

differentiation events that immediately follow or are coincident with œil cycle exit in

developing neurons. Analysis of the regulatory regions of neuronal genes has been used

to probe mechanisms ofneuronal ditTerentiation. This approach seeks to identify

important transcription factors through the identification of important target sequences. 1

have used the previously characterized 1100-nucleotide Tai a-Iubulin gene promoter

(Gloster et al 1994) for such analysis.

The rat Tai gene encodes a pan-neuronal and neuron-specific isoform ofa-tubulin that is

expressed as a function ofneuronal growth. The IlOO..nucleotide TaI promoter specifies

a neuron-specific and pan-neuronal pattern ofgene expression in transgenic mice. This

1100-nucleotide fragment has been used to identify cis elements that confer early pan

neuronal and neuron..specific activity, thereby probing transcriptional mechanisms

involved in neurogenesis.
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Two deletions have been made in the TaI promoter and the resultant mutant promoter

sequences have been fused 10 reporter genes and used to generate transgenic mice.

Analyses of mutant promoter activity were condueted both in vitro and in vivo. Neural

precursor cells were cultured from the immature embryonic neocortex oftransgenic mice,

and transgene expression was monitored as ceUs underwent neuronal ditTerentiation and

cell cycle exit in vitro. ln vivo, transgene expression was assayed at different

developmental stages in whole embryos and in dissected adult tissues.

These experiments have led to the identification of important cis-sequences and to a

potentially important interaction between one of these sequences and a highly conserved

transcription factor. These findings have been evaluated in the context ofour current

understanding of regulatory mechanisms, and new conclusions about the coordinated

control ofneuronal ditTerentiation in the developing embryo have been drawn.

SPecifically, these novel findings suggest that neuronal differentiation May involve the

derepression of neuronal genes, that this mechanism MaY involve the transcription factor

Su(H)/RBP-Jk, and that neocortical neurons posses unique transcriptional activity that

May contribute to the regulation oftheir differentiation.
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Introduction

(A) Overview

Studies using a variety oforganisms have revealed that transcription factors play critical

roles at multiple stages ofneuronal development Genetic analyses performed in

Drosophila melanogaster have yielded many transcription factors that function early in

neural sPeCification. Cell manipulation studies and the analysis ofmosaic mutants bas

further revealed that local intercellular communication regulates neural specification via

the modulation ofsuch regulatory transcription factors. Importantly, Many of the

transcription factor·encoding genes identified and the interceUular signaling components

regulating them are conserved in vertebrates and appear to contribute, often in a similar

manner, to the regulation of vertebrate neurogenesis. Drosophila studies have thus been

fruitful not only in identifying particular genes and gene families, but a1so in revealing

molecular mechanisms relevant to vertebrate neural development.

Piecing together the molecular mechanisms identified in Drosophila, neural specification

May he viewed as a series of successive molecular events. Beginning with a sheet of

equivalent and uncommitted cells constituting the ventral ectoderm, a number ofgenes,

Many ofwhich encode transcription factors, act in succession to progressively create and

distinguish neural progenitor cells from epidermal progenitor ceIls within this domain.

The choice of which ceUs become neural and which become epidermal is determined by

local interceUular communication involving the "neurogenic" genes, several of which

encode transcription factors. The domain ofaction of the neurogenic genes is established

by upstream transcription factors, which in a coarse manner demarcate potentiai neural

territory within the early ventral ectoderm, and direct the neurogenic genes to divide the

POtential neural territory into dermoblasts and neuroblasts with the bigh resolution ofa

locaUy acting system. This high resolution occurs in part because the neurogenic genes

are regulated by the intercellular communication they initiate, thus refining their own

expression within proneural domains. The early neural POtentiating transcription factors
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that establish proneural domains are members of the "proneural" gene family and are

individually expressed in distinct but partially overlapping subdomains ofthe ventral

ectodenn. Collectively, the proneural genes regglate neurogenesis throughout the

embryo. Their expression is progressively restricted to and increased within a subset of

ceUs in the proneural domains, the presumptive neural progenitor ceUs, through the action

of the neurogenic genes. Thus the proneural genes initially regulate, and are subsequently

regulated by, the neurogenic genes. The early phase of proneural gene expression, and

thus neural potential, in tom falls under the control ofa collection ofspatially restricted

transcription factors, or "pre-pattern genes", which translate positional information into a

pattern of potential neural territory.

Viewed in this way, neural specification involves a hierarchy oftranscription factors that

act in succession to translate spatial information into the local specification ofœil fate.

Early pre-pattern genes converge to sorne extent on a set of"proneural genes'" which in

tom confer neural potential to partially-overlapping subdomains of the ectodenn. The

proneura1 genes initiate local signaling events within these subdomains via the

neurogenic genes. The neurogenic genes control neural specification locally with

intercellular communication by restricting subsequent proneural gene expression to

presumptive neural progenitor cens via transcriptional regulation.

While Drosophila studies have provided a great deal of incite conceming invertebrate

neural specification and the events leading to il., they have been less revealing about the

proximate regulation ofneuronal differentiation. Enhancer trap analysis bas identified

genes commonJy expressed in neuroblasts, the so-called "neural progenitor genes"', and at

least one gene commonly expressed in newbom neurons. The existence ofsuch factors

suggests that neuronal differentiation may involve convergence upon molecular

mechanisms common for the œil type. However, the mechanisms involved are unclear,

and regulation in the mammalian neurallineage following neural specification (including

neuronal differentiation) appears to involve many genes of the type regulating neural

specification in Drosophila.
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Neural specification in the rnammalian presumptive CNS occurs by a fundamentally

different mechanism involving signais derived from the organizer and underlying

mesendodenn during gastrulation. Following neural specification, the neural fate appears

to he obligatory given the environment that cells are subsequently restricted to. It is

possible however that genes similar to those involved in Drosophila neural specification

are involved in sustaining the neural fate in the CNS folloWÎng neural induction. In the

presumptive PNS, neural specification may indeed occur by mechanisms similar to those

in Drosophila, where alternative non-neural cell fates are an option even after neural

specification bas occurred in the neural plate. Regardless ofSPeCification mechanisms, in

both the CNS and PNS cellular development following neural specification appears to

involve genes similar ta the Drosophila proneural genes.

Mammalian and invertebrate neuronal ditferentiation may he regulated in fundamentally

different ways. Mammalian neural progenitors on average exhibit a comparatively longer

period of time and a greater number ofcell divisions between the acquisition of neural

competence and terminal neuronal differentiation and generate a greater variety of

neuronal subtypes. In Drosophila, the generation of neurons may follow in a relatively

simple manner from neural specification, involve a relatively small number of

intermediate stage genes, and Perhaps draw on spatial determinants as has been suggested

previously. In mammals, this does not appear to he the case, as early progenitor cells

have the potential to go through many cell divisions, change their phenotype and

behaviour as they pass through developmental stages, migrate great distances through

different environments hefore reaching their final destinations, and ultimately give rise to

many cells ofdifferent types and subtypes. In essence they May display more natural

variability and generate more descendants in vivo than their Drosophila counterpans, and

more proximate mechanisms for regulating neuronal differentiation may he necessary.

Vertebrate studies have begun to fill the gap between neural specification and neuronal

differentiation with genes that are sequentially expressed, and progressively drive

progenitor cells through to neuronal differentiation. Studies in Xenopus have contributed

a great deal to this understanding, and homologs ofmany such "bridging'" Xenopus genes
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have been isolated from mammals. Moreover, many ofthe genes thus isolated are similar

in fonn and ability to the '~proneural" Drosophila genes, suggesting that amplification of

prototypic transcription factor genes involved in neural specification may have occurred

to provide a larger number of factors for regulation at distinct stages in the protracted

process ofneurogenesis in vertebrates. The limited analysis of these transcription factors

to date bas suggested that they differ subtly in function and not simply in expression.

The jOjOneurogenic" genes have also been conserved in mammals, although the morphology

of the developing mammalian nervous system provides them with a very ditTerent setting

within which to funetion. While the ectodermal placodes resemble the Drosophila

nervous system to sorne extent, the mammalian neural tube is a very ditTerent and

priviIeged environment where resident cells have already been specified as neural.

Furthermore, within the multi-Iayered neural tube, regions ofcell proliferation and

differentiation are segregate~ and progenitor ceUs can divide many (and possibly

variable) times in proliferative zones as neural specified cells before leaving the zone and

differentiating. Genetie analyses have however suggested related functions for

neurogenic gene homologs, as there are similar neural consequences for the manipulation

of homologous neurogenie genes in different organisms. Furthermore, molecular

interactions and relationships among neurogenic gene produets appear to have been

conserved. Mechanistically, the products of the neurogenic genes appear to collectively

constitute a pathway from the cell membrane to the nucleus. Functionally, this pathway

appears to negatively regulate neuronal differentiation, either directly or indirectly. In

Drosophila, these genes function early to regulate neural specification and May function

later to inhibit neuronal ditTerentiation in support œil precursors. In the mammalian CNS~

these genes function later and appear to influence the choice of whether or not neuronal

progenitor cells differentiate.

The primary transcriPtion factor in the signaling cascade deployed by the neurogenic

genes is encoded by the highly conserved suppressor of hairless Su(H) gene.

Interestingly, much is known about mammalian Su(H) protein activity, as viral studies

have focussed on it due to its involvement in the transformation of 8 cells following
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Epstein Barr virus infection. Targeted disruption of the Su(H) gene in mice has revealed a

conserved role in marnmalian neurogenesis as weil.

Gene disruption in transgenic mice bas played a critical role in the analysis of

mammalian neurogenesis. Interestingly, the disruption ofgenes encoding regionally

restricted transcription factors and genes involved in local intercellular communication

within the nervous system has produced a number of regionally restricted neural defects.

In Many cases, the processes affected by the lack of function of the disrupted gene are

unclear. However, these findings suggest that neuronal differentiation May he regulated

as a function ofposition by transcriptional mechanisms. In this scenario, it might he

suggested that regionally restricted transcription factors converge on a limited set of more

widely expressed proneural..lïke genes, similar to the manner in which spatially restrieted

transcription factors converge on proneural genes in Drosophila to establish proneural

domains. However, sorne of these mammalian proneural factors also appear to confer

subtype specificity, as Drosophila proneural genes do in developing sensory organs.

Whether subtype specification is separable from cell type specification is a matter of

debate. A specifie Drosophila mutant, and transplant studies in vertebrates have

suggested that cell type and position-based cell subtype are separable.

Perhaps the most cellularly diverse and complicated region of the nervous system, where

regional control ofdifferentiation is of great interest, is the telencephalon. Many studies

have focussed on the molecular division of the telencephalon based on transcription

factor expression profiles, combined these profiles with morphological analysis

tbroughout development, consequently broken the telencephalon into primordial

morphogenetic units, and generated an hypothesis for telencephalic development based

on these divisions. While redundancy may cloud the functional analysis of such

transcription factors, certain mutations have yielded profound phenotypic alterations in

the developing brain and provided evidence for the spatial rc=gulation of neurogenesis and

the specification ofdiscrete brain structures. Furthermore, at least one of these genes has

been found to he involved in a human syndrome characterized by morphological

abnonnalities in the brain. While the differential expression oftranscription factors May
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he refleetive of subdivisions in the CNS, whether these divisions reflect differences in

neurogenic mechanisms between populations is not clear. Exactly how to group cells in

this region of the nervous system based on shared developmental mechanisms rather than

gene expression is unclear. Different cells May use different factors for the same purpose.

By this reasoning, a true description of"mechanistic cohorts" might come from the

analysis ofwhat cells are able to do (as pertains to neuronal gene expression) with what

they express, as opposed to what transcription factors they express.

An approach complimentary to the direct analysis of transcription factors involves the

analysis of regulatory regions of transcriptionally regulated neuronal genes. This

approach attempts to identify important transcription factors from the identification of

important target sequences. In sorne instances the two approaches have met and

important cis sequences situated in neuronal genes appear to be target sites of conserved

transcription factors with critical roles in neurogenesis. Analysis of the TaI promoter

appears to have provided such a window for regarding mechanisms of regulation.

Neuronal differentiation involves multiple processes, including morphological

differentiation, expression ofdifferentiation-stage genes, and cell cycle exit. Whether

these are separate events or are bundled molecularly is under investigation. Given the

extensive proliferation evident in the mammalian nervous system as weil as the apparent

exclusiveness ofcell proliferation and differentiation, it is perhaps not surprising that

Molecules involved in mammalian cell cycle regulation also affect neurogenesis. What is

interesting is how direct these effects May he and how terminal mitosis and other aspects

of neuronal diiferentiation May he molecularly lied to the cell cycle mac.hinery.

Finally, the neurallineage appears 10 diverge very early, as differences in potential are

observed as early as the neural plate stage. Lineage divergence is also observed

subsequently at various times during development and in various sublineages. Together,

lineage divergence at various developmental points, multiple stages of progenitor cell

development, and the non-uniform nature of neuronal differentiation throughout the
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• nervous system have led to the conclusion that the "'progenïtor cell" population al any

time is a collection of related but distinct cell types.

(H) Literature Review

(i) Neurogensis in Drosophila

(a) Overview

Much ofwhat we know today about the molecular mechanisms regulating neurogenesis

in mammals stems from earlier studies ofneurogenesis in Drosophila melanogaster.

Neurons in CNS and PNS ofDrosophila are derived from ectodenn in a process that

involves the separation oftheir precursors from those committing to the epidennal

lineage (Campos-Onega and Hartenstein 1985). Genetic and phenotypic analyses have

revealed a number of loci required for the appropriate allocation and segregation of

epidermal and neural progenitor ceUs in the CNS and PNS. Beginning with an epithelial

• sheet ofapproximately 1800 cells, the primordium of the embryonic CNS (with the

exception ofthe brain) is formed in three waves of neurogenesis over a period of

approximately three hours. Approximately 25% ofthe epithelial cells fonn neuroblasts

which delaminate from the epithelial sheet in a stereotypical manner and move inward

towards the Mesenchyme. Neuroblasts divide asymmetrically to generate one ganglion

mother cell (GMC) and another neuroblast. The GMC divides symmetrically and

tenninally to give Tise to two neurons, while the sibling neuroblast divides again in stem

cell-like fashion to generate another neuroblast and a GMC (Campos-Ortega, 1994). The

embryonic PNS is forrned from a different region ofectoderm, but also involves a

physical segregation ofneuroblasts (sensory organ precursors "SOPs" from the remaiDing

epithelium (Bodmer et al 1989, Hartenstein 1988). Upon segregation, SOPs undergo

several rounds ofasymmetric division to generate sensory Deurons and their associated

structures. In the developing adult PNS, ectodermal cells set aside during embryogenesis

(imaginaI dises) undergo a similar process whereby neuroblasts (SOPS) are segregated

from an epithelial sheet (Modolell 1997). The SOPS thus generated divide
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asymmetricaUy and go on to fonn neurons and associated sensory structures ofthe adult

PNS, much Iike the SOPs of the embryonic PNS (Bodmer et al 1989).

Early genetic analyses ofDrosophila development identified Many loci involved in early

stages ofneuronal development These loci appeared to panicipate widely in the

specification and segregation ofneuroblasts trom dennoblasts, generally in both the CNS

and PNS. Subsequent analyses identified genes a~ and in sorne cases multiple genes

withi~ these loci. Most of the genes identified and characterized have been divided into

three classical groups, namely proneural genes, neurogenic genes, and neural progenitor

genes. These groups ofgenes are believed to act sequentially 10 progressively distinguish

neuroblasts from dermoblasts, render them competent to generate neurons and associated

cells, and to drive œil differentiation (CamPOs..Ortega and Jan 1991, Salzberg and Bellen

1996). More recent work has identified a nomber ofgenes that lie outside these classical

divisions but also contribute to these processes and are important for neurogenesis.

Included in this group are genes that repress neuronal gene expression within and outside

the nervous system, which May contribute to the appropriate timing of neuronal

differentiation and the generation ofcellular diversity, respectively. Prevalent among ail

of these groups ofgenes, classical and non..classical, are those that encode transcription

factors. It appears that a transcriptional hierarchy exists in which a cascade of

transcription factors specifies neuroblasts and pushes them towards the generation of

descendant neurons. Importantly and as discussed in subsequent sections, Many of these

genes are conserved and function in vertebrate neurogenesis (Salzberg and Bellen 1996).

(b) The Proneural and Neurogenic Genes

The "proneural genes" are collectively required for embryonic CNS and PNS

development, as weil as the development ofadult sensory structures (Jimenez and

Campos..Ortega, 1979, 1987, Campos-Ortega and Jimenez 1980, White 1980, Dambly..

Chaudiere and Ghysen 1987). Ali but one of the genes identified in this group lie within

• the achaele-scule complex locus (AS..C) (Campuzano et al 1985, Alonso and Cabrera
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1988, Balcells et al 1988, Gonzales et al 1989, Caudy et al 1988b, Cronmiller et al 1988).

Four distinct transcription units arising from this locus have been identified. These

transcripts encode related factors which share the basic helix-loo~helix motif(Villares

and Cabrera 1997, Alonso and Cabrera 1988, Gonzales et al 1989), a protein motif

common to DNA-binding proteins and originally recognized in the proto-oncogene c

myc (Murre et al 1989a). The basic region of the motif mediates DNA binding while the

HLH portion ofthe motif facilitates protein-protein interactions, which are required for

DNA binding by this class of transcription factors (Murre et al 1989b, Cabrera et al

1991). The products of the AS-C encode sequence-specifie DNA binding proteins, and

aetivate transcription in the context ofa number of identified target promoters. These

proteins heterodimerize with the ubiquitously expressed daughter/ess gene product (Da),

also a bHLH factor, and recognize the DNA sequence CANNTG commonly referred to

as the E-box (Morre et al 1989b, Cabrera and Alonso 1991). Expression studies and

functional analyses suggest that AS-C genes serve unique roles, but exhibit similar

aetivity and cao substitute for one and other to varying degrees. The mapping of

transcripts (and some proteins) expressed from the AS-C bas revealed widespread and

partially overlapping expression domains (Cabrera et al 1987, Romani et al 1987),

consistent with the widespread but unique funetions of the members. Loss of function

mutations and phenotypic analyses reveal incomplete complementation by other

members of the complex (Garcia-Bellido 1979, Garcia-Bellido and Santarnaria 1978).

Loss of individual AS-C gene function results in neural hypotrophy, with the absence of

select neuronal populations and associated sensory organs (Dambly-Chaudiere and

Ghysen 1987, Ghysen and Dambly-Chaudiere 1988, Ruiz-Gomez and Modolelll987,

Gonzales et al 1989). The use ofgain of function alleles, as weil as ectopie expression

and the manipulation ofgene dosage have ail suggested that these genes share common

activities, with each capable ofcausing neural hypertrophy (Rioz et al 1994, Jannan and

Ahmed 1998, Giebel et al 1997, Jarman et al 1993, Brand et al 1993). In the embryonic

PNS, loss ofda fonction has a much more severe phenotype than loss of individual AS-C

genes (Caudy et al 1988), consistent with the ubiquitous expression ofda and its

widespread requirement as a heterodimerization partner for AS-C gene products. This
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relationship is also supported by the genetic interaction observed between da and AS-C

(Dambly-Chaudiere et al 1988).

Deletion of the entire AS-C does not lead ta the loss ofail peripheral sensory structures

(limenez and Campos-Ortega, 1979~ 1987, Campos-Ortega and limenez 1980, White

1980~ Dambly-Chaudiere and Ghysen 1987). The chordotonal organs appear refractory to

this loss of function. An additional proneural gene, atonal, is expressed in developing

chordotonal organs (Jannan et al 1993). Atonal encodes a bHLH transcription factor that

interacts with~ and binds to the E-box (Jarman et al 1993). Loss ofatonal function

results in a loss ofchordotonal organ formation specifically, suggesting it is a proneural

factor designated for this peripheral sensory organ subtype. In addition, loss ofatonal

function severely perturbs neural development in the eye imaginai disc~ another neural

domain that is refractory to the etTects ofAS-C loss of function mutations and appears to

depend on atonal for proneural activity (larman et al 1994).

The expression pattern of genes of the AS-C correlates with the definition ofproneural

clusters in the developing CNS and PNS~ as weil as the adult PNS (Cabrera et al 1987~

Romani et al 1987, Cubas et a11991~ Simpson 1990, Culi and ModolellI998). Clusters

ofceUs expressing these genes are believed to he equipotent with respect to their

neurogenic potential, with any member capable ofgenerating a neural progenitor cell.

This is based on findings from three types ofexperiments. First, in laser ablation

experiments, the destruction ofa presumptive neuroblast results in the conversion ofan

adjacent presumptive dennoblast to a neuroblast in a compensatory mechanism (Taghert

et al 1984, Doe and Goodman 1985). Second~ the homotopic and isochronic

transplantation ofceUs between mutant and wild type strains has suggested that signaIs

pass between ceUs in the cluster to detennine their fate (Technau and Campos-Ortega

1986, Technau et al 1988, Campos-Ortega 1988). These studies imply that ceUs giving

rise ta neuroblasts are not intrinsically predetennined to do so and that disruption of local

intercellular signaling, as with laser ablation, alters the fate ofectodermal ceUs in a

cluster. Third~ genetic mosaic analyses in individual fly strains have confirmed the role of
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intercellular communication in neural specification and identified many molecular

participants (Artavanis-Tsakonas et al 1995).

After initially expressing one or several of the AS-C genes in a cluster, proneural gene

expression is gradually restricted to and elevated within one (or a few) cells of the cluster.

This restriction and elevation is achieved by a local intercellular signaling mechanism

employing members of the second classical group, the neurogenic genes (Martin

Bermudo et al 1995, Skeath and Carroll 1991, Simpson and Carteret 1989, Cabrera et al

1990, Cubas et al 1991, Culi and Modolell 1998, Heitzler et al 1996). Early analyses

showed that mutant aileles of most the neurogenic genes interact with one and other

genetically and result in the formation ofeither more or fewer neuroblasts at the expense

ofor to the benefit ofdermoblasts, respectively (poulson 1937, Lehmann et al 1981,

Lehm3lUl et al 1983, Campos-Ortega et al 1984, Dietrich and Campos-Ortega 1984,

Vassin et al 1985, Shepard et al 1989, Brand and Campos-Ortega 1989, Xu et al (990).

Some of these interactions were allele sPeCific, suggesting they refleeted interaction at

the protein level. It is now recognized that the interacting genes collectively define a

molecular pathway extending from the œil surface to the nucleus, namely the '~otch"

pathway (Artavanis-Tsakonas et al 1995).

Signal reception in the Notch pathway begins with the product of the No/ch gene itself.

The No/ch gene encodes a 300kO transmembrane protein which serves as a receptor at

the cell's surface (Wharton et al 1985, Kidd et al 1986, Kidd et al 1989, Johansen et al

1989, Fehon et al 1990, Rebay et al (991). In the developing CNS, Notch gain of

function mutations result in fewer neurons being generated without perturbing epidermal

differentiation (Struhl et al 1993, Rebay et al 1993, Lieher et al 1993). Similarly in adult

sensory structures, gain of function mutations result in the inability to generate neurons

and sensory structures from imaginai dises (Struhl et al 1993). Conversely, No/ch loss of

function mutations are embryonic lethal and cause ail ectodermal cells to assume the

neuroblast fate in the developing CNS (poulson 1937). Similarly, in the adult PNS,

conditional mutants have been used to show that loss ofNoich function correlates with

excessive neurogenesis in imaginai discs (Hartenstein and Posakony 1990). Importantly,
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persistent activation of the Notch pathway is required for cells to avoid a neuroblast fate,

as transient Notch activation merely delays the process ofneuroblast specification and

segregation, without committing cells irreversibly to an epidermal fate (StruhI et al 1993).

Thus Notch activation does not appear to cause epidermal commitment.

In addition to its early role in the segregation of neuroblasts from dermoblasts, Notch also

plays a subsequent role in lateral specification between sibling neurons in at least one

CNS lineage (Spana E et al, 1996). Following the specification ofneuroblast subtype, the

MP2 neuroblast undergoes a characteristic division to generate two distinct sibling motor

neurons. The formation ofdistinct neurons is dependent on Notch signaling, and is

perturbed by manipulating Notch or numb. The numb gene product is an intracellular

protein that interacts molecularly with Noteh pratein and is believed ta inhibit Notch's

ability to transduce a signal, thereby mimicking a Notch loss of function mutation. Notch

is expressed in both neurons, white numb is selectively expressed in one neuronal type.

Loss ofNo/ch function yields two neurons that resemble the neuron which normally

expresses numb, while lass ofnumb function yields two neurons that resemble the neuron

that nonnally does not express numb. Notch-numb double mutants yield two neurons

similar to the wildtype numb expressing neuron, indicating that numb is not directly

required for subtype specification, but rather for the inhibition of Notch activity which

consequently affects subtype specification. In vitro experiments have demonstrated that

the inductive eue for differentiation originates outside the lineage. This suggests that

Notch signaling and lateral specification distinguishes the presumptive motor neurons

and regulates their receptivity to extrinsic cues in a differential manner to generate

distinct motor neuron subtypes.

Two genes encoding ligands for Notch have been identified in Drosophila, namely delta

and se"ate (Kopczynski et al 1988, Vassin et al 1987, Flemming et al 1990, Thomas et al

1991, Fehon etai 1990, Klueg and Muskavitch 1999). Expression data show the two

ligands do not completely overlap and loss of function data suggest they are redundant in

sorne contexts but not in others. Further, cornplementation experiments show that they

share some activity, but cannot complement each other in ail developmental contexts.
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Delta loss of function mutations are similar to notch loss of function mutations in the

embryo and adul~ resulting in a neurogenic phenotype (Lehmann et al 1983, Heitzler and

Simpson 1991, Parody and Muskaviteh 1993, Parks and Muskavitch 1993, Corbin et al

1991). In contrast, serrate loss of function mutations are not associated with excessive

neurogenesis, however serrate overexpression can partially substitute for loss ofdelta

function during embryogenesis (Gu et al 1995). In contrast, in late stage SOP

development, serrate and delta appear redundant, and a loss of function Notch-like

phenotype is not produced unless both genes are disrupted (Zeng et al, 1998). Finally,

during wing development, bath delta and serrate are required and neither can substitute

for the other. These discrepancies may be partly due to ditTerences in de/ta and serrate

expression and the expression of selective ligand modifiers such as ~'fringe" in the

developing wing (Klein et al 1998). The situation in C. elegans appears to he similar,

where two Notch ligands are differentially required but can substitute for one and other to

some extent (Lambie et al 1991, Fitzgerald et al 1993, Yochem et al 1988, Yochem and

Greenwald 1989, Austin and Kimble 1989).

A conserved and functionally important sequence in the Notch intracellular domain

interacts with the product of the Su(H) gene, which encodes a transcription factor that is

ubiquitously expressed (Tamura et al 1995). The binding ofNotch by Delta or Serrate

leads to the transcription ofgenes found in the enhancer ofsplit comp/ex (E(sp/)) by

Su(H) (Lecourtois and Schweisguth 1995, Bailey et al 1995). This stimulation is direct,

as Su(H) directly binds regulatory regions in these genes and activates their expression as

a consequence ofNotch activation. The sequence recognized by Su(H) and found in the

E(sp/) genes is CGTGGGAA (Lecourtois and Schweisguth 1995, Bailey et al 1995). In

the eye imaginai dise, gain of function mutant aileles ofSu(H) can rescue the phenotyPe

caused by loss of function mutant alleles ofNotch, thereby suppressing excessive

neuroblast formation (Fortini et al, 1994). Furthermore, loss offunction mutations in

Su(H) result in the formation ofexcess neuroblasts, while overexpression prevents

neuroblast specification in other imaginai dises (Schweisguth et al 1995, Schweisguth et

a11992, Furukawa et al 1992). Combined with numerous genetic interactions between

aileles ofSu(H) and those ofother genes ofthe Notch Pathway (Campos-Ortega et al
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1984, Dietrich and Campos.Ortega 1984, Vassin et al 1985, Shepard et al 1989, Brand

and Campos-Ortega 1989, Xu et al 1990), these studies support the notion that Su(H)

operates downstream ofNo/ch and positively propagates the Notch signal.

Within the E(sp/) complex are seven related genes encoding transcription factors which

share the bHLH motif, similar to the AS-C genes. These bHLH factors bind to DNA as

dimers and recognize the sequence CACNAG commonly referred to as the N..box. An

eighth gene named groucho is also found in this complex. groucho is unrelated to the

other genes of the E(spl) complex and does not contain the bHLH motif. groucho

genetically and molecularly interacts with members of the E(sp/) complex and is required

for their activity in vivo (Paroush et al 1994). Groucho has been shown ta function as a

transcriptional cofactor, accounting for its functional interaction with the gene products

ofE(spl). [n vitro transcription assays have demonstrated that Groucho aets as a

transcriptional repressor, but is unable to bind DNA on its own (Fisher et al 1996,

Jimenez et al 1997). Gain of fonction mutations in groucho and other members of the

E(spl) complex, as weil as the overexpression ofnonnal alleles results in the formation of

fewer neuroblasts in the embryo and the adult. Persistent expression oftwo E(spl) genes

also suppresses embryonic neural development in the CNS (Nakao et al, 1996), revealing

that the downregulation of E(spl) expression is a prerequisite for neural development and

neuronal differentiation. Conversely, loss of function mutations in groucho and the other

E(spl) genes generate neurogenic embryonic phenotypes, with the mutant groucho

phenotype being the most severe. The E(spl) gene products repress expression ofAS-C

genes, linking Notch activation to the down-regulation of proneural gene expression. In

this manner, local intercellular communication acts to restrict proneural gene expression

to presumptive neuroblasts within the proneural clusters.

Notch pathway activation commences with the binding of ligand to the receptor Notch

(Fehon et al 1990, Klueg and Muskavitch 1999, Rebay et alI99t). That binding event

stimulates cleavage ofthe intraeellular domain of Noteh, and the cleavage event releases

an intraeellular fragment ofNotch which is subsequently found in the nucleus (Schroeter

et al 1998, Lecourtois and Schweisguth 1998, Sestan et al 1999, Kidd et al 1998) . The
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release of the intracellular portion ofNotch is thought to he important for the localization

and/or transcriptional activity ofSu(H), and the subsequent activation ofE(sp/) genes

(Lecourtois et al 1995, Bailey et al 1995). Finally, to close the loop, the ligand encoding

genes themselves, de/la and se"ale, are under the positive control of the proneural genes

(Heitzler et al 1996). Thus as a result ofNotch activation, AS.-C activity is repressed by

activation ofE(sp/) and ligand production is not stimulated by AS-C. [n this manner, a

cell becomes a signal emitter (Noteh not activated, proneural gene expression, ligand

expression stimulated, emit signal) or a receiver (Notch pathway activated., proneural

gene repressio~ ligand expression not stimulated), and also becomes a neuroblast (signal

emitter, proneural gene aetivity) or an epidennoblast (signal receiver, proneural genes

repressed by Notch activation).

The details of the Noteh signaling pathway remain incomplete. There are a number of

genes which interaet genetically with Nolch or mimic its mutant phenotyPes. Included in

this group are mastermind (Yedvobnick et al 1988, Hartenstein et al 1992), de/tex (XU et

al 1990), big brain (Rao et al 1992, Hartenstein et al 1992), s/rawberry no/ch (Coyle

Thompson and Banerjee 1993), vestigial (Rabinow and Birchler 1990, Abu-Issa and

Cavicchi 1996), neuralized (Hartenstein et al 1992), pecanex (LaBonne et al 1989),

almont/ex (LaBonne and Mahowald 1985), wing/ess (Couso and Martinez Arias 1994),

star (Mayer and Nusslein-Volhard 1988, Heberlein et al 1993), scabrous (Baker et al

1990, Mlodzik et al 1990, Rabinow and Birchler 1990) and shaggy (Ruel et al 1993). It is

not clear that aIl of these genes have a role in neurogenesis. Those that do May function

in the specification ofneuroblast subtyPes rather than in neural specification, with the

possible exception ofmastermind and de/tex. Mastermind encodes a nuclear factor of

unknown function, while deltex encodes a cytoplasmic protein that functions upstream of

Notch genetically (Gorman and Oirton 1992), and interacts molecularly with its

cytoplasmic domaio (Diederich et al 1994, Matsuno et al 1995). In addition, Delta and

Notch may interact on the same cell and elicit a cell intrinsic signal, the ligands Delta and

Serrate May nonnally he secreted (Sun and Artavanis-Tsakonas 1997), and soluble Delta

may act as an agonist of Notch aetivity (Qi et al 1999).
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(e) Emc and Hal,.,

Functioning in parallel with the neurogenic genes are e.xtrachromachaete (eme) and hairy

(h). These two genes are not part ofthe classical neurogenic pathway, and do not appear

to he regulated by Notch activity. However they encode nuclear proteins that function to

intubit the activity ofthe proneural genes and are important regulators ofneurogenesis.

Eme encodes a HLH protein which notably lacks a basic stretch like that found in the Da,

AS-C and E(spl) bHLH proteins (Garrell and Modolell 1990, Ellis et al 1990). As a

consequence, Ernc does not bind to DNA, however it is able to heterodimerize with AS-C

factors and Da (Martinez 1994, Martinez et al 1993, VanDoren et al 192). These

heterodimers are incapable ofbinding DNA (with only one basic stretch provided per

dimer) and as a consequence are thought to he functionally inactive. Overexpression of

eme mimics a loss ofAS-C function, and results in the formation of fewer neuroblasts,

while loss ofemc function is neurogenic (Cabrera et al 1994, Chas et al 1992, Cubas et al

1994). Bairy encodes a bHLH factor similar to the E(spl) factors, but is separate from

this locus (Rushlow et al 1989). Like E(spl), H interaets molecularly with the

transcriptional co-repressor Groucho (Fisher et al, 1996, Jimenez et al (997), and this

interaction is important for hairy function in vivo (Wainwright and Ish-Horowiez 1992).

Like emc and E(spl), overexpression ofhairy inhibits neuroblast formation while loss of

hairy function yields a neurogenic phenotype (Rushlow et al 1989, Ohsako et al 1994).

Hairy is believed to negatively regulate the expression of the proneural genes directly

(VanDoren et al 1994).

Unlike the E(sp/) genes, h and emc funetions appear to he independent of the Notch

pathway, and active prior ta neurogenic gene function. Their function and expression

patterns suggest that they play an early role in setting up the preliminary boundaries

where proneural clusters may initially form. They also appear to function later within

those boundaries to partially determine where a neuroblast will fonn (Cubas and

Modolell 1992). Specifically, h and emc are expressed in pattern reciprocal to that of the

AS-C genes in the ectodenn and the lowest levels ofeme expression prefigure a region
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from which a neuroblast will form. As a result, it appears that mechanisms besides those

involving the neurogenic genes contribute to the specification and segregation of

neuroblasts from dermoblasts. How h and emc are regulated is unknown.

ln the developing eye dise, both hairy and emc have been manipulated and results show

that they play a cooperative role in the timing ofneurogenesis (Brown et al 1992, Brown

et al 1994). In the developing eye dise, differentiation occurs simultaneously for cells at

the same AIP position aeross the entire width ofthe dise. This differentiation begins at

the posterior rim of the dise and cells progressively anterior ditTerentiate in succession.

The result is a wave ofcellular differentiation which spans the width of the eye field and

sweeps across the disc from posterior to anterior, leaving ditTerentiating and ordered eells

in its wake. The wave is morphologically evident as a consequence ofshape changes and

positional changes taking place among constituent cells, and it is named the

morphogenetic furrow (MF). Ahead ofthe MF are presumptive neuroblasts, while behind

the MF are determined neuroblasts and neurons. Mosaic analysis bas revealed that the

combined loss ofh and emc functions results in precocious neuronal differentiation ahead

ofthe nonnal MF accompanied by precocious expression ofatonal in a cell autonomous

fashion (Brown et al t994). This study provides an elegant example of the molecular

basis ofcoordinated neuronal differentiation and will he further addressed in the

discussion.

Together, emc, h, the proneural genes and the neurogenic genes are believed to act in

succession to demarcate neurogenic territory from which candidate neuroblast precursors

are chosen, and then to restrict the number of neuroblasts derived from the ectodenn.

Importantly, these genes have been conserved in mammals. Notably, the number of such

genes is much larger in mammals, and multiple homologs display distinct but partially

overlapping expression patterns in the developing mammalian nervous system. The

functional analysis of individual genes bas suggested that many of them play a role in the

regulation ofmammalian neurogenesis. Furthermore, analysis ofNotch pathway

constituents collectively bas revealed that the signaling pathway has been conserved and

• conducts signais in response to ligand/receptor interactions much as the Drosophila
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signaling pathway does. Moreover, the Notch pathway in mammals appears to repress

neurogenesis, as it does in Drosophila.

(d) Neural ProgeDitor Genes

The last group ofDrosophila genes to he considered, the neural progenitor genes, are

expressed commonly in most or ail developing neuroblasts or neurons and are thought to

he important in carrying early neuroblasts up to and through neuronal ditTerentiation.

Among these genes are embryonic letha/ abnorma/ vision (elav) , prospero, scratch and

deadpan.

The prospero gene (pros) encodes a homeodomain containing transcription factor.

During embryogenesis, prospero is specifically expressed in ncarly ail neuroblasts and

SOPs. Prospero is localized in the basal cortex ofCNS neuroblasts during mitosis and is

selectively distributed to ganglion mother cells (GMCs) during mitosis. Bath pros mRNA

and protein are observed in the GMC, while the pros gene is not transcribed in the ccII.

Neither pros rnRNA nor protein are observed in ditTerentiated neurons. Prospero gene

function is required for the establishment ofGMC-specific gene expressio~ and for the

proper differentiation of neurons. Loss of function mutations result in neuronal

malformation, with defects in axonal outgrowth (Doe et al, 1991; Vaessin et al, (991).

The normal function ofPros and its mechanism ofaction in GMCs is unclear, though

putative targets inelude the homeobox genes fushi tarazu, even-skipped and engrailed,

which display altered expression in specifie neuroblast progeny in pros mutants.

In the embryonic PNS, SOPs divide asymmetrically to generate the lIa and lib cells. The

lIa cell divides and generates the socket and hair ceUs, while the lIb cell generates neuron

and sheath ceUs. Prospero is expressed in SOPs and then localized to the lIb daughter

cell. It is then transiently found in neurons, but persists in sheath eells (Knoblich et al

1995; Spana and Doe 1995). Loss ofprospero function in the SOP Iineage leads to

axonal outgrowth defects in the resultant neurons, similar to the effeet in CNS neurons
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(Doe et all991~ Vaessin et al 1991). In the adult SOP lineage, Pros is not localized ta the

lIb cell from the SOP, but rather is tirst detected in the lIb œil. Prospero is found in the

nucleus of the lIb ce1l7 in the cytoplasm during mitosis of lib, and then in the nucleus of

the neuron and sheath cell. Prospero is 500n lost from the neuro~ but persists in the

sheath cell as observed in the embryonic PNS. Loss of function results in a

transfonnation of lIb to lIa, with a resultant "double bristle no neuron sense organ"

phenotype. Forced misexpression ofpros in adult SOPs causes the converse lIa to lIb

transformatio~ and flies lack sensory bristles but have duplicate neurons and sheath cells.

Prospero is also required for the pr0Per ditTerentiation of the R7 photoreceptor in the

developing eye, where loss ofpros function causes a defect in axonal outgrowth and

connectivity (Kauffinann et al 1996). Together these results indicate that pros is required

for neuronal ditTerentiation to sorne degree and that prosPero is sufficient to induce

neuronal specification and differentiatio~ direct1y or indirectly, in cenain contexts.

Prospero has been evolutionarily conserved, and homologs have been identified in C.

elegans (SurgHn 1994) as weil as mice (Oliver et al 1993). In mice, prospero is also

expressed in neuroblasts of the CNS.

Interestingly, the Notch pathway influences these cell fate decisions in a manner similar

to its effect on the MP2 lineage in the CNS (Guo et al 1996). A loss of, or decrease in7

Notch function at the IIalIlb stage of the adult SOP lineage results in a lIa to lIb

transformation, and the generation ofectopie neurons and sheath cells at the expense of

hairs and socket cells. Noteh activation at this same point leads to the opposite

transformation, whereby extra hair cells and socket cells are generated at the expense of

neurons and sheath cells. Notch activity is differentially regulated to generate the distinct

lIa and lIb daughter cells. This is achieved by the numb gene product, which interacts

molecularly with Noteh and is believed to inhibit Notch's ability to transduce a signal.

Numb protein is asymmetrically localized to the lIb daughter cell (Rhyu et al 1994), and

is believed to inhibit Notch signal transduction within il. In support of this model~ numb

loss of fonction mutations cause a lIb to lIa transformation in a NOlch-dependent manner

(Guo et al 1995; Uemera et al 1989). The tram/rack gene, which encodes a putative

transcription factor possessing zinc-fingers, functions genetically downstream ofNotch in
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the lIa ccII. A loss of tramtrack function results in transformation ofthe lIa ccII to a lIb

ceU, like loss ofNotch function. Numb is believed to black the activation of tramtrack by

Notch, and thus inhibit the specification of the lIa cell fate in the lIb cell. In the absence

of tramtrack, loss ofnumb fonction does not lead to a lIb to lIa transformation, despite

the presence ofNotch. It is believed that pros lies downstream of tram/rack, either

directly or indirecdy, and that tramtrack activation inhibits pros activation in the lIa cell

(Campos-Ortega 1996).

The elav gene encodes a nuclear protein which contains an RNA-binding motif and is

widely expressed in nearly ail neurons (Robinow and White 1991). Neither elav rnRNA

nor protein are detectable in neuroblasts or glia, and the onset ofe/av expression

correlates with the tirst appearance ofneurons (Robinow and White 1988; Robinow et al

1989). E/av mutations are embryonic lethal, but a post embryonic fonction for elav has

also been discerned from conditional mutants (Campos et al 1985; Homyk et al 1985).

Neural defects have been noted in the optic lobes and eyes ofelav mutants, and mosaic

analysis suggests elav functions in a œil autonomous manner in eye development

(Campos et al 1985; Homyk et al 1985; Yao and White 1991). The cellular fonction of

Drosophila e/av and its mechanism ofaction May involve the regulation of neuron

specifie splicing events (Koushika et al 1996). Studies ofmammalian homologs of e/av

(Okano and Darne1l1997; Wakamatsu and Weston 1997) have suggested that elav may

participate in the regulation of growth through the post-transcriptional regulation of

growth-associated mRNA's (King et al 1994; Lazarova et al 1999; Ross et al 1997).

The deadpan gene encodes a bIaH transcription factor related to the hairy gene product,

and Iike haïry, deadpan interacts molecularly with the transcriptional co-repressor

groucho (Bier et al 1992). The scratch gene encodes a zinc-finger protein, and both

deadpan and scratch are expressed in nearly ail neural precursors. Deadpan and scratch

interact genetically, and double mutants display a marked loss ofembryonic neurons not

observed in individual mutants (Roark et al (995). Loss of scratch gene function alone

leads to a loss ofphotoreceptors in the eye, while ectopie expression of scratch alone

generates supemumerary neurons (Roark et al 1995). Both deadpan and scratch are
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believed to funetion as transcriptional repressors, and one hypolhesis suggests that they

repress non-neuronal effeetors ofditTerentiation.

(e) Non-Classical Genes

Among the genes lying outside ofthe elassieal divisions but still required for proper

neurogenesis are glial cells missing and yan. These are factors believed to repress

neuronal gene expression outside and within the neural lineage respeetively, so that

neuronal genes are expressed in a cell-type-specifie and timely manner.

The generation ofan appropriate number and pattern of rteurons in Drosophila depends

on the funetion of the non-neuronal gene glial cells missing (gcm) (Jones et al 1995,

Hosoya et al 1995). Il encodes a nuclear protein with a unique DNA-binding domain that

binds to DNA in a sequence-specifie manner. Gcm is specifieally expressed in glial

progenitor cells and is required for the generation ofail but a few glial cells in the

Drosophila embryo. Loss of function gcm mutations result in the conversion of

prospective glial cells to neurons. Moreover, neurons thus generated assume a phenotype

appropriate for their position, suggesting that positional specification among neurons and

glia is commonly coded and independent ofcell type. Gain of function mutant gcm

aileles when expressed in neuroblasts of the developing embryo conversely generate

supemumerary glial eeUs al the expense ofneurons. The ectopie glial cells thus generated

also apPear to assume a phenotype appropriate for their position.

The mechanism ofgem action remains unknown, but one possibility is that the induction

ofglial cell differentiation by gcm involves the direct or indirect repression of neuronal

gene expression. Gem may repress positive regulators ofneuronal ditTerentiation, May

engage neuronal genes direetly and repress them, May promote the expression of negative

regulators ofneuronal gene expression, or rnay promote the expression ofpositive

regulators ofglial gene expression which in turn interface with neuronal genes at some

level. Many scenarios are possible, but the fact that gcm can convert mesoderm to a glial-
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like state suggests that gcm does not simply avert neuronal differentiation, but rather

induces proactive glial differentiation activity that is capable ofoverriding neuronal and

non-neuronal differentiation programs (Bemardoni et al 1998). As fate acquisition seems

to he exclusive (though there are a number ofgenes commonly expressed) an emergent

question is where the program ofglial cell differentiation and neuronal cell differentiation

interface (Anderson 1995). Such an intersection ofexclusive differentiation programs

May he simiJar to the situation eartier in development where the choice between ectodenn

and neuroectodenn appears exclusive, and transcription factors regulating these early

states ofcommitment May he intereonneeted in a cross-regulatory network (Sasai 1998).

A question that follows from the examination ofgcm function is whether transcription

factors whieh promote neuronal differentiation operate in a converse manner to oppose

glial œil programs ofdifferentiation white promoting neuronal differentiation. However,

Many ofthe neural transcription factors studied to date in Drosophila function in neural

specification, regulating the choice between neural and epidermal fates rather than glial

and neuronal fates. Little is known about the molecular mechanisms goveming neuronal

specification. In vertebrates however, the transcription factor NeuroD, which belongs to

the basic helix-looJrhelix family of transcription factors, is involved in the proximale

regulation of neuronal differentiation (Lee et al 1995). NeuroD is expressed in ail

Xenopus Deurons prior to or coïncident with their differentiation. It is capable of

converting ectoderm to a neuronal fate, though is incapable ofconverting mesodenn or

endodenn. The ectopie expression of NeuroD in developing Xenopus ectoderm leads to

the creation ofsupernumerary neurons and precocious neuronal differentiation, but

whether this is al the expense ofglial cells or their precursors remains a question. In

short, it is not known whether transcription factors promoting neuronal differentiation do

50 in part by opposing glial cell differentiation. In support of such an intersection, distinct

extrinsic eues are believed to trigger either neuronal or glial cell differentiation from

common precursors in the mammalian PNS. However within the mammalian CNS,

neuronal genesis and gliogenesis are not completely coincident, suggesting an immediate

choice between glial cell fate and neuronal fate May not always be necessary. Still

somewhat surprisingly, the mammalian homolog ofgcm is not restricted to mammalian
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newal precursor ceUs, nor even highly expressed in the nervous system during

development. Apparently gcm function bas diverged evolutionarily.

Another Drosophila transcriptional repressor widely involved in the regulation of

neuronal differentiation is encoded by the yan gene. Yan encodes a transcription factor of

the ETS (E twenty-six) family. These transcriPtion factors are evolutionarily conserved

and typically lie at the end ofa signal transduction pathway which usually involves a

homolog ofthe mammalian proto-oncogene Ras (Wasylyk et al 1998). The ETS

transcription factors are thus poised to respond to intracellular responses to extracellular

signais. Yan is expressed in precursors in the dorsal neuroectodenn ofthe embryo which

will give rise to the anterior CNS. Loss of Yan function leads to hyper-proliferation in

this region ofthe neuroectodenn. Yan is also expressed in the developing eye disc, and its

expression dramatically decreases with cell differentiation. Homozygous null mutations

are embryonic lethal, however conditional mutation and mosaic analysis has revealed that

loss ofyan function also leads to precursor hyper-proliferation in the developing eye disco

Genetically, yan functions as a negative regulator of photoreceptor development (Lai et al

1992; D'Neil et al 1994). Molecularly, yan represses transcription and is negatively

regulated by the Ras tlMAPK pathway (D'Neil et al 1994). Yan contains eight putative

MAPK phosphorylation sites and cao he directly phosphorylated in vitro (Brunner et al

1994). A proposed gain of function mutant yan allele causes a near complete loss of

photoreceptors correlated with extensive and excessive cell death, and completely

disrupts regular ommatidial morphology when expressed in the morphogenetic furrow of

the developing eye (Rebay et al 1995). The activated yan isofonn inhibits bath neuronal

and non-neuronal differentiation in the developing eye, and also inhibits neuronal

differentiation in the embryonic CNS following ectopie expression. In addition, this

isoform ofyan inhibits the ditTerentiation ofmesoderm, which may he relevant as yan is

expressed in mesodennal precursors but not in differentiated mesodennal derivatives.

The activated yan does not however repress differentiation universally, and is unable to

inhibit epidermal differentiation. A naturally occurring gain of function allele harbors a

mutation in a putative phosphorylation site. To create an activatedyan allele, mutations
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• were introduced at putative MAPK phosphorylation sites 10 render it refractory to

regulation by RaslMAPK signal transduction. ft bas been suggested that yan May

normally repress cellular differentiation until instructed not to do 50 by a phosphorylation

event, and that this regulation could control the timing ofneuronal differentiation.

Biochemical evidence suggests that such phosphorylation could reguIate the subcellular

distribution and/or the stability of yan proteine The targets ofyan and hence its

mechanism ofaction are unknown.

(ii) Neurogenesis in C. elegans

Homologs ofNotch, de/ta, groucho, E(spl), Su(H) and AS-C have been identified in C.

elegans. Although C. elegans studies have revealed much about the nature ofNotch

signaling, they have revealed little about its regulation of neurogenesis. The conventional

Notch pathway appears to play a limited role in neurogenesis in C. elegans. The

• proneural and E(spl) orthologs do however play important raies in neurogenesis.

The lin-32 gene encodes a homolog of the AS-C genes, and is expressed in Many

neuroblasts (Zhao and Ernmons 1995). Mutations in the /in-32 gene correlated with a loss

of neurons and their associated sensory structures, similar to the loss ofAS-C function

and atonal function phenotypes observed in Drosophila. In the absence of /in-32

expression, the presumptive neuroblast ceUs undergo a transformation ofcell fate and

generate epidermal derivatives. In C. elegans, as in most other animais, the neuronal

lineage is closely related to the epidermallineage, and neurogenesis involves the

progressive distinction of the two. The /in-32 gene appears to confer the ability ta

generate neurons and their associated sensory structures, much the same as AS-C genes

and alonal do in Drosophila

The lin-22 gene encodes a bHLH transcription factor retated ta the hairy and E(spl) genes

(Wrischnik et al 1997). Lin-22 ditTers from the Drosophila gene products in that it does

• Dot contain the C-terminal WRPW sequence which is crucial for interaction with groucho
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and important for biological function in the Drosophila proteins. Lin-22 appears to

function by repressing the activity of /in-32 in a subset ofprecursors that do not nonnally

give rise to neurons or sense organs. In the absence of /in-22, ectopic neurons are

generated at the expense ofepidennal derivatives, and the ectopic neurogenesis is

correlated with ectopic expression of /in-32 in the same cells. This process does not

involve either of the two Nolch genes identified, nor their ligands. Furthennore, the ract
that lin-22 lacks the motif necessary for groucho interaction suggests that lin-22 May act

in a different manner to specify the fate of these cells. Biochemical analysis of the nature

ofhairy and E(spi) function has suggested that there are two mechanisms by which these

repressive factors operate (Dawson et al 1995). One of these mechanisms does not rely

on groucho, and May therefore be analogous to the action of lin-22 in C. elegans.

Whether or not Iin-22 function depends on unc-34 function, the C elegans homolog of

groucho, has not been reponed. Moreover, the only neurogenic process reported to be

altered by unc-37 mutation is the specification ofa small number of motor neurons

(Ptlugard et al 1997). Other mutations in unc-37 are lethal however, and May mask a

broader involvement in neurogenesis.

The lag-l gene encodes a factor highJy homologous to Drosophila Su(H) and mammalian

Su(H).RBP-Jk (Christensen et al 1996). Funhennore, the /ag-J gene product binds the

consensus sequence identified for Su(H} (LeCourtois and Schweisguth 1995, Bailey et al

1995, Jarriault et al 1995, Dou et al 1994, Henkel et al 1994), and lag-J interacts

genetically with the notch homologs /in-J2 and glp-J. The function of /ag- J in neuronal

development in uncertain.

Like gcm, the C. elegans /in-26 gene encodes a zinc-finger protein which is expressed in

non-neuronal cells but is required for the formation ofan appropriate number and

arrangement ofneurons (Labouesse et al 1996). The Lin-26 protein is round in all noo

neuronal eetodennal cells of the embryo and adult. Lin-26 expression begins at various

times relative to terminal differentiation in various lineages, but is induced prior to or

coincident with the final division ofail such progenitor cells. In instances where an

• ectodermal progenitor cell gives rise to a neuron and a non-neuronal cell, both cells
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inherit Lin-26 protein from the mother œil, but Lin-26 protein is then lost from the

daughter œil that adopts a neuronal fate.

Loss offunction alleles of /in-26 demonstrate that it is required for the differentiation

and/or maintenance ofail non-neuronal ectodermal ceUs, including glial cells. In the

absence ofwild type lin-26, glial cells of the embryo either die or are malfonne<!,

generating dysfunetional sensory organs which have been assayed both funetionally and

ultrastructurally. Death and malformation do not appear restricted to subsets ofglial cells.

In one particular region, the malfonned glial ceIls morphologically resemble adjacent

neurons, suggesting trans-differentiation may have occurred. Gain offunction alleles and

overexpression studies have not been rePOrted as yet.

Thus the repression of neuronal differentiation in non-neuronal cells is important for the

generation ofappropriate numbers and arrangements ofneurons and non-neuronal cells.

Interestingly, the mammalian gene neuronal restriction element si/encing transcription

factor (RESTINRSF) encodes a zinc-fmger protein that functions outside the neural

lineage to repress neuronal gene expression (Chong et al 1995, Schoenherr and Anderson

1995). The expression ofRESTINRSF in non-neural cells and its absence in neurons has

been hypothesized to contribute to the neuron-specifie expression ofmany genes and in

vitro results support this hypothesis. RESTINRSF may distinguish non-neurallineages

from the neuronallineage, but unlike /in-26 and gcm, REST/NRSF does not appear to he

involved in the distinction ofglial and neuronallineages.

(iü) Neurogenesis in Xenopus and Mouse

(a) Overview

In comparison to invertebrates, the vertebrate neurallineage bas a larger number of

intermediate stages between neural specification and neuronal differentiation. Vertebrate

studies have begun 10 identify genes that are sequentially expressed and may foster

• progressive development of the neuronallineage. The identification ofthese genes has
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revealed that progenitor cells pass through a number of molecularly distinct stages en

route to neuronal difTerentiation.

A number ofgenes encoding transcription factors and intercellular signaling molecules

have been found to play important roles in vertebrate neurogenesis. Many display

regionally restrieted patterns ofexpression, while others are expressed widely throughout

the developing nervous system. Both types are usually temporally controlled, suggesting

that they function at parlicular stages ofdevelopment in the neurallineage.

Many regionally restricted transcription factors and signaling molecules are expressed in

progenitor cells and newbom neurons and their 10ss often leads to regjonal deficits in the

nervous system. These factors may direct appropriate cell division, survival,

specification, and differentiation in specifie regions ofthe developing nervous system.

Many of the vertebrate transcription factor encoding genes are orthologs of Drosophila

genes or are similar to such orthologs. Other genes encode factors with funetional

domains that are common among transcription factors, but appear newly formed or

recruited for the purpose of managing gene expression and responsiveness at particular

stages or in particular subdomains of the nervous system. These have been found to alter

specification, survival, proliferation, and differentiation in specifie populations.

The analysis of neurogenesis in zebrafish, Xenopus, and mouse bas revealed that

neurogenic meehanisms have been conserved from Drosophila Xenopus studies have

been particularly fruitful in adding genes and mechanisms that bridge neural induction to

neuronal differentiation in vertebrates. Importantly, Xenopus provides a powerful tool for

the functional assessment of genes potentially involved in neurogenesis. As such, genes

identified in mammals have often been functionally analyzed in Xenopus, either directly

in interspecies assays or following the isolation ofXenopus onhologs. Gene targeting in

mice has served as the ultimate test for gene function in mammalian neurogenesis.

However these experiments are often complicated by the increased redundancy and

pleiotropic nature ofgene funetion in the mouse.
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Neurogenesis in Xenopus, like that in Drosophil~ occurs in multiple waves. The tirst

wave, referred to as primary neurogenesis, generates a primitive nervous system a1lowing

the tadpole to function and respond to external stimuli. This tirst wave of neurogenesis

provides an assay system where gene expression and phenotypic changes may he scored

following genetie manipulation. Such studies utilize whole embryos or naive ectodermal

explants (animal caps) which May he induced to generate neural tissue.

The neurogenic and proneural genes have been conserved in Xenopus and mouse where

homologs ofNo/ch, Su(H), E(spl) and AS-C have been identitied. Homologs ofemc (Id

genes), h (Hes genes) and da (E2A) have also been identified. Additional genes are also

involved in vertebrate neurogenesis. Some of the novel genes eneode proteins similar to

the classic proneural bHLH gene products in both fonn and neurogenic ability. Thus the

number ofproneural-like genes apPears larger in vertebrates, with members functioning

at different developmental stages and possibly in distinct ways along the extended neural

lineage.

(b) The Neural bULB Genes

The products ofthe neurogenin genes, as weil as the products of the mammalian achaete

seule hom%g (Mash) genes are bHLH transcription factors related to AS-C gene

products (Lee (997). There are three neurogenin family members, ngnJ, ngn2 and ngn3.

Ali three are expressed in neural progenitor cells (Sommer et al 1996, Ma et al (997), and

are believed to he capable of triggering ectopie neurogenesis (Ma et al 1996, Blader cr al

1997). There are two MASH family members, Mashl and Mash2 (Johnson et al 1990),

but only Mash1 is expressed in the nervous system and involved in neurogenesis

(Guillemot et al 1994, Guillemot et al 1993). Mashl is a1so expressed in neural

progenitor cells (Lo et al 1991, Guillemot and Joyner 1993). Mashl and neurogenin gene

products are believed to heterodimerize with products of the E2A gene, the ubiquitously
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expressed homolog ofda. MashVE2A heterodimers bind the E-box DNA sequence and

can activate transcription in an E-box dependent manner in vitro (Johnson et al 1992).

In the mouse central nervous system, ngnl. Mashl and ngn2 are widely expressed in

partially overlapping domains (Ma et al 1997, Sommer et al 1996, Lo et al 1991,

Guillemot and loyner 1993). Their expression in the PNS is more restricted and exclusive

(Ma et al 1998, Fade et al 1998). The disruption of ngnl, ngn2, and Mashl individually

in transgenic mice 100 to a lack of neuronal development in those tissues in which they

were exclusively expressOO. Precursors of the sympathetie, parasympathetie and enterie

nervous system express Mash/ exclusively, as does a subset ofcells in the olfactory

epithelium. In contrast, the eraniaI ganglia express either ngnl, ngn2, or both but do not

express Mashl. In addition, a portion ofthe olfactory epithelium does not express Mashl

but does express ngn2 (Cau et al 1997). The sympathetic and most enteric ganglia do not

develop in Mashl mutant animais, nor does the portion ofthe olfactory epithelium that

normally expresses Mashl (Guillemot et al 1993, Cau et al 1997). In contrast, the cranial

ganglia appear unaffected by Mashl loss of funcrion, as does the portion of the olfactory

epithelium that normally expresses ngn2. The disruption ofngn/ and ngn2 individually

affects distinct sets ofcranial ganglia which express them selectively. Ganglia that

express both ngn/ and ngn2 are affected, though to a lesser extent, by the disruption of

either gene (Fode et al 1998, Ma et al 1998).

The loss ofMashl and the neurogenins affects development at the progenitor œil stage.

In the olfactory epithelium, Mash1 mutant cells appear to he sPecifiOO as neural

progenitor ceUs but apoptose prior to differentiation. In addition, support cells in the

olfactory epithelium appear to survive in the absence ofMashl (Cau et al 1997). [n the

sympathetic nervous system, neural crest cells appear to he sPeCified as sympathetic

precursor cells in Mash / mutant miee, but do not differentiate to fonn symPathetic

neurons (Guillemot et al 1993). These cells likely die in the absence ofditTerentiation. In

the ectodermal placodes that give rise to the cranial ganglia, neural progenitor cells do

not appear to fonn in the absence of functional ngn2, and corresponding ganglia are

absent (Fode et al 1998). In ngnl mutant mice, the normal pattern ofbHLH gene
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expression is not observed in presomptive progenitor cells emanating from the

eetodermal placodes, these cells do not appear to ditTerentiate in the anIagen oftheir

respective ganglia, and the corresponding ganglia are absent (Ma et al 1998).

Mashl mutant mice alsa display a complex mutant CNS phenotype (Casarosa et 811999;

Hirsch et al 1998; Torii et al 1999; Horton et al 1999). In Mashl mutant mice, changes in

gene expression occur in regions that nonnally express Mashl. Included among these

genes are those that encode transcription factors and signaling molecules thought to play

important roles in neural development within their domains ofexpression.

Accompanying changes in gene expression are cell deficiencies. A decrease in the

progenitor cell domain is evident in the SVZ of the medial ganglionic eminence (MGE),

and discrete cell populations appear absent in the basal ganglia, cerebral cortex, and brain

stem. Within the brainstem, expression ofthe Phox2a gene is dramatically reduced.

Phox2a encodes a homeodomain-containing transcription factor and that is nonnally

expressed in developing noradrenergic neurons of the locus ceoruleus, and is required for

their development in vivo (Morin et al 1997). In vitro experiments suggest that Mashl

lies upstream ofPhox2a (Lo et al, 1998), and such a relationship may account for the loss

ofthe locus ceoruleus and Phox2a gene expression in the brainstem ofMashl mutant

animaIs.

In addition 10 the œll deficiencies and changes in gene expression, the trajectory of

specifie axons that nonnally encounter Mashl expressing cells appears a1tered in Mashl

mutant mice (Tuttle et al 1999). Stereotypical thalamocortical pathways that encounter

Mashl positive cells appear altered in Mashl mutant mice. Axons travelling from the

thalamus to Mashl expressing clusters in the forebrain do not enter the designated

territory in Mashl mutant animais, but rather appear to tangle or alter their trajectory at

the border of these territories. This non-autonomous etTect may reflect incomplete or

inappropriate œil ditTerentiation within the clusters in the absence ofMashl.

Mashl is also expressed in a subpopulation ofprogenitor cells in the developing retina,

• its temporal pattern coinciding with the generation of rod, horizontal and bipolar œil
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subtypes. Retinal explants cultured trom Mashl null miœ exhibit delayed rad, horizontal

and bipolar œil diiferentiation as weil as a significant loss ofbipolar cells and a

significant surplus ofMueller glial cells (Tomita et al 1996a). Conversely, forced

expression ofMashl in retinal progenitor cells resulted in an increase in biPOlar cells

(Tomita et al 1996a). Interestingly, Hesl, an E(sp/) onholog, and Mashl exhibit opposing

effects in the developing retma. While retinal development in Mashl mutant mice is

delayed, rod and horizontal cell differentiation is accelerated in Hes1 mutant mice

(Tomita et al 1996b). Premature cell differentiation in Hesl mutants has morphological

consequences and the retina appears grossly abnonnal, with extensive biPOlar œil death

ensuing soon after cell differentiation. Also in contrast to Mash1, forced expression of

Hesl inhibits retinal progenitor cell diiferentiation rather than promoting it (Tomita et al

1996b). Hes1 encodes a bHLH transcription factor similar to the bHLH products of

E(sp/) and binds the N-box sequence CACNAG (Sasai et al 1992)./n vitro studies have

suggested that Hesl can antagonize Mashl aetivity in two ways. First, by repressing its

transcription, and second, by interacting molecularly with E2A proteins and Iimiting the

formation ofE2A1Mash1 heterodimers, which are believed to he the active Mash1

species (Sasai et al 1992).

The relatively late expression ofMashl and ngn2 in the retina suggests that they do not

regulate ganglion cell development. The vertebrate Math5 gene encodes ab~H

transcription factor similar to Mash1 that is expressed exclusively in the developing

retina and prior to Mashl, ngn2, and NeuroD expression (Brown et al 1998). Its

expression pattern suggests that it May he involved in the specification or difTerentiation

ofearly retinal cell types such as ganglion cells. Forced expression ofMath5 in vertebrate

retinal progenitor cells leads to an increased frequency of bipolar cell differentiation, and

injection ofMath5 into Xenopus embryos prior to retinal formation causes a subsequent

eXPansion ofretinal territory (Brown et al 1995). Thus Math5 possesses neurogenic

activity and is expressed early in the developing retina, prior to the difTerentiation of the

first retinal neurons. However it does not appear to be sufficient to promote ganglion cell

ditferentiation specifically.

52



•

•

•

Antagonism between Mashl and Hes1 bas also been demonstrated in cultures of

immature hippocampal neurons (Castella et al 1999). These genes are reciprocally

expressed as hippocampal neurons differentiate, with a decrease in Hes1 expression

accompanying an increase in Mashl expression during ditTerentiation. Forced expression

ofMashl in newbom hippocampal neurons leads to an increase in neuronal

differentiatio~ as indicated by neurite outgrowth. Forced expression ofHes1 leads to an

inhibition of unprovoked neuronal differentiatio~ and is sufficient to inhibit the neuronal

differentiation triggered by forced Mashl expression. Additional evidence supporting a

reciprocal relationship between Hesl and Mashl cornes from Hesl null mice, where

premature neuronal ditTerentiation in the CNS is correlated with Mashl upregulation

(Ishibashi et al 1995).

The neurogenins and Mash1 share the ability to induce the expression ofdelta and

nonnally prefigure its expression in vivo, much like the activity ofAS-C in Drosophila

(Ma et al 1996, Chitnis e al 1995, Henrique et al 1995, Bettenhausen et al 1995, Ma et al

1998). In addition, these early bHLH factors are capable of inducing two subsequently

expressed neural blll.H genes, NeuroD and neurologica/ stem ce// leukemia factor

(NSCL) (Ma et al 1996, ~fa et al 1998). Three NeuroD genes and two NSCL genes have

been identified to date (McComick et al 1996, Gobel et al 1992, Begley et al 1992). The

NSCL genes are so named because their sequences resemble that of the heamatopoietic

regulatory gene SCL, which is required for development of the heamatopoietic Iineage

(porcher et al 1996). In contrast to Mashl and the neurogenins, NSCL and NeuroD family

members are not generally expressed in early neural progenitor cells. These genes are

expressed following neurogenin and Mash1 expression, and in Xenopus, NeuroD is

clearly restricted to a subset ofngn1...expressing cells (Ma et al 1998, Fode et al 1998,

Cau et al 1997, Ma et al 1996, Sommer et al 1996, Chitnis and Kintner 1996).

Furthermore, the expression ofNeuroD tightly correlates bath spatially and temporally

with N-tubulin expression in Xenopus. In the murine P19 embryonal carcinoma ceIl line

(P19 EC), bHLH transcription factor genes are expressed sequentially as cells

differentiate along the neuroectodennallineage, with Mash1 and the ngns being

expressed first, followed by NeuroD and NSCL (Itoh et al 1997). In vivo, both NeuroD

53



•

•

•

and NSCL are specifically expressed in the mande zone of the developing mouse neural

tube, complementary to the expression ofthe ngns and Mashl in the ventricular zone

(Lee et al 1995; Sommer et al 1996; Ma et al 1996; Ma et al 1997; Begley et al 1992;

Gobel et al 1992). The expression ofNeuroD and NSCL al50 appears to follow Mashl

and ngn expression in the developing retina, olfactory epithelium, and cranial sensory

ganglia (Cau et al 1997; Morrow et al 1999; Ma et al 1997; Sommer et al 1996; Lee et al

1995). A comparison ofthe extent of expression ofMashl, the ngns and NeuroDJ reveals

potential convergence onto NeuroDJ by the more restricted and disparate MashJ and ngn

genes. If such convergence occurs, it does so despite the number ofNeuroD genes

identified, and may suggest that the NeuroD genes perform redundant functions.

Manipulation ofMashl and ngn gene expression also alters the expression of NeuroD

and NSCL in a predietable rnanner, suggesting a causal relationship (Guillemot et al

1993; Fode et al 1998; Ma et al 1998; Ma et al 1996). Thus it has been hYPOthesized that

NeUToD and NSCL lie at the end ofa transcriptional regulatory pathway that spans the

neuronal lineage and is largely responsible for the progressive differentiation ofDeurons

(Lee et al 1997)./n vitro, the biochemical behaviour ofNeuroD1 and NeuroD2 is largely

indistinguishable from that of MASH·l. NeuroD1 and NeuroD2 bind the E-box and

activate transcription in an E·box dependent manner (McCormick et al 1996).

Interestingly, the activities ofNeuroDI and NeuroD2 appear to ditfer slightly, as

NeuroD2 is capable ofactivating transcription from a fragment orthe GAP-43 gene,

while NeuroDI is not (McCormick et al 1996).

The analysis ofNeuroD function in vivo has been complicated by the fact that NeuroD is

required for development of pancreatic p·cells. Mice null for the NeuroD locus die

shortly after birth from severe diabetic complications (Naya et al 1997). Early neural

development appears overtly unaffected by the loss of NeuroD, possibly owing to

redundancy within the NeuroD gene family. However studies utilizing retinal explants,

and a conditional NeuroD null mutant, have revealed multiple functions for NeuroD in

neural development.
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NeuroD is expressed in retinal progenitor cells and neurons in the developing retina, but

is excluded trom glial cells. Retinal explants derived from NeuroD null mice exhibit a 3

to 4 fold increase in the numher ofglial cells produced (Morrow et al 1999). There is a1so

a change in the population distribution ofneuronal subtypes in these explants. A larger

proportion ofbipolar and a smaller proportion ofamacrine ceUs develop in these explants

as compared 10 explants trom wild tyPe mice. In addition, NeuroD appears to he required

for the survival ofa subset ofphotoreceptors in vitro. Conversely, forced expression of

NeuroD in retinal explants inhibits glial cell formation, increases the number ofDeurons

fonned, and shifts the subtype distribution toward amacrine cells and away from bipolar

cells (Morroe et al 1999). Studies in chick also support a role for NeuroD in

photoreceptor development. NeuroD is expressed in progenitors and developing neurons

in chick and forced expression ofNeuroD in vivo leads to the production of

photoreceptors specifically, with no change in amacrine, bipolar or ganglion cell

fonnation (Yan amd Wang 1998). In the chick, NeuroD has the ability to generate

photoreceptors de novo trom an expiant of retinal pigment epithelium, without inducing

the formation ofother retinal cell subtypes.

Recently the mutant pancreatic phenotype ofNeuroD null mice was rescued, permitting

an analysis of postnatal neural development in the absence of NeuroD (Miyata T et al

1999). These conditional NeuroD mutant mice carry a second transgene in which NeuroD

is positioned behind the insulin promoter. Mutant mice survive postnatally and display

postnatal neuronal differentiation defects. Granule neurons of the dentate gyms in the

hippocampus fail to form, and granule neurons of the cerebellum are largely absent in

these NeuroD mutant mice. In the cerebellum, an increase in apoptosis is observed in the

external granule celllayer where newbom granule neurons reside. The domain of

apoptotic ceUs in the external germinal layer (BGL) appears expanded as weil. Apoptosis

is also observed in the internai granule layer, indicating that some mutant neurons die

only after migration. NeuroD expression in the hippocampus is unusual in that it is

observed in progenitor cells that give rise to granule cells. Mutant animais oever fonn a

dentate gyrus, and exhibit increased apoptosis amoog presumed granule neuron

progenitor cells.
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The NSCL2 gene bas been targeted and mice null for the NSCL2 locus are infertile,

display sexual dysfunctio~ and have altered levels ofcirculating gonadotrophins (Good

et al 1997). NSCL2 is nonnally expressed in the developing hypothalamus and in the

primordium of the pituitary. Despite the physiological consequences ofNSCL2

disruption, these structures appear overtly nonnal in NSCL2 mutant mice. It is presumed

that NSCL2 affects the ditTerentiation or fonction of these œil populations without

noticeably compromising their survival or organization.

The Xenopus Xash3 gene encodes a bHLH factor which is expressed early in neural

progenitor cells but in a more restricted domain than the ngns (Zimmerman et al 1993). It

is concenttated in the anterior portion of the neural plate. Foreed expression ofXash3

results in an expansion of the neural plate, as epidermal progenitor cells adjacent to the

normal neural plate domain are converted to a neural fate. Somewhat paradoxicaliy,

Xash3 was found to repress primary neuronal differentiation. Thus Xash3 promotes

neural precursor formation within a Iimited domain and adjacent to pre..existing neural

tissue, but inhibits neuronal differentiation within nonnal and ectopic neural territory.

The exact role ofXash3 is unclear, and a mOOne homolog has not becn identified.

A number ofgenes related to the Drosophila bm..H proneural gene atonal have also been

identified in Xenopus and mice. These genes are collectively referred to as the

mamma/ian atonal hom%g genes (Math genes). These genes are expressed in distinct

and Partially overlapping domains. Their expression is also dynamic and suggestive ofa

function in the early stages of neurogenesis. Math1 is tirst expressed at embryonic day

9.5 in cells of the developing cranial ganglia and rostral alar plate of the central nervous

system (Akazawa et al 1995). By embryonic day 10.5, expression throughout the dorsal

neural tube is evident, but by embryonic day 18 expression is restricted ta the external

granule layer of the developing cerebellum. Mathl is expressed in progenitor cells and

temPOrarily in their derivatives in the cerebellum, but is not detected in the adult.

Disruption ofthe Mathl gene in transgenic mice results in a cerebellum devoid ofan

extemal germinal layer and lacking granule cells (Ben-Arie et al 1997). Math1 is also
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nonnally expressed in the developing inner ear sensory epithelia, and mutant mice also

lack cochlear and vestibular hair cells (Benningham et al 1999). In contrast to Math1,

Ma/h2 is not expressed in progenitor ceUs. At embryonie day 11.5, Math2 is expressed in

the cortical plate and the mande zone of the developing braio and spinal cord respectively

(Shimizu et al 1995). By embryonic day 13.5, expression bas inereased in the cortical

plate, and decreased elsewhere in the nervous system. The adult cerebrum also shows a

high level ofMath2 mRNA. Both Math1and Math2 form dimers and bind in a sequence

specifie manner to the E-box sequence (Akazawa et al 1995; Shimizu et al 1995). In

addition, Math1 is a transcriptional activator, the activity ofwhich may he antagonized

by co-expression ofHes genes (Akazawa et al, 1995), similar to Mashl and the ngn's.

Math5 expression, as previously mentionecL is restricted to the developing retina where

expression is seen in early retinal progenitor cells and is required for their development

Further, Math5 also possesses neurogenic ability in a Xenopus assay, where it expands

developing retinal territory when mis-expressed.

The Xenopus homolog of Math1, Kath1, is restricted to the dorsal hindbrain during

neural development, much like the latter phase ofMath1 expression in mouse (Kim et al

1997). Injection of Xath1 in Xenopus embryos results in ectopic neurogenesis within and

outside of the nonnal neurogenic domain ofeetodenn. Interestingly neither NeuroD nor

neurogenin are induced by forced expression ofXathl, and Xathl induces N-tubulin

expression without inducing NeAM expression. These resuIts suggest that Xath1

functions in terminal differentiation rather than neural specification, and does so

independent (or downstream) ofNeuroD. The relevance ofthese results are unelear.

Similarities between the ngn 's, Mashl and NeuroD mise the question ofwhether they

differ solely in expression or also in function. Ectopie expression studies in Xenopus

have suggested that they differ in their sensitivity to lateral inhibition, and in their ability

to activate each other (Chitnis and Kintner 1996). Neurogenin induces the expression of

de/ta, and presumably initiates lateral inhibition. It also induces NeuroD and N-tubu/in,

suggesting that neurons are fonned. However NeuroD does not appear to he capable of

inducing ngn. In the presence ofan activated Noteh signal, neurogenin cannot stimulate
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neuronal formation. In contrast, NeuroD can induce ectopie neuronal differentiation in

the absence or presence ofNoteh activation. It bas been suggested that determination

factors and differentiation factors May have evolved differential sensitivity to inhibitory

eues, with determination factors being sensitive, and ditTerentiation factors being

insensitive. This may a1so he the case in muscle development, where distinct bHLH

factors similarly lie at the detennination event and at the terminal differentiation event

(Weintraub et al 1991; Lee et al 1995). Such a meehanism may allow ceUs to commit

while delaying differentiation, and allow them to be modified and to proliferate in the

interim.

(c) The Neurogenie Genes

Turning to the negative regulation of neuronal differentiation, the Notch pathway has

maintained its molecular integrity in both Xenopus and mouse (Chitnis and Kintner 1995;

Artavanis-Tsakonas et al 1999). In Xenopus, the inhibition ofdelta function results in

excessive neuronal differentiation, white ectopie delta expression leads to the inhibition

ofendogenous neuronal differentiation (Chitnis et al 1995). Similarly, expression ofa

Notch allele encoding an activated isofonn of Noteh inhibits the formation of neurons,

white a dominant negative isoform causes excessive neuronal differentiation in Xenopus

(Coffinan et al 1993). At the next step in the pathway, overexpression ofSu(H) results in

the suppression of neuronal differentiation, while a dominant negative form ofthe

transcription factor leads to excessive neuronal differentiation in Xenopus (Wettstein et al

1997). Overexpression ofaXenopus E(spl) homolog inhibits neuronal differentiation,

while inhibition ofendogenous gene activity enhances il. Xenopus homologs ofgroucho

have been cloned (Choudhury et al, 1997), and recent experiments suggest that they too

function as transcriptional co-repressors (Roose et al, 1998), though their role in neuronal

development is not elear. A Xenopus homolog ofh has also been isolated which contains

a C-tenninal WRPW repeat that is required in funetional assays (Dawson et al, 1995),

suggesting it may interact with a groucho homolog and that this interaction may he

important for function.
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Several Nolch genes have heen cloned in mice. They exhibit widespread and partially

overlapping expression domains (Williams et al 1995). With respect to neural

development, the Nolch genes appear to he expressed primarily in progenitor ceUs ofthe

ventricular zone within the developing neural tube. However, these genes are later

expressed in regions where mature neurons reside, in specific regions of the spinal cord

and brain. Three genes encoding Notch ligands have been identified in mice. JaggedJ, a

serrate ortholog, and delta / are expressed widely throughout the nervous system and

coincide in Many progenitor cell domains with the expression ofthe No/ch genes

(Lindsell et al 1996). Jagged2, a second serrate onholog, exhibits a more restrieted

pattern ofexpression among progenitor cells, but is found in differentiated neurons of the

CNS and PNS, as weil as retinal progenitor ceUs (Valsecchi et al 1997~ Shawber et al

1996).

A comparison ofexpression patterns shows that specifie No/ch genes are not co

expressed with specifie ligand-encoding genes, that nearly ail regions of the nervous

system express at lcast one No/ch and one ligand encoding gene, and that regions May

express more than one ligand-encoding and No/ch gene. However at the cellular level it is

not known whether multiple No/ch and ligand-encoding genes are co-expressed.

Regardless, the disparate patterns ofexpression raise the issue of whether the encoded

receptors and ligands differ intrinsically or are capable ofcomplementing one and other

functionally. Finally, this group ofgenes is ofgreat interest as three human disorders are

associated with mutations in three distinct members, illustrating the broad scope ofNotch

pathway activity in humans. Alagille syndrome, a developmental disorder affecting the

face and eyes, CADASIL (cerebral autosomal dominant arteriopathy with subcortical

infarcts and leukoencephalopathy), a late onset systemic vascular disorder affecting brain

structure and behaviour and predisposing to victims to stroke, and T-ceIl acute

Iymphoblastic leukemia (TAL) are associated with mutations in Jagged-I, Notch·3, and

Notch-I respectively (Joutel et al 1998; Ruchoux et al 1997; Oda et al 1997).
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Deletion of the Nolchl gene is homozygous lethaI, and embryos die by embryonic day

10, shortly following the onset ofneuronal differentiation (Swiatek et al 1994; Conlon et

al 1995). These mice exhibit a defect in the segmentation ofsomites from presomitic

mesoderm, but neural defects are not evident. This may he due to their early embryonic

death. Conversely, forced expression ofa Notch a1lele encoding an activated Notch

isoform in neural progenitor cells led to an expansion of the progenitor cell population, a

corresponding expansion and deformation ofthe neural tube, and death by embryonic day

12.5 in transgenic mice (Lardelli et al 1996). In addition, the expression ofa similar

Notch a1lele in naive P19 EC cells inhibited neuronal differentiation that was normally

triggered by a pulse of retinoic acid (Nye et al 1994).

In the developing mammalian retina, Nolchl is expressed at successive stages of

development, coincident with the diiferentiation ofdifferent cell types (8ao et al 1997).

The mammalian Notch1 ligand encoded by de/tal is also found in the retina during

development (Morrow et al 1997). An activated Notch1 isoform causes abnonnal growth

in retinal progenitor cells in vivo and perturbs normal retinal cell-type ditferentiation

(Bao et al 1997; Austin et al 1995), similar to the effects of forced Hes1 expression

(Ishibashi et al 1994). Retinal ganglion cells are the first cell type to fonn in the

developing retina, and the number of retinal ganglion cells decreases in the presence of

activated Notch. Conversely, the introduction ofNo/ch antisense oligonucleotides into

retinal progenitor cells in vivo results in an increase in the number of retinal ganglion

cells fonned (Austin et al 1995).

The Notch pathway also appears ta he involved in ioner ear development. The sensory

epithelium of the inner ear is composed of spatially arrayed hair cells, regularly

interspersed with non-hair support cells such that neighbouring sensory hair cells are

separated from one and other by an intervening support cell. The early epithelium is

thought to consist ofequivalent cells, and local interactions are thought to specify cell

fates within the epithelium. Notchl and its ligand encoding gene Jagged2 are expressed

in a1ternating cell types in the developing epithelium, and disruption ofJagged2 results in

a significant increase in the number of sensory hair ceUs, apparently at the expense of
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support cells (Lanford et al 1999). This is reminiscent of the situation in Drosophila

where the Notch pathway is used to segregate dermoblasts and neuroblasts in an

epithelial shee~ and where Notch pathway manipulation in cells of the ventral ectoderm

renders them incapable of lateral specification, resulting in either excessive neuroblasts,

or excessive epidennoblasts, at the eXPense of the alternative cell tyPe.

ln addition to its role in neurogenesis, Notch has a1so been implicated in cell

proliferation. Such activity May he relevant to neurogenesis, where proliferation and

differentiation appear to he mutually exclusive. This activity bas been observed in C.

elegans, where the mutations in the glp-i gene result in ligand indePendent and cell

autonomous tumour formation in the germ cellline (Berry et al 1997) . In mice, the

Nolch4 locus is a frequent target of the mouse mammary tumour virus in mammary

tumours./nt-3, the viral oncogenic fonn ofNotch4 encodes a protein lacking the

extracellular domain that is predicted to he constitutively active (Uyttendaele et al 1996).

In rats, an activated isofonn of Nolchi alters the proliferation ofretinal progenitor cells in

vivo (Boo et al 1997). In humans, Tan-lis a naturally occurring translocation in the

Notchl locus associated with B-celllymphoma. The Tan-l gene predicts a truncated

Notch protein similar to the activated isofonns descrihed above. Furthennore, retroviral

expression of this Notch allele is sufficient for the transformation of primed mammalian

cells in culture (Capobianco et al 1997).

Mutations in Jaggedl are associated with human Alagille syndrome, the symptoms of

which include eye and facial dysmorphogenesis (Oda et al 1997). The disruption of

Jagged1 in mice is lethal and embryos die at an early stage from hemorrhage, apparently

due to a vasculature deficiency (Xue et al 1999). The early embryonic death precludes an

anaIysis of the requirement for Jaggedi in neural development Interestingly,

heterozygous mutant mice exhibit eye dysmorphology.

The murine RBP-JklSu(H) gene product protein also appears to he involved in the

repression ofneuronal differentiation in mice. Murine RBP-JklSu(H) has been cloned and

• is ubiquitously expressed in the developing nervous system. Targeted disruption ofRBP-
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JklSu(H} is homozygous lethal, similar to Notch disruption, with mice dying by

emhryonic day 11.5 (de la Pompa et al 1997). In contrast to the No/ch mutant mice, RBP

JklSu(H) mutant mice display a clear neural phenotype, possibly owing ta their relatively

prolonged viability. These mutants display premature neuronal differentiation throughout

the nervous system. In vitro, RBP..Jk/Su(H) exhibits intrinsic transcriptional repression

aetivity and binds the sequence CGTGGGAA (Hsieh and Hayward 1995; Henkel et al

1994), the natural target sequence of Drosophila Su(H) located in E(spl) genes

(LeCourtois and Schweisguth 1995; Bailey and Posakony 1995). Interestingly, this

sequence is also located in Hes!, where it is required for induction by Noteh activation,

revealing conservation of the Notch signaling cascade (Jarriault et al 1995).

A nomber ofE(sp/) genes have been cloned in mice, namely Hes!, Hes2, Hes3, and

Hes5. These genes show distinct and dynamic patterns ofexpression, with some

restricted to particular cell types. Hes3 is first expressed in presumptive progenitor ceUs

in the rhombencephalon and then later restrieted to Purkinje ceUs (Lobe 1997; Sasai et al

1992). Hes2 is expressed as early as embryonic day 9.5 and is detected in a number of

embryonic and adult tissues (Ishibashi et al (993). Hes! is expressed early throughout the

developing nervous system and is localized to the ventricular zone from the caudal neural

tube to the forebrain (Sasai et al 1992). Disruption of the Hes! gene results in premature

neuronal ditTerentiation in the forebrain and a defect in anterior neural tube closure,

possibly as a result of progenitor cell depletion (lshibashi et al 1995). Most Hes! mutant

mice die perinatally. Premature and abnormal neuronal ditTerentiation was also observed

in the retina ofHes! mutant mice (Tomita et al 1996). Conversely, forced expression of

Hes! in developing retinal progenitor cells (Tomita et al 1996) as weil as CNS progenitor

cells surrounding the lateraI ventricles (Ishibashi et al 1994) results in the inhibition of

neuronal ditTerentiation.

Hes5 is expressed specifically in the nervous system, and is confined to the ventricular

zone throughout the neural tube (Akazawa C et al 1992). In the developing retina, Hes5 is

expressed along with HesJ in retinal progenitor cells. Interestingly, retioal progenitor

cells cultured from Hes} or Hes5 null mice are inhibited from generating neurons in
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response to Notch activation, while cells derived from double null mice do not respond to

Notch activation (Ohtsuka et al 1999). This indicates that the two genes are redundant for

at least some aspects ofNotch signaling, but that one of these genes is minimally required

for this response in retinal progenitor ceUs. The retinal phenotype of Hes/ mutant mice

may indicate that Hes5 cannat normally compensate for HesJ in vivo, tbat Notch/HES

signaling is normally limiting, or that Nolch independent Hes / activity is required for

retinal development in vivo. 80th Hes5 and Hes1 bind the N-box sequence in vitro, and

behave as transcriptional repressors in vitro (Akazawa et al 1992; Sasai et al (992).

Multiple vertebrate homologs ofDrosophila groucho have been identified (Stifani et al

1992; Leon and Lobe 1993; Choudhury et al 1997). These genes are widely expressed

and interact with a number of transcription factors in difTerent tissues, suggesting

widespread and diverse functions (reviewed Fisher and Caudy 1998). The encoded

proteins have affinity for the nucleus (Stifani et al 1992; Husain et al 1996), cao

oligomerize (Grbavec et al 1998; Chen et al 1998) and posses intrinsic transcription

repression activity (Grbavec et al 1998, Fisher et al (996). They are believed to function

as transcriptional co-repressors that are recruited ta DNA by their affinity for DNA

binding transcription factors (Fisher et al 1996). These factors are expressed in neural

precursor cells a10ng with Hes genes (Grbavec et al 1998; Fisher et al 1996; Grbavec and

Stifani 1996; Allen and Lobe 1999; Leon and Lobe 1993; Koop et al 1996; Dehni et al

1995) and interact with HES-l in vitro and in vivo (Fisher et al 1996; Grbavec et al 1998

respectively). As mentioned previously, Hes-/ is required for neuronal development. In

addition, vertebrate groucho homologs mediate signal transduction in the wnt pathway

(Roose et al 1998) as groucho appears to do in Drosophila (Cavallo et aI(998). In

vertebrates, a groucho gene bas been implicated in neuronal survival (Arndt et al 1999),

but the function of individual vertebrate groucho genes May be redundant, as implied by

the lack ofa neural phenotype resulting from targeted disruption of a single groucho gene

in mice (Mallo et al 1995).

These results suggest that the intercellular communication pathway established by the

neurogenic gene produets is conserved, is able to inhibit neurogenesis, and may normally
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do 50. Interestingly, in Drosophila this function takes place largely at the stage of

epidennal/neural decision making, just prior to neural specification. In Xenopus this may

also be the case, however in mammals it appears that Notch functions at a later stage of

development, following neural specification but prior to neuronal differentiatioD. The

neurogenic pathway does however target related factors of the bHLH class in different

organisms and at different stages of lineage development in order to perfonn these

functions. Sorne interesting genes that are expressed at intennediate stages of neuronal

development and appear refractory to the inhibitory actions of the Notch pathway have

recently been isolated. These factors May in fact enable cells to make the transition from

neural specification to neuronal differentiation, and that transition May require resistance

to the influence of lateral inhibition and the neurogenic genes. Sorne of these factors

POsses a bHLH domain, while others POssess zinc-tinger motifs for binding DNA. Il is

tempting to suggest that these factors render neural progenitor ceUs "deaf' to the

inhibitory effects of lateral inhibition, thereby committing cells to the expression of

neuronal differentiation genes such as NeuroD, and irreversible neuronal differentiation.

(d) Intermediate Stage Genes

X-MyTJ is a Xenopus gene which is expressed following neurogenin but prior to NeuroD

in a pattern which prefigures neuronal differentiation (Bellefroid et al (996). X-MyTl

encodes a zinc-tinger protein that is found in the nucleus of neural progenitor ceUs. X

MyTJ mRNA injection in Xenopus embryos results in an increase in neurogenesis within

the normal neurogenic domains. Co-injection ofngn mRNA or low levels ofXash3

mRNA results in excessive ectopic neurogenesis both within and outside of the normal

neurogenic dornains. The etTect ofco-injection differs from injections ofngn or Xash3

alone as the neurogenesis observed cannot be inhibited by Notch pathway activation.

That is, an activated Notch isofonn inhibits ngn and Xash3 triggered neurogenesis, but

not when X-MyTJ is expressed. Funher, inhibition of nonnal X-MyTJ function by

expression ofa dominant negative isofonn of the protein revealed that X-MyTJ function

• is required for neurogenesis. The authors of this study have suggested that X-MyTJ May
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he an intermediate factor that is expressed in neural progenitor cells as they make the

transition from specified progenitor to differentiating neuron, and that il may act to cause

an intrinsic inhibition ofNotch pathway activation at some level.

Another gene that is expressed al a similar timepoint in Xenopus neural development is

Xcoe2 (Dubois et al 1998). This gene belongs to a family of related genes that ail share a

common HLH domain. Murine and human homologs have been identifietL and in situ

anaIysis bas revealed that Coe2 is expressed at an intermediate stage of development in

mice as weil as Xenopus. This factor is excluded from the ventricular zone and expressed

sPecifically in the intennediate zone in the developing central nervous system. Forced

Xcoe2 expression in Xenopus embryos results in excessive neurogenesis within the

nonnal neural domains, much Iike forced X-MyT1 expression. However, whether or not

Xcoe2 renders the neurogenic effects ofbHLH factors immune to the inhibitory

influences of the Notch pathway bas not been reported, nor has a dominant negative form

ofthe protein been generated to assay the normal requirement for Xcoe2 in neurogenesis.

A murine gene highly related to NeuroD, called NeuroM, bas been isolated and is

expressed in the intennediate zone of the developing CNS (Roztocil et al 1997). NeuroM

and Neurol) are expressed in mutually exclusive domains. NeuroM is expressed by cells

in the intermediate zone of the developing brain and spinal cord and appears to mark an

intermediate developmental and molecular stage between ngniMash and NeuroD

expression. The function ofNeuroM has not yet been reported.

(e) Additional Genes Involved in Vertebrate Neurogenesis

Studies of neural differentiation in the murine P19 teratocarcinoma-derived cell line have

also identified a novel transcription factor with interesting properties (Boudjelal et al

1997). The Slra!3 gene is expressed early following neural induction of the parent stem

cellline, and encodes a b~H transcription factor similar to the Hes proteins. Notably,

• Stra13 is unable to bind the normal target sequence ofthe Hes proteins, though it is
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capable of interacting with the basal transcriptional machinery to etTect transcriptional

repression. Forced expression ofSIral3 is unable to induce neural differentiation in P19

cells, but is capable ofdirecting differentiation a10ng the neural lineage once induction

bas been triggered by an agent that normally promotes myogenesis. Thus Sira13 is

incapable of inducing these stem cells to differentiate, but appears to he capable of

specifying their fate once they leave the stem œil state. The activity ofSIral3 in a

Xenopus neurogenesis assay has not been reported.ln vivo, SIrol3 expression is largely

restricted to the ventricular zone within the developing nervous system, though

expression is not restricted to the nervous system.

The neurogenic role ofa murine zinc-finger-containing factor bas been intensively

studied recently (Schoenherr and Anderson 1995; Chong et al 1995). The REST/NRSF

gene was isolated in an expression sereen looking for factors binding to a previously

defmed target DNA sequence. This 24-nucleotide DNA element is found in a number of

neural genes and will be discussed in the subsequent section. Briefly, this element, called

the neuronal restriction silencing element (NRSE), has been shown to repress neural gene

expression in non-neural ceUs in vitro. REST is expressed in non-neural cells and

excluded from most developing neural tissue, suggesting REST may function as the

cognate transcription factor for the NRSE. This is supported by the fact that REST

expression is sufficient to repress neural gene expression in neural cell Iines. However,

disruption of the REST gene in transgenic mice resulted in limited and non-uniform

neural gene expression outside of the nervous system, and did not cause a transformation

of fate among those cells in which ectopic expression was observed (Chen et al 1998).

Thus the role ofREST remains elusive.

Galo2 and Gala3 are two members ofthe Gata family of transcription factors, and are the

only two members reported to he expressed in the developing nervous system (Nardelli et

al 1999). Galal expression begins at E9 and is localized to neural progenitor cells in the

ventral neural tube. Gala3 expression follows shortly, tirst being detected at E9.5. Like

Galal, Gala3 expression is also restrieted to neural precursors in the ventral neural tube.

Both genes are expressed along the anterior/posterior axis and remain restricted to the
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ventral neural tube as development proceeds. In sections of the developing spinal cor<L

Gala2 expression is observed in the ventricular and subventricular zones, while Gala3

expression is confined to the subventricular zone. Notably, neither gene is expressed in

the mantle layer, where differentiating neurons reside.

Gala2 null mice die by embryonic day 10.5, preventing an in depth analysis ofneural

consequences (Nardelli et al 1999). Despite their early death, a number of morphological

and molecular defeets are observed in the nervous system ofmutant embryos. The

expression of ls/-/, a transcription factor essential for the formation of motor neurons and

a subset of interneurons (Pfaffet al 1996), is dramatically downregulated in the ventral

spinal cord and hindbrain ofmutant embryos. Morphologically, the differentiation of

cranial nerves III, IV, Vand VII appears abnormal. Ali ofthe nerves appear smaller and

sorne display abnormal trajectories. In addition, the trigeminal, facial, and

vestibuloacoustic ganglia ofmutants also appear smaller than their wild type

counterParts.

The Uforkhead" gene family is comprised of genes encoding transcription factors that

contain the forkhead or "winged helix" damain and are important for the development of

a variety oftissues (Hromas and Costa 1995; Hacket et al 1996). HNF3/3 is essential for

the development of the node and notochord in mice, as weil as for the development of

the floor plate and motor neurons (Ang et al 1994; Weinstein 1994). HNF3fJ is normally

expressed in ail ofthese cell types (Monaghan et al 1993; Sasaki et al 1993) and HNF3/3

mutants display perturbations in dorsal/ventral organization while anterior/posterior

organization of the neural tube appears relatively normal. This suggests that the

widespread defects may he the result ofceIl autonomous effects. Conversely, the

misexpression of HNF3fJ in the developing midbrainlhindbrain region under the control

of the engrai/ed-2 promoter results in loss ofthe inferior colliculus, a reduction in the

cerebellum, and displacement ofdorsal cell types with the concomitant formation of

ventral (tloor plate-like) œil types in their place, within the HNF3fJ expression domain

(Sasaki et al 1994). In addition, axonal trajectories from efferent dorsal neurons are

perturbed.
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HNF3Pappears to interact genetically with the transcription faetor-encoding gene

gooseeoid in mite. HNF3fJ heterozygous and gooseeoid homozygous double mutant mice

display phenotypic defects not observed in either mutant individually (Filosa et al 1997).

Double mutant mite exhibit a loss ofHNF3fJ and sonie hedgehog expression in the

ventral neural tube and notochord, severe forebrain growth defects, and the absence of

optic vesicles. These results suggest that the two transcription factors interact directly or

indirecdy to regulate development ofthese neural and mesodermal structures.

Several forkhead genes similar to HNF3fJ have been isolated from Xenopus. The

pintaI/avis gene encodes an HNF3p-like transcription factor that is expressed in a similar

manner, in the developing floor plate. Overexpression ofpintaI/avis perturbs the

differentiation ofanterior and dorsal neural cells types (Ruiz i Altaba et al 1992), and in

combination with sonie hedgehog, HNF3fJ can induce ectopic floor plate development in

Xenopus (Ruiz i Altaba et al 1995).

Additional murine forkhead genes involved in neural development include MfJ, Mj3 and

7WH. MfJ is expressed in neural crest cells and a mouse mutation that results in

hydrocephaly and malformations in skeletal elements derived from the neural crest maps

to the MfJ locus (Sasaki et al 1993). Mj3 is expressed in the developing diencephalon,

midbrain and spinal cardo Mj3 null mice display poorly defined diencephalic and

midbrain defects that vary with background (Labosky et al 1997). 1WH is expressed in

subset ofspinal motor neurons and intemeurons in a restricted axial domain (Dou et al

1997). Mice null for the TWH locus display retarded growth and motor weakness. In

addition, molecular analysis indicates that neuronal patteming and population distribution

is altered in the ventral spinal cord.

Retinoic acid (RA) is an important regulator ofvertebrate neural development (Maden

and Holder 1992). Widepsread neural tube and neural crest defects result from its absence

(Dickman et al 1997). Retinoic &Cid is also a teratogen which when administered
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exogenously perturbs Many aspects ofneural development, including the segmentation of

the hindbrain and development of the neural crest (Lee et al 1995; Gale et al 1996).

Retinoid signais are transduced by retinoic acid receptors, which are members of the

nuclear steroid honnone receptor superfamily (Beato 1989). There are a number of

distinct retinoic acid receptor genes and a number of them generate transcripts that are

altematively spliced (Lohnes et al 1995). Functionally, loss of retinoic acid receptor

function in Xenopus embryos using a dominant negative strategy leads to an inhibition of

primary neuronal ditTerentiation (Sharpe et al 1997) and disorganized hindbrain

development (van der Wees et al 1998). Conversely, expression ofa constitutively

activated retinoic acid receptor leads 10 ectopic primary neuronal differentiation (Sharpe

et al 1997). In addition, forced expression ofan activated retinoic acid receptor at the

neural plate stage causes a "posteriorization" ofanterior neural plate tissue, while a

dominant negative isofonn "anteriorizes" posterior neural plate tissue (Blumberg et al

1997). Retinoic acid itselfappears to have posteriorizing ability in Xenopus, as it

promotes posterior cell fates in animal caps in conjunction with the neural inducing factor

noggin (papalopulu et al 1996). This posteriorizing activity may relate to the etTects

retinoic acid has on the developing murine hindbrain via HOXgene modulation.

Somewhat surprisingly, mice with mutations in individual retinoic acid receptor genes

appear normal. For example, mice lacking aIl four alternatively spliced isoforms of the

RARfJ gene are overtly normal and maintain a teratogenic response to retinoic acid

exposure (Luo et al 1995). Occasionally a fusion of the IXth and Xth ganglia is observed.

ln addition, mice null for the RXRa, RXRfJ, and RXRy loci individually are overtly

normaI. Remarkably, compound mutants al two loci also appear to develop nonnally

(Krozel et al 1996). The retinoic acid signal transduction system may therefore consist of

a number of redundant factors and/or passes compensatory abilities. This is not absolute

however, as retinoic 8Cid deficiency is rnimicked by certain compound retinoic acid

receptor mutants (Kastner et al 1997; Ghyselinck et al 1997), and certain etTects of

retinoie acid require specifie retinoie acid receptors (Sucov et al 1995; Iulianella et al

1997; Folberg et al 1999). For exarnple, mice null for bath RARfJ and RARy exhibit
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retinal defects (Ghyselinck et al 1997). In additio~ a dominant negative strategy in

murine P19 EC cells bas revealed that retinoic acid receptor activity is required for the

generation of Deurons from parent stem cells following a pulse of retinoic acid.

The Melgenes have been intensively studied in the context of myogenesis. where they

are involved in cell specification and differentiation and their mechanisms ofaction are

beginning to emerge. Importantly, these factors interact molecularly with the previously

identified myogenic bm..H factors. including MyoD, to stimulate myogenesis (Black and

OIson 1998). By anaIogy, the recent identification ofMeftranscripts in the developing

nervous system as weil as the reported Mej2 activity in transgenic mice (Naya et al 1999)

has raised question"s about their involvement in neurogenesis. Biochemical data suggests

that the Mef proteins cao interact with proneural and differentiation-promoting bHLH

factors much the same as they do muscle factors (Black et al 1996; Mao and Nadal

Ginard 1996). However the relevance of this interaction is not yet known as disruption of

Melgenes in transgenic mice does not lead to overt neural phenotypes.

Interestingly. the Notch pathway appears to affect myogenesis at least partially through

the modulation of Mej2 activity. which may have implications for Noteh activity in the

nervous system. Skeletal muscle gene expression is dependent on associations between

Mef2 and myogenic bHLH factors of the MyoD family. Noteh activation inhibits MyoD

actiVÎty by inhibiting an essential cofactor that recognizes the bffi.H DNA-binding

domain of MyoD. Mef2C interacts with the bHLH domain of MyoD, and an activated

isofonn of Notch blocks Mef2C binding to DNA, as weil as its ability to cooperate with

MyoD and myogenin to induce myogenesis. Finally. Mef2C interacts with the conserved

and functionally required ankyrin repeats in the intracellular domain ofNotch, suggesting

that Mef2C may constitute the Notch target which renders MyoD incapable of inducing

myogenesis.

One gene that May hold promise in terms of revealing common fundamental mechanisms

in neuronal development is pos/mito/;e neural gene -/ (PNG-/). PNG-/ encodes a

putative protein with 6 zinc fingers and is expressed in a pan-neural and neural-specific
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manner (Weiner et al 1997). Its expression is restrieted to regions containing recently

postmitotic difTerentiating neurons. As suc~ it represents the only reported putative pan

neuronal transcription factor expressed coincidentally with neuronal difTerentiation. The

function and character ofthe PNG-l protei~ as weil as its œil type distribution within

the nervous system, remains to he revealed.

(iv) Neurogenesis in ZebraflSb

Examples of neurogenic, proneural and neuronal precursor genes have ail been identified

in zebrafis~ based on homology searches. In addition, genetic screens in zebrafish

promise to identify more homologs and novel genes involved in vertebrate neural

development. While interesting phenotypes resulting from chemical mutagenesis have

been described, at present few culprit genes have been identified.

A highly conserved zebrafish No/ch gene has been c10ned (Bierkamp et al 1993),

containing ail essential functional components, but distinct in the number of repeated

sequences much as C.elegans, Drosophila, Xenopus, mouse and human No/ch genes

differ from one and other. The zebrafish No/ch gene is widely expressed, and is found

throughout the early neural plate but concentrated in longitudinal stripes which prefigure

primary neurogenic regions of the plate. Expression falls to an undetectable level prior to

differentiation in the neurogenic stripes and is then restricted to the anterior brain region

following formation of the neural tube.

Four delta homologs have been identified in zebrafish (delta A-D), and they show

widespread but distinct patterns ofexpression (Appel et al 1998; Haddon et al 1998;

Domseifer et al 1997). DeltaC does not appear to he directly involved in neurogenesis, as

it is not expressed in the neural plate. De/taA, B and D however are ail expressed in the

neural plate and appear to he involved in neurogenesis. They are concentrated in the

neurogenic stripes and fall within the No/ch expression domaine These genes ail share a

very similar structure and are highly related to Xenopus delta. Furthermore, they
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commonly l'Osses antineurogenic activity in zebrafish embryos which is indistinguishable

from the aetivity ofXenopus de/ta in zebrafish. Finally, these genes appear to lie within a

conserved feedback loop described in Drosophil~ as expression ofXenopus de/ta in

zebrafish embryos causes a decrease in ail three de/la genes expressed in the neural plate.

Conversely, dominant negative Delta isoform increases the density ofde/laA, Band D

expressing cells within the neurogenic suipes of the neural plate.

Close examination ofdellaA, B and D expression revealed differences and suggested

potentially distinct roles for the three genes. DellaA and de/laD are expressed in a

numher ofadjacent ceUs simultaneously (a cluster) prior to the appearance of neuronal

markers and de/la B expression, and many ofthese cells are BrdU positive. DellaA and D

expression is higher in isolated ceUs within these clusters. In contras!, deltaB is only

detectable in isolated cells and expression begins coincident with the appearance ofa

neuronal marker. Approximately 95% of these de/laB expressing cells are BrdU negative.

As a result, it has been suggested that the de/ta genes function in sequence, with deltaA

and de/laD functioning carly within a proneural cluster to single out presumptive

neurons, and deilaB functioning later in the presumptive neurons to inhibit adjacent cells

from acquiring the same fate. Interestingly, fewer de/ta genes have been identified in

Xenopus and chicken, and studies in chicken have suggested that delta gene expression is

restricted to postmitotic neurons (Chitnis et al 1995; Henrique et al 1995). In that case,

de/ta would not he involved in neuronal specification from a pool ofneural progenitor

cells, and delta expression in presumptive neurons for the PurPOse of lateral inhibition

would have to he achieved by sorne rneans other that lateral specification itself Whether

other delta genes remain to he isolated, or whether fundamental differences in neuronal

ditferentiation exist between fish and chicken remains a question.

Homologs ofngn, NeuroD and Mash have been identified in zebrafish. Zashla and

Zashlb are two Mash-related genes (Allende et al 1994). They are expressed in neural

progenitor ceUs, but their functional ability has not been rePOrted. Zashlb expression is

upregulated following neurogenin injection in zebrafish coincident with ectopic neuronal

ditTerentiation (Blader et al 1997), suggesting it may he iDvolved in differentiation. The
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zebrafish neurogenin gene is a homolog of mouse ngn1. It is restricted to the neural plate,

and is expressed in neural progenitor cells. Neurogenin precedes zebrafish NeuroD

expression (Blader et al 1997; Korzh et al 1998) and neuronal differentiation (Kim et al

1997), and injection causes ectopic expression ofNeuroD, de/taB, Zashlh, and several

neuronal diiferentiation markers within and outside the neural plate (Blader et al 1997;

Kim et al 1997). This eiTeet is indistinguishable from that promoted by mouse

neurogenin in zebrafish embryos. Finally, neurogenin also appears to he subjeet to

regulation by neurogenic genes, as its expression is decreased and increased in response

to expression ofXenopus de/la and dominant negative Delta isoforms, respectively

(Blader et al 1997). Thus the order of neural bHLH gene expression and the activity of

individual factors appears conserved between mice and zebrafish, suggesting

transcriptional meehanisms regulating development in the neuronallineage May be

conserved.

There are four related NeuroD transcripts that have been identified in zebrafish (Liao et al

1999). They display distinct expression profiles and individually appear to cover

subdomains of the developing nervous system. Whether these transeripts are derived

from a single gene has not bee reported. The funetion of the encoded factors has also not

been reported. Independent cloning and subsequent analysis ofone NeuroD cDNA

revealed that its exprt;ssion follows and is induced by zebrafish and mouse neurogenin

(Blader et al 1997; Korzh et al 1998).

A zebrafish elav homolog bas also been identified, and appears to he an early pan

neuronal marker as it is in Drosophila Elav expression increases over the course of

neurogenesis, eommencing earHer than other neuronal markers but becoming colocalized

with them. Funhennore, forced expression of neurogenin induces ectopie e/av expression

throughout and beyond the neural plate ectoderm (Kim et al 1997). The function of

zebrafish e/av is unknown.

Interestingly a Xcoe2 homolog has been identified in zebrafish, but whether it has similar

• activity has not been detennined (Bally-Cuifet al 1998). Zcoe2 is strongly expressed in a
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subset ofprimary progenitor cells within the neurogenin and dei/aB expression domains~

and is expressed prior to NeuroD. Expression decreases during neurogenesis~ and

becomes restricted to the olfactory bulb. No neurogenic activity bas been demonstrate~

though this factor appears to he situated al a similar developmental stage as its Xenopus

homolog, indicating it may function in a similar manner. In support ofa neurogenie

function, Zcoe2 expression is increased within the neurogenic domain ofa mutant

zebrafish strain that exhibits excessive primary neuronal differentiation.

A particularly interesting zebrafish mutant exhibits excessive primary neuronal

differentiation apparently at the expense of pigment cells, glial ceUs, subsequent neurons,

and neural crest cells. The culprit mutant gene has not been identified~ but this mutant,

named '''white tair' and "mindbomb", is very reminiscent of the neurogenic mutants of

Drosophila (Jiang et al 1996; Sehier et al 1996). Neurogenesis is affected tbroughout the

nervous system and there is a drarnatic increase in neuronal differentiation within the

normal neurogenic domain. Precursors of pigment ceUs, glial ceUs, later barn neurons,

and neural crcst-derived tissue May adopt a neuronal fate during primary neurogenesis,

leaving a shortage ofprogenitor ceUs for subsequent differentiation. This hypothesis has

been set forth to account for defects in mouse neurogenesis resulting from targeted

disruption ofmurine neurogenic genes. Finally, somitogenesis appears delayed in this

mutant, which was a1so observed in the mouse No/ch mutant. The gene affected and

responsible for these defects awaits identification.

(v) The Regional Regulation of Neurogenesis and Subtype Specification by

Transcriptional Mecbanisms

As mentioned previously, the advent ofhomologous recombination for use in mouse

genetie studies has revealed that many transcription factors expressed in spatially discrete

domains are required for neuronal differentiation specifically within those regions. This

suggests that neurogenesis may he regionally regulated al the transcriptionallevel.

• Although their cellular mechanisms ofaction are equivocal in most cases, these
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transcription factors may he relevant to a discussion of transcriptional mechanisms of

neuronal specification and differentiation and provide a useful preface for the subsequent

anaIysis of regulatory region activity in neural genes.

The Phox2a and Phox2b genes encode paired box homeodomain containing transcription

factors that are very similar and eoexpressed in most regions. In the PNS, Phox2a is

essential for the development of sympathetic, parasympathetic, and cranial sensory

ganglia (Morin et al 1997; Pattyn et al 1997). In the central nervous system, Phox2a is

required for the development of the locus coeruleus (Morin et al 1997). The full extent of

Phox2a aetivity may he partially masked by the co-expression ofPhox2b in most

domains. The two Phox genes are expressed in neural progenitor cells and ditTerentiating

neurons (Valarchae et al 1993; Tiveron et al 1996; Fode et al 1998) giving rise to these

affected structures.

ln vitro and in vivo analysis suggests that Phox2a lies directly or indireetly downstream

ofMashl (Lo et al 1998; Hirsch et al 1998) in the sPeCification and differentiation of

peripheral autonomie neurons and noradrenergic neurons of the CNS. In vitro analyses

also suggest that Phox2a is required for autonomie neuron differentiation, but not

sufficient for it (Lo et al 1999). Conversely, Phox2a does not lie downstream ofngn2 in

the development ofcranial sensory neurons in vivo (Fode et al 1997), yet disruption of

either ngn2 or Phox2a is detrimental to the formation ofthe distal cranial ganglia. These

results suggest the existence ofa Mashl independent mechanism ofPhox2a induction, as

weil as parallel pathways of neuronal SPeCification and differentiation within the cranial

ganglia. Whether Phox2a is directly or indirectly affects these processes is undetermined.

The AP2 gene is expressed in the early neural epithelium, neural folds, and migrating

neural crest Disruption of the AP2 gene in mice leads to severe dysmorphogenesis of the

skull, face, eyes, ears, and cranial ganglia The neural tube rails to close anteriorly in

these mutants, and the two hemispheres develop with their germinallayers facing

outward (cranioschisis). With respect to eye development, the optic cup is displaced, and

lens placode induction does not take place presumably as a result ofmisalignment. The
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rudimentary retinallayers that do form are dysmorphic. The neural folds are delayed in

fonning and elevating., and then fail to converge anteriorly. AP2 is expressed at high

levels in the neural folds and emigrating neural crest at lhis stage in wild type embryos.

Further., there is a dramatic increase in cell death in the midbrain and hindbrain at this

early stage (E9.0) as indicated by TUNEL labeling. Extensive cell death is also observed

in the primordia of the cranial ganglia at this time and soon after. By EIO.S, the cranial

ganglia are clearly underdeveloped or absent (Schorle et al 1996; Zhang et al 1996),

though the DRGs appear less affected. With such dramatically altered morphogenesis, it

is difficult to address the cell autonomous etTects of the AP2 mutation, and the phenotype

likely results from autonomous and non-autonomous effects. Clearly this is an important

factor for craniofacial development.

The POU domain genes encode transcription factors that regulate cell type specific gene

expression in mammals (Bodner et al 1988; Clerc et al 1988; Ingraham et al 1988; Ko et

al 1988; Scheidereit et al 1988). These genes have been evolutionarily conserved., and a

POU domain containing transcription factor has been shown to regulate neural

specification in C. elegans (FiMey et al 1988; Finney et al 1990). There are al least six

distinct classes ofPOU genes in mammals, and the class III and IV POU genes appear to

he expressed widely in the developing nervous system.

The class IV POU domain transcription factors Brn-3.0, Brn-3. J and Brn-3.2 are

expressed in discrete œil populations of the developing CNS and PNS. The genes have

been individually targeted for disruption in transgenic mice, and mutant mice exhibit

distinct phenotypes whereby regions that selectively express individual genes are most

severely affected. Sensory Deurons and specialized sensory eeUs appear to he particularly

susceptible to these mutations.

Bm-3.0 is expressed early in the developing nervous system, in developing sensory

neurons and discrete CNS nuclei. Transgenie mice null for the Brn-3.0 locus exhibit

sensory neuron deficits (MeEvilly et al 1996). These deficits may not result from defects

• in neuronal specification or differentiation directly, but May he due to the effect ofBrn-
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3.0 on neurotrophic factor receptor expression (McEvilly et al 1996) and subsequent

neuronal survival. Alternatively, in vitro stlldies have suggested that Brn-3.0 May have a

direct affect on neOOte outgrowth (Lakin et al 1995), raising the issue ofwhether sensory

neurons in Bm-3.0 null mice reach appropriate targets initially.

Brn-3.2 and Brn-3. J are expressed in largely overlapping domains but do exhibit

selective expression in the retina and inner ear, respeetively. Bm-3.2 is expres5ed in

differentiating retina) ganglion ceUs in the developing mouse retina, and mice nulI for the

Bm-3.2 locus exhibit a loss of most retinal ganglion ceUs (Erkman et al 1996; Gan et al

1996; Gan et al 1999). The retilla1 ganglion cellioss is correlated with an increase in

apoptosis in the retina from E15 to E18, however Bm-3.2 does not appear necessary for

the specification and migration of retinal ganglion ceUs (Gan et al 1999). In addition, a

thinner optic nerve is evident prior to the increase in œil death, indicating a potential

defect in process formation. In support of this, cultured retinal ganglion cells display

abnormal growth, an inability to fasciculate, and appear perturbed at the ultrastructural

level. Thus Brn-3.2 appears to he required for retinal ganglion œil differentiation and

survival. Though expressed in different sensory tissue, the function of Brn-3. J appears

sirnilar in sorne respects to Brn-3.2. Brn-3. J is expressed in developing hair cells within

the ioner ear, and miœ null for the Brn-3. J locus exhibit a loss ofhair cells specifically

(Erkman et al 1997). The ioner ear deficit is a consequence ofexcessive apoptosis

following hair œil specification and concurrent with partial differentiation (Xiang et al

1998). Bm-3. J thus does not appear necessary for the early specification ofhair ceUs, but

rather for their subsequent differentiation. The function ofBrn-3. J May he conserved in

humans, as a mutation in the human Brn-3./ gene is associated with progressive

sensorineural hearing loss (Vahava et al 1998).

The class III POU domain genes Brn-2.0 and Brn-4.0 are also expressed in the

developing nervous system. Mice null for the Brn-2.0 locus exhibit lack discrete

hypothalamic nuclei and the posterior pituitary, regions where Brn-2.0 is expressed in

wild type mice (Schonemann et al 1995; Nakai et al 1995). In vitro, the inhibition ofBrn

2.0 expression in P19 cells prevents them from developing along the neurallineage and
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differentiating in response to retinoic 3Cid (Fujii et al 1993). Bm-4.0 is expressed in the

intennediate zone ofthe developing striatum, between neslin expressing cells Qf the VZ

and fJ-1I/ lubu/in expressing cells of the mande zone. Brn-4.0 is specifically upregulated

by brain-derived growth factor (BDNF) or insulin·like growth factor-I (lGF-1) in both

striataJ stem cell-derived and primary striatal preeursors. Both IGF-I and BDNF induce

neuronal differentiation in these cultures. In addition, Brn-4.0 is upregulated by BDNF

and IGF-1 sPeCifically. The introduction ofantisense Brn-4.0 oligonucleotides blacks

neuronal diiferentiation in these cultures in response to BDNF and IGF-l (Shimazaki et

al 1999), suggesting Brn-4.0 is required for their differentiation.

A POU domain gene encoding a dominant negative transcription factor has been

identified in Drosophila, where it is coexpressed with another POU domain containing

protein that is involved in neural gene expression in a subset ofCNS neuroblasts. /-POU

encodes a POU domain containing transcription factor that lacks two basic amino acids in

its DNA-binding domain and is incapable ofbinding to DNA. I-POU is however capable

ofbinding to Cfta, the POU domain containing factor that is co-expressed with it. ena

cao bind to DNA on its own, but fails to bind DNA in combination with [-POU (Treacy

et al 1991). Thus I-POU appears to function much like Id does in the inhibition ofbHLH

domain binding to DNA. Whether an /-POU ortholog exists in mammals, and whether a

similar mechanism of regulation might exist for mammalian POU factors is

undetermined.

The Hox genes encode a conserved group of transcription factors that harbour the

homeodomain DNA-binding domain (Krumlauf 1994). The mammalim Hox genes are

involved in pattern formation in the developing embryo. Their orthologs in Drosophila,

the HOM genes, are similarly involved in developmental patterning. Mutations in several

HOM genes give rise to the well-known homeotic transformations, where one body

region develops inappropriately but much the same as another region. For instance, the

"antennapedia" mutation causes a regional transformation whereby ectopie legs are

formed in the head region where antennae should normally develop.
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Mammalian HOX gene function bas been intensively studied in the developing hindbrain,

where they are involved in pattern formation (Lumsden and Krumlauf 1996). The

mammalian hindbrain is physically and molecularly divided into several segments, or

rhombomeres, early in development These segments differ in their patterns ofgene

expression and are constrained by regional boundaries that limit cell mixing. Individual

rhombomeres constitute cohorts ofcells that function as a morphogenetic unit within the

developing hindbrain. Importantly, members ofthe HOX gene family are restricted to

particular rhombomeres in the developing hindbrain and contribute to their specification.

AItering the pattern ofHox gene expression can lead to malformations in the hindbrain

and tissue derived from emanating neural crest.

Some loss of function and gain of funetion studies have produced what May be

interpreted as limited homeotic transformations in neural tissue, whereby the identity ofa

region appears to have been altered through effects on the primordial ceUs of the region.

The disruption ofa single Hox gene in transgenic mice can cause the formation of

apparently normal cell subtypes at inappropriate locations, and perturb the formation of

appropriate cell subtypes. Such malformations May be due to normal and/or ret1exive

Hox gene expression in these domains, which May direct a pattern ofdevelopment

reminiscent ofanother region. It is unclear whether or not the Hox genes are involved in

the regulation ofœil type specification and differentiation per se, or in a separable

process of regional/ceIl subtype specification. The possible redundancy ofHox genes in

certain aspects ofneuronal development May make their function difficuIt to ascertain.

Misexpression of the Hox genes in the nervous system leads to similar transformations in

regional specification. It is similarly unclear whether a change in subtype specification

occurs, separable from cell type specification and differentiation, or whether a distinct

neurogenic program is being followed where subtype specification and cell type are

inseparable. The activity ofone particular Hox gene in C. elegans, an antennapedia

homolog, has been examined in great detail and may provide clues as to mammalian Hox

gene function.
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The C. elegans Hox gene mab-5 appears to he involved in the control of neuroblast

specification (Salser and Kenyan t996; Cowing and Kenyon 1992; Salser et al 1993). Its

proximate involvement in this process may not simply he a consequence of the shortness

of the lineage. Mab-5 expression is regarded as a posterior patteming gene in C. elegans,

but it is regulated in a complex manner on a cellular basis within the regio~ providing a

clue as to its diversity of function. Mab-5 does not appear to prescribe the fate of its

respective segment with unifonn expression, rather it is dynamically regulated and

functions on a cellular basis. In this manner, it appears proximately involved in the

specification ofdistinct Iineages within the segment Among the cell types specified in

the segment are neuroblasts. Mab-5 activity is required for the specification of the

neuroblasts in that segment. Moreover, mab-5 expression must he actively opposed at a

specific time in the siblings ofneuroblasts in order for them to avoid being specified as

neural. This involves a hairy-like factor (/in-22) and an atonal-like factor (lin-32),

whereby lin-22 loss of function correlates with the inappropriate expression ofmab-5 as

weil as /in-32. Whether these two events are causally related is not known. Regardless, it

appears that in C. elegans, Hox genes may not he far removed from cell specification.

This is also true of the POU domain genes, such as unc-86. Whether this quality is

preserved in mammalian Hox and POU genes, or whether these gene products should be

viewed as molecular opportunists with DNA binding domains that do not necessarily

follow the example set by C. elegans remains to he seen.

Targeted disruption of the murine Hoxa-1 gene leads to defects in hindbrain

segmentation, changes in gene expression, and defects in the formation of several cranial

nerves (Chisaka et al 1992; Carpenter et al 1993; Mark et al 1993). Morphological and

molecular analyses indicate that mutant mice lack rhombomere 5 and have a greatly

reduced fourth rhombomere, both ofwhich norrnally express Hoxa-I. Similarly, mutation

ofa RARE in the Hoxa-l gene extinguishes anterior Hoxa-J expression and generates a

cranial nerve phenotype similar to but less severe and less penetrant than that ofHoxa-l

nuit mice (Dupae et al 1997). Conversely, ectopic expression of Hoxa-1 anteriorly

induces a transformation in the anterior hindbrain. This change is associated with changes

in the expression ofother HOX genes. Rhombomeres 2 and 3 show consequent
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morphological defects, and specific tissues derived from neural crest in the anterior

hindbrain are also malfonned (Zhang et al 1994). The zebrafish ortholog ofHoxa-J bas

been identified and characterized (Alexandre et al 1996). Anterior misexpression of

Hoxa-J in zebrafish leads ta neural defects that are reminiscent of those generated by

retinoic acid exposure, including the duplication of specific posterior neuronal cell types.

In additio~ alterations in neural crest cell fate are observed.

Disruption of the Hoxa-3 locus is homozygous lethal and causes defects in neural crest

derived tissue. These defects do not appear to he due to the loss of progenitor cells or a

migrational defeet, but rather seem to stem from an inability to ditferentiate or a

functional defect following differentiation (Manley et al 1995). Disruption of the

paralogous Hoxb3 gene results in defective formation of the IXth cranial nerve (ManIey

et al 1997). However the stage al which the genetic lesion manifests the phenotypic

defect has not been determined.

Hoxb-J is expressed in rhombomere 4 of the developing hindbrain. Disruption of the

murine Hoxh-J gene leads to the malfonnation of identifiable neuronal populations

derived from rhombomere 4, and the subsequent loss ofthe facial motor nerve (Studer et

al 1996).

Outside of the developing hindbrain, the Hoxc-8 gene is expressed in a subset of

developing motor neurons in the mouse spinal cord. Loss ofHoxc-8 function results in

the loss ofthese motar neurons (Tiret et al 1998). The motor neurons are specitied and

differentiate, but then die during the Period of naturally occurring cell death. Aberrant

innervation is observed in the natural targets of this population, though these neurons

themselves appear to innervate their targets normally. Thus the aberrant innervation

effeet apPearS non cell-autonomous. An inability to generate the appropriate type of

motor neuron may underlie this effect. The motor neurons formed in the mutant May

differ fundamentally or subtly from those in the wild tyPe, but may masquerade as

Donnal neurons until challenged by critical molecular interactions sensitive to the

distinction.
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The forced expression ofthe paralogous gene Hoxh-8 bas a peculiar neural phenotype.

The rostral dorsal root ganglia are tirst detectable at about E9.5 in mouse. By E11.5, a

transient ganglion at level CI (Froriep's ganglion) has nearly completed its natural

degeneration. The ectopie expression ofHoxh-8 in developing neural crest leads to the

persistence ofidentifiahle Froriep's ganglia with emanating processes (Fanarraga et al

1997). Similar to Hoxc-8 loss of function mutants, the neurons so fonned may he

signiticantly different from the wild type. As with Hoxc-8, the function ofHoxb-8

remains undetermined.

Finally, the ectopie expression of several other Hox genes bas been shown to cause

abnormalities in craniofacial development In transgenic mice, the forced expression of

Hox2.2 (Kaur et al 1992), Hox2.3 (McLain et al 1992) and Hox/./ (Balling et al 1989)

using the chicken fJ-actin promoter leads to subtly distinct craniofacial abnormalities.

Whether these effects are direct and reflect the ability ofHox gene produets to influence

neuronal specification and differentiation is unclear.

The transcriptional regulation ofHox genes has been the subject ofa great deal of study.

Several conserved transcription factors appear to contribute to the spatial regulation of

the Hox genes, including retinoic acid receptors, Krox-20, /creis/er, and the polycomb

group ofgenes. These transcription factors may affect neuronal specification and

differentiation directly.

Kreisler and Krox-20 encode transcription factors that lie upstream of specific Hox

genes, and specify rhombomere identity. These genes are expressed in neural progenitor

cells within specifie rhombomeres and loss of function mutations in either gene results in

neural deficits within their specifie expression domains. Whether these transcription

factors directly or indirectly regulate neuronal specification and differentiation in these

regions is unknown.
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The murine Krox-20 gene encodes a zinc finger-containing transcription factor that is

expressed very early in rhombomeres 3 and 5. Severa! Hox genes are direct

transcriptional targets of Krox-20 (Nonchev et al 1996a; Nonchev et al 1996b) and loss of

Krox-20 is homozygous lethal with a dramatic hindbrain phenotyPe in transgenic mice.

The loss ofKrox-20 function results in a loss ofcranial nerves and ganglia as weil as

changes in gene expression which are ail consistent with loss or dramatic reduction of

rhombomeres 3 and 5 (Schneider-Maunoury et al 1993; Schneider-Maunoury et al 1997).

The kreis/eT gene encodes a transcription factor of the basic leucine zipper Maf family

(Cordes et al 1994). Loss ofKreisler gene function results in a number ofmolecular and

morphological changes that suggest it is required for neuronal specification and

differentiation in rhombomeres S, 6, and 7. Kreisler mutant mice display altered Hox

gene expression in the hindbrain, and several Hox genes expressed in this region are

direct transeriptional targets of /creis/er (Manzanares et al 1997; Manzanares et al 1999).

The kreis/er mutant mice also display morphological abnormalities of the neural tube, an

absence of KTox-20 gene expression, disrupted segmentation, and excessive œil death

POsterior to the third rhombomere (McKay et al 1994; Frohman et al 1993). At later time

points, these mice display defects in structures derived from neural crest posterior to the

third rhombomere (Frohman et al 1993), and lack or have malfonned cranial nerves and

ganglia normally derived from progenitor cells in the posterior rhombomeres (McKay et

al 1997).

An ortholog of /creis/er bas been identified in zebrafish (Moens et al 1996), where it is

similarly involved in development of the hindbrain. The valentino gene is expressed in

the primordium of the hindbrain, and its mutation results in changes in Hox gene

expression, disruption of posterior rhombomeres, and defects in structures formed from

neural crest emanating from posterior rhombomeres (Moens et al 1996; Moens et al

1998; Prince et al 1998). The valentino mutation exerts its efTects in a cell autonomous

manner.
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The polycomb group ofgenes lie upstream ofthe Drosophila homeotic genes, and are

required for their appropriate expression and segment sPeCification in the developing

Drosophila embryo (DeCamillis et al 1994) A murine ortholog ofthe polycomb group of

genes has been identified (Nomura et al 1994). Deletion of the mouse rae28 gene in

transgenic mice is postnatally lethal, and results in neural crest deficits (Takihara et al

1997). Furthennore, these defects are conelated with a rostral shift in the anterior limit of

individual HOX gene expression in the developing hindbrain, suggesting the regulatory

function of the polycomb group ofgenes May he conserved.

Two non-clustered homeobox genes potentially involved in neurogenesis are the related

genes Gshl and Gsh2. Gshl is expressed in the developing pituitary and hypothalamus.

Loss of Gshl function results in a pituitary that is morphologically and molecularly

abnonnal (Li et al 1996). The pituitary is hypocellular, and changes in honnonal gene

expression are observed. The hypothalamus of these animais appears morphologically

nonnal, but changes in growth honnone releasing hormone gene expression are observed,

suggesting the adenohypohysis axis is pertwbed. Gsh2 is expressed in the developing

midbrain, hindbrain and forebrain and expressed at a particularly high level in the

ganglionic eminences (Szusik et al 1997). In Gsh2 loss of function mutant mice, a

pronounced decrease in the volume of the ganglionic eminences of the forebrain is

observed and is correlated with a conspicuous absence of Dlx2 gene expression in these

areas (Szucsik et al 1991). Discrete nuclei in the hindbrain a1so appear to he absent in

these mutant mice. The developmental stage afTected by the loss ofGshl and Gsh2

function has not been reponed.

The Msx-/ and Msx-2 homeobox genes are coexpressed in developing limbs, neural tube,

neural crest, and branchial arches (Catron et al 1996). Msx-3, a third memher of the Msx

transcription factor family, is also expressed in the neural tube but is not expressed in

non-neural tissue (Shimeld et al 1996). Msx-I and Msx-2 share DNA sequence

specificity, and both hehave as transcriptional repressors in vitro (Catron et al 1996).
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Antisense oligonucleotides directed against Msx- J and Msx-2 individually induce

craniofacial and neural tube defects in mouse embryos (Foerst-Potts et al 1997). Each

antisense oligonucleotide causes a thinning of the diencephalic epitheli~ eye

abnormalities that are evident at the optic cup stage, and craniofacial abnonnalities.

Conversely, Msx-/ overexpression in Xenopus embryos results in a striking duplication

ofaxial structures, including the neural tube and notochord (Chen et al 1995).

Molecular investigations ofeye development have revealed a number of transcription

factors that are expressed successively in the developing eye and are critical for its

development. The eye is formed from collection of tissues, including an evagination of

the neural tube (presumptive optic cup) that contributes neural tissue for fonnation of the

retina, and non-neural overlying surface ectodenn that generates the lens (Jens placode).

At the cellular level, whether transcription factors critical for eye development are

directly or indirectly involved in the specification and/or differentiation of retinal neurons

is unclear in most cases.

The Rx gene encodes a conserved homeodomain transcription factor that is required for

the formation of the optic cup and is nonnally expressed in this tissue during

development (Furukawa et al 1997). Mice null for the Rx locus do not fonn optic cups,

and consequently do not develop eyes. [n addition, misexpression ofRx in Xenopus

embryos leads to retinal hypertrophy and the formation ofectopie eye tissue.

The POU domain transcription factor encoded by Pax6 is also found in the developing

eye fields, following the expression ofRx. The "small eye" (Sey) mutants ofboth rat and

mouse, named for their phenotypes, harbour mutations in the Pax6 gene predicted to

result in truncated proteins. Detailed developmental analysis ofmouse "small eye"

mutants has revealed that Pax6 is involved in bath the formation of the lens placode, and

the development ofthe optic cup (Grindley et al 1995). Pax6 is required for expression of

Malh5 and HesJ in the optic cup. These two genes are required for development of the

neuroretina, and connect Pax6 to retinal neuron formation (Brown et al 1998). The

"eyeless" mutant phenotype ofDrosophila is a1so associated with a mutation in the Pax6
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gene. Finally, "aniridia'7 in humans, eharaeterized by small eyes, is also associated with a

mutation in Pax6, highlighting a remarkable conservation ofPax6 gene funetion between

speeies despite strueturally divergent sensory structures.

Two additional genes related to Pax6, namely eyaJ and eya2, are eoexpressed with Pax6

early in the developing lens placode and throughout the developing retina. These two

genes depend upon Pax6 for their expression in these tissues, and they May play roles

downstream ofPax6 in eye development (Xu et al 1997).

Subsequent to Pax6 expression, the homeobox containing gene Crx is expressed in

developing photoreceptors of the retina (Chen et al 1997). Misexpression ofCrx in retinal

progenitor eells promotes the formation of photoreceptors (Furukawa et al 1997).

Conversely, photoreceptor differentiation is disrupted by the expression ofa dominant

negative fonn ofCrx in presomptive photoreceptors. Photoreceptor-specifie targets of

Crx have been identitied (Chen et al 1997), but whether it is involved in neuronal eell

type ditTerentiation is not known. A conserved function for the Crx gene in humans bas

been suggested by the finding that Crx gene mutations are associated with heritable cone

rod dystrophy in humans (Freund et al 1997).

Pax6 is also expressed in other neural progenitor cell populations, and "small eye"

mutant rodents have defects in structures arising from these populations as weil. Motor

neurons of the hindbrain are affected in "small eye" mutant rats (Osumi et al 1997). In

addition, axonal morphology among sorne Pax6 expressing cells ofthe spinal cord is

disrupted in an autonomous manner, where the ventral growth ofmotor axons is absent.

Outside of the spinal cord, two somalie motor nerves, the abducens and the hypoglossal,

are completely absent in these mutant miee. These morphological changes correlate with

developmental changes in gene expression. Expression of the transcription factor Islet-2

is missing in the hindbrain, as is expression of the secreted protein wnt-7b.

Within the spinal cord, Pax6 is believed to respond to a graded ventral signal (sonie

• hedgehog) to specify progenitor ceUs within a restricted DN domain as intemeuron
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subtype precursors (Ericson et al 1997). The position ofthese precursors correlates with

the subsequent location ofa subset ofdifferentiated intemeurons that co-express the

genes Pax2, engrailed-J and engrai/ed-2 (Burrill et al (997). Pax6 is required for the

generation ofthis neuronal subtype, suggesting it may act in progenitor cell specification,

and that such specification may pre-pattern neuronal arrangements that are achieved

through radial migration following difTerentiation. Mechanistically, reeent studies have

suggested that it may specify intemeuron precursors indirectly, by restricting the

expression ofa more ventrally located transcription factor (Nkx-2.2) rather than

specifying a more dorsal progenitor cell type direetly (Briscoe et al 1999).

Roles for Pax6 in additional regions of the nervous system have been reported. In the

developing forebrain between E9.5 and EIO.5, Pax6 expression appears to mark the

boundary between prosencephalon and mesencephalon (Mastick et al 1997, Warren et al

1997, Stoykova et al 1996). In "small eye" mutants, the morphological boundary between

prosencephalon and mesencephalon is absent, and this change is correlated with shifts in

the expression ofgenes that are normally under tight regional restriction in this area.

Caudal prosencephalon markers are lost, while Dbx, a mesencephalic marker, is shifted

rostrally into the presumptive prosencephalon domain (Mastick et al 1997). In addition, a

decrease in cell density is observed in the diencephalon up to EI4.5, and the third

ventricle appears enlarged (Warren et al 1997). Posterior commisure axons of the

prosencephalon are notably absent, and the trajectory of longitudinal axons travelling

through the prosencephalon appears altered in domains that normally expresses Pax6

(Mastick et al 1997; Kawano et al 1999). The morphological changes in mutant mice

correlate with a notably low rate ofBrdU incorporation in diencephalon progenitor cells

between EtO.5 and E14.5 (Warren et al 1997), suggesting possible roles for Pax6 in

proliferation, specification, and differentiatioo.

The Pax3 gene, like Pax6, encodes a POU family member associated with developmental

defects linked to a human syndrome exhibitiog developmental defects. The "splotch"

mutant mouse, named for its pigmentation defect, carries a mutation in Pax3 which

renders the encoded protein nonfunctional (Epstein et al 1991; Chalepakis et al 1994). In
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addition Pax3 is associated with '''Waardenburg syndrome" in humans, a disease affecting

the neural crest and perturbing pigmentation in humans as weil (Tassabehji et al 1992).

Pax3 mutations associated with uWaardenburg syndrome" similarly encode

nonfunctional proteins (Calepakis et al 1994). "Splotch" mutants display a loss ofDRG

and sympathetic neurons (Franz et al 1993). In the thoracic and lumbar segments,

sympathetic neurons appear to he completely absent. DRG neurons appear to he affected

along the anterior/posterior axis, though the cranial ganglia appear overtly nonnal. [n

addition, premigratory neural crest cells appear to he ··stuck" at particular AIP locations

at the dorsolateral margin of the tube, where they are confined to the epitheliallayer.

In the CNS, Pax3 Inutants display increased apoptosis and gross malformations ofthe

midbrainlhindbrain region (phelan et al 1997). This phenotype is also found in the

embryos ofdiabetic mice, and correlates with a decrease in midbrainlhindbrain Pax3

expression. Finally, Pax7, another POU family member expressed in the nervous system,

is required for survival and mice null at the Pax7 locus have facial malformations

indicative of neural crest cell defeets (Mansouri et al 1996). Pax7 is expressed in both the

neural crest and the spinal cord, but no CNS phenotype is evident in these mice. However

Pax71Pax3 double mutant mice display a mutant phenotype in the spinal cord (Mansouri

et al 1998). Both ofthese genes are norrnally expressed in the dorsal spinal cord and

ventrally in commisural neurons. Double mutant mice display changes in gene

expression, characterized by the dorsal expansion of ventral markers. Morphologically,

ventral commisures are reduced in the cord, possibly indicating a 105s ofPax3/Pax7

commisural neurons.

The midbrainlhindbrain junction of the developing CNS is an important region with

demonstrated organizing activity. Molecular genetic studies focussing on genes expressed

in this region and their aetivities has revealed several important and conserved

transcription factors critical for morphogenesis. Two additional POU domain

transcription factors, Pax2 and Pax5, are expressed in progenitor ceUs ofthis region early

in development. The disruption ofeach gene individually in transgenic mice leads to mild
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defects in the region, while Pax21Pax5 double mutant mice exhibit changes in the

structure of the midbrainlhindbrain region (Schwarz et al 1997).

The engrai/ed-I (EnI) and engrailed-2 (En2) homeobox genes are also expressed in the

developing midbrainlhindbrain region. They are orthologs ofthe Drosophila engrai/ed

gene which encodes a transcription factor involved in segment specification during

embryogenesis. Mice null for either the En / or En2 locus lack midbrain and anterior

hindbrain structures (Wurst et al 1994; Millen et al 1994). In addition, disruption of the

wnt-/ gene, which encodes a protein secreted by expressing cells in this domain, results

in a similar loss ofmidbrain and anterior hindbrain structures (McMahon and Bradley

1990). During development, En2 is not expressed in the primordia of the midbrain in wnl

1 mutant mice. Interestingly, the forced expression of En1 in progenitor cells of the

presumptive midbrain can rescue the mutant phenotype generated by wnl- / gene

disruption, suggesting one ofthe critical functions of this secreted organizing factor is to

regulate EnI expression in this region (Danielian and McMahon 1996).

The generation of motor neuron subtype diversity within the spinal cord is believed to be

under the control ofa number of related transcription factors. A number ofgenes

belonging to the Nkx family of transcription factors are expressed in distinct

dorsal/ventral and anterior/posterior domains of the developing neural tube (Qiu et al

1998; Pabst et al 1998). These factors reveal molecular distinctions between progenitor

cells in different regions of the nervous system, and are believed to contribute to subtype

diversification at this early stage. Shortly after terminal mitosis, other transcription factor

families are expressed. /s/et-J and Islet-2 are homeobox genes expressed in newbom

motor neurons (Ericson et al 1992), with Is/et-2 being expressed in a smaller number of

cells (Tsuchida et al 1994). A number of transcription factors belonging to the LIM

domain familyare also expressed at this time (Tsuchida et al 1994). The expression

patterns of these transcription factor encoding genes suggests that they may constitute a

combinatorial code for positional identity (Tsuchida et al 1994). The cellular organization

revealed by gene expression studies prefigures the formation ofmotor neuron columns

and the fonnation ofmotor axon pathways.
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In terms of functio~ targeted disruption of Is/et-l in ttansgenic mice leads to a loss of

motor neurons, and indirectly to a loss of intemeurons (Pfaff et al 1996). The remainder

of the cells in the neural tube appear to differentiate normally, but display a consequent

ventral shift in their localization due to the loss ofmotof neurons and intemeurons. Mice

with disnaptions in either the Lhx3 or L/zx4 LIM gene form motor neurons, but axonal

trajectory is altered in a cell autonomous manner (Sharma et al 1997). In addition,

misexpression ofLhx3 in neural progenitor cells alters their consequent axonal trajeetory

in a predictable manner, giving them LJu3-like neuronal axon trajectories. Interestingly,

the Drasophila ortholog of Islet-l is expressed in motor neurons but is not required far

their survival. Loss of Islet-l function is however associated with axo08I trajectory

defects and neurotransmitter synthesis defects in motor neurons of Drosaphila (Thor et al

1997). In addition, Drosophila LIM and Islet proteins appear to fonn a combinatorial

code for axonal trajeetaries, and the misexpression afDrosophila Lim3 alters axonal

projections in a predictable manner, yielding Lim3-like neuronal axan projections (Thor

et al 1999).

Additional LIM proteins have been ascribed functions in the regional regulation of neural

development. In Liml mutant mice anterior head structures fail ta develop, but structures

posterior to the hindbrain appear to develop in remarkably normal fashion. Disruption of

the Lhx2 gene is homozygous lethal. Mutant mice do not fonn eyes and alsa display a

hypocellular neocortex that correlates with an observable decrease in progenitor œil

proliferation in the prosencephalon (Porter et al 1997). Mice homozygous null for the

Lhx5locus display a hippocampal defect (Zhao et al 1999). Progenitor cells ofthe

presumptive hippocampus appear to he specified, by gene expression criteria, but

subsequently falter during hippocampal morphogenesis. Loss of Nkx2. 1 function, one of

the Nkx genes restricted to the forebrain, results in a Jack ofpituitary fonnation (Takuma

et al 1998). This is likely an indirect effect caused by a subtle ditTerentiation defect in the

diencephalon. Nkx2.1 is expressed in the developing diencephalon, but not in the pituitary

nor its primordia.
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Homeodomain and LIM domain transcription factors a1so appear to he involved in the

specification and/or diiTerentiation ofneuronal subsets in C. elegans. The C. elegans

Lim6 gene is expressed in a smalt number ofmotor neurons, sensory neurons, and

intemeurons. Lim6 mutant animais exhibit changes in axonal morphology and trajeetory,

as weil as changes in neurotransmitter phenotype (Horbert et al 1999). These changes

appear to he due to a cell autonomous effeet.

Similarly, the /in- JJ homeobox gene appears to he involved in neuronal ditTerentiation

(Horbert et al 1998). Focussing on a particular intemeuron that expresses /in- JI, the

homeodomain transcription factor bas been shown to he necessary for morphological

ditTerentiation. Furthermore, aberrant neuronal differentiation in its absence is correlated

with the 10ss of function ofa scoreable neuronal circuit in which the intemeuron lies. The

morphology ofother /in-J J expressing neurons outside the circuit also appears abnonnal.

The Ilx3 homeodomain transcription factor is expressed in a distinct neuronal constituent

ofthe same scoreable neuronal circuit Loss of11X3 function is functionally equivalent to

the ablation of the expressing neuron in the circuit This loss offunction also correlates

with atypical axonal morphology and trajectory in mutant animais (Horbert et al 1997).

Unc-4 encodes a homeodomain transcription factor that is required for the differentiation

ofa weil studied motor neuron. Loss of unc-4 function results in morphological changes

in the expressing motor neuron, whereby the dendritic tree is altered changing the

synaptic input received by the motor neuron. There is a functional consequence to this

morphological change, and unc-4 mutant animais exhibit a motor deficit.
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(vi) Cis Elements Involved in Neural Gene Expression

One means of identifying transeriptional regulatory mechanisms in neurogenesis bas been

to analyze the regulatory regions of neural genes. The neural genes studied serve a

variety offunctions and are expressed in various œil types and subtypes at various

developmental stages. This approach bas identified gene segments regulating cell type

specifie gene expression, restriction to subsets ofceUs in the nervous system, and

temporal control ofgene expression within the neurallineage. Constituent neuronal genes

that encode structural proteins constitute a major group that has becn analyzed. These

genes are typically expressed early in neuronal differentiation and in a wide variety of

neuronal subtypes. Their regulation May involve mechanisms common to Many ditTerent

neuronal subtypes and therefore potentially fundamental to neuronal differentiation.

Neuronal gene anaIysis bas occasionally identified common functional sequences,

implying the existence ofsuch widespread mechanisms, as bas been suggested by

complimentary studies focussing on transcription factors.

Neural gene analysis has been carried out largely in Drosophila and mice, though

mammalian gene analysis in most cases bas not proceeded beyond the identification of

functional segments ta the identification offunctional elements. These analyses have

revealed modular organization within regulatory regions, whereby distinct regulatory

modules contribute distinct characteristics to the overall expression pattern ofa gene.

Sorne modules contribute spatial specificity, which May often he regarded as subtype

specificity and vice versa. Sorne modules contrihute eell type specificity, and others

contrihute to dynamic regulation, inducing or repressing gene expression at specifie

developmental stages or mediating responsiveness to extrinsic (eg. growth factors) or

intrinsic (eg. injury) cues.

Focussing on two genes that are expressed in nearly ail neuroblasts of the Drosophila

nervous system, E. Bier and colleagues have identified common regulatory sequences

and organizational schemes iovolved in the transcriptional control ofprogenitor œil

development (Emery et al 1995). The deadpan gene encodes a bHLH transcription factor
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(Bier et al 1992), while the scratch gene encodes a transcription factor with zinc-tingers

(Roark et al 1995). Both genes are expressed in nearly ail neuroblasts of the developing

nervous system, and bath are involved in neural development (Bier et al 1992; Roark et al

1995). Each gene contains two regulatory modules, one that targets gene expression to

the CNS and another that targets gene expression to the PNS (Emery et al 1995). Found

within these modules are repeats of the E...box sequence (CANNTG), which is the

consensus sequence for bHLH transcription factors such as those encoded by AS-C,

making deadpan and scratch putative direct targets of the proneural genes.

Studies of the AS-C genes have also revealed transcriptional mechanisms involved in

neurogenesis (Gaomez-Skarmeta et al 1995). Strewn throughout the complex are

enhancer elements that appear to commonly contribute to the spatial and temporal

expression of several genes of the complex. An artificial promoter constructed from sorne

ofthese elements can target reporter gene expression specifically to neuroblasts in

Drosophila. Mutation of specifie reiterated elements within the artificial promoter leads

to precocious reporter gene expression in Many cells ofa proneural cluster, pretiguring

selection of individual neuroblasts. Moreover, reporter gene expression is not restricted to

segregating neuroblasts with time, indicating that premature expression was gained and

an ability to respond to lateral specification was coincidentally lost with the deletion ofa

single element. Among the elements found within the AS-C regulatory region are E

boxes, and the sequence which when lost specifically causes premature reponer

expression resembles the Su(H) binding element.

Genomic DNA for the Drosophila fJ-J tubu/in gene has been analyzed, and the gene's

promoter bas been identified (Kohler et al 1996). A 3kb fragment of the gene delivers

high level reporter gene expression in neurons ofthe CNS similar to fJ-1 lubu/in

expression. The 3kb fragment is composed ofthree modules, which cooperatively yield a

high level CNS expression. One of the modules has been further analyzed, and in

conjunction with a basal promoter is sufficient to promote expression in sorne CNS

neurons in Drosophila This module contains a 6bp sequence, CAAAAT, which is

essential for CNS expression, and which resembles the mammalian CIEBP consensus
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sequence. Furthermore, in gel shift assays a eNS-specifie nuclear protein complex forms

with the 6bp CNS element, however the identity of the complex is unknown.

The Drosophila elav gene promoter bas been isolated in order to study transcriptional

mechanisms involved in the regulation ofa pan-neuronal gene (Yao et al 1994). Elav is

an RNA binding protein expressed early in nearly ail neurons of the nervous system

(Robinow and White 1991). Analysis ofgenomic DNA has identified a 3.5kb promoter

fragment that canfers an elav-Iike expression Pattern to a reporter gene in Drosophila. A

333bp fragment within this 3.Skb is required for this pattern ofexpression. The funetional

sequences within this fragment have not been identitied as yet

Analysis of neuronal gene expression in transgenic mice has also been fruitful. The rat

TaI gene was isolated in a subtractive hybridization screen designed to identify genes

preferentially expressed in the developing nervous system versus the adult brain (Miller

et al 1987). These studies further revealed that the TaI gene is highly and specifically

expressed in a pan-neuronal and neuron-specifie manner (Miller et al 1987). Tai mRNA

constitutes approximately 98% of the a-tubulin mRNA and approximately 2% ofthe

total mRNA in the developing rat brain (Miller et al 1987). Tai is also dynamically

regulated as a fonction ofgrowth in the developing nervous system (Miller et al 1989;

Mathew and Miller 1990; Mathew and Miller 1993). It is expressed early dOOng neural

development coincident with neuronal differentiation and neOOte outgrowth. Il is

subsequently downregulated as neurons reach their targets and cease extending neurites.

Following axonal injury in the peripheral nervous system, Tai gene expression is

upregulated, coincident with neurite regrowth, and is maintained UDtil target

reinnervation.

Nuclear run-on assays have revealed that the TaI gene is regulated at the transeriptional

level (Miller et al 1991). Moreover, Dr. Miller's laboratory bas previously demonstrated

that 1.1kb ofcontiguous sequence located immediately S' ofthe TaI gene's 5'

untranslated region is sufficient to target reporter gene expression specitically to neurons,

and in a spatio-temporal manner that mirnics that of the endogenous gene bath during
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development (Gloster et al 1994), and adulthood (Bamji and Miller 1996). During

development, Ta} promoter activity commences coïncident with terminal mitosis

throughout the nervous system. This coincidence between terminal mitosis and onset of

TaI promoter aetivity is also observed in vitro (Gloster et al 1999). Thus, the Ta}

promoter possesses sequences sufficient for very early and pan.neuronal gene expression.

As such, the 1.1kb TaI promoter bas served as a tool for the genetic analysis of neuronal

differentiation reported in this thesis.

The regulation ofthe goldfish a-} a-tubulin gene has also been anaIyzed in vitro and in

vivo (Hieber et al 1998). The goldfish a-} a-tubulin gene is neuron-specifie and

regulated as a funetion ofgrowth, similar to the rat Ta} gene. For instance, a-} is

expressed at high levels in the developing retin~ but decreases as retinal ganglion cells

cease to grow (Hieher et al 1998). Following optic nerve crush, the goldfish optic nerve

regrows, and a-l is expressed at high levels retinal ganglion cells once again (Hieber et

al 1998). A 1.7kb fragment of the 5' region ofthe goldfish a-/ a-tubulin gene is

sufficient to target reporter gene expression specifically to the nervous system and

preferentially to neurons in zebrafish embryos and adult goldfish retinal explants (Hieber

et al (998). Furthermore, this promoter is induced follo\\'ing axonal injury in vivo and in

vitro (Hieher et al 1998). Thus the 1.7kb fragment contains cis elements sufficient for

neuronal specificity and dynamic regulation, yielding a pattern ofexpression and

behaviour similar to the endogenous a-J a-tubulin gene. A comparison ofthe goldfish

and rat a-} a-tubulin gene regulatory regions reveals a number ofconserved sequences.

Sorne of these, including a putative Su(H) target sequence and a putative homeodomain

binding site, are found within a segment of the goldfish a-} promoter that contributes to

neuronal specificity (Hieber et al 1998).

The peripherin gene encodes an intermediate filament protein that is expressed in a

variety ofneuronal populations in the CNS and PNS (portier et al 1983). Peripherin

gene expression is limited to the nervous system, and sirnilar to the Ta} gene, its

expression is growth associated. A 5.8kb fragment of the peripherin gene is sufficient to

confer to a reporter gene a pattern ofexpression similar to that ofthe endogenous
9S
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peripherin gene (Belecky-Adams et al 1993; Leconte et al 1996). A portion of intragenic

peripherin gene sequence must he included in the 5.8kb segment in order to eosure cell

type specific expression, as weil as dynamic regulation following injury. The 5.8kb gene

fragment Mediates dynarnic regulation following nerve injury in a manner similar to that

observed for peripherin. The specific sequences mediating this activity have not been

reported. Interestingly, the induction ofperipherin gene expression in PC 12 cells in

response to NGF apPears to involve de-repression and this effect is mediated by the cis

element GGCAGGGCGCC. Complexes binding this sequence are found in

undifferentiated and differentiated PCI2 ceIls, before and after NGF exposure

respectively. The complexes appear to be distinct however, and may he involved in the

dynamic regulation ofperipherin at least in vitro (Thompson et al 1992).

The GAP43 gene is similar to the TaI gene in that it is widely expresse<L neuron-sPecific

and growth associated (Karns et al 1987). Analysis ofvarious portions of the GAP43

gene regulatory region in transgenic mice has revealed a modular organization (Vanselow

et al 1994). A rather large segment of the gene is able ta target reporter gene expression

ta the nervous system in a pattern similar to the endogenous GAP-43 gene. Restriction to

the nervous system requires intronic sequence, suggesting that an extra-neural repressor

is located in this region. Deletion analysis has identified a repressive segment

downstream ofthe GAP-43 TATA box which is highly position-dependent (Weber et al

1997). This segment represses heterologous gene expression in non-neuronal cells, and

binds to a protein complex specifie to non-neuronal cells. Further analysis has identified a

novel sequence element in the segment, named the SNOG element as it is round in a

similar position in the SNAP·25 gene and the neuronal nitric oxide gene. The 11kb GAP

43 promoter also displays dynamie activity mimicking endogenous GAP-43 gene

expression. Following sciatic nerve crush, the promoter was reactivated in mature

sensory and motor neurons, where expression of the endogenous GAP-43 gene was a1so

induced. The TaI gene and 1.1kb TaI promoter behave similarly following sciatic nerve

crush, as does the peripherin gene and the 5.8kb peripherin promoter. These similarities

raise the question ofwhether common regulatory elements underlie tbis parallel in injury

stimulated transcriptional activation in neurons.

96



•

•

•

The nestin gene encodes an intermediate filament protein that is specitically expressed in

neural and muscle precursors (Zimmennan L et al (994). Nestin expression is

extinguished with cell ditTerentiation. Analysis of nestin regulatory sequences in

transgenic mice bas identified separable muscle and neural enhancers, located in the tirst

and second introns respectively (Zimmerman et al 1994). Clooing and analysis of the

human nestin gene bas revealed conserved sequence within the neural enhancer (Lothian

and Lendahl 1997), and immunohistochemical analysis has shown that neslin is also

expressed in CNS progenitorcells in human embryos (Tohyama T et al 1992). A 374bp

segment of the human nestin gene corresponding to the conserved neural enhancer is

sufficient to target reporter gene expression to progenitor cells throughout the developing

CNS in transgenie mice (Lothian et al 1999). Within this 374bp sequence is a 120bp

sequence that is required for activity. Aiso within this 374bp fragment is a midbrain

specifie enhancer. Collectively these studies reveal that the widespread expression of

nestin involves complex regulation based on cell type and subtype and/or spatial

regulation. The specifie elements involved in promoting transient nestin expression in the

neurallineage causing it to he expressed in neural progenitor cells but not in neurons, and

those contributing region-specifie activity have not been reported.

The LI gene encodes a cell adhesion molecule expressed throughout the peripheral and

central nervous system both during development and adulthood (Moos et al 1988; Mirsky

et al 1986; Faissner et al 1984). The LI gene is expressed early in neural developmen~

beginning al about embryonic day 12. A fragment of S' flanking sequence of the LI gene

has been characterized in transgenic mice (Kallunki et al 1997). This sequence is

sufficient to direct reporter gene expression sPecitically to the nervous system in a spatio

temporal pattern that mimics that of the endogenous LI gene (Kallunki et al 1997). A

functional sequence within the LI gene promoter has been identified, and corresponds to

the previously iidentified 21bp NRSE sequence (TICAGCACCAGGGACAGCGAA)

(Kallunki et al 1997; Schoenherr et al 1996). Deletion of this sequence leads to ectopie

expression of an LI driven reporter gene in neural and non-neural tissue, as weil as

precocious expression of the reporter gene during development of the PNS (Kallunki et al
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1997). Furthennorey this deletion also leads to a decrease in reporter gene expression in

the mature nervous system (Kallunki et al 1998), indicating the NRSE functions bath as

an inhibitor and repressor depending on context or that the sequence contains more than

one element with distinct funetions. In this regard, the NRSE binding factor ~'REST' bas

been detected in the adult brain, where the decrease in LI transgene expression is

observed following deletion ofthe NRSE.

Additional evidence supporting the bifunctional nature of the NRSE has come from the

analysis of the nicolinic acety/cho/ine receptor fJl subunit gene (nAChRIJ2) (Bessis et al

1997). The nAChRfJ2 subunit is neuron-specifie and is the most widely expressed

neuronal nicotinic receptor subunit in the nervous system. Deletion analysis of the 1.2kb

nAChRfJl gene promoter (Bessis et al 1995) in transgenic mice bas revealed that loss of

the NRSE sequence results in ectopie expression bath within and outside the nervous

system (Bessis et al 1997). In addition, loss ofthis sequence leads to a loss ofexpression

within the nonnal expression domains ofboth the endogenous nAChRfJ2 gene and the

wildtype transgene. In vitro analyses further suggest that the position ofthe NRSE

sequence within a promoter May affect its aetivity in the neuronal context. A positively

acting E-box and an additional unknown negative regulatory element have a1so been

identified in the nAChRfJ2 gene (Bessis et al 1995), but their relevance to regulation in

vivo is unknown.

The NRSE is a1so located within the BDNF gene. Expression of the BDNF gene is not

restrieted to the nervous system, raising the question of whether or not the NRSE is

functional in this contex~ and ifso what its funetion is. The consequences ofdeleting the

NRSE have been analyzed in transgenic mice (Timmusk et al 1999). Deletion ofthis

NRSE does not lead to ectopie reporter gene expression within or outside of the nervous

system. The NRSE does however appear to contribute to normal promoter activity within

brain, thymus and lung tissue. In the brain, deletion ofthe NRSE leads to an increase in

the basallevel of reporter gene expression, suggesting the element normally funetions as

a repressor within this neural tissue. This is not the tirst report ascribing repressive

• activity within the nervous system to the NRSE. The NRSE was originally hypothesized
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to function as a repressor ofsodium type-Il channel gene expression in sensory neurons

(Kraner et al 1992), thereby contributing to neuronal diversity through gene repression in

a subset ofneurons.

A 2.4kb fragment of the choline acetyltransferase (ChAl) gene is sufficient to confer

cholinergic neuronal œil type-specific gene expression to a reponer gene and basal

promoter in transgenic mice (Lonnerberg et al 1995). The 2.4 kb fragment functions as an

enhancer in cholinergic cells and as a repressor in non-cholinergic eeUs in a position and

orientation-independent manner. Among the regions targeted by the promoter are the

basal forebrain, pons and the spinal cord, regions that also express endogenous ChA T.

Furthermore, the 2.4kb ChA T promoter fragment responds to spinal cord injury in a

manner similar to the endogenous ChA Tgene. Thus this region is sufficient to specify

eell subtype and to Mediate a response to injury within those ceUs. A function for the

NRSE has also been reported in the eontext of the ChA T gene (Lonnerberg et al 1996).

An NRSE is round within the 2.4kb promoter region and this sequence binds to the REST

protein, the identified trans factor thought to Mediate NRSE activity. In vitro studies

suggest that the NRSE contributes to the neuron-specifie activity of the promoter, but

does not contribute to its cholinergie-specific activity.

A function for the NRSE has also becn deseribed in the context of the glutamine

synthetase gene (Avisar et al 1999). The glutamine synthetase promoter has been

identified, and in vitro studies reveal that it is responsive to glucocortieoids in neural

ceUs, but not non-neural cells (Avisar et al 1999). An NRSE is located adjacent to a

glucocorticoid responsive element within the promoter, and deletion of the NRSE allows

the promoter to respond to glucocorticoids in non...neural ceUs (Avisar et al 1999). Thus

the NRSE appears to contribute 10 the neural specificity of this dynamie regulation in

vitro. This activity can he conferred to a heterologous glucocorticoid resPOnsive promoter

by situating an NRSE appropriately, rendering it refractory to the influence if

glucoconicoids in non...neuronal ceUs in vi/ro. The NRSE MaY also he involved in the

timing ofglucocorticoid responsiveness, as the sequence is bound in both non-neuronal

and neural progenitor ceUs, both ofwhich do not respond to glucocortieoid.
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The NRSE sequence is aJso found within the NMDA receptor subunit NRlC gene

(Suchanek et al 1997). The NRlC gene is transiently expressed in cerebellar granule

cells, beginning two weeks after birth, and is a1so expressed in the developing forebrain.

Transgenic mouse analysis bas revealed that SOObp ofthe immediately 5' region is

sufficient to confer neural specific expression to a reporter gene, while additional

sequence is required for neuronal subtype sPeCificity and dynamic regulation as

demonstrated by a lack oftransgene downregulation in the mature cerebellum (Sasner et

al 1996). A segment containing the NRSE has been implicated in the negative regulation

ofbasal promoter activity in non-neural tissue (Suchanek et al 1997).

Limited NRSE analysis has also been performed in the context of the dopamine beta

hydroxylase gene (DRH). The human and rat DRH genes harbor NRSE sequences at

corresponding positions in the 5' regulatory region (Ishiguro et al 1995). DBH promoter

activity is restricted to neural tissue in transgenic mice (Mercer et al 1991). ln vitro, the

NRSE binds to protein in non-neuronal nuclear extracts, and exerts repressive activity

when fused to a fragment of the DBH promoter lacking the NRSE in non-neuronal œil

lines (Ishiguro et al 1995).

Analysis of the Mashl gene has revealed the presence of separable CNS and PNS

elements (Verma-Kurvari et al 1996) similar to the organization observed in the

Drosophila genes deadpan and scratch. An 8kb segment of the gene directs CNS

expression in transgenic mice, while an additional 28kb is required for expression in the

sympathetic nervous system. However a 36kb segment ofthe Mash1 gene was still

unable to direct expression to the developing retina and olfactory epithelium, regions that

normally express Mashl.

The Pax6 gene product, a "paired" domain transcription factor with pleiotropic functions

in the developing nervous system, has been implicated in the regulation ofNeAM (Holst

et al 1997) and LI (Meech et al 1999) in vitro and in vivo. Pax6 consensus elements are

• located within both of these neural genes, and Pax-6 binds both sequences and activates
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both promoters in vitro. Mutation ofthese elements results in a loss ofbinding and

activation by Pax-6 in vitro, and correlates with changes in promoter activity in vivo.

Mutation of the NeAM promoter leads to a loss ofactivity within the dorsal and

mediolateral regions ofthe mantle zone of the embryonic spinal cord. At later stages of

development, mutant NeAM promoter activity is nearly abo[ished whereas NeAM

promoter aetivity and endogenous NeAMexpression are observed in the spinal cord.

Mutation of the LI promoter causes a [oss ofactivity in the developing telencepha[on and

mesencephalon, where wild type promoter activity and endogenous LI expression are

normally observed. These results implicate Pax6 or a related factor(s) in the regu[ation of

these two neural genes within subdomains of the developing CNS.

The hypoxanthine phosphoribosy/ transferase gene (HPR1) is constitutively expressed,

but displays enhanced expression in the mammalian brain (Stout and Caskey 1985). An

HPRT promoter has been identified using transgenic mice, and contains within it a

segment that is required for enhanced expression within the nervous system but exhibits

repressive activity in vitro when transferred ta a hetero[ogous promoter (Jiralerspong et al

1996). The identity of the responsible sequence(s) and its mechanism ofaction are not yet

known.

Regulatory sequences directing expression of the Hes5 gene have been ana[yzed in vitro

(Takebayashi et al 1995). The Hes5 gene is neural specific, expressed in progenitor cells

of the developing nervous system., and its expression decreases during neural

development. In vitro studies have identified Hes5 genomic sequence that directs reporter

gene expression to a neural progenitor cell Hne. This promoter activity is downregulated

when progenitor ceIls are induced to ditTerentiate in vitro. Thus, like the Hes5 gene, the

Hes5 promoter appears to he active in progenitor cells, but is shut down in ditTerentiating

neurons. Within the promoter are several repeats of a GC-rich sequence which are

required for enhanced promoter activity in the progenitor cell line. Furthermore, binding

aetivity for this element is round in progenitor cells but is absent in differentiated neurons

derived from these cells. The authors suggest that this sequence and binding activity may

contribute to the progenitor-specific expression of the Hes5 gene, but the activity of the
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GC-rich sequence and of the promoter itselfhave not been assessed in vivo. Their

relevance is therefore uncertain.

Analysis of the olfactory marker protein (OMP) gene bas revealed possible roles for the

OIf/CoE2 farnily of transcription factors in neuronal gene expression (Kudrycki et al

1998). OMP is specifically expressed in the olfactory epithelium (Danciger et al 1989).

The OMP promoter contains a putative OIf/CoE2 binding site, and its function has been

analyzed in transgenic mice (Kudrycki et al 1998). Interestingly, mutation of this site in

the OMP promoter does not alter expression within the olfaetory epithelium, but rather

leads to ectopie expression in other neuronal populations ofthe CNS. These results

suggest that an Oif/CoE2 family member(s) or related binding activity May repress DMP

expression in discrete neuronal populations throughout the nervous system in order to

restrict OMP expression specifically to the olfactory epithelium.

Characterization ofthe mouse neurofi/ament /ight chain (NF-L) gene promoter in

transgenic mice bas revealed that the initiation ofgene expression during development

and the maintenance ofgene expression in the mature nervous system are genetically

separable (Yaworsky et al 1997). A 1.7kb fragment of the mouse NF-L gene confers to a

reporter gene a pattern ofexpression that mimics that of the endogenous NF-L gene

during development After birth, transgene expression is extinguished, though

endogenous NF-L gene expression persists. In addition, the promoter cantains separable

muscle and neural expression promoting modules, which also differ in their temporal

regulation during development. The muscle-directing activity of the promoter is

consistent with the observation ofNF-L expression in developing muscle.

The murine Purkinje ce//protein-2 (Pcp-2) gene is expressed specifically in Purkinje

ceUs and their precursors in the eerebellum. A 700bp fragment of the Pcp-2 gene serves

as a neural-specifie basal promoter. (Vandaele et al 1991). This gene fragment directs

reponer gene expression ectopically to a wide array of neurons throughout the developing

CNS. Addition of further 5' sequence to this 700bp fragment progressively restricts its

activity, bringing it eloser to the expression domain of the endogenous Pcp-2 gene. ln
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vitro analysis bas suggested that homeodomain transcription factors May participate in

the early repression and subsequent induction ofPcp-2 expression in the developing

cerebellum (Sanlioglu et al 1998). In addition7 HesS may negatively regulate the Pep-2

promoter in vitro (Akazawa et al 1992).

Analyses of floor plate development have uncovered a number ofcritical transcription

factors and have begun to trace the molecular mechanisms responsible for the cellular

interactions between notochord and presumptive floor plate. In so doing, they have

revealed an important neural target for the zinc finger transcription factor GIi-l, namely

HNF31l Sonie hedgehog is expressed in the notochord and is capable ofinducing ectopie

tloor plate development. This etTect may he due to sonie hedgehog's ability to induee

HNF3fJ in a G/i-J-dependent manner. G/i-/ is a zinc finger transcription factor induced in

the neural tube by sanic hedgehog, and is also capable of inducing ectopic floor plate

development (Hynes et al 1997). Analysis of the HNF3fJ gene has revealed a floor plate

specifie enhancer, which contains a putative site for Gli-l (Sasaki and Hogan 1996). This

site is required for the aetivity of the tloor plate enhancer in vivo, and acts as a sonie

hedgehog responsive element in vitro (Sasaki et al 1997). As HNF3fJ is required for floor

plate development, and is capable of indueing eetopic tloor plate development in the

midbrainlbindbrain region, it may eonstitute an important target of sonie hedgehog by

way ofGli-J.

Cross-speeies promoter analysis has yielded sorne important results. The analysis of

human and avian neuronal gene promoters in transgenic mice bas often revealed neuron

specifie activity in the host (eg. Beaudet et al 1992; Leconte et al 1994; Yazdanbakhsh et

al 1993; Daubas et al 1993). The promoters of sPatially restrieted or subtype-specific

human and avian genes have also exhibited similar restrieted activity in transgenic miee.

These studies reveal evolutionary conservation in the regulation ofneuronal eell type and

subtype gene expression. Similarly, the proneural activity of murine transcription factors

in Xenopus, as weil as the neurogenie aetivity ofXenopus gene produets in zebrafish,

point to a conservation ofneurogenic mechanisms.
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The analysis ofHox genes has provided examples of spatial and tissue-specifie enhancers

as weil as repressors, which eollectively speeifY the nonnal spatia-temporal expression

pattern oftheir respective genes. Tight control over their expression is thought to he

important because misexpression and/or loss ofexpression often leads to neural

malformations within the ectopie or nonnal expression domain resPectively. Mechanisms

ofHox gene regulation have remained largely undetennined but retinoie 8Cid receptors,

the transcription factors Krox-20 and kreisler, and the Hox gene produets themselves

apPear to he involved.

Retinoic acid is required for neural development, with widespread neural tube and neural

crest defects resulting from its absence (Dickman et al 1997). Retinoie aeid (RA) is also a

teratogen which when administered exogenously perturbs many aspects of neural

development, including the segmentation of the hindbrain. In this region of the nervous

system, the morphological effects of RA have been correlated with its molecular effects

on Hox gene expression. Morphologically, in response to RA anterior regions of the

hindbrain develop posterior characteristics. Molecularly, in response to RA anterior

regions of the hindbrain express Hox genes normally restrieted to more posterior

domains. In sorne instances, the ectopie forced expression of posterior Hox genes in

anterior domains has been shown to cause a "posteriorization" ofthese anterior domains,

indicating that Hox gene expression is sufficient for the morphological alteration.

ResPOnsiveness to RA in vivo requires the expression of retinoic acid receptors

(Iulianella et al 1997; Folberg A et al 1999). A number ofHox genes nonnally expressed

in the developing hindbrain and exhibiting RA resPOnsiveness contaiD RA-resPOnsive

regulatory elements that have been characterized in vivo (Studer et al 1998; Gould et al

1998; Packer et al 1998; Zhang et al 1997; Morrison et al 1997; Morrison et al 1996;

Folberg et al 1999). These elements apPear to contribute to Donnai embryonic expression

as weil as mediating responsiveness to exogenous RA. Whether the expression of Hox

genes is altered in response to the disruption of retinoic acid receptor genes has not been

rePOrted.
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Hoxa-4 regulation depends on autoregulation as weil as on regulation by retinoic acid

receptors (Packer et al 1998). A reporter gene under the control of the murine Hoxa-4

promoter mimics endogenous Hoxa-4 expression. Mutation ofa retinoic acid response

element in the 5' regulatory sequence results in a dramatic decrease or complete absence

of reporter gene expression in Hoxa-4 expressing domains. Reporter gene expression is

also drastically reduced in the nervous system of Hoxa-4 null mice, indicating a

dependency of Hoxa-4 expression on Hoxa-4 itself.

Analysis ofthe murine Hoxa-4, Hoxd-4, and Hoxb4· genes has revealed a similar

organization, in 50 far as the regulatory regions ofthese genes consist ofseparable neural

and mesodermal enhancers and the neural enhancers contain functional retinoic acid

responsive elements (Morrison et al 1997; Morrison et al 1996; Zhang et al 1997; Packer

et al 1998; Folberg et al 1999). The human Hoxd-4 gene has a similar structure

containing separable neural and ectodermal elements, as weil as a RA-responsive element

within its neural enhancer. In vivo this human neural enhancer sequence mimics to a

large extent endogenous Hoxd-4 expression in the hindbrain, and mediates a RA

responsive anterior shift in reporter gene expression also characteristic of the endogenous

murine gene.

The murine Hoxa-} and Hoxa-2 genes contain separable rhombomere-specific hindbrain

enhancers and at least one general enhancer that contains an RARE (Frasch et al 1995).

Mutation of the RARE causes a loss ofenhancer activity caudal to rhombomere four in

the hindbrain and spinal cord, suggesting it may contribute to the activity of the enhancer

in the posterior of the embryo. Mutation ofa distinct RARE in the Hoxa1 gene in situ

changes the anterior expression boundary ofHoxa-l, shifting it caudally in the hindbrain

(Dupae et al 1997). MolecuJarly, Hox gene expression in the developing hindbrain is

altered. Morphologically, cranial nerve formation is perturbed in a manner reminiscent of

Hoxa-l nullification. However, Hoxa-l is still responsive to retinoic acid in these mutant

mice, suggesting alternative elements, including the RARE within the general enhancer,

may regulate the retinoic acid response.
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(vii) Suppressor of HairlessIRecombination Signal-Binding Protein is Evolutionarily

Conserved and Regulates Mammalian Neural Development

Su(H)/RBP-Jk was tirst identified in genetic screens in Drosophila, where it was found to

affect sensory bristle (haïr) development (Campos-Ortega et al 1984; Dietrich and

Campos-Ortega 1984). Su(H)/RBP-Jk is highly conserved and encodes a transcription

factor with and apparently unique DNA-binding domain (Matsunami et al 1989;

Furukawa et al 1991; Amakawa et al 1993; Christensen et al 1996). Biochemical analysis

suggests that Su(H)/RBP-Jk may he poorly named, and that hair/ess might he more

appropriately called the suppressor of suppressor ofhair/ess, as hair/ess appears to

function by antagonizing the effects of the Su(H)/RBP-Jk transcription factor (Brou et al

1994).

Mutant alleles ofSu(H)/RBP-Jk interact with mutant alleles ofother neurogenic genes

(Campos-Ortega et al 1984; Dietrich and Campos-Ortega 1984; Vassin et al 1985;

Shepard et a11989; Brand and Campos-Ortega 1989; Xu et al 1990) and Su(H)

molecularly interacts with a conserved and functionally required portion of the Notch

intraeellular domain in Drosophila. Mutant analyses suggest that Su(H)/RBP-Jk functions

downstream ofNo/ch to promote the inhibitory efTects of Notch in the developing

nervous system of the tly (Fortini et al 1997; Furukawa et al 1997).

Natural targets ofSu(H)lRBP-Jk in Drosophila include E(sp/) genes (LeCourtois and

Schweisguth 1995; Bailey et al 1995). Molecular studies have shown that these genes lie

directly downstream ofSu(H)/RBP-Jk in the Notch pathway and have identified a

Su(H)/RBp·Jk consensus binding site~ CGTGGGAA.

Mammalian Su(H)/RBP-Jk was originally identitied as a factor recognizing the VDJ

recombination signal sequence within the immunoglobulin Iight chain gene (Matsunami

et al 1989; Hamaguchi et al 1989). It was subsequently round that Su(H)IRBP-Jk did not

• bind to this sequence~ but rather to the same consensus sequence derived from Drosophila
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studies (Heokel et al 1994; Ton et al 1994). This was demonstrated in studies of Epstein

Barr virus (EBV), which revealed an endogenous transcription factor was recruited by

viral proteins following viral infection during B cell transformation (Henkel et al 1994).

Su(H)/RBP-Jk was identified as the culprit transcription factor, and a Datural viral target

site for it was identified.

Thus the Su(H)/RBP-Jk consensus sequence derived from Drosophila targets matches

that derived from Epstein Barr virus genes, suggesting the DNA-binding specificity of

Su(H)/RBP-Jk has becn conserved. This coincides with the high degree of primary

sequence conservation observed between orthologs (Matsunami et al )989; Furukawa et

al 1991). The integrity of the Notch pathway has also been conserved in mammals. Notch

activation in marnmalian cells, either by mutation or ligand binding, induces the

transcription of a reporter gene onder the control of the HesJ promoter (Jarriault S et al

1995; Jarriault et al 1998). The HesJ gene, like E(spl) genes, contains a Su(H)/RBP-Jk

consensus sequence. Noteh mediated activation ofHes/-reporter gene expression in

mammalian cells depends on the Su(H)/RBP-Jk site, just as it depends on that site within

E(sp/) in Drosophila cells (Jarriault et al 1995; Bailey et al 1995; LeCourtois and

Schweisguth 1995). The conservation ofa Su(H)/RBP-Jk site in Hes/ (Jarriault et al

(995), its importance for responsiveness to Notch activation (Jarriault et al 1995), and the

consequences ofNolch (Swiatek et al 1994 ) Su(H)/RBP-Jk (de la Pompa et al 1995) and

Hes} (Ishibashi et al 1995) gene deletion in mice collectively suggest that this pathway

has been conserved and plays an important role in the negative regulation of neuronal

differentiation in the mammalian nervous system.

Biochemical studies ofmammalian Su(H)/RBP-Jk have defined intrinsic transcriptionally

repressive activity, as weil as DNA binding activity (Henkel et al 1994; Hsieh and

Hayward 1995; Douet al 1994). The DNA binding damain ofSu(H)/RBP-Jk is unique,

and only one other family member has been identified in mice. RBP-L as it is known, is

expressed specifically in the developing Jung (Minoguchi et al 1997). Su(H)/RBP-Jk is

expressed ubiquitously (Hamaguchi et al 1992), and is observed in the nervous system as
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early embryonic clay 8.5. Expression is observed in neural progenitor cells throughout the

nervous system and over the course ofneural development.

Epstein Barr virus requires RBP-JkJSu(H) in order to transfonn B ceUs. Following the

infection ofB eeUs by EBV, RBP-Jk/Su(H) binds to a viral gene through a RBP-Jk/Su(H)

consensus sequence in its regulatory region. The gene thus hound is activated rather than

repressed, and this is achieved by the binding ofan additional viral protein to RBP

Jk/Su(H). The viral protein harbors an activation domain but has no intrinsic DNA

binding ability (Ling et al 1994), and thus exploits the DNA-binding activity of the

endogenous factor RBP-lliSu(H) in order to activate its target gene (Heokel et al 1994;

Hsieh and Hayward 1995). Activation of the target gene occurs by two mechanisms,

namely de-repression and activation. The target gene is nonnally repressed by RBP·

Jk/Su(H) alone owing to the intrinsic repressive activity ofRBP-Jk/Su(H), and the viral

protein masks the repressive activity of RBP-Jk/Su(H) by binding to its repressive

sequence (Henkel et al 1994; Hsieh and Hayward 1995). The viral protein also

contributes its own activation domain to the DNA bound complex, thereby activating

transcription of the target gene (Henkel et al 1994; Hsieh and Hayward 1995).

Gain of function and loss of function studies in Xenopus suggest that RBP-JkISu(H)

represses neural sPecification and neuronal differentiation, resPectively (Wettstein et al

1997). Targeted disruption ofthe RBP-JklSu(H) gene in mice is lethal when homozygous

(de la PomPa et al 1997), and causes precocious neuronal differentiation prior to

embryonic death by E 10.5. A gain offunction study has not been reported for RBP

JklSu(H) in mice, but from results ofNotch-3 and Hes J overexpression in neural

precursors in vivo, such manipulation might he predicted to result in the inhibition of

neuronal differentiation, with a concomitant increase in the precursor cell population.

Resolution of the molecular mechanism of HesJ gene induction by Notch activation has

been aided by studies of Epstein Barr virus action. Ligand binding ofNotch results in

proteolytic cleavage of the intracellular domain ofNotch, which is subsequently found in

• the nucleus and thought ta associate with Su(H)/RBP-Jk (Scroeter et al 1998).
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Su(H)/RBP-Jk binds DNA directly (Lecourtois and Scweisguth 1995; Bailey et al 1995;

Jarrlault et al 1995; Hsieh et al 1996). The induction ofHes1 is then thought to result

from the de-repression and activation ofHesJ transcription, with an activation domain

being contributed by the Notch fragment and the binding ofthe fragment to RBP

ruSu(H) masking the repressive activity of the latter (Hsieh et al 1996).

Biochemical investigations have revealed two potential mechanisms oftranscriptional

repression by RBP-Jk/Su(H).The first mechanism involves direct contact between RBP

Jk/Su(H) and the basal transcription factors TFlIA and TFIID (Olave et al 1998). This

mechanim ofrepression bas been found to he position dependent. Through these

interactions, RBP-lk/Su(H) May inhibit interactions between basal transcription factors

that facilitate formation of the pre-initiation complex. The second mechanism involves an

interaction with SMRT and HDAC (Kao et al 1998). Due to this molecular interaction,

RBP-lk/Su(H) May direct histone deacetylase activity to genes containing the RBP

Jk/Su(H) binding site and lead to their repression via the modification ofchromatin

structure. This second mechanism does not appear to he dependent on position. Both

mechanisms provide a means ofgene derepression and activation upon association of the

intracellular fragment ofNotch with RBP-Jk/Su(H). In the tirst mechanism, a fragment of

the Notch protein binds to RBP-lliSu(H) masking the repressive domain within it,

thereby de-repressing target genes. In the second mechanism, a fragment of the Notch

protein binds to RBP-lliSu(H) preventing the interaction between RBP-Jk/Su(H) and

SMRT, thereby preventing recruitment of HDAC to the RBP-ruSu(H) target gene.

(viii) Genetic Analyses of Telencepbalon Development

Lineage tracing and transplantation studies performed in a variety ofvertebrates have

been used to follow anterior nervous system development from the neural plate stage

(reviewed in Rubenstein et al 1998). These analyses have revealed an organization of

morphogenic primordia within the neural plate. Molecular analyses have revealed a

• gridwork organization within the anterior neural plate, whereby the expression patterns of
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several genes encoding transcription factors divides the plate into longitudinal and

horizontal domains, and collectively divides the plate into quadrants with unique

molecular profiles (Rubenstein et al 1998). A comparison reveals morphogenic primordia

often lie within molecular boundaries, and genetic analyses suggest that some ofthe

transcription factors demarcating primordial zones are required for neural development

within those zones.

Along these lines, molecular analyses combined with Morphogenie analyses have led to

the prosomeric hypothesis, which suggests that the developing diencephalon and

telencephalon are organized into segments in a manner analogous to the rhombomeric

organization of the developing hindbrain (Rubenstein et al (994). Many of the genes

involved in the segmentation of the telencephalon and diencephalon are of the homeobox

type and are orthologs ofDrosophila genes that play a role in anterior nervous system

development.

Genetic studies in Drosophila have led to the identification ofa number ofgenes involved

in anterior embryonic development, a process which appears to involve different factors

and mechanisms than those involved in body segmentation (Reichert and Boyan (997).

Remarkably, homologs of Most of these genes have been identified in mammals where

they are expressed in developing brain tissue and are required for nonnal brain

development.

A number ofconserved homeobox genes are specifically expressed in the developing

brain and have been found to play a role in its development. The expression ofthese

genes is restricted to particular subdomains of the developing brain, often coinciding with

prosomeric boundaries and proposed longitudinal divisions. Many of these contribute to

the specification and development of neural tissue within their domains ofexpression.

The Drosophila counterparts of these genes also divide the anterior fly nervous system

and have been shown to function in brain development. Among these genes are homologs

ofthe Drosophila genes orthodentic/e (otd) (Finkelstein and Perrimon 1990), empty
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spiracles (ems) (Cohen and Jurgens 1990; Waldorf and Gehring 1992) and distalless (dis)

(Cohen et al 1989).

Two otd homolgs have been identitied in mammals, namely OIXJ and Otx2, and their

expression patterns have been characterized (Boncinelli et al 1993; Acampora and

Boncinelli 1999; Simeone et al 1992; Muccielli et al 1996). Orx! is tirst expressed in the

developing brain at E8, while OIX2 is expressed earlier throughout the embryo at ES.S,

and becomes restricted to the anterior domain by E7.5. At E9.S, the two genes are

expressed in broad domains within the forebrain and midbrain, with the domain ofOlx2

expression engulfing that ofOlxJ. OlxJ is expressed in both basal and alar plate tissue,

with an anterior dorsallimit within the telencephalon and an anterior ventrallimit within

the diencephalon. Posteriorly, the DIX! expression domain terminates at the

mesencephalon/metencephalon border. Olx2 is expressed in nearly ail alar and basal plate

tissue throughout the developing forebrain and midbrain. Anteriorly, neither DIX! nor

Olx2 are expressed in the optic recess.

At EI2.S, the Olx genes are expressed in striPeS of tissue, rather than broad domains of

the developing brain (Acampora and Boncinelli 1999; Boncinelli et al 1993; Muccielli et

al 1996; Simeone et al 1992). These striPed domains are observed at boundaries within

the diencephalon, metencephalon, and telencephalon. In the telencephalon, the Olx genes

are expressed dorsally in a domain with its rostral limit at the boundary between the

archiconex and the neocorte~ a division separating putative prosomeres 4 and 5.

VentraIly, the domain ofOlx gene expression stops rostrally al the caudal limil of the

medial ganglionic eminence. The Otx genes have also recently been shown to play an

important role in the establishment of the boundary between mesencephalon and

metencephalon and the plsitioning of the isthmus, an important midbrain organizing

centre (Joyner 1996).

Disruption of the OlxJ gene is homozygous lethal in a strain dependent manner (Suda et

al 1996). Commonly however, deletion ofOu!leads to telencephalic abnormalities that

are particularly pronounced in temporal and perirhinal cortex. In addition~ eye and ioner
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ear development are perturbed, and among adults that survive, spontaneous epileptic

seizures are observed (Acampora et al 1996). Within the telencephalo~ there is a

reduction in cortical thickness and œil number, and neuronal layer separation is poor in

the temporal and perirhinal areas of the cortex. Proliferation of neuronal precursors is

lower in mutant animais, and may account for the cortical hypoplasia observed

(Acampora et al 1998).

Olx2 gene disruption is lethal at an early embryonic age, with correlated defects in the

primitive streak and prechordal mesendoderm (Matsuo et al 1995; Ang et al 1996).

Embryos completely lack head structures anterior to rhombomere 3. The early defects are

consistent with the early expression of Dlx2 in the anterior mesendoderm, but obscure the

function ofO/x2 within the neuroectodenn. Recently however, chimeric embryos have

been used to demonstrate a two stage requirement for Olx2, tirst within anterior

mesendoderm for anterior neural plate induction, and second, within the neural plate for

the specification of midbrain and forebrain domains and their appropriate patterns of gene

expression (RhiM et al 1998). The targets ofooth Olxl and Olx2 rernain elusive, as do

their mechanisms ofaction in controlling development of the telencephalon.

Two ems homologs have been identified to date, namely Emx1 and Emx2, and their

expression patterns have been characterized (Boncinelli et al 1993; Fernandez et al 1998;

Simeone et al 1992a; Simeone et al 1992b). The expression of these genes is restricted to

the developing telencephalon. Emx2 expression is flfst detected at E8.5, while expression

ofEmxl is tirst detected at E9.0. At EIO, bath genes are expressed in the developing

forebrain, with the dorsal caudallimit of Emx2 at the border between telencephalon and

diencephalon, just caudal to the limit ofEmx1 expression. The expression domain ofeach

gene extends ioto the dorsal telencephalon and terminates within this region, with the

limit of Emx2 rostral to that of Emxl. Neither gene is expressed in the roofplate. Emxl is

not expressed in basal plate tissue, though Emx2 is expressed in a restricted domain

within the diencephalo~ corresponding roughly to the presumptive ventral thalamus. The

expression domain ofEmx2 thus subsumes that ofEmxl, and in turn, the expression

112



•

•

•

domain ofEmx2 is completely subsumed by that of OIXJ and Olx2 (reviewed in

Rubenstein et al 1998).

Disruption of the EmxJ gene leads to inexplicable neonatal lethality in approximately

SO% ofbomozygous mutant animais (Qiu et al 1996). Heterozygous mutant animais

appear nonnal. Morphological defects are observed in homozygous null animais and

apPeal' to he restricted to the forebrain. The indusium griseum and taenia tecta are always

absent, and the corpus callosum and anterior commissure frequently display defective

fasciculation. The cerebral hernispheres appear slightly smaller than those trom wildtype

mice. The cortical plate and white matter from mutant animais is noticeably thinner and

often poorly differentiated. In addition, the subplate is often diminished in mutant mice.

No defects are observed in the olfactory bulb, and the hippocampus is always present,

though occasionally it appears marginally reduced in size.

Disruption ofEmx2 is more detrimental than disruption of EmxJ (Pellegrini et al 1996).

Homozygous mutant mice die postnatally, lacking kidneys and other elements of the

urogenital system. This is consistent with the expression of Emx2 outside of the nervous

system in primordia of the urogenital system (Simeone et al 1992a, b). At E18.5 there is a

grossly observable reduetion in the size of the cerebral hemispheres and olfactory bulbs

of mutant animais. Morphological defects appear to be restricted to the dorsal

telencephalon. The medial cortex is not formed and the lateral cortex layers are poorly

demarcated and disorganized. The cortical plate and white matter appear thin, and the

subplate is unidentifiable. Cortical defects are apparent early, as telencephalic vesicles of

mutant animais are noticeably smaller at EIl.5. Telencephalic commissures appear

abnormal at E18.5, with the anterior commissure and corpus callosum bath lacking

fibres. The hippocampus is severely reduced in size, the dentate gyrus is completely

absent, and the fimbria and fornix are greatly reduced al E18.S. In addition, the

hippocampal commisure is reduced or absent, and the medial Iimbic cortex is also

severely reduced. Defective hippocampal development is apparent early. At E14.5, Emx2

is nonnally expressed in the neuroepithelium giving rise to the hippocampus and in the

dentate gyrus anlagen. In mutant animais, the neuroepithelial ventricular zone domain
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where precursors of the hippocampus and dentate gyms reside is noticeably and

specifically reduced, and the dentate gyrus anlagen is not distinguishable.

Close comparison ofEmx/ and Emx2 expression in the caudallimit in the dorsal

telencephalon reveals that Emx2 extends to the telencephalon/diencephalon border while

Emx/ expression terminates rostral to this point (Simeone et al 1992a,b; Boncinelli et al

1993; Shimamura et al 1995; Rubenstein et al 1998). Thus there is a region of dorsal,

caudal telencephalon that expresses Ena2 but not Ena/ and this region appears to

correspond to the primordium ofthe hippocampus. Emx2 mutant animaIs display a great

loss ofhippocampal tissue, an early expansion of the roof plate, and disorganization of

the choroid plexus normally formed at this location (extending ventrally into the third

ventricle). It bas been proposed that in this region (where Emxl is absent) Emx2 is

required for the specification of hippocampal tissue. ln its absence, this tissue may he

recruited to a roof plate fate (Rubenstein et al 1998).

Six dis homologs have been identified in mammals. Two ofthese have been disrupted in

transgenic miee, and each mutation is homozygous lethal. The disruption ofDix1

(Anderson et al 1997) and Dlx2 (Qiu et al 1995) individually led to postnatal death in

homozygous mutant animais and each mutation was associated with craniofacial

abnormalities and defects in the enterie nervous system, consistent with the expression of

bath genes in the cranial and spinal neural crest (Femandez et aI 1998; Robinson and

Mahon 1994; Bulfone et al 1993a,b; Price 1993; Porteus et al 1994). However neither

mutation alone affects forebrain morphology in a noticeable manner. Within the CNS, the

two genes are expressed in largely indistinguishable pattems (Femandez et al 1998;

Robinson and Mahon 1994; Bulfone et al 1993a,b; Priee 1993; Porteus et al 1994). At

EI2.5, the two genes are expressed in the medial ganglionic eminence (MGE), lateral

ganglionic eminence (LGE), and the septum. Expression in the LGE tenninates before

reaching the cortex. Neither gene is expressed in the cortex, nor the olfactory bulbs. The

caudallimit ofexpression lies within the diencephalon, approximately within the ventral

thalamus. While the expression domain runs rosttally, these genes show a ventral
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restriction and are not expressed in rostral ventral tissues of the alar plate, including the

venttal hypothalamus, mammilary area and the infundibulum.

Beginning at E9.5, DlxI and Dlx2 are expressed in the VZ and SVZ ofthe developing

LGE, which contains precursors of the striatum, and weakly in the mant1e zone, which

cantains postmitotic neurons (Femandez et al 1998; Robinson and Mahon 1994; Sulfone

et al 1993a,b; Price 1993; Porteus et al 1994). Two additional Dix genes, Dlx5 and D/x6

are expressed mainly in the mantle zone (Liu et al 1997; Eisenstat et al 1999). Disruption

ofboth a1leles of Dlx5 is lethal and causes severe craniofacial and vestibular defects

(Acampora et al 1999), though the effects on the developing striatum are unknown. One

hypothesis concerning development of the striatum suggests that a number ofDlx genes

aet successively to specify and promote the ditTerentiation of striatal neurons.

DlxIID/x2 homozygous double mutants exhibit early postnatallethality, but unlike

individual mutants, also display morphological defects in the CNS (Anderson et al 1997).

The striatum May he broken down into two components, an early formed striosome

component, and a later fonned matrix component (Sussel et al 1999). In the mature

striatum the two components display ditTerent connectivity and biochemical properties,

and the two components appear to he fonned from distinct precursor populations

(Krushel et al 1995; Sussel et al 1999). In double mutant animais, early r.omponents of

the striatum are formed (striosome), but striatal defects are observed after E12.5

(Anderson et al 1997). These defects include the inappropriate accumulation ofPartially

differentiated cells within a proliferative zone of the LGE (SVZ) and an absence oflater

bom neurons in the striatum (matrix). The expression Patterns of several genes are

perturbed in the SVZ ofdouble mutant animaIs, including the D/x5 gene which is

normally expressed in the SVZ as weil as the mande. In addition, olfactory bulb

intemeurons known to he barn in this area are absent

Striosome cells may derive from precursors in the VZ, while matrix cells May derive

from precursors in the SVZ (Krushel et al 1995; Sussel et al 1999). Thus there may he

two segregated populations ofprecursor cens generating the two distinct components of
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the striatum~ and one May he sensitive to the loss ofDixJ and Dlx2 function. Both genes

are expressed at markedly higher levels in the SVZ than the VZ, and at E12.5 the SVZ

becomes the predominant proliferative zone ofthe LGE. Dix} and Dlx2 appear to he

redundant in the formation of the striatum~ but are individually required for development

of the neural crest.

An additional transcription factor atTecting the development ofthe basal ganglia is

encoded by NIa2.}. The basal ganglia May he divided into two components, a ventral

component (the pallidum) and a dorsal component (the striatum) (reviewed in Rubenstein

et al 1998). Nla2.} encodes a transcription factor that is restricted to the developing

pallidum (Shîmamura et al 1995). It is one of the earliest genes known to he expressed

within the forebrain, in the hypothalamic primordium. ft is found in both precursor cells

and neurons, as it is expressed in the VZ, SVZ and mantle of the MGE at EI2.5.

Expression ofNla2.} is also restricted in an anterior/posterior manner, and expression

terminates within the diencephalon (Shimamura et al 1995).

The LGE gives rise to the striatum, while the MGE gives rise to the pallidum (reviewed

in Rubenstein et al 1998). Dix genes are expressed in both regions, whiie Nkx2. J is

expressed ooly in the MGE. It has been suggested that Dix genes and Nkx2./ expression

codefine pallidal identity, while Dix genes alone specify striatal identity (Susse) et al

1999). Disruption of the Nlcx2.} gene is lethal when homozygous, and results in severe

defects within the lungs, thyroid and pituitary (Minoo et al 1999). In addition, the ventral

hypothalamus and ventral telencephalon display morphological abnonnalities. In the

absence ofNkx2.I, pallidal structures (such as the globus pallidus) fail to form (Sussel et

al 1999). In addition, separate populations ofneurons that are nonnally formed in the

pallidum and then migrate to the striatum (cholinergie) or cortex (GABAergic,

calbindin(+) fail to fonn (Sussel et al 1999). The MGE and LGE mantle zones do not

appear distinct in mutants, and the striatum appears to have expanded into pallidal

territory (Sussel et al 1999). At EIO.5, when the MGE is nonnally fonning, an MGE

structure is observed in the mutant animais, and the mantle zone contains differentiating

neurons. However gene expression analyses at this and subsequent time points indicate
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that the MGE acquires an LGE-like identity in Nla2. J mutant animais (Sussel et al (999).

Finally, the expression of sonie hedgehog (Shh) an important gene product for the

formation of ventral cell types along the entire neuraxis, is specifically absent in the VZ

orthe basal telencephalon at EIO.5 and El 1.5 (Sussel et al (999).

The changes observed as a consequence ofNla2.} gene disruption are consistent with a

ventral to dorsal transformation of fate in the region normally expressing the gene. This is

consistent with the consequences ofdisruption of the related gene Nkx2.2 that is

expressed in a similar DN restricted pattern (Priee (992). Disruption ofNkx2.2leads to a

similar ventral to dorsal transformation in the spinal cord (Briscoe et al 1999). These

results have 100 to the hypothesis that the Nkx genes are involved in DN patteming,

carving the neural plate and tube into longitudinal segments that give rise to discrete

structures at different AIP positions (Shimamura et al (995). This is a function that

appears to have been conserved as an Nkx ortholog in Drosophila is similarly involved in

the DN patteming of the fly CNS (Shimamura et al 1995).

An important transcription factor involved in brain development which does not contain a

homeodomain is the winged helix transcription factor brain factor-l (BF.. l). RF-} is

expressed in the neuroepithelium throughout the developing telencephalon and terminates

at the presumptive border ofthe diencephalon (Hatini et al 1994; Tao and Lai 1992). BF

J is tirst expressed in neural precursors, but is maintained in a number of neuronal

populations throughout adulthood (Tao and Lai 1992; Hatini et al 1994). Targeted

disruption of BF-/ in transgenic miœ leads to perturbations throughout the developing

telencephalon, but is particularly detrimental to the formation ofthe ventral teleneephalon

(Xuan et al (995).

Homozygous BF-J mutant mice die at birth and display a dramatic reduction in the size

of the cerebral hemispheres, while heterozygous mutant mice appear normal (Xuan et al

1995). Homozygous mutant mice display decreased precursor œil proliferation in both

basal and alar plate tissue, and precocious neuronal ditTerentiation in the developing

dorsal telencephalon. Fonnation orthe ventral telencephalon is drasticallype~ both
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morphologically and with respect 10 patterns ofgene expression. Importantly, Shh

expression is not detected in the ventral telencephalon ofmutant animais, where it is

nonoally expressed and thought ta play an important raie in ventral neural tube

development. Ventral defects in the optic vesicle are also observed in mutant mice, and

May be an indirect consequence ofShh alteration. The mechanism of mammalian BF-/

action remains elusive, but anaIysis ofaXenopus ortholog ofBF-/ (Mariani et al 1998)

suggests the factor may function as both a transcriptional aetiviator and repressor

(Bourguignon et al 1998). A role for BF-/ in growth control is also suggested by the

finding that the avian oncogene qin encodes a BF-/ ortholog (Li and Vogt 1993). In

mammalian cells, indications are that BF-l interaets with the groucho family of

transcriptional co-repressor proteins, and May affect the expression of target genes

through this association (S Stifani unpublished observations).

The Hes / gene encodes a bIll..H transcription factor Iying in the Notch pathway and is

expressed in precursors of the developing telencephalon (Sasai et al 1992). As previously

mentioned, disruption ofthe Nes/ gene (ed to precocious neuronal differentiation within

the telencephalon, coupled with gross malformations within the region (Ishibashi et al

1995). In Many homozygous Hes/ null animais the anterior neural tube failed to close.

The precocious neuronal differentiation observed was hypothesized to deplete the

precursor pool within the region and lead to subsequent morphological defects.

Combined with findings from in vitro loss of function and gain of function experiments

(Tomita et al 1996a,b; Castella et al 1999), as weil as in vivo gain of function experiments

(Ishibashi et al 1994), it bas been suggested that Hes / contributes 10 the regulation of

cortical neurogenesis by repressing cell ditTerentiation, potentiating proliferation, and

allowing a sufficient number of precursor ceUs to he generated in order to generate the

neocortex.

The disruption ofLim-/, a gene encoding a LIM domain-containing transcription factor,

bas dramatic consequences similar to those resulting from O/x2 disruption (Shawlot and

Behringer 1995). Homozygous mutant mice Jack forebrain, midbrain and anterior

hindbrain structures. Similar ta Otx2, Lim-/ is expressed early in the anterior

118



•

•

mesendodenn. In Lim-J mutants, the morphological malformation appears to he a

consequence ofan inability of underlying mesoderm and endoderm to induce anterior

neural plate structures.

In summary, a number of transcription factor-encoding genes are expressed over the

course oftelencephalon development in restricted domains. Combined with findings from

lineage tracing experiments, the expression patterns of these genes provide insight into

the organization of histogenic prirnordia within the developing brain. The prosomeric

hypothesis suggests that the diencephalon and telencephalon are divided into six

segments along the AIP axis, which function as morphogenic units. Many of the genes

expressed within these boundaries have been evolutionarily conserved and play roles in

both fly and mouse head development. Sorne of these show restrictions in the DN plane

as weil. Similarly, a family ofconserved genes appears to he expressed within discrete

longitudinal domains extending through AIP divisions set forth by the prosomeric

hypothesis. These genes function in the DN specification of precursors and resultant cell

fates in both the tly and mouse CNS. Together, these systems appear to impart molecular

divisions within the developing telenœphalon that are functionally significant and

correlate with the discrete rnorphological development of telencephalic subdomains.

(ix) Heterogeneity Among the Neural Precursor Cell Population

It has been hypothesized that the segment of the TaI a../ubulin promoter referred to as

the NRE may funetion as a repressor of premature neuronal gene expression within the

neurallineage. This suggests that the NRE rnay funetion within neural precursor ceUs. A

briefsummary ofobservations on the nature of neural precursor eeUs is therefore

presented.

The neural precursor œil population is an apparendy heterogeneous population. This has

been concluded from studies focusing on œil behaviour, gene expression, and the

• consequences ofgene disruption. The labeling ofa limited number ofneural precursor
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cells by various techniques and the subsequent monitoring of their movement and

differentiation bas addressed the question of what these cells nonnally become in vivo.

Transplant studies in turn have focused on what these cells cao become when challenged

by a new environment. ln vitro studies have similarly addressed the properties of neural

precursor ceUs, asking what they cao become and do become under defined or controlled

conditions. Ali ofthese types of studies have revealed differences in precursor cell

behaviour and concluded that the precursor cell population at any point does not consist

ofa single cell type, but rather a collection of related cell types. Even the most

undifferentiated and multipotential precursor cells, the so-called "stem cells", exhibit

different requirements for proliferation, survival, and differentiation in vitro (Weiss et al

1996). Genetic analyses have led to the same conclusion, that precursor cells are related

but distinct

The heterogeneity observed among neural precursor cells May be due to lineage

divergence or the asynchronous nature of neural development throughout the nervous

system. Precursor cells progress through Many discrete developmental stages (Temple

and Xian 1996; Lillien 1998). The difference between two distinct precursor cells May

therefore represent the choice oftwo alternative paths ofditTerentiation, or two different

stages ofdevelopment along the same path. The extent ofdivergence among precursor

ceUs in the nervous system is not weil known, and to what extent the apparent divergence

at any point is due to differences in lineage progression is uncertain. Finally, little is

known about when and by what mechanisms true divergence is achieved between

lineages.

Behavioural mosaicism among neural precursor cells in the VZ and SVZ of the

developing mammalian CNS bas been rePOrted with respect to cell-tyPe and subtype

lineage restrictions (Krushel et al 1993; Fishell et al 1990; Na et al 1998; Aider et al

1996; reviewed in Bayer and Altman 1991), migration patterns (Fishell et al 1993; Neyt

et al 1997; Tan et al 1998), as weil as laminar fating among progenitors destined to give

rise to neurons (Frantz and McConnell 1996). ln vivo, these results are based on the

analysis ofdescendants ofmarked precursor cells. It should he noted that relatively recent
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evidence regarding the extent ofcell death that takes place in the developing ventricular

zone and cortical plate of the nervous system (Blaschke et al 1996) caUs into question the

results ofclonaI analysis experiments, upon which these conclusions regarding cell

heterogeneity are based. It is not known whether such cell death is selective. It is possible

that massive cell death may skew the results of such analyses, misguiding interpretations

as to what a cell cao become or does become in vivo and masking the true degree of

heterogeneity among precursor cells (Voyvodic 1996).

Cultures derived from the embryonic forebrain and spinal cord (Mayer-Proscel et al

1997; Davis and Stemple 1994; Kilpatrick and Bartlett 1995; Vescovi et al 1993;

Williams and Priee 1995; Burrows et al 1997; Qian et al 1997) have revealed mixtures of

precursor cells with distinct lineage potentials in vitro. The nonnal course of lineage

divergence during development is thought to stem from a complex interplay between cell

intrinsic and extrinsic cues over time (Temple and Xian 1996; Lillien 1998). The

response ofprecursor cells to identified extrinsic cues bas been observed to change with

time (reviewed in Lillien 1998), supporting the notion that precursor cells pass through a

number of stages en route to neuronal differentiation, and that such a progressive

differentiation process contributes to precursor cell heterogeneity.

Molecular mosaicism has been notOO with respect to the expression of growth

factor/mitogen receptors (reviewed in Lillien 1998). These differences in receptor

expression underlie behavioural ditTerences between precursor ceUs observed in vitro and

in vivo. There are also ditTerences in the complement of transcription factors that

precursor cells express (Lillien 1998; Fishell 1997; Rubenstein et al 1998). The

expression ofditTerent transcription factors in ditTerent precursor ceUs is thought to tailor

neuronal development regionally, generate a wide variety of neuronal subtypes at

appropriate times and places, and shape the development of the nervous system.

Manipulating these transcription factors in vivo can often alter morphogenesis, with

consequences for discrete neuronal structures (Lillien 1998; Fishell 1997; Rubenstein et

al 1998). The consequences ofsuch gene manipulation at the cellular lever are less weil
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understood in most cases, but may involve a direct effect on neuronal specification and

differentiation.

New attention has been focused on the chameter of neural precursor cells sinee the

identification of resident stem cells in the adult marnmalian CNS (Reynolds and Weiss

1992). Stem eells have been isolated from the subependymal zone of the adult forebrain

near the striatum and hippocampus (Reynolds and Weiss 1992). It was a1so reeently

shown that stem eells reside in the ependymallayer as a subpopulation surrounding the

lateral ventrieles ofthe adult mammalian brain (Johansson et al 1999). Interestingly,

deletion of the NRE in one line of transgenic rnice 100 to ectopie transgene expression in

a subset ofcells located in the ependymallayer, as weil as the subependymallayer

surrounding the the lateral ventricles. This expression May reflect ectopie promoter

aetivity in neural stem cells and suggests that the NRE may nonnally function in neural

precursor cells.

The distinction between stem cells and other neural precursor eells, so-called "progenitor

cells", is difficult to make. By definition the stem cell is more potent than the progenitor

and has a ~'perpetual" self-renewing capacity which the progenitor cell lacks. Thus a stem

cell generates progenitor cells, but the converse is not true. The relationship between

stem cells and progenitor cells is heginning to he addressed. ln vivo, gene expression

studies suggest that stem cells and progenitor cells are distinct populations. Proliferative

activity and sensitivity to a growth dependent toxin in vivo May also distinguish the two

populations (Morshead et al 1994). Analysis of stem cell differentiation in vitro suggests

that progenitor eeUs are generated by stem cells, continue to proliferate, and

progressively differentiate (Torii et al 1999; Mayer-Proschel et aI1997). Whether stem

cell differentiation cues are required once at the beginning of the Iineage or function

continually either as directive or selective agents for subsequent progenitor cells remains

unanswered. One type of progenitor œil May he generated from such a directive event, or

one subtype ofgenerated progenitor cells might be subsequent1y selected or specifically

expanded by the cue. Altematively, sorne stem ceUs may not give rise to progenitor cells,
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and directive cues May operate on these stem cells to provoke neuronal differentiation

directly without passing through an intennediate progenitor œil stage.

Analysis of the developing peripheral nervous system bas led to some general

conclusions about the nature of progenitor cells in the neural crest. The neural crest is a

multipotent œil population which can give rise to cell types otherwise restricted to

partieular germ celllayers (LaBonne and Branner Fraser 1999; Le Dourain and Dupin

1993, Le Douarin et al 1994; Anderson (997). These cell types include osteoclasts,

chondrocytes, muscle cells, melanocytes, neurons and glia A general conclusion reached

by following neural crest progenitor cells in vitro and in vivo and challenging them with

newenvironments in vitro and in vivo is that these ceUs are heterogeneous at an early

stage, direeted by environmental factors to assume specifie fates, and their potential to

respond to such environmental signais changes with time (LaBonne and Branner Fraser

1999; Le Dourain and Dupin 1993; Le Douarin et al 1994; Anderson (997). The cells

appear to he progressively restrieted over the course ofdevelopment to particular cell

rates, prior to neuronal differentiation. That is, they progressively lose their ability to

assume other fates.

Heterogeneity appears early in the neural crest, as groups of migrating neural crest

progenitor cells can he distinguished molecularly, and neural crest progenitor cells from

different regions display different abilities very early in neural development. An example

where molecular distinction correlates with fate acquisition ditferences involves the

expression ofa transcription factor gene, neurogenin, which is intimately involved in

sensory neuron development. The expression of neurogenin in migrating neural crest

cells prefigures and predicts their incorporation into coalescing sensory ganglia (Perez et

al 1999). Furthermore, ectopic expression ofneurogenin biases migrating neural crest

cells to incorporate ioto sensory ganglia (perez et al 1999). The enteric nervous system

also forms from the neural crest, and is generated by at least two distinct lineages of

progenitor cells that are distinguishable based on their developmental dependency on a

transcription factor very similar to neurogenin, namely Mashl (Guillemot et al 1993).

More generally, a comparison ofearly trunk neural crest and anterior neural crest
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progenitor cells reveals that they passes different capabilities, as only the head neural

crest can generate bone tissue and nonnally does so in the developing head region (Le

Douarin et al 1994).

Exacûy how progenitor cells in the neural crest are rendered molecularly "suggestible" or

refractory to the influence ofenvironmental signais remains a question, as does the

identity of some environmental factors influencing fate decisions in the population

(Anderson 1997; LaBonne and Bronner Fraser 1999). Regardless, divergence among

neural progenitor cells with respect to some aspects of fate potential appears to occur

very early, suggesting that from the earliest stages, the neural crest progenitor cell

population is heterogeneous (LaBonne and Branner Fraser 1999; Le Dourain and Dupin

1993; Le Douarin et al 1994; Anderson 1997).

Progenitor cell diversity is al50 observed in the ectodermal placodes (Le Dourain 1992).

Among the distinct eetodermal placodes that gjve rise to the various cranial ganglia of the

peripheral nervous system, different neurogenin genes are selectively expressed (Fode et

al 1998; Ma et al 1998). The disruption ofa single neurogenin gene leads to the selective

loss ofcells within the placode that normally expresses it (Fode et al 1998; Ma et al

1998).

Thus the analysis of the neural progenitor cell population al present suggests that they are

a heterogeneous population ofcells. This May retleet heterogeneity between cells at

equivalent points in lineage progression, or could partially reflect cens at ditTerent states

of commibnent or points along their Iineage (Lillien 1998; Stemple and Xian (996).

Neurogenesis is not a point in time defined by the simultaneous differentiation ofail

neurons, but rather a window oftime over which neurons are generated asynchronously.

While the length of the lineage and character ofthe individual stages for presumptive

neurons in different regions of the nervous system is not necessarily the same, sorne of

the heterogeneity observed probably ref1ects cells at different stages ofmaturation rather

than phenotypically different lineages.
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Regardless of the mechanism, at any one point in time, the ventricular zone and

subventricular zone ofthe CNS, as weil as the progenitor cells of the ectodermal placodes

and the neural crest appear to be composed ofphenotypically distinct cell types. We have

observed that the loss of the NRE affects only a subset of precursor cells within the

developing CNS and PNS, suggesting that it May function at a particular time within a

lineage, or that its aetivity may be restricted to a sublineage(s), or hoth. In the transgenic

line displaying expression in progenitor cells, transgene expression is highly penetrant in

differentiating neurons suggesting that partial penetrance likely does not account for the

limited number ofexpressing progenitor cells. However, transgene expression has not

been directly correlated with an intrinsic marker ofprogenitor cell subpopulations and

OCCUTS throughout the nervous system in an apparently non-regionally restricted manner.

Finally, it was noted that the NRE had no obvious effect on gene expression in

differentiated glial cells. The implications ofthis finding are unclear however, as this

May indicate that the NRE does not function in progenitors of glial cells, or altematively,

any funetion in glial progenitor cells may not he retlected using our assay, owing to a

lack of reporter gene induction.

In conclusion, the nature of the cell(s) that displays ~-gal activity as a consequence of the

NRE deletion is uneertain. As sueh, the precise context in which the NRE May normally

funetion is unelear, though it May function in both progenitor and stem cells prior to

neuronal differentiation in the neurallineage.
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• Results

(A) A 66-Nucleotide Sequence in the TaI Promoter Contains a

Conserved lO-Nucleotide Sequence Found in Other Neuronal Genes,

and is Required for Reporter Gene Repression in Neural Precursor

Cells

(i) Identification of the Neuronal Restriction Element

Through sequence analysis and comparison, a conserved sequence in the 1.lkb rat Tai

a-tubulin gene promoter was identified. This sequence, CrCCCAGGTG, is located in

multiple neuronal genes and bas been designated the ~4;neuronal restriction element"

(NRE). In figure 1, the NRE from the TaI promoter has been aligned with sequences

from multiple neuronal genes, including the goldfish a-I a-tubulin gene. The NRE

• occurs either alone or at the core of the previously described '4;neuronal restriction

silencing element" (NRSE).

(ii) Generation of Tal-nlacZ, t!NRE-nlscZ and MRE-nlacZTransgenic Mice

•

The generation of TaI-nlacZ mice bas been described previously (Gloster et al 1994 ).

Briefly, a fragment of the rat Tai gene containing 1028 nucleotides of5' flanking

sequence (TaI promoter fragment), the contiguous 99 nucleotides of5' untranslated

region, and the ATG ttanslation start site was isolated and fused to the E. coli lacZ gene

which encodes the enzyme p-galactosidase. The /acZ gene used was modified and

contained an amino-terminal nuclear translocation signal sequence derived from SV40 T

antigen (Kalderon et al 1984) and the murine protoamine 1 gene (peschon et al 1987)

from +95 to +625 at the C-terminus of lacZ. This protoamine J gene fragment provided

an intron and a POlyadenylation signal. The resuItant "Tal-n/acZ" transgene is shown

schematically in figure 2. Transgenic mice were generated by injecting the purified TaI-
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nlacZ transgene fragment into the pronuclei ofCO1embryos. Animais from eight distinct

founder lines were identified and five of these lines exhibited transgene expression.

Mutagenesis of the I028·nucleotide Ta} promoter fragment was performed to delete a

specifie 66-nucleotide sequence. This deletion removed the NRE and its flanking

sequences from the Tai promoter fragment, and the resuItant fragment is referred to as

the dNRE promoter. The deleted sequence included a number ofconsensus sequences

representing POtential binding sites for bHLH transcription factors (E-box), retinoic acid

receptors (RARE), the estrogen receptor (ERE), the SPI zinc finger transcription factor

(SP1), the conserved transcription factor suppressor ofhairless (Su(H» and a gamma..

interferon resPOnsive factor (IRE).

The MIRE promoter remained upstream of the 5' untranslated Ta} gene sequence, the

translation start site, and the modified /acZ gene canying an SV40 nuclear localization

sequence and the murine protoamine-} gene fragment, creating the uMlRE-nlacZ'

transgene. Figure 2 shows schematically how MlRE-nlacZ was constructed. Transgenic

mice were generated by injecting the purified MlRE-nlacZ transgene fragment into the

pronuclei ofC3H embryos. Animais from five distinct founder lines were identified and

transgene expression was detected in three of these. Two expressing lines were used for

subsequent analysis, namely line 9 and lioe 23.

Site directed mutagenesis was performed a second time to delete a specifie 184

nucleotide sequence from the I028-nucleotide 5' flanking sequence of the Tai gene,

generating the M'RE (forebrain resPOose element) promoter. The deleted sequence

ineluded the 66-nucleotide segment that was deleted to generate the dNRE promoter, as

weil as 3' flanking sequence. In addition to the consensus sequences common to the 66

nucleotide deletion, the 184-nucleotide deletion also removed a conserved 30..nucleotide

sequence that constitutes a tandem repeat ofa homeodomain consensus element. This

putative homeodomain-binding element is located 41 nucleotides 5' of the 3' end of the

deleted 66-nucleotide NRE-containing sequence. Figure 2 shows schematically how

tiFRE-n/acZ was constructed. Transgenic mice were generated by injecting the purified
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M'RE~nlacZtransgene fragment into the pronuclei ofC3H embryos. AnimaIs from six

distinct founder lines were identified and transgene expression was detected in three of

these. Two expressing lines were used for subsequent analysis, namely Hne 1 and line 17.

(iii) Comparison of Tal-macZ and &VRE-lImeZ Transgenie Mice During

DevelopmeDt Reveals Potentially Precoeious Reporter Gene Expression in the CNS

and PNS in one ANRE-nlacZ Mouse Line

(a) ANRE-lIlacZ may be Preeoeiously Expressed in Neural Preeursor Cells and/or

Immature Neurons in tbe CNS and PNS at E9.5

In a previous study, we demonstrated that embryonic day 9.5 was the earliest time at

which IS-gal activity could he detected in vivo in TaJ -nlacZ transgenic mice (Gloster et al

1999). The onset of fJ-gal activity correlated with previously reported neuronal birthdates

in many populations in both the CNS and PNS. At E9.5 p-gal activity was detected in

newbom motor neurons ofthe spinal cord above the thoracic segment, and in a few

neurons of the hindbrain, midbrain, and forebrain (Gloster et al 1999). Thin section

analysis revealed that only a small number of cells displayed ~-gal aetivity, correlating

with the generation of the first postmitotie neurons in these populations (Gloster et al

1999; Angevine 1970; MeConne1l1981; TaberPierce 1973; Nomes and Carry 1978). In

X-gal stained whole embryos from TaJ-nlacZ line K6 at E 9.5, ~-gal activity was

apparent in presumed motor neurons of the rostral spinal cord (arrowhead, figure 3b). A

similar staining pattern was observed in whole embryos from t1NRE~n/acZ 1iDe 9 at E 9.5

(figure 3c), where presumed motor neurons of the rostral spinal cord expressed Il-gal

(figure 3e, arrowhead). The low level ofp..gal activity observed in the rostral spinal cord

in line 9 continued rostrally through to the mesencephalic flexure (figure 3e). A

completely difTerent staining pattern was observed in ~RE-n/acZ line 23 at E9.S. At this

time point, ~RE-n/acZ line 23 whole embryos showed more extensive and higher levels

ofp-gal aetivity (figure 3a, dl. ln the CNS, this was observed throughout the spinal cord
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(large arrowhead), midbrain and hindbrain suggesting that MlRE-nlacZ May have been

precociously expressed in neural precursor cells within these populations in line 23.

Precocious t!NRE-n/acZ transgene expressio~ preceding Tai-n/acZ expression and cell

cycle exit, MaY also have occurred in the presumptive trigeminal (V) and geniculate (VII)

cranial gangHa in JiNRE-n/acZ line 23. In whole embryos, ~-gal activity was apparent in

the presumptive Vth and VIIth ganglia in tiNRE-nlacZ line 23 by E9.S (figure 3a, d, "V'

and "VII" respectively), though it was not deteetable in J1NRE-n/acZ line 9 (figure 3e)

nor in whole embryos from Tal-n/acZ line K6 at this timepoint (figure 3b). However thin

section anaIysis revealed that a small number ofceUs within the Vth and VIlth ganglia

exhibited IJ-gal aetivity in both Tai-nlacZ mouse lines (Gloster et al 1999), eorrelating

with the previously reported timing ofneuronal birth in the Vth ganglion (Rhoades et al

1991). The large number of fl-gal positive cells in MiRE-n/acZ line 23, the small number

of IJ-gal positive cells in Tai-n/acZ miee, and the fact that eell eycle exit among neural

precursors is just beginning in the Vth ganglion al this time point suggests that neural

precursor ceUs and/or immature neurons may have expressed the JiNRE-nlacZ transgene

in line 23. The constellations ofp-gal positive cells elustered around the presumptive Vth

and VIlth ganglia (figure 3a) may have ineluded migrating precursor cells and immature

neurons en route to the Vth and VIIth gangHa

Littennates do not develop synchronously, and embryos from E9.S staged pregnant

females can difrer slightly in their developmental stage. None of the M1RE-nlacZ line 23

embryos taken from E9.5 staged pregnant females showed a p-gal activity pattern similar

to that seen in iiNRE-n/acZ line 9 or Tal-n/acZ lines K6 and QS4 at E9.5. Furthermore,

examination ofboth ANRE-n/acZ Hoe 9 and lioe 23 at E9.0 revealed 00 IJ-gal activity at

that lime (data not shown). This suggests that MIRE-n/acZ induction occurred between

E9.0 and E9.S, the same time at which TaJ-nlacZ was induced. We cannot rule out the

possibility that an intennediate stage with a pattern ofactivity similar to TaJ -n/acZ was

Dot observed in &/RE-nlacZ line 23 due to its potentially short lived nature. This seems

unlikely however, given that more than one litter was examined.
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In summary~ a comparison of Tal-n/acZ and t1NRE-nlacZ transgenic embryos at E9.5,

the lime at which Tai-nlacZ is first expressed in newbom CNS and PNS neurons

(Gloster et al 1999), suggests that in one line of&/RE-nlacZ mice reponer gene

expression may have preceded Tai -nlacZ induction just slightly in populations which

were beginning to generate postmitotic neurons.

(b) ANKE-nlaeZ may be Precociously Elpressed in Neural Crest-Derived and

Placodally-Derived PNS Primordia at EIO-EtO.5

The tirst sensory neurons ofthe dorsal root ganglia (ORO) are born at EIO.O, though

neurogenesis continues over several days in the ganglia (Lawson and Briscoe 1979). In

Tal-n/acZmice, reponer gene activity was first detected between EIO.O and EIO.5 in

DRO's at the thoracic and cervicallevel (Gloster et al 1999). In whole embryos from

Tal-nlacZ line K6 ~-gal activity was not detected in DRG's at EIO.O, but was detected in

DRG's by EIO.S (figure 4a, arrows). Similarly, in t1NRE-n/acZ line 9 p-gal activity in the

DRG's was first detected between EIO.O and EI0.s (figure 4~ shon arrows). Figure 4b,

4c, and 4d show two MlRE-nlacZ line 91ittermates from an EIO.5 staged pregnant

female, revea1ing the developmental variation that can be observed between littermates.

Figure 4b shows an additional t!NRE-n/acZ line 9 embryo at E9.S for comparison. No p
gal activity was detected in the DRG's of the younger EIO.5 littermate (figure 4d, left),

while in the slightly older littennate ~-gal activity was detected in the newly formed

DRG's (figure 4~ right). This suggests that ~-gal expression in the DRG's commenced

between EIO.O and EIO.5 in dNRE-n/acZ line 9, as it appeared to in Tai-n/acZ mice. In

contras~ Jl-gal activity was clearly deteeted in the presumptive DRG's in ,1NRE-n/acZ

line 23 at EIO.O (figure 4a), a halfday prior to detection in MlRE-nlacZ line 9 and Tal

nlacZ lines K6 and Q54 (figure 4a; Gloster et al 1999). This precocious f\-gal activity

suggests that the tiNRE-n/acZ transgene may have been expressed in neural precursor

cells and/or immature neurons derived from the neural crest in MlRE-nlacZ line 23.
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The development of the proximal and distal cranial ganglia depends upon the neural

transcription factors ngnl and ngn2 (Fode et al 1998; Ma et al 1998). The cranial ganglia

develop asynchronously, with the trigeminal (V) and geniculate (VII) ganglia expressing

stage specific markers, including the ngn 's, earlier than the petrosal (IX) and nodose (X)

ganglia (Fode et al 1998; Ma et al 1998). Placode·derived precursors of the presumptive

Vth and VIlth ganglia appear to delaminate from their respective ectodennal placodes

and commence their development and neuronal diiferentiation eartier than those of the

IXth and Xth gangHa (Fode et al 1998; Ma et al 1998). The development ofthe Vth and

VIIth ganglia versus the IXth and Xth ganglia appears to be offset by between 12 and 24

hours. [t is interesting to note that P.gal activity was first detected in the IXth and Xth

ganglia al EI0.S in Tal-n/acZ line K6 (figure Sb; Gloster et al (999), one day later than

the first detectable activity in the Vth and VIlth ganglia (Gloster et al (999). Similarly,

the appearance ofp·gal activity in the IXth and Xth ganglia May have followed that in

the Vth and VIlth ganglia in MlRE-n/acZ line 9. In the earliest line 9 Iittermate from

EI0.S staged pregnant females, few cells in the IXth and Xth ganglia exhibited Il-gal

activity whereas activity in the Vth and VIIth ganglia was widespread (figures 4b-d, Sc,

d). In contrast, by EIO.O ~-gal activity was present in the presumptive IXth and Xth

ganglia in ANRE-n/acZ line 23 (figure Se), a half day before activity was detected in the

sarne gangHa in Tai-n/acZ mice. The precocious p-gal activity detected in t!NRE-nlacZ

line 23 suggests that ANRE-nlacZ may have been expressed in neural precursor cells

and/or immature neurons derived from the eetodermal placode in line 23.

In summary, the appearance of fi-gal activity in tiNRE-n/acZ line 23 consistently

preceded that in Tal-lacZ mice in bath the CNS and PNS, suggesting that MlRE-n/acZ

induction may have preceded Tai -nlacZ induction, the fonner being induced in placode

derived, neural crest-derived, and CNS-derïved neural precursor cells and/or immature

neurons. The timing of MlRE-n/acZ induction in line 23 differed between populations,

but consistently appeared ta precede Tai-nlacZ induction in cells within those

populations. Such precocious transgene expression was not observed in ANRE-nlacZ line
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• 9, plssibly due to a low level ofexpression imposed by the location ofthe transgene in

the genome (Jaenisch et al 1981; Harehers et al 1981; Palmiter and Brinster 1986; Al

Shawi et al 1990; Pravtcheva et al 1994). We cannot rule out the plssibility that the

precocious expression observed in ~-n/acZ line 23 was due to a higher expression

level in the population rather than to a physiological difference in onset time.

(iv) Cortical Neural Prftursor CeUs From 4NRE-nlacZ Mice Exhibit Precocious

Reporter Gene Expression Prior to Neuronal DifferentiatioD

In arder ta more accurately assess the timing of~-n/acZtransgene induction relative

ta TaI-n/acZ transgene induction and other asPeCts of neuronal differentiation, cortical

neural precursor ceUs were cultured from TaI-n/acZ and ANRE-nlacZ transgenic mice,

and p-gal expression was followed as the progenitor cells exited the cell cycle and

differentiated in vitro. Beta-ga/actosidase expression was measured using a mouse

• monoclonal anti-p-gal antibody for immunolabeling. This culture system and detection

method were used previously 10 demonstrate that Tal-n/acZ expression coincided with or

immediately fol1owed cell cycle exit and induction ofthe neuronal marker fJ-1I1 tubulin

(Gloster et al 1999).

The appearance afp-III tubuIin in cortical cultures from E12.S Tal-nlacZ embryos was

previously reported to require one day in vitro, while fJ-ga/ expression required 1-2 days

in vitro (Gloster et al 1999). In these cultures, p-gaI was co-Iocalized with peUl tubulin

suggesting transgene expression was restricted ta newbom neurons (Gloster et al 1999).

In additio~ most cells (approx. 95%) in these cultures derived from E12.5 embryos

appeared to be cycling during their tirst day in vitro, as indicated by BrdU uptake

analysis (Gloster et al 1999). The expression of fJ-Illtubu/in after one day in vitro

suggested that fJ-III tubu/in was induced coincident with or immediately following

terminal mitosis, making it a very early neuronal marker.
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• When cortical neural precursor cells were cultured from Tal-n/aeZ transgenic mice at

ElO. 5 and left in culture for one day, few neurons were generated as indicated by the low

abundance of fJ-III tubu/in expression (figure 6, compare a to c). Cultures derived from

EI0.5 embryos PTesumably consisted mainly of immature neural precursor cells that were

incaPable ofdifTerentiating within one day in vitro.

Though very few cells derived from El0.5 Tal-n/aeZ mice expressed fJ-III tubu/in after

one day in vitro, even fewer expressed fJ-ga/ (figure 6b). However those that did express

fJ-ga/ co-expressed fJ-III tubulin (figure 6, compare a and b), suggesting that Tal-nlaeZ

expression was restricted to newborn neurons. This was consistent with observations of

E12.5 Tal-nlaeZ cultures (Gloster et al 1999).

Though fJ-gal expression was restricted to fJ-III tubu/in expressing ceUs in cultures from

Tal-nlaeZ mice at ElO.5, fJ-gal expression was detected in ~-III negative cells derived

from MlRE-nlaeZ line 23 transgenic mice at EIO.O (figure 6<L e, t: arrowheads). In later

• staged cultures, greater numbers ofcells expressed fJ-Ill tubu/in, and ~-gal was

colocalized with p-III tubulin (data not shown), suggesting that J1NRE-nlaeZ expression

preceded fJ-1l/lubu/in expression within cells. In addition, though not quantitated, fJ-gal

was expressed in fewer cells in cultures from MlRE-n/acZ line 23 than cultures from

Tal-nlaeZ at EIO.S. Further, fJ-gal expression was very low in preliminary cultures

derived from MlRE-nlaeZ line 9, and line 9 was not used further for these experiments.

The number of ceUs expressing fJ-Illtubu/in after one day in vitro in cultures from El0.0

embryos was not dramatically lower than in cultures from EIO.5 Tal-n/aeZ embryos. But

the cells that expressed fJ-III tubu/in in EIO.O cultures appeared to he al an earlier stage of

development morphologically (figure 6, comPare a and d). That is, the fJ-l/I expressing

cells in El0.5 cultures had hegun to change shape from rounded to elongated and

displayed what might have been immature processes after one day in vitro (figure 6a). In

contrast the fJ-III expressing cells in EIO.O cultures were rounded and did not have

• extensions resembling processes after one day in vitro (figure 6d). These results suggest
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that after one day in vitro, cells in EIO.O cultures were less mature than cells in EI0.5

cultures, though differentiation in both cultures in absolute terms appeared to he

accelerated relative to EI2.S cultures. Culturing earlier than EI0.0 proved to he

technically unfeasible.

In summary, fJ-ga/ expression appeared to follow fJ-1I1 tuhulin expression in cortical

precursor œil cultures from Ta} -n/acZ line K6, but precede fJ-III tubulin expression in

cortical precursor cell cultures from t1NRE-n/acZ line 23. These results suggest that

tiNRE-n/acZ transgene expression preœded the expression of fJ-Illlubu/in and Tal

n/acZ expression in cortical neural precursor cells. Though not directly demonstrated, it is

likely that sorne of the MIRE-n/acZ expressing cells had not exited the cell cycle based

on previous characterization ofthese cultures (Glosteret al 1999; Slack et al 1998). Line

23 was the same MlRE-n/acZ line that appeared to exhibit putative precocious reporter

gene expression relative to Ta}-n/acZ induction in vivo in the developing PNS and CNS.

(v) ~RE-"lIIcZExpres5ionis Detected in a Region of the Adult Brain Where

Neural Precunor Cells Reside and Tal-nlacZ Expression is Excluded

The in vitro and in vivo comparisons of MlRE-n/acZ and Tal-n/acZ expression during

neuronal differentiation suggested that in M/RE-n/acZ line 23, the /acZ reporter gene was

precociously expressed in neural precursors and/or immature neurons. We Dext comPa(ed

p-gal aetivity in the adult brain in TaJ-n/acZ and MlRE-n/acZ mice, looking for

evidence of precocious reporter gene expression in .1NRE-n/acZ mice. In the mature

mouse brain, neural precursor cells and mature neurons coexist but are spatially

separated. "Stem cells" have been cultured from the ernbryonic and adult CNS at various

axiallevels, including the forebrain and spinal cord (Weiss et al 1996; Kuhn and

Svendsen 1999). These stem cells are believed to he the source ofprogenitor eeUs that are

the precursors of the various neuronal and glial cell subtypes. Stem ceIls and possibly

progenitor cells have been identified in both the ependymal (Johansson et al 1999) and

subependymal (Reynolds and Weiss 1992) regions of the mature brain surrounding the
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lateral ventricles. Neurons are believed to he excluded from the ependymal layer

(Johansson et al 1999).

Coronal brain slices through the rostral forebrain ofOOult TaI -n/acZ mice were stained

with X-gal solution and then seetioned to examine Il-gal activity in the neocortex and the

ependymallayer surrounding the lateral ventricles where neural precursors are known to

reside (Johansson et al 1999). As previously shown (Bamji and Miller (996), the Tal-

n/acZtransgene was expressed in neurons of the mature cortex (figure 7B b). However,

~-gal activity was not detected in cells of the ependymallayer surrounding the lateral

ventricles in the rostral forebrain of Tal-n/acZmice (figure 7A a-d, 7B b,d,(g). In

contrast, ~-gal activity was detected in ependymallayer cells in ANRE-n/acZ line 9

(figure 7A e-j) and ANRE-n/acZ line 23 (figure 7B c, e). Further, IJ-gal activity was

deteeted in the ependymallayer in L1FRE-n/acZ line 17 (data not shown; expression in

AFRE-n/acZ line 1 was not examined). ln MlRE-n/acZ and L1FRE-n/acZ mice, Il-gal

aetivity was a1so detected in the ependymallayer at the level of the third ventricle

(figures 7A ~ 1; , 7B h; data not shown).

ln summary, the &/Œ-n/acZ transgene May have been expressed in neural precursor

cells residing in the mature brain. The TaI -n/acZ transgene was robustly expressed in

mature neurons of the neocortex but appeared not to he expressed in ceUs ofthe

ependymallayer surrounding the lateral ventricles where neural precursor cells reside.

This suggests that TaI-n/acZ expression was restricted to postmitotic neurons. ln

addition to the two lines of&/Œ-n/acZ mice, putative precocious fJ-gal expression was

observed in the adult braio in M'RE-n/acZ transgenic mice. This suggests that the 66

nucleotide deletion common to the t1NRE and M'RE promoters was responsible for

transgene disinhibition and precocious fJ-ga/ expression.
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(8) ANRE-nlacZ Ind AFRE-nlaeZ Mice Exhibit Lower Reporter Gene

Expression tban Tai-niieZ Mice in the Developing and Mature

Neocortex

(i) Reporter Gene Activity is Reduced in the Developing Neoeortex of tiNRE-nlacZ

and AFRE-NacZ Mice Relative to Tal-lIIacZ Mice

A comparison of p-gal activity in Tal-nJacZ, MVRE-n/acZ and MRE-nJacZ embryos at

E13.S, a time at which Tal-n/acZ is expressed robustly in the CNS and PNS (Gloster et

al 1994), revealed dramatic differences in the neocortex. Beta...galactosidase activity in

the neocortex was much lower in MlRE-n/acZ and MRE-n/acZ mice than in TaI -nJacZ

mice (figure 8). High levels ofp-gal activity were deteeted in the olfactory bulb,

• midbrain, hindbrain and spinal cord in &lRE-n/acZmice (figure Sb, c) as in Tal-nJacZ

mice (figure 8a; Gloster et al 1994), suggesting the decrease in p-gal activity was specifie

to the neocortex.

A greater decrease in neocortical p-gal activity was seen in M"RE-n/acZ miee. Both

M'RE-n/acZ line 1 and line 17 showed very Iittle p-gal activity in the neocortex at E13.5

(figure 8e, d respectively). As in ANRE-n/acZ mice, the decrease in p-gal activity was

fairly specifie to the neocortex, though in contrast to TaI -n/acZ and I!NRE-n/acZ mice a

small decrease in activity was observed in the olfactory bulbs. In addition, ~-gal aetivity

was dramatically reduced in the region surrounding the isthmus in M'RE-nlacZ line 1

(figure 8d, arrow).

•
Previous analyses of Tal-nlacZ mice showed that p-gal activity was first detected in the

developing neocortex al E12.S, the time al which cortical plate-fonning neurons tirst

appear (Caviness 1982). To determine whether transgene activation was simply delayed
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in ANRE-nlacZand t!FRE-nlacZ mite, we next examined transgene expression in the

early postnatal brain.

High levels of p-gal aetivity were detected in the hippocampus, pirifonn cortex, and

throughout the neocortex in TaI -nlacZ miee al postnatal day 1and postnatal day 7

(figure 9a, b respectively), suggesting TaI -n/acZ was continuously expressed in the

neocortex during development. A mueh lower level of ~-gal aetivity was observed in the

early postnatal neocortex in tiNRE-n/acZ line 23 (figure 9d). The deerease appeared

specifie to the neocortex, and activity was easily deteeted in the hippocampus, piriform

and entorhinal cortex (figure 9d). An even greater decrease in ~gal activity was seen in

the neocortex of l1NRE-nlacZ line 9 at postnatal day 2 (figure ge). This dramatic decrease

in expression apPeaI'ed ta he eonfined to the neocortex, and ~gal activity was abundant

in the hippocampus, pirifonn and entorhinal cortex (figure 9c). A difference in p-gal

expression appeared to fonn a sharp border at thejunction ofthe piriform cortex and the

lateral neocortex, being highly expressed in the former but not in the latter. The brain

slice in figure ge was left in X-gal solution for an extended period oftime to accentuate

the piriform eortexlneocortex border.

Still further decreases in IJ-gal aetivity in the neocortex were observed in M'RE-n/acZ

line 1 and line 17. Beta...galactosidase was detected in very few cells in the early postnatal

neocortex of M'RE-n/acZ mice (figure ge, t). The decrease in activity appeared fairly

specifie to the neocortex. Beta-galactosidase was readily deteeted in the olfactory bulbs

(figure 9f, g) but was notably low in the developing hippocampus (figure ge) and

eerebellum (figure 9f) in M'RE-nlacZ line 1.

In summary, l1NRE-nlacZ and MRE-nlaeZ mite consistently displayed less p-gal

activity in the developing neocortex than TaI-n/aeZ mice. The level ofexpression in the

neocortex appeared to he lower throughout brain development and not simply delayed in

MRE-nlaeZ and t!FRE-nlacZ mice. The decrease in expression within the cortex

appeared to be specifie to the neocortex, as eXPression in the rest of the pallium ineluding
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the hippocampus, piriform cortex, and entorhinal cortex did not appear to he consistently

a1tered.

These results suggest that the 66-nucleotide TaI promoter sequence commonly deleted in

the J!NRE and I!FRE promoters contnbuted ta TaI promoter aetivity in newbom neurons

of the developing neocortex. They further suggest tbat the 118-nucleotide TaI promoter

segment irnmediately 3' to this 66-nucleotide sequence also contributed to TaI promoter

activity in newbom neocortical neurons.

(ii) Reporter Gene Activity is Reduced in the Adult Neocortes of&VRE·nlacZ and

MRE-nJacZ Mice Relative to Tal-nJacZ Mice

We neX! compared IJ-gal activity between adult brains of TaJ-n/acZ, tiNRE-n/acZ and

I!FRE-n/acZ mice. In a previous study, Tal-n/acZ expression in transgenic mice was

compared to endogenous TaI a-tubulin gene expression in the adult rat brain (Bamji and

Miller 1996). With few exceptions, reporter gene expression in distinct populations of the

brain was consistently detected in both lines of TaI-n/acZ mice, and the corresponding

rat brain populations also expressed TaI mRNA. However, the number of cells

exhibiting ~-gal activity within a population varied between the two transgenic lines,

owing to partial penetrance of the transgene. Beta-galactosidase activity was detected

throughout the pallium including the hipPOCalIlpus, neocortex, entorhinal cortex and

piriform cortex, as weil as in the diencephalon, pallidum, striatum, amygdaloid nuclei and

midbrain ofadult Tal-nlacZ mice (figure 10a, b). One population in which expression

was not consistently found in the two lines was the Purkinje œil population of the

cerebellum. Beta-galactosidase activity was detected in Purkinje cells in Tal-n/acZ line

K6, but not in line Q54. Like ~-gal in line K6, TaI mRNA was detected in Purkinje cells

ofthe adult rat cerebellum. TaJ-nlacZ expression in the Islands ofCalleja also appeared

to he inconsistent between Iines, being expressed in line K6 but not in line Q54. A low

level ofendogenous TaI expression was deteeted in these cells in the rat brain. Finally,
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• disparity between TaI-nlacZ expression and endogenous TaI expression was notOO in

the superior colliculus, where TaI -n/acZ was expressed at relatively high levels in both

Hnes, though the lever of TaI mRNA was relatively low in these ceUs in the adult rat

brain.

The number ofcells with detectable p-gal activity was generaUy lower in every adult

neuronal population in TaI -n/acZ line Q54 than in line K6. One noted exception was the

CA3 region ofthe hippocampus, which displayed easily detectable levels of p-gal

aetivity in line Q54 but very low levels ofactivity in line K6. TaI mRNA appeared

evenly distributed throughout the adult rat hippocampus, including the CA3 region.

In TaI -nlacZ line K6, ~-gal activity was detected throughout the adult dorsal, tateral and

medial neocortex. Activity appeared to he higher in neocorticallayers Vand III. In the

adult neocortex of TaI-nlacZ line Q54 mice, radial columns containing a high density of

p-gal positive ceUs appeared organizOO and separated by intervening regions of low p-gal

• expression. The unifonn distribution of TaI mRNA throughout the dorsal, tateral and

Medial neocortex in the adult rat brain was similar to the fi-gai activity pattern in line K6,

suggesting the pattern in line Q54 was likely a consequence ofeipgenetic effects due to

the location of the transgene in the genome (Jaenisch et al 1981; Harbers et al 1981;

Palmiter and Brinster 1986). In the present study p-gal activity was detected in the

neocortex, hippocampus, entorhinal cortex, pirifonn cortex, hypothalamus, amygdala,

globus pallidus, caudate, putamen, thalamus, and pons in Tal-nlacZ line K6 (figure 10a,

b), in agreement with previous results.

In MlRE-nlacZ line 9, sorne P-gal activity was detected evenly throughout the neocortex

of the adult brain, though at a much lower level than in TaI-nlacZ mice. This p-gal

activity did not appear to he restrieted to a particular layer (figure 14a-c). Activity was

detected in the neocortex in caudal (figure 12b), medial (figures 14a-c, lOg, h) and rostral

brain slices (figure 1Id). Noticeably lower levels of~-gal activity were also observed in

• the hippocampus, pirifonn cortex, entorhinal cortex, and globus pallidus of the adult
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brain (figure lOg, h). Aetivity was higher in the piriform and entorhinal cortex than the

neocortex in the adult brain. In rostral slices, ~-gal activity also appeared reduced in the

caudate, putamen, cingulum, amygdala, hypothalamus and septum relative to Tal-n/acZ

line K6 (figur Il, compare a and dl. In additio~ ~gal expression was not detected in the

Islands ofCalleja in line 9, unIike 4NRE-nlacZ line 23 (figure Ile) and Tal-n/acZ line

K6 (Bamji and Miller 1996).

The p-gal activity pattern in L!NRE-nlacZ line 9 mice also differed from that of Tal

nlacZ mice in the cerebellum, where expression in Purkinje cells and granule cells

appeared to he diminished in line 9 relative to Tal-n/acZ mice (figure 13, compare a and

b). In contrast, activity in the superior colliculus was higher in M1RE-n/acZ line 9 than it

was in Tal-n/acZ mice (figure 12 compare a and b). Figure 12b shows a dorsal view ofa

line 9 adult brain segment, and reveals the sharp contrast between the high activity in the

superior colliculus and the low activity in the cerebellum. Finally, ectopic p-gal activity

was detected in the kidney in I1NRE-nlacZ line 9 (figure 15b). This ectopie activity was

unique to line 9, but was consistently detected within the line.

Beta-galactosidase activity was higher in the adult neocortex in t1NRE-n/acZ line 23 than

it was in line 9, but lower than it was in TaI -nlacZ mice (figures 7B a, b, 10a, b, f, g, h

lia, d, el. This expression level relationship was consistent with that observed al E13.5

(figure 8), postnatal day 2 (figure 9), and in cultures ofcortical neural precursor cells

(data not shown). Beta-galactosidase activity was detected in the piriform and entorhinal

cortex, hipPOCampus, globus pallidus, caudate, putamen, hypothalamus, thalamus and

amygdala in line 23 (figure IOj, t). As in line 9, ~-gal activity in the neocortex did not

appear to he restricted to a particular layer (figure 14d, e), and was higher in the piriform

and entorhinal cortex than the neocortex (figures t Oj, f; Il e). In the rostral forebrain, ~

gal activity also appeared to be low in the septum, piriform cortex, caudate and putamen

relative to Tal-n/acZmice (figure Il el. In caudal brain slices, robust ~-gal activity was

detected in Purkinje cells (figure 13c, d arrows) and granule eells of the cerebellum
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(figure 13c, d). Activity was a1so apparent in the midbrain much like that observed in

Tal-n/acZK6 (figure 12a, data not shown).

Several differences were noted between Tal-n/acZ and IiFRE-nlacZ line 17 adult mice.

Very few p-gal positive cells were detected in the neocortex in line 17, as had been seen

at postnatal day 2 (figures 1Oc, d; llc; 14f, g). However, one specifie region ofthe

medial neocortex consistently appeared to he unaffected. Beta-galactosidase was detected

in bilateral strïpes of medial cortex corresponding to the retrosplenial granular cortex

(figure 10c, d "rsg"). In addition, p-gal activity was notably decreased in the globus

pallidus and amygdala. Activity was a1so lower in the piriform and entorhinal cortex,

though it rernained higher than the level in the neocortex (figures IOc, d; 14t: g). A

dramatic and unique decrease in aetivity was also observed in hypothalamic and thalamic

nuclei in line 17 (figure 1Oc, dl.

Beta-galactosidase positive cells did not appear to he restricted to a particular layer of the

neocortex in AFRE-nJacZline 17 mice (figure 14( g). In rostral brain slices, ~-gal

activity was apparent but very limited in the neocortex (figure Ile). Activity appeared to

he low in ail structures at this level, including the septum, pirifonn cortex, amygdala,

cingulum, caudate and putamen. In caudal brain slices, activity was found to he

extremely high in the cerebellum, in both Purkinje cells (figure 13f, arrow) and granule

ceUs (figure 13e, arrow). In contrast, activity was diminished in the superior colliculus

(figure 12c), giving a pattern ofexpression opposite to that of MlRE-n/acZ line 9 in the

midbrain and cerebellum (figure 12, compare b, cl. lnterestingly, the low Ievel of

expression in the midbrain of the adult was not prefigured by a low level ofexpression in

the midbrain at postnatal day 2 (figure 9g).

In t!FRE-nJacZ line 1 adult mice, a low level of JI-gal activity was detected in the

neocortex and pirifonn cortex (figures IOe, i; 13 g, h), as observed at postnatal day 2

(figure 9t). In contrast to line 17, robust fi-gal activity was detected in hypothalamic

nuclei, but not in the hippocampus (figure 10, compare e, i to c, dl. The Jack ofactivity in

the adult hippocampus was prefigured by a lack ofactivity in the developing
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hippocampus at postnatal day 2 (figure ge). In additio~ Il-gal activity was notably

diminished in the caudate, putamen and globus pallidus (figure 1Oe), while high levels of

activity were observed in the diencephalon, amygdala, and cingulum in the adult brain

(figure 10e,i).

Cells exhibiting p...gal activity did not appear to he evenly distributed throughout the

neocortex in t1FRE-nlacZ line 1 (figure 14h, i). Beta-galactosidase activity was primarily

detected in cells in the superior layers of the neocortex. A high density of fi-gai positive

ceUs in the cingulum stood in sharp contrast to the low density of fJ-gal-positive ceUs in

the inferior neocortex (figure 14h, i). In the rostral telencephalon, activity was detectable

but low in the neocortex (figure Ilb), and was generally low in ail structures at his level.

In the cerebellum, a very low level ofactivity was detected in Purkinje ceUs (figure 13g,

h, short arrows), and activity was barely detectable in granule ceUs (figure 13g, h), in

contrast to the high level ofactivity detected ventrally in pontine nuclei (figure 13h "p").

This low level ofactivity in the adult cerebellum was prefigured by a low level ofactivity

in the developing cerebellum at postnatal clay 2 (figure 9t). In addition, activity was

detected in the sUPerior colliculus in line 1similar to Tal-n/aeZ line K6 (figure 12a, data

not shown), yielding a pattern ofexpression roughly complementary to that of line 17 in

the caudal region of the brain.

Comparing MlRE-n/aeZ lines 9 and 23, li-gal activity was consistently decreased in the

adult neocortex relative to Tal-n/aeZ line K6 mice and compared to the relative

expression ofendogenous TaI mRNA between regions of the adult rat braio (Bamji and

Miller 1996). Beta-galactosidase activity was consistently higher in the piriform and

entorhinal cortex than it was in the neocortex. Activity varied quantitatively in the globus

pallidus, caudate, putamen, superior colliculus, cerebellum, Islands ofCaleja and

hippocampus with line 23 displaying greater p-gal activity in ail but the superior

colliculus. Notably, Il...gal activity in the caudate, putamen and globus pallidus was

generally low but varied quantitatively between Tal-n/acZ Iines, and the level of TaI Q

tubulin mRNA in these regions approached background levels in the adult rat brain.

Further, the level of TaI-n/aeZ expression in the hippocampus and sUPerior colliculus
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• appeared to vary between lines, and expression in the eerebellum and Islands ofCaleja

was ineonsistent between TaI -nlacZ transgenie lines.

Similarly, eomparing M'RE-nlacZ lines 1and 17, there was a consistent and dramatie

decrease in p-gal activity in the adult neocortex relative to Tal-nJacZ line K6. The

magnitude ofthe decrease was greater than that observed in J1NRE-nlacZ miee. But

similar to MlRE-nlacZ miee, p-gal activity was more extensive in the pirifonn cortex and

entorhinal cortex than it was in the neocortex. Activity in the hipPOCampus varied

quantitatively, being robust in line 17 and barely detectable in line 1. In addition, a

unique decrease in activity was noted in the hypothalamus and thalamus in line 17, while

p-gal activity was notably high in the dorsal endopiriform nucleus of line 1. Notably,p

gal activity also differed quantitatively in the thalamus and hypothalamus between Tal

nlacZ transgenie lines.

Overall, the relative expression of t!NRE-nlacZ and i!FRE-nlacZ appeared to he

• consistently lower in the neocortex than the relative expression of Ta] -nlacZ and the

endogenous TaI gene. The decrease in reporter gene activity observed in the neocortex

was greater in AFRE-n/acZ mice than it was in t1NRE-nlacZ mice at ail stages examined,

though the decrease in JiNRE-nJacZ mice was dramatic at each stage. This consistent

decrease was specifie to the neocortex and was observed from the lime the cortical plate

began to develop through ta adulthood. In addition, expression appeared ta he

consistently higher in the piriform and entorhinal cortex than it was in the neocortex in

these promoter mutant miee.
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• (C) Su(H)/RBP-Jk Rinds the NRE of the TaI ProOloter in vitro

(i) Nuclear Estrads from DevelopiDg Neurons and Neural Precunor Cells Form

Multiple Complexes witb the Tal NU Sequence, Some ofWbich May be Enriched

in Neural Tissue, DevelopmentaUy Regulated and Co-Migrate with RBP-Jk

Consensus Sequenœ-Binding Complexes

To identify NRE-binding proteins in various tissues, and within nervous tissue al various

developmental stages, a double stranded 32p end-Iabeled DNA Hprobe", corresponding to

30 nucleotides of sequence from the Ta} promoter, was used in electrophoretic mobility

shift assays (EMSA's) with nuclear protein extracts from different tissues and al different

developmental stages. The IO-nucleotide NRE was located in the centre of the probe. A

schematic ofthe EMSA procedure is shown in figure 16, and the sequence of the NRE

probe is found in the legend.

• Equal amounts of probe and equal amounts ofdifferent nuclear extraets were used in

EMSA's to compare the relative abundance of similarly migrating complexes between

extracts. However, complexes from different extracts that migrate similar distances in

EMSA's need not contain the same binding proteines). Co-migration does not imply a

common identity.

A number ofcomplexes were fonned when NRE probe was incubated with E13.5 nuclear

extract (figure 17). This extract presumably contained the nuclear contents ofdeveloping

neurons and neural precursor cells. Based on co-migration, a number of these complexes

appeared to he enriched in nervous tissue and sorne appeared ta be developmentally

regulated. Three complexes were focussed on initially (figure 17 "A", "B", "C") and one

of these was further examined (figure 17 He").

•
The NRE-binding complex "A~' was formed with E13.S nuclear extraet ("A" figure (8).

A similar band appeared with PO nuclear extrac~ though al a higher intensity. A similar

band appeared with adult brain extract as weil, though it was less intense than that
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observed in EI3.S and PO nuclear extraets. A very low intensity band at the same position

appeared with liver nuclear extraet. If the complexes co-migrating with complex ~~A~~

were the same, which cannot he concluded from co-migration alone, it appears that the

complex was enriched in nervous tissue and developmentally regulated.

A more intense band appeared with E13.5 extract("B" figure 18). This complex was

more abundant than either complex ~~A" or ~'C~' in E13.5 extract. As with complex "A",

complex "B" was potentially enriched in nervous tissue as indicated by the presence ofan

abundant co-migrating complex in both PO and adult brain extract, and the low level of

such a co-migrating complex in liver extract. Complex "B" May a1so have been

developmentally regulated within the nervous system, with levels decreasing from E13.5

to adulthood.

Complex "c" in E13.5 extract May also have been enriched in nervous tissue given the

presence of the co-migrating band in adult brain and its near absence in Iiver. This

complex May have been dramatically developmentally regulated, being present in E13.5

extract, nearly absent in extract from the PO brain, and abundant in the adult brain.

As the NRE closely resembles the RBP-Jk consensus sequence, a double stranded 32p

end-Iabeled DNA "probe'" corresponding to 29 nucleotides ofsequence from the

adenovirus plXgene was used to examine RBP-ruSu(H) binding activity in nuclear

extracts. The plXgene has been characterized and is a naturaI target of mammalian RBP

lliSu(H). It contains a consensus RBP-lliSu(H) binding sequence also found in the

Drosophila m8 gene, a natural target of RBP-JklSu(H) in the Drosophila E(spl) complex.

RBP-Jk binds the plXsequence in vitro and in vivo.

RBP-JklSu(H)-binding complexes that co-migrated with "A", "B" and "c" formed with

EI3.S nuclear extract. These are referred to as "A·prime'~, "B-prime", and "C..prime"

respectively (figure 17). Complex "A-prime" shows a distribution similar to "A", being

enriched in nervous tissue, Most abundant in PO brain~ and more abundant in E13.S

• extract than adult braiD extract. It should he stressed that the complexes fonned with
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different extracts need not contain the same proteins in order ta co-migrate. Co-migration

is only suggestive that common complexes rnay he present in ditTerent extraets.

Like complex '-B", complex --B-prime" appeared to he enriched in neural tissue. The

developmental regulation ofcomplex l'lOB-prime" appeared to ditTer from that of complex

--8", increasing from Et3.S to PO rather than decreasing. Complex --C-prime" appeared to

he more abundant than complex ,I;C" in ail extracts examined. In addition, the

developmental regulation ofcomplex -'C-prime" ditTered trom that ofcomplex '-C", the

former being most abundant in E13.5 extract and decreasing to adulthood. Complex 'I;C_

prime" was also detected in liver extract, while complex "C" was not.

(ii) Cross Competition Suggests Common Complexes Rind the NRE and

RBPJklSu(H} Consensus Site DNA Sequences

To see ifcomplexes binding the NRE and RBP-Jk probes were related, we perfonned

competition experiments looking at the ability of RBP-Jk consensus sequence to

antagonize binding to the NRE sequence and vice versa

Unlabeled NRE oligonucleotide was able to antagonize the formation of most El0.0

complexes with the NRE probe (figure 18 a). Among the complexes that couId he

antagonized by unlabeled oligonucleotide was complex ,I;C". Complex "c" increased in

abundance with increasing amounts ofE10.0 nuclear extract, and did not form in the

presence of 100 and 200 fold molar excess unlabeled NRE oligonucleotide (figure 18 a).

In a control experiment, the addition of unlabeled mutated NRE oligonucleotide, a

sequence identical to the NRE probe except for five point mutations within the NRE and

putative RBP-Jk/Su(H) binding site, was unable to antagonize formation ofcomplex '-C"

even at 300 fold molar excess, (figure 18 b) suggesting that the binding ofcomplex "c"
to the NRE was sequence-specifie and dependent on the putative RBP-MSu(H) binding

sequence.
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ln contrast to mutated NRE oligonucleotide, unlabeled RBP-Jk oligonucleotide identical

in sequence to the RBP-Jk probe was able to antagonize the foonation ofcomplex "C". In

the presence ofa 100 fold molar excess of unlabeled RBP-Jk oligonucleotide, no

complex '''C'' formation was detected with NRE probe and EIO.O nuclear extract (figure

19 c, b). This suggested that the sequence-specifie binding complex "c" also had affinity

for the RBP-Jk consensus sequence, and may have bound to the NRE probe via the NRE

sequence and its core RBP-JkISu(H) consensus sequence.

In the converse experiment, formation ofcomplex "C-prime" between El0 nuclear

extract and the RBP·Jk probe was antagonized by incubation with unlabeled NRE

oligonucleotide. Increasing the molar excess ofNRE oligonucleotide from 100 to 300

fold decreased the amount ofcomplex '''C-prime'' fonned (figure 18 b, d). This

competition appeared to he sequence specific and depend uPOn the putative RBP

Jk/Su(H) site in the NRE, as the mutated NRE oligonucleotide was unable to compete

with RBP-Jk probe even at 300 fold molar excess (figure 18 d).

These results suggest that complex "c" and complex "C-prime" can both bind the NRE

and RBP-Jk probes with similar sequence requirements. This does not imply that

complex "c" and complex "C-prime" consist of the same protein(s). They May or May

not share specifie protein(s).

(iii) ln Vitro Translated RBP-JkISu(H) Hinds the NU and RBP-Jk Consensus

Sequences, Forming Complexes tbat Co-Migrate with those Formed by Neural

Tissue Nuclear Extracts

ln vitro translated (IVT) RBP-Jk was used in EMSA's to see ifit could bind the NRE

sequence, to confirm the RBP-Jk probe was in fact an RBP-JkISu(H) binding sequence,

and to compare the migration ofany complexes 50 fonned with those found in tissue

extracts.
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A comparison of in vitro ttanslation reaetioo products incubated with the NRE probe and

the RBP-Jk probe revealed the fonnation ofspecific complexes in the reactions charged

with RBP-Jk cDNA (figure 19 a)./n vitro translated RBP·Jk appeared to bind the NRE

probe yielding complex "i" which was oot observed when the NRE probe was incubated

with the products ofthe luciferase cDNA-charged reaction~ the Mash·l cDNA-charged

reaction, nor the uncharged reticulocyte lysate. The fonnation ofcomplex lilii" was not

antagonized by incubation with a 100 fold molac excess of unlabeled mutated NRE

oligonucleotide (figure 19 b), suggesting it was a sequence specifie interaction. This

suggested that IVT-RBP·Jk could bind the NRE probe, and that it likely did 50 through

the putative RBP-Jk/Su(H) binding site.

ln vitro translated RBP-Jk also appeared to bind the RBP-Jk probe fonning complex Ii'i·

prime" (figure 19 a), confinning that the plXgene sequence used as the RBP-Jk probe

was in faet an RBP-Jk binding sequence. Furthennore, the formation ofcomplex Ii'i_

prime'" was not antagonized by a 300 fold molar excess of unlabeled mutated NRE

oligonucleotide (figure 19 b), suggesting the interaction was sequence specifie.

Complexes co-migrating with liIiC" were formed with extracts from adult brain, EI0.0

embryo, cultured cortical precursor celJs at one day in vitro ('licon precursors"), and

cultured cortical precursor ceUs at four days in vitro ('licort neurons") (figure 20).

Previous studies have demonstrated that after one day in vitro, these cultures consist

largely of undifferentiated precursor cells, while after four days in vitro, they consist

largely ofdifferentiating neurons (Gloster et al 1999). Complex 'liC" was more abondant

in the adult braio than it was in the developing embryo (figure 20), as had been observed

previously (figure 17). Interestingly, complex HC" appeared ta he more abundant in

cultured neural precursor cells than in newbom neurons (figure 20), similar ta previous

results showing a decrease from EI3.S to PO brain (figure 17). When IVT-RBP-Jk

CliCBF.. l") was incubated with the NRE probe and run alongside these sampies, complex

"'i" formed and co-migrated with complex liliC" (figure 20). ln vitro translated RBP..Jk

C'CBF..1") was also incubated with the RBP-Jk probe and run on the same gel. Campiex

Ii'i-prime" was formed and co-migrated with complex HC-prime". 1nterestingly, a complex
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co-migrating with complex ....C..prime" and complex ui-prime" was deteeted in extract

from both cultured cortical precursor cells and neurons derived from these precursors

(figure 20). As with the NRE probe, complex formation with the RBP-Jk probe was more

abundant in precursor cells than in neurons.

Together these results suggested complex '''C..prime'' and the co-migrating complex '''C''

May have been RBp..Jk hound to the RBP..Jk probe and the NRE probe respectively

(figure 20). However, this did not prove the identity ofcomplexes HC" and ....C-prime".

(iv) Anti-RBP-Jk Antibody Shifts Co-Migrating NRE Complexes Formed witb ln

f/ltl'o Translated RBP-A and Neural Tissue Nuclear Extract

To see ifcomplex "c" contained RBP..Jk, we used a ployclonal antibody raised against

an RBP-Jk..GST fusion protein in supershift EMSA's. The anti..RBp..Jk antibody was pre

incubated with E13.5 nuclear extract before adding NRE or RBP-Jk probe. IfRBP-Jk

was a component ofcomplex '''C'', the inclusion of the antibody would be predicted to

disturb complex formation specifically and/or to cause formation ofa modified complex

"'C" with the antibody attached. The formation of such a complex generally increases the

size and weight ofa complex, causing its migration to be retarded. This is often referred

to as a '''supershift'',

Complex "c" was readily formed with E13.5 nuclear extract and the NRE probe (figure

21 a). Formation ofcomplex ....C" was antagonized by a 100 fold molar excess ofeither

unJabeled NRE or RBP-Jk oligonucleotide, but was not antagonized by a 300 fold molar

excess ofmutated NRE oligonucleotide (figure 21 a). Similarly, complex '''C-prime'' was

readily formed with E13.5 nuclear extract and the RBP-Ik probe. Formation ofcomplex

""C..prime" was antagonized by a 100 fold molar excess ofeither unlabeled NRE or RBP

Jk oligonucleotide, but was not antagonized by a 300 fold molar excess of mutated NRE

oligonucleotide (figure 21 a, b). The inability of unlabeled NRE oligonucleotide to
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completely eliminate complex "C-prime" fonnation suggested that complex c;c;C_prime"

had a higher affinity for the RBP-Jk probe than the NRE probe.

Pre-incubation ofE13.5 nuclear extract with anti-RBP-Jk antibody led to a supershift of

complex c;~" and complex c;c;C_prime" (figure 21 cl. In comparison to control serum, anti

RBP-Jk serum selectively eliminated complex C;C;C" formation and a higher intensity band

was observed running slower than complex c;c;C". This suggested that complex c;c;C"

contained RBP-Jk or an immunologically related factor that couId also bind the RBP-Jk

probe. Similarly, in comparison to control serum, anti-RBP-Jk serum appeared to cause a

shift in complex c;c;C_prime" (figure 21 c). This suggested that complexes c;c;C" and c;·c_

prime" both contained RBP-Jk protein or an immunologically related factor that could

bind both sequences.

To confirm that complex c;'C" contained RBP-Jk, anti-RBP-Jk antibody was used in a

supershift assay with E13.5 nuclear extract and IVT-RBP-Jk run side by side. ln vitro

translation reaetions were charged with RBP-Jk cDNA. In one reaction,

3sS_labeled Methionine was used to label the protein product, and a portion of the reaction

was run on an SDS-containing denaturing polyacrylamide gel. The in vitro translation

reaction produced one major product ofapproximately 52kD (figure 22 a, arrowhead),

the molecular weight of IVT-RBP-Jk (Hsieh et al 1996) and ofendogenous RBP-Jk in

mammalian tissue extracts (Shirakata et al 1996). Unlabeled IVT-RBP-Jk synthesized in

a parallel reaction formed complex c;c;i" with the NRE probe (figure 22 b, c). Complex ,c;i"

formation was antagonized by incubation with a 100 rold excess of unlabeled RBP-Jk

oligonucleotide, but was not antagonized by a 300 rold molar excess of unlabeled

mutated NRE oligonucleotide (figure 22 b).

Complex Hi", formed between the NRE probe and IVT-RBP-Jk, co-migrated with

complex c;~"', formed between the NRE probe and E13.5 nuclearextract. Both complexes

were shifted to a similar position, and gave a more intense band, in response to pre

incubation with the anti-RBP-Jk antibody (figure 22 c). These results suggested that

complex 'c;c" was related to complex ,c;i'" and that complex HC." likely contained RBP-Jk.
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(v) III Vitro Translated NRSE-binding Protem "REST" does Dot Rind the NRE

The IO-nucleotide NRE bas been found in a number ofneuronal genes, occurring either

alone or at the core of the previously identified 24-nucleotide neuronal restriction

silencing element (NRSE) (figure 1). An NRSE binding factor bas been identified and is

hypothesized to he responsible for the function of the NRSE. To see whether this factor,

named the "REl sileneing transcription factor" or '~RESr', could interaet with the NRE

in addition to the NRSE, [TI-REST was used in EMSA's with the NRE probe.

An in vitro translation reaction eharged with REST cDNA and 35S-labeled Methionine

produced two major protein products. The larger of these ran at a molecular weight of

116 kD (figure 23), the molecular weight of recombinant and endogenous REST protein

(Tapia-Ramirez et al 1997). The identity ofthe smaller product was Dot determined, but

may have been a major REST breakdown product.ln vitro translated REST bound to a

probe comprising the NRSE ofthe type-Il sodium channel gene (figure 23), as previously

demonstrated (Chong et al 1995). The REST cDNA-charged reaction gave a unique

complex with the NRSE probe (figure 23 b, arrow). This complex was antagonized by

unlabeled NRSE oligonucleotide (figure 23 b, RE1) but was not antagonized by either

unlabeled NRE or RBP-Jk oligonucleotide (figure 23 b). In contras!, IVT-REST did not

produce a unique complex with the NRE probe (figure 23 b). The complexes that fonned

were also observed in the luciferase-charged reaction, and were not antagonized by

excess unlabeled NRSE oligonueleotide. These results suggest that IVT-REST did not

bind the NRE, and that the NRE itself at the core of the NRSE is not sufficient for the

REST-NRSE interaction.
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Figure 1: Alignment of Neuronal Gene Sequences Reveals Common

"NRE"

Severa! mammalian neuronal genes possess the IO-nucleotide "NRE" sequence found in

the Tal gene. These sequences occur alone or within the larger 24-nucleotide NRSE

(Schoenherr et al 1996). In addition the NRE is conserved in the goldfish a-l a-tubulin

gene (Hieber et al 1998). Within the NRE of Tal is a sequence resembling the consensus

binding sequence ofRBP-ruSu(H), which is found in the natural target genes m8

(Drosophila., E(sp/) complex gene) and Hes-! (mammalian E(spl) homolog) (Janiault et

al 1995).
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• Figure 1

Alignment ofNeuronal Gene Sequences Reveals Common "NRE"

NRE: CACCTGGGAG

rat TaI: CACCTGGGAG

goldfish a-I : TGCCTGGGGT

SeG-Io: CACCACGGAG

Sodium channel type II: AACCACGGAG

GAP-43: TGCC GGAG

peripherin: CTCCTGGGCG

HES-I: TGGGAA

mS (E(spi»: CACyGTGGGAA

synapsin: CACCAGGGAC

LI: CACCAGGGAC• BDNF: CACCTTGGAC

nAChR~2: CACCACGGAC

NMDA-Rl: CACCTCGGAC

synaptophysin: CACCGTGGAC

synaptotagmin: CACCTCGGAC

calbindin: CACCGCGGAC

nAChRa7: CGCCGCGGCC

HES-3: CACCACGGAC

AMPA-R: CACCACGGAC

glycine-R: CACCTCAGAC

VGF: CACGCTGGAC

proenkephalin: CACACCGGAC

RBP-Jk consensus: CGTGGGAA
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Figure 2: Construction of TaI-n/lIeZ, MVRE-n/llcZ, and JiFRE-n/lIcZ

Transgenes

Construction of the Tal-nJacZ transgene has been described previously (Gloster et al

1994), and is shown schematically. A fragment of the rat TaI a-tubulin gene containing

a I028-nucleotide segment immediately upstream ofthe transcription start site (promoter)

and the contiguous 99·nucleotides of 5' untranslated sequence was fused to a modified

E.coli JacZ gene. The /acZ gene had an N-terminal nuclear localization signal sequence

(NLS) from the SV40 large Tantigen (Kalderon et al 1984) placed in frame with the p
galactosidase coding sequence. In addition, a segment of the mouse pr%amine } gene,

from +95 to +625 (peschon et al 1987), was attaehed to the 3' end of the lacZ gene

providing an intron and a poly-A tail.

The MIRE-nJacZ transgene was identitical to the Tal-nJacZ transgene except for a 66

nucleotide segment of the Ta} promoter sequence, from -674 to -609 inclusive, which

was absent in ANRE-nlacZ. The AFRE-nJacZ transgene was identitical to the Ta} -n/acZ

transgene except for a 184-nucleotide segment of the Ta} promoter sequence, from -674

to -491 inclusive, which was absent in AFRE-n/acZ.
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Figure 3: CODlparisoD of TaI-n/aeZ and NVRE-nlllcZ Mice at E9.5

Embryos obtained from pregnant females at E9.5 were stained ovemight in Xgal solution

to visualize ~-gal activity, and subsequendy fixed in 4% paraforrnaldehyde. The moming

a plug was observed was taken to be embryonic day 0.5.

Figures a, d, J!NRE-n/acZ line 23; figure b, Tal-nJacZ Hne K6; figure c, mRE-n/acZ

line 9. Precocious ~-gal activity was observed in ceUs within the trigeminal (a, d ~~V')

and geniculate (a, d, "VI!") cranial ganglia. In addition, more ~-gal activity was observed

in the developing spinal cord (a-d arrowhead) of t1NRE-n/acZ line 23 (a, d) than in Tal

n/acZ line K6 (b) and &lRE-nJacZ Hoe 9 (c).
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Figure 4: Comparison of Tal-nlacZ and ANRE-nlacZ Mice at EI0.0

10.5

Embryos obtained from pregnant females at EIO.O or EIO.S were stained ovemight in

Xgal solution to visualize ~gal activity, and flXed in 4% paraformaldehyde. The moming

a plug was observed was taken to he embryonic day 0.5.

In figure 4a, p-gal activity is observed in the presumptive DRG's (4a, left, arrowheads) of

MlRE-n/acZ line 23 al El0.0, but not in the presomptive DRO's of Tai-nlacZ line K6 at

this same timePOint (4a, centre). Beta-galactosidase aetivity is however observed in the

DRG's of TaJ-n/acZ line K6 at EIO.S (4a, right, arrowheads). The first appearance of fi

gal activity al EIO.5 in TaJ-nlacZ mice is in agreement with previous thin section

anaIysis (Gloster et al 1999).

Figure 4b shows two MlRE-nlacZ line 9 littennates obtained from a pregnant female at

E9.S (4b, left and centre), demonstrating development within a litter is not perfectly

synchronous, and that the extenl of p-gal activity changes rapidly during development.

Figure 4b, right, shows a t1NRE-nlacZ line 9 E9.S embryo for comparison, revealing a

much lower level offi-gal activity and the extent to which embryos increase in size over

one day. There is an increase in fi-gal activity in the trigeminal (4c, "V'), geniculate (4c,

"VII"), Petfosal (4c, "IX") and nodose (4c, "X") gangHa from EIO.0-IO.5 in tWRE-n/acZ

line 9. Figure 4c shows two Iittermates from an EI0.5-staged pregnant female at slightly

different developmental stages.

Figure 4d gives a dorsal view ofthese two MlRE-nlacZ Iine9littermates, revealing that

fi-gal activity first appears in the DRO's of whole embryos (4d, short arrows) between

EIO.O and EIO.S. This timing is also observed in TaJ-nlacZ line K6 (4a, centre and

right), but p-gal activity appears 12 hours earlier in the presumptive DRG's of MlRE

nlacZ line 23 (4a left).
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Figure 5: COlDparison of Tal-nlacZ and NVRE-nlacZ Miee at EIO.O

10.5 : The Cnnial Ganglia

Embryos obtained from pregnant females at ElO.O or EIO.S were stained ovemight in

Xgal solution ta visualize p-gal activity, and fixed in 4% parafonnaldehyde. The moming

a plug was observed was taken to he embryonic day O.S.

Beta-galactosidase activity was not observed in the petrosal and nodose ganglia of Tal

n/acZwhole embryos at EIO.O (Sa, arrows) but was faintly visible by EIO.S (Sb, "IX"

and "X" respectively). In contrast, p-gal activity was observed in the petrosal and nodose

ganglia at EIO.O in tiNRE-n/acZ line 23 (S e, ~"IX", "'X" respectively). Beta-galactosidase

activity was detected in the petrosal and nodose ganglia in tiNRE-n/acZ line 9 al E10.S

(Sc, <L '''IX'' , "X" respectively), and appeared to commence between El 0.0-10.5 (4c, d).

(""V" trigeminal ganglion, "VIr' geniculate ganglion)
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Figure 6: Comparison ofCortieal Precunor Cells Cultured from

Tal-nlacZ and ANRE-nlllcZ Mice

The preparation ofconical precursor cells from mouse embryos was based on the method

described by Ghosh et al. (1995) for rat cultures. The dorsal aspect of the telencephalic

vesicle was coUected from EI0.5 Tal-n/acZ Hne K6 or EIO.O t1NRE-n/acZline 23 mouse

embryos and triturated with a tire polished Pasteur pipette. Small clusters ofcells were

plated into chamher slides and cultures were maintained at 3~C in a 5% C02 incubator

rorone day.

After one day in vitro, cortical precursor ceUs grown on chamber slides were fixed and

immunostained with anti-p-galactosidase (rabbit polyclonal IgG; 5 Prime 3 Prime;

Boulder, CO; 1:500) (6b, el, and mouse monoclonal anti p-III tubulin (TUJl; Dr. A.

Frankfurter; 1:300) (6 a, d). CeUs were subsequently incubated for 1 houc with buffer

containing both CY3-conjugated goat-anti-rabbit (1:200) (Jackson) (6 b, e) and CY2

conjugated goat-anti-mouse (180) (1:200) (Jackson) (6 a, d) secondary antibodies. Beta

III tubulin positive ceUs were observed in ElO.5 cultures from Tal-n/acZ after one day in

vitro (6a), as they were in El 0.0 cultures from t1NRE-n/acZ Hne 23 after one day in vitro

(6d). The ~-III positive cells from EI0.0 embryos appeared rounded and less developed

morphologically than those derived from EIO.S embryos (compare 6d to a). Bela

galactosidase expression was detected in the same fields in both cultures and p-gal

appeared to he localized to the nucleus by comparison with Hoechst staining (6 b, c, e, f).

[n the Tal-n/acZ culture, ~-gal appeared to he strietly colocalized with P-II[ tubulin, but

not all p-III positive cells expressed fJ-gal. In contrast, in MlRE-n/acZ cultures, p-gal

positive cells that did not express fJ-1II tubu/in were observed (6 d, e, f arrowhead).

Though not quantitated, it also appeared that fewer of the MlRE-n/acZ cells expressed fJ
gal compared to TaI-n/acZ.

scale bars a-f, SOJ.tm
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Figure 7: ~RE-n/acZ and M?RE-n/tlcZ are Expressed in the

Ependymal Layer of tbe Adult Brain Wbere TaI-n/acZ Expression is

Exeluded

Figure 7A: Thin coronal slices ofadult brain were stained in X-gal solution to

visualize ~-gal activity. Slices were frozen, sectioned on a cryostat at 14f.Ul1, and

counterstained with eosin. Slices were taken from the rostral forebrain (7A a-d, i, j) and

more medially passing through the hippocampus (7A e-h, k, 1). Beta-galaetosidase

aetivity was detected in cells of the ependymallayer surrounding the lateral ventricles in

the rostral forebrain in tiNRE-nlacZ line 9 (7A i, j, arrows). Activity was also observed in

the ependymallayer surrounding the lateral ventricles at more caudal positions in I1NRE

n/acZ line 9 mice (7A e-l\ arrows). The aetivity pattern in MlRE-n/acZ mice differed

from that of TaI -n/acZ mice. Beta-galactosidase activity was not detected in the

ependymallayer surrounding the lateral ventricles in TaI -n/acZ mice (7A a-d). The~

gal activity observed in the ependymal layer in t!NRE-n/acZ mice was not restrieted to

the region surrounding the lateral ventricles, but was also observed in the region

surrounding the third ventricle (7A k, 1).

(LV, lateral ventricle; 3V, third ventricle; cg, cingulum)

scale bars: a, b, 400J-lm; c, d, e, g, 200Jlm; f, h-I, IOOJlm
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Figare 78: TaI-nlacZ tissue 78 b, d, f, g. ANRE-nlacZ line 23 adult brain tissue 7B a,

c, e, h. Coronal brain slices (78 a, b; high magnification c, d) from which thin sections

were taken (78 e-g) are sho~ revealing the axiallevel of the section. Seta

galactosidase activity was observed around the lateral ventricles in the rostral forebrain in

ANRE-nlacZ line 23 mice (78 a, c, arrowheads) but not in Tal-nlacZ mice (78 b, d,

arrowheads). In thin sections from these slices, p-gal activity was detected in the

ependymallayer surrounding the lateral ventricle (LV) in ANRE-nlacZ line 23 mice (78

e, arrowhead), but not in Tal-n1acZ mice (78 f, g). In addition, p-gal activity was

detected in the ependymal layer surrounding the third ventricle (3V) in ANRE-nlacZ mice

in more caudal brain sections (78 m, arrowhead).

scale bars: e-g, 200f.lm; h, 100f.lm
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Figure 8: Comparison of Tal-nlllcZ, ANRE-nlacZ and ~RE-nlacZ

Mice at E13.S Reveals Differences in the Forebrain

Embryos obtained from pregnant females at E13.5 were drop fixed for 2 minutes in

parafonnaldehyde, stained overnight in Xgal solution to visuaiize p-gal activity, and

post-fixed in paraformaldehyde. The moming a plug was observed was taken to he

embryonic day 0.5.

Abundant ~-gal activity was detected in the dorsal and lateral neocortex of TaI -nlacZ

mice at E13.5 (8~ black arrowhead and white arrowhead respectively). [n contrast, little

aetivity was detected in the neocortex ofANRE-nJacZ line 9 (8b) and line 23 (8c)

(arrowheads). L!FRE-n/acZ lines 17 and 1 (8d, e respectively) exhibited less neocortical

~-gal activity than the J1NRE-nlacZ mice at E13.5 (arrowheads). In addition, M'RE

nJacZ line 17 lacked expression in the region surrounding the isthmus.
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Figure 9: Comparison of TaI-nlflcZ, &VRE-nlflcZ and M'RE-nlflcZ

Expression in the Early Postnatal BniD

Coronal brain slices from newbom mice were stained in X-gal solution to visualize p-gal

aetivity. In Tai -nlacZ line K6, IJ-gal activity was detected in the neocortex (nctx),

hippocampus (hi), piriform and entorhinal cortex (pi/en) at postantal day 1 and postnatal

day 7 (9a, b respeetively). A much lower level of Il-gal activity was observed in the

neocortex (nctx) of ANRE-n/acZ line 23 and line 9 mice (9 c, d respectively). Activity

was still observed in the piriform and entorhinal cortex (pi/en) ofthese mice, as weil as

the hippocampus (hi). The low level ofactivity in the neocortex eombined with the high

level ofactivity in the piriform and entorhinal cortex created a sharp border between the

neocortex and paleocortex in l1NRE-n/acZ miee (9c, d arrowhead).

Beta-galaetosidase activity was nearly absent in the neocortex in M'RE-nlacZ mice. Both

line 17 and line 1 showed little activity in the neocortex (ge, f, g "netx"), and line 1 also

showed very little expression in the hippocampus (ge, "hi"). Activity was detected in the

cerebellum (9g, "cer") and superior colliculus (9g, "sc") in line 17, but was not detected

in the cerebellum in Iioe 1 (St: "cer").
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Figure 10: Comparison of Tal-nlllcZ, L1NRE-nlacZ, and M"RE-nlllcZ

Expression in tbe Adult Brain

CoronaI slices ofadult brain were stained ovemight in X-gal solution to visua1ize ~-gal

aetivity. In TaI -n/acZ mice, activity was deteeted throughout the pallium including the

neocortex, hippocampus, entorhinal cortex, piriform cortex, and amygdala (10 a, b).

Activity was also detected in the diencephalon, including the hypothalamus, and to a

lesser extent the ventrolateral thalamus. A low level ofactivity was detected in the

globus pallidus ( lOb). This pattern ofactivity confonned to the tindings ofa previous

study (Bamji and Miller 1996).

In sharp contrast, P-gal activity was very low in the neocortex of J!NRE-n/acZ and M"RE

n/acZ mice (1Oc-j). The loss ofactivity appeared to he greatest in M'RE-n/acZ mice. In

tiFRE-n/acZ line 17, few scattered cells throughout the neocortex displayed p-gal

activity. One peculiar exception to tbis absence of neoconical activity was a region of

Medial neocortex corresponding to the retrosplenial granular cortex (10 c, d). Activity

was apparent in the hippocampus in line 17. In addition, aetivity was detected in the

amygdala, and piriform cortex (10 c, d). A low level ofactivity was detected in the

ventrolateral thalamus (10d), and very little activity was observed in the globus pallidus

and hypothalamus (1Od) in contrast to TaI -n/acZ line K6 (lOb) and tiFRE-n/acZ line 1.

In line 1, a higher level ofactivity was observed in the ventrolateral thalamus as weil as

the hypothalamus, amygdala, and pirifonn cortex (10 e). Activity was also evident in the

cingulum and superioir layers of the neocortex, but to a much lesser extent in the

intervening layers of the neocortex. Notably high levels ofactivity were found in the

dorsal endopirifonn nucleus (10 e). Activity was hardly detected ill the hippocampus (10

e, il.

Beta-galactosidase activity was detected in the hippocampus in J1NRE-n/acZ lines 23 and

9, though it was largely restricted to the dentate gyrus in line 9 (10 t: g, h,j). In bath
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lines activity was observed in the ventrolateral thalamus, amygdala, and hypothalamus.

Activity in the piriform oorte~ globus pallidus, neocortex., dorsal endopiriform nucleus,

caudate and putarnen was greater in line 23 than in line 9 (la f, g, hj). Aetivity in the

caudale and putamen was greater in line 23 than in TaJ-n/acZline K6.

(hi, hippocampus; er, entorhinal cortex; pD, pontine nuclei; nc~ neocortex; am,

amygdala; gp, globus pallidus; vp, ventrolateral thalamus; rsg, retrosplenial granular

cortex; den, dorsal endopirifonn nucleus)
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Figure Il: Comparison of TaI-n/lIcZ, ANRE-n/acZand tiFRE-n/lIcZ

Expression in the Rostnl Brain

Coronal slices thorugh the rostral forebrain were stained in X-gal solution overnight to

visualize Il-gal activity. In Tal-nlacZmice, activity was evident throughout the pallium

including the neocortex, the pirifonn cortex, septum and the cingulum. In the

diencephalon, activity was apparent in the hypothalamus. This activity pattern

confonned to results from a previous study (Barnji and Miller 1996).

Much lower levels ofactivity were observed in the rostral forebrain in t1NRE-nlacZ and

t1FRE-nlacZ mice. tiFRE-n/acZ mice showed very little activity in the pallium including

the neocortex, pirifonn cortex, septum, amygdal~ and cingulum (11 b, c). In addition, low

activity levels were observed in the hypothalamus, caudate and putamen (Ilb, c). In

ANRE-nlacZ lines 23 and 9, a low level ofaetivity was observed in the neocortex and

cingulum. Line 23 exhibited a higher level of activity in the septum, piriform cortex,

Islands ofCalleja, caudate and putarnen than line 9. (cg, cingulum; nctx, neocortex; 5,

septum; ac, anterior commissure; pi, piriform cortex; am, amygdala; hy, hypothalamus;

Iv, lateral ventricles; cc, corpus callosum; cpu, caudate and putamen; Icj, Islands of

Calleja)
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Figure 12: ComparisoD of TaI-nlseZ, NVRE-nlacZ, and M'RE-nlacZ

Expression in the Midbnin

Coronal slices thorugh the midbrain were stained in X-gal solution ovemight to visualize

J'-gal activity. Figure 12 displays dorsal views orX-gai stained midbrain slices. Tal

nlacZ line K6 mice exhibited robust aetivity in the sUPerior colliculus, and a lower level

ofaetivity in the cerebellum (12a). t1FRE-nlacZ line 17 and t1NRE-nlacZ line 9

displayed different Patterns ofactivity. M"RE-nlacZ line 17 mice exhibited a pattern of

aetivity reciprocal to that of TaI -nlacZ and M'RE-nJacZ line 1, showing very little

aetivity in the superior colliculus, and robust activity in the cerebellum. J1NRE-nlacZ line

9 exlubited very little activity in the neocortex and cerebellum, but robust activity in the

sUPerior colliculus (12b).

(dnc~ dorsal neocortex; cer, cerebellum; sc, superior colliculus)
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Figure 13: Comparison of Tal-nlacZ, ANRE-nlacZ, and t1FRE-nlacZ

Expression in the Cerebellum

Coronal slices through the adult cerebellum were stained in X-gal solution to visualize fl
gal aetivity. In Ta} -n/aeZ line K6, activity was observed in Purkinje cells (13a, arrow)

and granule cells of the cerebellum (13a), consistent with previous results (Barnji and

Miller 1996). A very low level ofactivity was observed in Purkinje cells and activity

was barely detecteable in granule cells in MlRE-n/aeZ line 9 (13 b, arrows) (13b; shown

a1so in figure 12b). In t1NRE-n/aeZline 23, activity was apparent in Purkinje cells (13 c,

d arrows) and granule cells. A high level ofactivity was observed in the granule eells ( 13

e arrow) and Purkinje cells (13f, arrow) of tiFRE-n/acZline 17 mice. Figure 13fshows a

saggital slice through the centre of the coronal sliee ofcerebellum. As in MVRE-n/aeZ

line 9, very low levels ofaetivity were detected in Purkinje cells in M"RE-n/acZ line l,

and activity was barely detectable in granule ceUs (13 g, h). A high level ofactivity was

observed in the pons (p) in tiFRE-n/aeZ line 1.
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Figure 14: Distribution of LilDited p-gal Activity in tbe Neocortex of

APRE-n/lleZ and J1NRE-n/lleZ Mice

Coronal brain slices were stained in X-gal solution to visuaiize p-gal activity. ln tiNRE

nlacZ rine 9, activity was apparent throughout the neocorticallayers, and did not appear

to he enriched in particular layers (14 a-c). Figure 14c shows a thin coronal section

(14I!m) through the neocortex of MlRE-n/acZ line 9. Similarly, in t1NRE-n/acZ Hne 23

cells exhibiting p-gal activity appeared to be dispersed throughout the neocortex (14d, e).

Many fewer neocortical cells exhibited IJ-gal activity in M'RE-nlacZ line 17, but those

that did exhibit ~-gal activity were distributed throughout the neocortical layers (14f, g).

In contrast, the few neocortical cells that did exhibit tl-gal activity in M'RE-n/acZ line 1

were largely concentrated in the superior layers of the neocortex. There was a much

lower density ofcells exhibiting p-gal activityin the inferior neocortical layers, between

the cingulum (cg) and the superior layers of the neocortex (nctx) (14 h, il.
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Figure 15: Ectopie II-ga. Expression is Detected in the Kidney in NVRE

nlllcZ Line 9

A number ofnon-neural tissues were analyzed for ectopie fJ-gal expression in MlRE

nlacZ and M"RE-n/acZ mice. Tissues examined ineluded muscle, Jung, kidney, skin,

Iiver and heart. [n MIRE-nlacZ line 9, fJ-gal expression was consistently observed in the

kidney (15 b). Ectopie activity was not detected in any ofthese tissues in I!NRE-nlacZ

liDe 23, nor in Tal-nlacZ and M"RE-nlacZ miee. Figure 15 a (TaJ-nJacZ liDe K6), b

(I!NRE-nJacZ line 9) are eross sections through adult kidneys that have been stained in X

gal solution to visulaize p-gal aetivity.
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• Figure 16: Eleetropboretie Mobility Shift Assays

Nuclear protein extracts from embryonic tissues and cultures ofcortical precursor cells

were used in electrophoretic mobility shift assays (EMSA's).ln vitro translated protein

was a1so used for EMSA's. Double-stranded oligonucleotides were end-Iabeled with 32p

ATP using T4 polynucleotide kinase (T4 PNK). The labeled oligonucleotides (probes)

were incubated with nuclear extract or in vitro translated protein for 15 minutes and then

run on a tris-glycine buffered 5% acrylamide gel. In competition experiments, unlabeled

oligonucleotide was pre-incubated with nuclear extract or in vitro translated protein for

15 minutes prior to inclusion of the probe. [n supershift EMSA's, a rabbit poly [gO anti

RBP-Jk-GST antibody (Dr. J. Coligan, Bethesda, Shirakata et al 1996) was pre-incubated

with nuclear extract or in vitro translated protein for 15 minutes prior to inclusion of the

probe.

In each reaction, approximately IOpg of labeled probe was added to 2~g ofnuclear

• extract or 2-5~1 of in vitro translated protein. The gel buffer pH was 8.0.

Sequences of probes and comPetitive oligonucleotides:

NRE:

Mutated NRE:

RBP-Jk:

REl:

CTGCCTCTGCCTCCCAGGTGCTGTTGAGGG

CTGCCTCTGCC GTTAC GGTGCTGTTGAGGG

GGAAACACGCCGTGGGAAAAAATTTGGC

GGGTTTCAGAACCACGGACAGCACCAG

The NRE probe was identical to the TaI promoter sequence from -647 to -618 inclusive

(Gloster et al 1994). The ANRE probe was mutated at five positions within the putative

RBP-Jk/Su(H) binding site.
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• Figure 17: Developmental Distribution and Tissue Distribution of NRE

and RBP-Jk Consensus Sequence Binding Complexes

Oligonucleotides identical in sequence to the NRE region of the Ta} promoter and the

RBP-Jk consensus region ofthe adenovirus plX gene were used as probes for NRE

binding and RBP-Jk-binding complexes in ditTerent tissues. Nuclear protein fractions

were collected from different tissues, and end-Iabeled oligonucleotides were incubated

with 2Jlg of nuclear extract. The probelprotein mix was then run on a 5% polyacrylamide

gel. Unbound probe was run offof the bottom of the gel.

A number ofNRE-binding complexes were observed in the extraets examined. In

nuclear extract from E13.5 embryos (17, UE13.5"}, newbom brain (17, "PO"') and adult

brain (17, "adult brain"), three similarly migrating complexes were observed (17, "A",

"B", "C"). Similarly migrating complexes were not abundant in liver nuclear extract (17,

"liver") suggesting these complexes, though not necessarily identical, might have been

• enriched in neural tissue. In addition, three similarly migrating complexes were formed

with the RBP-Jk oligonucleotide using the same nuclear extracts ("A-prime"', "B-prime"

and "C-prime"). These three RBP-Jk consensus sequence-binding complexes also

appeared to he enriched in neural tissue. The individual complexes varied in abondance

between neural extraets. Complex C and C-prime, formed with the NRE probe and the

RBP-Jk probe respectively, did not show the same relative distribution between different

neural extraets.

The sequence of the NRE probe was identical to Ta} promoter sequence from -646 to

-617 inclusive. The sequence was as follows:

CTGCCTCTGCC TCCCA GGTGCTGTTGAGGG

•
The sequence of the RBP-Jk probe was identical to a 28-nucleotide segment of the

adenovirus plX gene. The sequence was as follows (the RBP-Jk consensus sequence is

italicized):

GGAAACACGCCGTGGGAAAAAATTTGGC
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• Figure 18: Cross Competition Suggests the NRE and RBP-Jk

Consensus Sequence Binding Complexes are Related

Oligonucleotides identical in sequence to the NRE region of the TaI promoter and the

RBP-Jk consensus region ofthe adenovirus virus plXgene were end-Iabeled with 32p and

used as probes. Unlabeled oligonucleotides were used in excess in competition

experiments.

The abundance ofa number ofNRE-binding complexes, including complex "e",

decreased with decreasing amounts ofE10 nuclear extract in the presence ofa constant

amount ofprobe (18 a, tirst 3 lanes, "C"). In addition, the pre-incubation of nuclear

extraet with 100 and 200-fold molar excess of unlabeled NRE oligonucleotide

antagonized the fonnation of several complexes, ineluding complex C (18 a, last 2

lanes).

• Similarly, a 100, 200, and 300-fold molar excess of unlabeld RBP-Jk consensus

oligonulceotide also antagonized formation of complex "e" (18b, first 4 lanes, "C"; 18e,

first 4 lanes, '''C''). In the converse experiment, a 100,200, and 300-fold molar excess of

unlabeled NRE oligonueleotide inereasingly antagonized formation ofcomplex "C

prime" in a dose responsive manner (18b, last 4 lanes, "C-prime"; 18d, lanes 5.8, "C

prime"). In contrast, 300-fold molar excess ofunlabeled NRE oligonucleotide with 5

point mutations in the putative RBP-Jk binding sequence(" mutated NRE") did not

antagonize formation ofeither the RBP-Jk binding complex "C-prime" (18d, last 4 lanes)

nor the co-migrating NRE binding complex "C" (18c, last 4 lanes). p= free probe

The sequence of the mutated NRE and NRE oligonueleotides was as follows:

•
Mutated NRE:

NRE:

CTGCCTCTGCCGTTACGGTGCTGTTGAGGG

CTGCCTCTGCCTCCCAGGTGCTGTTGAGGG
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• Figure 19: ln Vitro Translated RBP-Jk Hinds the NRE

Oligonucleotides identical in sequence to the NRE region ofthe TaI promoter and the

RBP-Jk consensus regjon of the adenovirus plXgene were end-Iabeled with 32p and used

as probes. In vitro translated RBP-Jk was synthesized using RBP-Jk cDNA (Dr. S.

Hayward, Bethesda, Hsieh et al 1996), T7 RNA polymerase, and reticulocyte extract.

Control reactions were charged with cDNA encoding luciferase.

A portion of the in vitro translation reaetion product was incubated with either the NRE

or RBP-Jk probe for 15 minutes prior to running the mixutre on a 5% POlyacrylamide gel.

Product of the reaction charged with RBP-Jk cDNA fonned a unique complex with the

NRE probe (19 a, "i"). This complex did not fonn with product from the in vitro

translation reaction reaetion charged with luciferase cDNA, nor with reticulocyte Iysate

• alone (19a, ""IVT luciferase", "Retie lysate" respectively). A eo-migrating complex was

formed with the RBP-Jk eDNA charged reaction product and the RBP-Jk probe (19a, "i

prime"). This eomplex did not fonn with the produet of the lueiferase eharged reaetion,

Dor with reticulocyte lysate alone (19a, "IVT luciferase", "Retie lysate" respectively").

The fonnation ofcomplex "1" with the NRE probe was not antagonized by a 300-fold

molar excess ofunlaheled mutated NRE oligonueleotide (19b). Similarly, formation of

complex "i-prime" was not antagonized by a 300-fold molac excess of unlabeled mutated

NRE oligonucleotide.
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Figure 20: NRE-Binding Complex in EI0.0 and Cultured Cortical

Precunor Extracts Co-Migrates with ln Vitro Translated RBP-JkINRE

Complex

Oligonucleotides identical in sequence to the NRE region of the Ta} promoter and the

RBP-Jk consensus region ofthe adenovirus plXgene were end...labeled with 32p and used

as probes. Complexes {,{,A", {,'B", and uC" were fonned with the NRE probe and neural

tissue extracts (20, {"adult brain", '{,EIO", lanes 2 and 3 respectively). In addition,

complex "1", fonned with in vitro translated RBP·Jk protein and the NRE probe, co

migrated with the NRE complex C (20, lane 6 '{,IVT CSF-1"). A co-migrating complex

was also observed in nuclear extraet from cultured cortical precursor cells (20, "cort.

progenitors"), but a very faint signal was observed at that position with nuclear extract

from more mature neuronal cultures (20, "cort. neurons").

Complex uC-prime" was formed with the RBP-Jk probe and neural tissue extract (20,

"adult brain", {,'EIO", lanes 8 and 9 respectively). In addition, complex "i-prime", fonned

with in vitro translated RBP-Jk and the RBP-Jk probe, co.migrated with complex "C

prime" (20, {,'IVT CBF-I", Jane 12). A co-migrating complex was observed in nuclear

extract from cultured cortical precursor cells (20, "cort. progenitors" lane 10), and a less

intense signal was ohserved in the same position with nuclear extract from more mature

cultures (20, "cort neurons" lane Il).

P= free probe
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• Figure 21: Anti-RBP-Jk Antibody Sbifts EI3.S NRE-Binding Complex

Oligonucleotides identical in sequence to the NRE region of the TaI promoter and the

RBP-Jk consensus region of the adenovirus plXgene were end-Iabeled with 32p and used

as probes.

The NRE-binding complex "cn was fonned with EI3.S nucJear extract (2 la, c, lanes 2

and 2). The formation ofthis complex was antagonized by pre-incubation with 100-fold

molar excess of unlabeled NRE or RBP-Jk consensus sequence oligonucJeotide, but not

with 300 fold molar excess unlabeled mutated NRE oligonucleotide (21a, Janes 3-5).

Complex "c" was shifted (C shift) as a result of pre-incubation ofE13.5 nuclear extract

with anti-RBP-Jk antibody, prior to inclusion of the NRE probe (2Ic, Jane 3). Pre

incubation with control serum did not shift complex "c" (2Ic, Jane 4).

• Similarly, the RBP-Jk consensus sequence binding complex "C..prime" formed with

E13.5 nuclear extract (21a, Jane 7; 21 b, lane 1). The formation of this complex was

partially antagonized by pre-incubation with 100..fold molar excess ofunlaheled NRE

oJigonucleotide, completely antagonized by 100 fold molac excess RBP-Jk consensus

sequence oligonucleotide, but not with 300 fold molar excess unlabeled mutated NRE

oligonucleotide (21 a, lanes 8-10; 21 b, lanes 2-4). Complex "C..primen was simiJarly

shifted (C-prime shift) as a result of pre-incubation ofE13.5 nuclear extract with anti

RBP-Jk antibody, prior to inclusion ofthe RBP-Jk probe (21c, lane 7). Pre-incubation

with control serum did not shift complex "c" (2Ic, lane 8).

(rabbit ployclonal IgO anti-RBP-Jk·GST serum kindly provided by Dr. J. Coligan,

Bethesda, Shirakata et al 1996).
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Figure 22: ln )/it,o Translated RBP-JkINRE Complex Co-Mignates

witb EI3.S NRE-Binding Complex and is Similarly Supenbifted by

Anti-RBP-Jk Antibody

ln vitro translation of RBP-Jk was carried out using 3SS labeled methionine to check

production ofthe protein product. A portion ofthe in vitro translation reaction was run

on a denaturing SOS-containing polyacrylamide gel (22a), revealing a single major

synthesis product at ....52kD, the molecular weight ofRBP-Jk (Shirakata et al 1996).

Oligonucleotides identical in sequence to the NRE region of the TaI promoter and the

RBP-Jk consensus region ofthe adenovirus plXgene were end-Iabeled with 32p and used

as probes. The NRE-binding complex "r' formed with in vitro translated RBP-Jk (22b,

lane 1; 22c, lane 2). The fonnation ofcomplex "T' was antagonized by 100-fold molar

excess of unlabeled NRE or RBP-Jk consensus sequence oligonucleotide, but not a 300

fold molar excess of mutated NRE oligonucleotide. The complex did not form with the

product ofa luciferase cDNA charged in vitro translation reaction (22b, lane 5).

Complex "l" was shifted by pre-incubation of in vitro translated RBP-Jk with anti-RBP

Jk antibody, prior to inclusion of the NRE probe (22c, lane 3).

The NRE-binding complex "c" was formed with E13.5 nuclear extract (22e, lane 6) and

co-migrated with compJex "i". Complex "c'" was shifted by pre-incubation ofEl3.5

nuclear extraet with anti-RBP-Jk antibody, prior to inclusion of the NRE probe (22e, Jane

7). Neither eomplex ~~i" Dor complex "e" were shifted by pre-incubation with control

serum.
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• Figure 23: ln Vitro Translated REST does not Bind the NRE

In vitro translation ofREST was carried out using 3SS labeled methionine to check

production of the protein product A portion of the in vitro translation reaetion was run

on a denaturing SDS-containing polyacrylamide gel (23a), revealing 2 major synthesis

products. The heavier product ran at 116kD, the molecular weight of REST (Chong et al

(995). The identity ofthe second product is unknown, but may he a major REST

breakdown produet.

Oligonucleotides identical in sequence to the NRE region of the TaI promoter and the

REST consensus region (NRSE) ofthe rat type II sodium channel gene (RE1) were end

Jabeled with 32p and used as probes. The product of the REST cDNA charged in vitro

translation reaction formed a complex with the RE1 probe (23b, lane 10, arrow). The

formation ofthis complex was antagonized by IOO-fold molar excess unlabeled REl

oligonucleotide, but not by 300 rold molar excess ofNRE Dor RBP·Jk consensus

• sequence oligonucJeotides. In addition, this complex was not formed with the product of

a luciferase cDNA charged in vitro translation reactioD (23b, lane 6).

The REST cDNA charged in vitro translation reaction product did not fonn a unique

complex with the NRE probe (22b, Jane 5).

The sequence ofthe RE1probe was as follows:

GGGTTTCAGAACCACGGACAGCACCAG

(Rest cDNA and type II sodium channel genomic sequence were kindly provided by Dr.

G Mandel, New York, Chong et al (996)
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Discussion

(i) The Rat TaI Gene Provides a Tooi for StudyÎng Neuronal

Dift'erentiatioD Mecbanisms

During development, control over the timing, location and extent of neuronal

differentiation is critical for the coordinated assembly ofthe integrated nervous system.

The rat TaI a-tubulin gene promoter has been used to examine intrinsic genetic

mechanisms regulating neuronal differentiation in the nervous system.

The rat TaI gene encodes an isofonn ofa-tubulin and is expressed in a neuron-specifie

and PaO-neuronal manner. The expression ofthis neuron-specific isofonn of a-tubulin

appears to he regulated as a function ofneuronal growth. TaI is expressed at high leveJs

during neuronal growth, when mierotubules composed ofa-tubulin and p-tubulin are

extended, and is expressed at low Ievels after neurite extension ceases (Miller et al 1987).

Ta) is therefore highly expressed in the developing nervous system, and downregulated

in neurons of the mature nervous system (Miller et al 1987). In the peripheral nervous

system, induction of Ta) expression in mature neurons cao he triggered by axotomy,

with expression remaining high, as in developing neurons, until neOOte outgrowth

(regeneration) ceases following target contact (Miller et al 1989). TaI mRNA production

cao also he stimulated in mature neurons of the CNS with axotomy, where it remains at a

high level for some time despite the Jaek of neOOte regrowth in these cells (Tetzlaffet al

1991).

The TaI expression pattern is regulated at the transcriptionallevel (Miller et al 1991),

and 1100-nucleotides of the gene's immediately upstream sequence is sufficient to direct

expression ofa reporter gene in a very similar manner in transgenic mice (Gloster et al

1994; Barnji and Miller 1996; Gloster et al 1999). Using a modified /acZ reponer gene

(n/acZ) engineered to produce an isoform of (i-galactosidase that is translocated to the

nucleus, we have previously demonstrated that the 1100-nucleotide TaI gene fragment
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directs a neuron-specific and pan-neuronal pattern ofexpression (Gloster et al 1994;

Bamji and Miller 1996; Gloster et al (999). Moreover, this llOO-nucleotide sequence

regulates expression as a function ofneuronal growth (Bamji and Miller 1996; Wu et al

1997; Gloster et al 1999).

Further examination in vitro and in vivo bas revealed that the IlOO-nucleotide Tai gene

fragment induces expression soon after the tirst signs of neuronal differentiation cao he

deteeted (Gloster et al 1999). Though IJ-gal activity tirst appears in different neuronal

populations at different times in Tai-nlacZ transgenic mice, in the neuronal populations

examine<L the tirst appearance of ~gal activity coincides with or immediately follows

the commencement ofcell cycle exit and early neuronal gene expression (Gloster et al

1999). In additio~ cortical precursor cells cultured from Tal-nlacZ transgenic mice do

not express p-gal initially, but begin to express it coincident with or immediately

following the commencement of cell cycle exit and the induction of the early neuronal

gene fJ-ll/ tubulin (Gloster et al 1999). These results suggest that Tai expression is

tightly controlled by transcriptional mechanisms, and that TaI is expressed at a specifie

and early stage in the process ofneuronal differentiation.

This early neuron-specific and pan-neuronal expression cao he directed by an 1100

nucleotide fragment of the Tai gene, suggesting the sequence might reveal

transcriptional mechanisms regulating neuronal differentiation.

(ii) The NRE may Regulate the Timing of Neuronal Differentiation

The 1100-nucleotide promoter of the Tai gene contains POtentiai binding sites for

several previously described transcription factors (Gloster et al 1994). In addition, some

ofthe rat gene's promoter sequence has apparendy been conserved and is found in the

goldfish ortholog a-1 a-tubulin (Hieber et al 1998). Of particular interest is a region that

has been conserved and is found in other neural genes. The sequence CTCCCAGGTG is
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• found in several neural genes, where it occurs either alone or at the core of the previously

described 24-nucleotide "neuronal restriction silencing element" (NRSE) (Schoenherr et

al 1996). The NRSE, including the core 10-nucleotide sequence, bas also been conserved

in several ofthese neural genes. The TaI gene does not contain the full NRSE sequence,

and is not unique among neuronal genes in this respect, suggesting that the NRSE May

contain a smaller and separable sub-element tbat is also conserved.

<a) A 66-Nucleotide Deletion Leads to Potentially Precocious Tai Promoter Aetivity

in the Developing CNS and PNS

The tirst appearance of~gal activity in a number ofCNS and PNS populations was

similar in both tiNRE-nJacZ and Tal-nJacZ transgenic mice. One exception was the

dorsal root ganglia, in which ~-gal activity was detected precociously al EIO.O in MlRE

nlacZ line 23. This was 12 hours before activity was flfSl detected in DRG's in MlRE-

• nJacZ line 9 and Tal-nlacZ lines K6 and QS4. Apart from this, quantitative difTerences in

~-gal activity were seen within neuronal populations. Greater numbers ofceUs appeared

to express p-gal in dNRE-n/acZ line 23 than in line 9 or Tal-n/acZ line K6 between

E9.S-EIO.S. This was observed throughout the develoJ:.i.:.g spinal cor~ hindbrain and

midbrain, as weil as in the developing trigeminal, geniculate, petrosal, and nodose

ganglia. These results suggested that on a cellular basis the onset of t!NRE-nlacZ

expression in line 23 May have preceded tiNRE-nJacZ induction in line 9 and Tal-n/ael

induction in lines QS4 and K6. Altematively, p-gal May have been expressed in a similar

number ofceUs in alllines, but al a higher level in line 23. The level ofexpression in

sorne cells in ANRE-nlacZ line 9 and in Tal-nlacZ lines K6 and QS4 couId have been

below the threshold for deteetion of p-gal activity, and a greater average cellular level of

expression in line 23 May have rendered a greater number of lacZ expressing ceUs

positive for ~·gal activity.
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M/RE-nlacZ line 9 displayed a pattern ofexpression similar to that of two previously

characterized Tal-n/acZ lines at E9.5. The distinct expression pattern of fine 23 therefore

appeared to he a consequence of its incorporation site in the genome7 a phenomenon that

bas been previously observed (Jaenisch et al 1981, Harbers et al 1981, Palmiter and

Brioster 1986, AI-Shaï et al 1990, Pravteheva et al 1994, Mercer et al 1991). However,

the induction of Tai-nlacZ appeared to he tightly controlled and to coincide with the

commencement of terminal mitosis and the induction ofearly neuronal gene expression

in two Iines of Tal-nlacZtransgene mice. At E9.S, aetivity in both ofthese lines was

very low, but the location of Il-gal positive cells and the timing of their appearance was

consistent. ln addition, the level ofexpression in ANRE-n/acZ line 23 was generally

lower than that of Tai-nlacZ line K6 over time, suggesting the precocious Il-gal activity

in line 23 was not a consequence ofhigher reporter gene expression generally. An

alternative explanation is that the p-gal activity in ANRE-nlacZ line 23 was a result of

transgene disinhibitio~ and that the reporter gene was then expressed in neural precursor

cells and/or immature neurons that would not yet express Tal-nlacZ. The disinhibition

may have taken place in ANRE-nJacZ line 9 but may have been masked by a low level of

expression influenced by genomic location of the transgene. The f3-gal expression level

in MlRE-n/acZ line 9, the line which did not display precocious reporter gene expression,

appeared to he generally lower than that of Tal-nlacZ line K6 and MlRE-n/acZ line 23

overtime.

(b) A 66-Nucleotide Deletion Leads to Precocious Tal Promoter Activity in

Cultured Cortical Precunor Cells

Neural precursor cells were cultured ftom transgenic embryos to monitor promoter

activity as cells underwent terminal mitosis and began to express early neuronal genes in

vitro. In neural precursor cell cultures, Tal-nlacZ induction appeared to follow the

expression of fJ-III tuhulin, while !JNRE-nlacZ induction preceded f3-IIIluhu/in

expression in at least some cells. Beta-galactosidase and p-III tubulin were co-localized
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• in more mature cultures from both TaI -n/acZ and J1NRE-n/acZ embryos in which

neuronal ditTerentiation had progressed (Gloster et al 1999, data not shown). Combined

with previous analyses that demonstrated ~-III tubulin was a very early neuronal Marker

and that most precursor cells were dividing during the tirst day in vitro (Gloster et al

1999, Slack et al 1998), these results suggest that MiRE-n/acZ was induced in neural

precursor ceUs and/or immature Deurons in line 23. These results are in agreement with

those from embryo analysis which suggest the pattern of p-gal activity in line 23 embryos

from E9.S to EI0.S MaY have been due in part to expression in neural precursor cells

and/or immature neurons prior to TaI -n/acZ expression.

(c) A 66-Nucleotide DeletiOD Leads to Potentially Precocious TaI Promoter Activity

ln Adult Neural Precunor CeIls

Setween E9.S and EIO.S, ~-gal activity was more extensive in tiNRE-n/acZ line 23 than

• in MlRE-nlacZ line 9 and Tal-n/acZ lines K6 and QS4. To detennine ifthis reflected a

quantitative ditTerence due to a greater level of fJ-ga/ expression in MlRE-nlacZ line 23

or a qualitative difference due to precocious induction of IiNRE-n/acZ in line 23 in neural

precursor cells and/or immature neurons, transgene expression was examined in the adult

brain. Specifically, we examined a region of the adult brain where neural preeursor cells

reside but that is devoid ofneurons, namely the ependymallayer surrounding the lateral

ventricles. Neural Hstem cells' have been isolated from the ependymallayer surrounding

the laterai ventricles of the adult rat brain (Johansson et al 1999). Though not ail

ependymallayer cells surrounding the lateral ventricle are neural precursor cells,

differentiated neurons do not reside in the ependymallayer. Beta-galactosidase activity

was present in ependymal cells in tJNRE-nlacZ lines 23 and 9, but absent in such ceUs in

Tal-n/acZ line K6 despite a higher level ofexpression throughout the adult cortex

generally. This suggested that neural precursor cells May have expressed t1NRE-nlacZ but

not TaI -n/acZ. Further, p-gaJ activity was aJso observed in similar ependymallayer cells
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in M'RE-n/acZ adult mice, suggesting the 66-nucleotide deletion common 10 .1NRE and

M'RE promoters was responsible for the change in fJ-gal activity.

The expression of&/RE-n/acZ in putative neural precursor cells of the adult brain in

both ANRE-nlacZ transgenic mouse lines contrasts with its expression during

development, where putative precocious expression was observed only in line 23. The

results of adult brain analysis suggest the difference between MlRE-n/acZ lines 23 and 9

from E9.5 to EIO.S may have been due to a low level ofexpression by line 9. Thus,

disinhibition from E9.S to EIO.5 May have occurred in both dNRE-n/acZ lines as a

consequence ofthe 66-nucleotide promoter deletion. This disinhibition May have

pennitted precocious reporter gene expression, as observed in line 23. However the early

level ofexpression May have been influenced by the genomic location of the transgene,

and such positional influence May have inhibited (or not activated) precocious expression

in line 9. We cannot rule out the possibility that inhibition in neural precursor cells

residing in the adult nervous system May he govemed differently than inhibition in neural

precursor ceUs residing in the embryonic nervous system, and May therefore he

molecularly distinguishable. Such a distinction may have been reflected by the expression

patterns in MYRE-n/acZ line 9.

Interestingly, ~gal activity was also consistently observed in ependymallayer cells

surrounding the third ventricle in l1NRE-nlacZ mice, though such activity was absent in

TaJ-nlacZ line K6. The presence of"stem cells" in the ependymallayer in this region of

the adult brain was not previously reponed, but may he indicated by the expression of p
gal in .1NRE-nlacZand MRE-nlacZ transgenic mice.
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• (d) The NRE is bnplicated in the Timing of TallDdudioD and Neuronal

DifferentiatioD

Deletion analysis suggested that the 66-nucleotide TaI sequence housed a repressive

element(s) that was required ta prevent precocious neuronal gene expression within the

neural lineage. Based on the conservation ofthe NRE, its potential function as a repressor

in the goldfish Q-1 a-tubulin gene (RieheT et al (998), and the finding that mutation of

the NRE in the context of the LI promoter led to precocious activity in neural precursor

ceUs in transgenic mice (Kallunki et al 1997), we propose that the NRE mediates the

repressive activity ascribed to the 66-nucleotide sequence. Since the NRE is found in a

number of neural genes (Schoenherr et al 1996; figure 1) we further suggest that the

NRE...mediated mechanism may he involved in the timing ofneuronal differentiation.

The repression ofprecocious neuronal gene expression is not a new activity, but the

proposed NRE...mediated mechanism is novel. Moreover, none of the previously

• described mechanisms appear to he responsible for the activity ascribed to the 66

nucleotide TaI sequence. A GC-rich sequence in the Hes5 gene has been purported to he

a repressor of precocious neuronal gene expression based on culture experiments with a

neural cellline (Takebayashi et al (995). The in vivo relevance, the binding proteins

responsible, and the applicablility of this mechanism to other neuronal genes are ail

unknown. The GAP-43 gene, which encodes a developmentally regulated protein that is

enriched in developing neurites, contains a unique regulatory sequence (SNOG element)

that is required for repression in non...neural cell lines (Weber and Skeene 1997). The

physiological signiticance of this in vitro activity and the binding proteins responsible are

also unknown. The NRSE has also been proposed ta act as an inhibitor of precocious

neural gene expression during development. This is based on several factors. First~ an

NRSE-binding factor, named REST, has been detected in the nervous system prior to

widespread neuronal ditTerentiation (Chong et al 1995; Schoenherr and Anderson 1995).

Second, REST is capable ofdirectly repressing neuronal gene expression in an NRSE

dependent manner in vitro (Chong et al 1995) Third~ Many neuronal genes contain the

• NRSE, and in some of these the sequence bas been evolutionarily conserved (Schoenherr
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et al 1996). Fourth, these NRSE.containing neuronal genes do not appear to he expressed

in neural precursor cells (Schoenherr et al, references therein). Fifth and finally, mutation

ofthe NRSE in the neural LI gene promoter led to precocious promoter aetivity in

transgenic mice (Kallunki et al 19Ç7). However disruption ofthe REST gene in

transgenic mice did not lead to precocious expression ofthe LI gene nor other neuronal

genes, including those known to contain the NRSE (Chen et al 1998), leaving the factor

responsible for Ll-NRSE function unidentified. In addition, we have shown tbat REST

does not bind the NRE in vitro, suggesting it is not responsible for the NRE's activity in

vivo.

Though not conclusive, the results presented in this report suggest the NRE may function

within the neurallineage to repress precocious neuronal gene expression, providing a

prospective mechanism for regulating the timing ofneuronal differentiation. Such a

mechanism would make neuronal differentiation, to some extent, a process of

disinhibition, as neural induction bas been found to he.

(iii) ANRE and AFRE Deletions Decrease Neocortical Activity of the

Tal Promoter

Deletion ofa 66-nucleotide segment and an engulfing 184-nucleotide segment of the TaI

promoter consistently led to a loss ofactivity specifically in the neocortex. In addition,

preliminary results suggested that a 30-nucleotide sequence in the 118 nucleotides unique

to the 184-nucleotide deletion al50 contributed to the neocortical activity of the Tai

promoter (F.D. Miller,unpublished observations). Together, these results suggest a model

for Tai promoter activity regulation in the neocortex.

The full 184-nucleotide sequence May constitute a bipartite neocortex-specific

transcriptional activation module, with one component contributed by the 66·nulceotide

segment, and another contributed by the remaining 118-nucleotide (possibly the 30

nucleotide sequence). In this model, each component interacts with a regulatory factor,
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but the two display synergy with respect to Tal promoter activation. This synergy May

occur at the level ofDNA-binding, transcriptional activatio~ or bath. Either factor alone

produces only a low level of promoter activation in the neocortex, while the absence of

bath factors causes a near loss ofactivation in this region.

Consensus sequences within the 184-nucleotide sequence suggest possible mechanisms

for such regulation. Emxl and Emx2 (Simeone et al 1992) are orthologs of the Drosophila

gene empty spiracles (Cohen and Jurgens 1990; Waldorfand Gehring 1992) that is

required for development of the anterior nervous system in Drosophila. Emx1 and Em.x2

are expressed throughout the developing neocortex and are required for its development

(Boncinelli et al 1993; Femandez et al 1998; Sîmeone et al 1992a; Simeone et al 1992b;

Qiu et al 1996; Pellegrini et al 1996). These factors May interact with the 30-nucleotide

sequence, interact with factors binding the 66-nucleotide segment, and synergistically

activate transcription in neocortical neurons. It is interesting to note that homeodomain

containing transcription factors have been found to associate with other transcription

factors, including bHLH factors capable ofbinding E-boxes, such as the one located in

the 66-nucleotide segment (Johnson et al 1997; Barbarie et al 1996). Whether Emxl and

Emx2 share these properties is unknown.

The regulation ofa pan-neuronal gene might he expected to depend uPOn a mechanism of

induction common to ail neurons. That pan-neuronal expression May he the sum of

neocortical and non-neocortical mechanisms of regulation is somewhat surprising. It

appears that induction of the pan-neuronal gene TaI May not follow directly as a

consequence ofcell type, but May depend on cell subtype or spatial aspects as weil. It is

interesting that regulation in the neocortex involves a distinct mechanism. Developmcnt

of the anterior nervous system in Drosophila has been reported to involve regulatory

mechanisms distinct from those involved in segmentation and development in the rest of

the nervous system (Hirth and Reichert 1999). These specific mechanisms involve a

number ofsPatially restricted homeodomain transcription factors. The same appears ta he

true ofmice, where homologs of these transcription factors have been identified and are

restricted to subdomains of the developing anterior nervous system. These transcription
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factors, Many of which are essential for development ofthe telencephalo~ May regulate

TaI promoter activity in neurons ofthe telencephalon. Why neocortical neurons are

selectively sensitive ta the promoter deletions descnbed is unknown, but May have to do

with the restricted expression ofactivating factors within the telencephalon (such as the

emx genes), and distinct mechanisms ofTa1 gene induction.

Regardless of mechanism, deletion analysis suggested Ta1 promoter activity is

differentially regulated in ditTerent neuronal subtypes and is not induced by a mechanism

common to ail tyPes ofneurons. Whether the promoter activity is further divisible, or

whether this division is unique to the neocortex is unknown.

(iv) RBP-JkISu(B) is an NRE-Binding Factor

<8> RBP-JklSu(H) Riads the NRE ln Vitro

A number ofcomplexes were forrned between the TaI NRE sequence and protein

extracts containing the nuclear contents of neural precursor cells, immature neurons, and

mature neurons. Ifco-migration reflects common complexes in ditTerent extracts, then

sorne of these complexes were enriched in nervous tissue and were developmentally

regulated.

The 10-nucleotide NRE sequence at the core of the 30-nucleotide NRE probe resembled

the Su(H)/RBP-Jk consensus sequence. We used a portion of the adenovirus plXgene, a

natural target ofRBP-~ as a probe for RBP-Jk binding activity in extracts. The NRE

probe and the RBP-Jk probe were similar only in the core NRE sequence and the RBP·Jk

consensus sequence, respectively. Outside of these sequences, the two probes were

unrelated.

Sorne ofthe NRE complexes co-migrated with those fonning with the RBP-Jk probe.

Three of these NRE complexes were enriched in neural tissue. One of these three
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complexes, namely complex "C", was present in embryonic tissue, diminished in the

postnatal brain, and highly abundant in the adult brain. This pattern countered the profile

of TaI-nlacZ and endogenous TaI gene expression, which were absent in neural

precursors, high in newbom differentiating Deurons, and low in mature adult neurons.

This pattern suggested that the complex may have been involved in repression of TaI

promoter aetivity.

Complex "C", fonned between EI3.S extract and the NRE probe, co-migrated with

complex "C-prime", formed between E13.5 extraet and the RBP-Jk probe. Cross

competition assays demonstrated that the RBP-Jk consensus sequence could compete

with the NRE probe for complex "C", and that the NRE sequence could compete with the

RBP-Jk probe for complex "C-prime". The NRE sequence was a less effective

competitor, but competed in a sequence-specific manner. Thus it appeared that

complexes "e" and "C-prime" might have been the same complexes with different

affinities for the RBP-Jk and NRE sequences.

ln vitro translated RBP-Jk protein hound the NRE and RBP-Jk probes, fonning

complexes that co-migrated with "e" and "C-prirne" respectively. The E13.S nuclear

extract NRE probe complex "c" and the co-migrating IVT-RBP-Jk NRE complex "1"

were shifted in parallel on the same gel to the same position with an anti-RBP-Jk

antibody. This antibody a1so shifted the E13.5 nuclear extract RBP-Jk probe complex "C

prime", which co-migrated with complexes "C", "i" and "i-prime". The NRE sequence at

the core of the NRE probe resembled the RBP-Jk consensus sequence and was necessary

for the formation ofcomplex "C". Further, mutations in this region rendered the

oligonucleotide incapable ofcompeting with RBP-Jk probe for complex "C-prime".

These results suggest that complex "e", from embryonic extract, contained RBP-Jk or an

immunlogically related molecule capable ofbinding bath the NRE and RBP-Jk probes

dependent on the core NREIRBP-Jk consensus sequence, and capable of fonning a

complex with each probe similar in size to that fonned by IVT-RBP-Jk alone. The
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simplest explanation is that the NRE complex "c" and the RBP-Jk complex "C-prime"

were in fact RBP-Jk bound to the respective probes.

The distribution ofcomplexes "C" and "C-prime" does not immediately conform to this

proposaI. Complex "C-prime~' was detected in liver extract, while complex "c" was not.

If these complexes are fonned by the same protein, why does the complex fonn with the

RBP-Jk probe but not the NRE probe? It should first he notOO that the anti-RBP-Jk

supershifts were perfonned with E13.5 nuclear extraet alone~ leaving the possibility that

the complexes co-migrating with "c" and "C-prime" in liver extract do not contain RBP

ft and are distinct. If tbis is the case, the comparison is moot. Altematively, the liver

complexes may contain RBP-Jk. The differential selectivity ofdistinct DNA sequences

for RBP-Jk binding activity in specifie tissues has been described previously (Shirakata et

al, 1996). A sequence in the major hislocompalabi/ity gene la (MHe la) binds RBP-Jk-in

nuclear extract from the thymus, but not with extraets from other tissues despite the

ubiquitous expression of RBP-Jk and the ability to fonn complexes with other RBP-Jk

sequences. There May be a unique isofonn ofRBP..Jk or unique RBP-Jk complex in

thymic tissue that is selectively capable of binding this MHe c1ass la sequence.

Altematively, sequences elsewhere in the MHC class la gene segment used May confer

this specificity through interactions with other ditTerentially distributed proteins that

affect RBP·Jk binding directly or indirectly. Similarly~ the NRE sequence in the TaI

promoter could represent an RBP-Jk binding sequence selective for a neural-specifie

isoform or molecular complex of RBP-Jk, or one that confers specificity by virtue of its

sequence and association with other factors that affect RBP-Jk binding. Such selectivity

may explain the lack ofcomplex "c" formation by liver extract, despite the abundance of

complex "C-prime" and the presence of RBP-Jk protein in the tissue.

In addition to the ditTerence between complex "e" and "C-prime" abundance in liver, the

developmental distribution ofcomplexes 6'C" and "C-prime" was also distinct. Complex

"C" appeared to increase in the adult brain, while complex "C-prime" appeared to

decrease progressively from Et0 to adulthood. Again it is possible that the complexes co

migrating with "e" and "C-prime" in adult brain extract do not contain RBP-Jk and are

212



•

•

•

distinct. If this is the case, the comparison is moot A Iternatively, the adult complexes

may contain RBP-Jk. In this case, just as the interactions between ditTerent DNA

sequences and RBP-Jk species from different tissues May vary inconsistently, the

interactions between different DNA sequences and RBP-Jk species from the same tissue

(neural) al different rimes could conceivably vary inconsistently.

The NRE complex "c" appeared 10 be less abundant in E13.5 extraet than RBP-Jk

complex ~~C-prime". This suggested the presumed common complex, containing RBP-Jk,

had a higher affinity for the RNP-Jk probe than the NRE-probe. Such a relationship was

supported by the findings with IVT-RBP-Jk, which appeared to have a lower affinity for

the NRE probe than the RBP-Jk probe. [n addition, the NRE probe sequence was found

to he a worse competitor for the presumed common complex than the RBP-Jk probe

sequence. It is interesting to note that in the supershift experiments in which anti-RBP-Jk

antibody was incubated with extract and NRE probe, the shifted complex appeared to he

more stable than the original complexe That is the shifted complex appeared to be more

abundant than the original complex "C". The same phenomenon was observed with IVT

RBP-Jk. ln vitro translated RBP-Jk bound the NRE probe with a lower affinity than the

RBP-Jk probe, and in supershift assays, the shifted complex was more abundant than the

original complex '~i". This suggested that the anti-RBP-Jk antibody stabilized the binding

ofendogenous RBP-Jk as weil as in vitro translated RBP-Jk to the NRE sequence. The

NRE thus appeared to he a relatively low affinity RBP-Jk binding site, susceptible to

stabilization by protein association.

The low affinity RBP-Jk/NRE interaction normally observed May have been an artifact of

our system and May not normally accur in vivo. The binding ofRBP-Jk to the NRE may

nonnally he stabilized by factors binding outside of the NRE segment, or by DNA

conformations induced by outlying TaI gene sequence. Alternatively, the TaI NRE May

truly constitute a relatively lowaffinity site that is selective for an RBP-Jk-containing

complex in neural extracts. This selectivity may he based on unique isoforms and/or

associations ofneural RBP-Jk, or on the ditTerential distribution ofauxillary factors and

their interaction with the NRE probe sequence. What fonn might these unique RBP-Jk

213



•

•

complexes take and how might they differ between tissues and over time? The co

migration ofcomplex 'IOC", between E13.5 extract and NRE probe, and complex 'IOr',

between IVT-RBP-Jk and NRE probe, as weil as their parallel shifts with antï-RBP-Jk

antibody, suggests that RBP-Jk is alone in the complex., and not part ofa larger protein

conglomerate. RBP-Jk protein may he modified direcdy in such a manner that its

mobility in EMSA's does not change. RBP-Jk May also associate transiently with a

developmentally regulated and tissue specific factor that does not remain with RBP-Jk as

it binds DNA, but alters its affinity for different sequences selectively. A factor MaY in

fact he associated with RBP-Jk in sorne extracts, but not alter the overall migration of the

complex due to other changes in conformation. It is also possible that additional proteins

bind the NRE and RBP-Jk probe sequences precluding or POtentiating RBP-Jk complex

formation in a differential manner. These would presumably not be present in the IVT

RBP-Jk preparation. The co-migration ofcomplexes "C", 'lOC-prime", 'lOi" and ui-prime'~

indicates that such a scheme would have to occur via competitive binding ofanother

factor or a transient interaction.

(b) Potential Relevanee of the NREIRBP-Jk Interaction

RBP-Jk is a sequence-specific DNA binding protein that possesses intrinsic

transcriptionally repressive activity (Henkel et al 1994; Hsieh and Hayward 1995; Dou et

al 1994). It has been evolutionarily conserved (Matsunami et al 1989; Furukawa et al

199 t), as bas the signal transduction cascade to which it belongs, namely the Notch

signaling pathway (Janiault et al 1995; Jarriault et al 1998). In Drosophila, the Notch

pathway and RBP-JklSu(H) are involved in the segregation of neuroblasts from

epidermoblasts in the initial stages of neural development, and are later involved in

lateral specification events between at least sorne sibling neural cells that affects their

acquisition ofneuronal or non-neuronal fates (reviewed in Artavanis Tsakonas et al 1998;

Greenwald t998). During neuroblast segregation, RBP-Jk/Su(H) relays the Notch signal

and negatively regulates the formation of neuroblasts in a œil inbinsic manner.

• Following neuroblast formation, RBP-Jk/Su(H) presumably relays the Notch signal,
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again in cell intrinsic manner, to inhibit neuronal formation. Thus the Notch pathway and

RBP-Jk/Su(H) seem to Mediate binary decisions between alternative œil fates.

In mammals, the molecular components of the Notch pathway have been conserved, as

bas the integrily ofthe signaling cascade (Jarriault et al 1995; Janialut et al 1998). The

mammalian Notch pathway appears to Mediate binary decisions as it does in Drosophila,

however the decisions seem to he different. In the mammalian nervous system, the Notch

pathway appears to govem whether or not a neuronal precursor ditTerentiates, rather than

whether a cell becomes neural, which bas already been decided by this stage (Green

1994). In particular, disruption ofthe RBP-Jk!Su(H) gene in transgenic mice led to

precocious neuronal differentiation and gene expression (de la Pompa et al 1997),

suggesting the transcription factor normally represses neuronal gene expression and

differentiation in neural precursor cells.

The results presented in this report suggest RBP-Jk/Su(H) May normally repress neuronal

differentiation through the direct repression ofneuronal genes. The NRE may link RBP

Jk/Su(H) directly to these neuronal genes and place them under the control of the Notch

pathway. In addition, the Notch pathway has been proposed to repress neOOte outgrowth

in mature neurons of the adult nervous system (Sestan et al 1999), as weil as to repress

neuronal difTerentiation in the developing nervous system (Nye et al 1994; Lardelli et al

1996). The NRE May provide a mechanism for repressing growth associated neuronal

genes. Among the best characterized growth associated neuronal genes are Ta}

(reviewed in Miller et al 1996) and GAP-43 (Strittmatter et al 1992; 1995), bath ofwhich

contain the NRE and are tightly coupled to neurite growth. The Notch pathway May

negatively regulate neurite outgrowth through the direct repression of growth associated

neuronal genes via an interaction between the NRE and RBP-Jk/Su(H).

However, not ail neuronal genes containing the NRE are growth associated, as their

patterns ofexpression differ. Though mature neurons diminish their growth, they

presumably do not de-ditTerentiate and stop expressing NRE-containing neuronal genes

that are the hallmarks ofthe neuronal phenotype. Just as sequence differences between
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these neuronal genes may distinguish their dynamie behaviours, so might these sequences

distinguish their responsiveness to Notch signaling and RBP...Jk/Su(H) activity

differentially in different contexts. This report describes RBP-Jk/Su(H) DNA binding

sequences that May interact with RBP...Jk/Su(H) eontaining complexes differently in

different tissues despite the ubiquitous expression ofRBP-lliSu(H). Such a phenomenon

has also been described previously (Shirakata et al 1996). Specifie sequences May make

the NRE's of growth associated genes responsive to an RBP-Jk/Su(H)-mediated Notch

signal in adult neurons, and such regulation May underlie the inhibition ofgrowth.

Specifie sequences May make NRE's ofneuronal genes not associated with growth non

responsive to the signal in the eontext ofadult neurons. Both groups ofgenes May he

responsive 10 an RBP-Jk/Su(H)-mediated Notch signal in neural precursors and immature

neurons that represses precocious expression.

The mechanism by which RBP...Jk/Su(H) May Mediate NRE activity is unclear and May

or May not involve the Noteh pathway. The Noteh intracellular domain is thought to

aetivate transcription in association with RBP-Jk/Su(H) (Hsieh et al 1996). However

RBP-Jk possesses intrinsic transcriptionally repressive activity (Hsieh et al 1996; Henkel

et al 1994; Hsieh and Hayward 1995). In gel shift assays, il appeared that RBP-Jk bound

the NRE alone, as a complex fonned by in vitro translated RBP-lliSu(H) protein co

migrated with one formed by embryonic and adult brain nuclear extract. Whether a

Notch... RBP-Jk/Su(H) complex bound the NRE is unknown. In addition, the ability of

RBP-Jk/Su(H) to regulate TaI promoter aetivity in an NRE-dependent manner has not

been demonstrated.

If the NRE exerts transcriptionally repressive activity on other neuronal genes, as

suggested by manipulation in the context of the LI (Kallunki et al 1997), it might suggest

that neuronal differentiation, like neural induction (Green 1994), involves a derepressive

mechanism. The loss of pre-existing neuronal gene repression in precursors could

contribute to the timing of neuronal gene induction and neuronal differentiation. This

mechanism might involve the Noteh pathway and/or RBP-Jk/Su(H), though whether

RBP-Jk/Su(H) can bind the NRE sequences ofother neuronal genes is unknown.
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According to tbis theory, both negative and positive factors would detennine the timing

of neuronal gene induction and neuronal differentiation. A number of studies have

manipulated the timing ofditTerentiation with gross morphological (and usually lethal)

consequences. Development of the Drosophila eye involves bath positive and negative

regulators of neuronal ditferentiation (Brown et al 1992; Brown et al 1994). These factors

work coordinately to control the timing ofditTerentiation in a constellation of precursor

cells. During Drosophila eye development, precursor cells proliferate, migrate and

differentiate in a coordinated and stereotypical manner. The initial eye disc is a thin

epithelial sheet ofprecursor cells. CeUs differentiate successively from posterior to

anterior, with ail the ceUs at a given AIP position across the surface of the dise

synchronized in their ditTerentiation. The result is a wave front ofdifferentiation called

the morphogenetic furrow, which progresses across the eye leaving ditTerentiated cells

behind it while unditTerentiated cells lie anteriorly and await its arrivai. Neuronal

differentiation in the developing eye is dependent on the positively acting bHLH

transcription factor atonal. Loss ofatonal function leads to a loss ofneurons in the eye,

while overexpression leads to the formation ofsupernumerary neurons (Jarman et al

1994). As previously described, the activity ofatonal is antagonized by the bHLH factor

encoded by hairy and the HLH factor encoded by emc (Brown et al 1994).

Overexpression ofeach of these genes inhibits neuronal formation while loss ofboth

genes leads to precocious neuronal ditTerentiation coincident with precocious atonal

expression ahead ofthe morphogenetic furrow (Brown et al 1994). Triggering such

precocious neuronal ditTerentiation results in gross morphological abnonnalities in the

eye, revealing LhaL coordinated ditTerentiation is critical for formation of the tissue.

A similar situation May exist in the developing mammalian telencephalon. The negative

transcriptional regulator Hesl, the mammalian ortholog of E(spl), is required for

telencephalic development (Ishibashi et al 1995). Disruption of the HesJ gene in

transgenic mice leads to precocious neuronal differentiation in the developing

telencephalon and gross morphologjcal abnormalities including faited closure of the

anterior neural tube (Ishibashi et al 1995). These results suggest that HesJ may normally
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repress neuronal difTerentiation and potentiate proliferation in neural precursor cells. In

its absence, precursor ceUs appeared ta differentiate prematurely, and such differentiation

May deplete the pool ofprecursors to the point where not enough ceUs are available to

complete the formation of the anterior netvous system. Several positively acting bHLH

genes are expressed in the telencephalon, including Mash /, ngn/, and ngn2 (Ma et al

1997; Sommer et al 1996; Lo et al 1991; Guillemot and Joyner 1993). Mash/ mutant

mice display morphological abnormalities in the telencephalon, possibly due to

perturbations in the coordination and timing ofneuronal differentiation (Tuttle et al 1999;

Casarosa et al 1999; Hirsch et al 1998; Torii et al 1999; Horton et al 1999). In cultured

hippocampal neurons, Hes/ and Mash/ have been found to exert antagonistic effects on

differentiation (Castella et al 1999), and similar findings have been reported from studies

focussing on the mammalian retina (Tornita et al 1996a, b). In addition, loss of funetion

and gain offunction studies in vivo have suggested opposing roles for Hes / (lshibashi et

al 1994; Ishibashi et al 1995), and the positively acting factors ngn/ (Ma et al 1996; Ma

et al 1998), ngn2 (Fode et al 1998) and Mash/ (Guillemot et al 1993; Tomita et al 1996a,

b). Studies in Xenopus have also suggested that the forced early expression of the

positively acting bHLH gene NeuroD cao cause precocious neuronal differentiation (Lee

et al 1995). These results suggest that positive and negative regulatory mechanisms

control the timing ofneuronal differentiation in mammals, a scheme to which the

negative regulation of neuronal genes by RBP-Jk/Su(H) might contribute. As previously

mentioned, disruption ofthe RBP-JkJ8u(H) gene in transgenic mice 100 to precocious

neuronal differentiation and early embryonic lethality.

The winged helix transcription factor encoded by the BF-/ gene may he similarly

involved in the formation of the telencephalon. RF-/ mutant mice exhibit severe

morphologjcal and gene expression defects in the telencephalon, particularly in the

ventral domain (Xuan et al 1995). These defects are accompanied by the precocious

expression ofneuronal genes and a decrease in the number of proliferating precursors

(Xuan et al 1995). An avian oncogene related to BF-/ has been identified, suggesting that

endogenous RF-/ may regulate proliferation (Li and Vogt 1993). RF-/ May therefore

contribute to the enormous increase in cell number observed in the telencephalon, and
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May influence direetly or indirectly the timing of neuronal ditTerentiation. The

consequences of underproliferation and precocious differentiation in the telencephalon

are dramatic as illustrated by BF-/ mutant mice (Xuan et al 1995). In vivo studies by

Caviness et al have suggested that the majority ofthe neurons of the cerebrum are fonned

in a relatively short period oftime (approximately six days) (Caviness et al 1995). Based

on in vivo measurements of proliferation, it has been hypothesized that the precursor pool

expands up until E14 at which point there is a net contraction in the size of the pool

(Caviness et al 1995). Minor changes in proliferation or the timing ofdifferentiation are

predicted to greatly alter the number ofneurons produced and presumably the

morphology ofthe tissue which is sculpted from these ceUs (Caviness et al 1995). Timing

may he particularly important in the telencephalon where fonnation of the neocortex

demands the production ofa great number of Deurons. This may require controls unique

to the region, and may also make the region particularly sensitive to the manipulation of

unique or widespread controls.

A comparison of J1NRE-n/acZ mice and the previously characterized nesiin-lacZ

transgenic mice (in which ail neural progenitor cells express ~-gal) (Zimmennan et al

1994) revealed that the t1NRE-n/acZ transgene was expressed in only a subset of

precursor cells. This restriction May reflect redundant repressive mechanisms or an

absence ofstimulatory mechanisms operating on the remaining Tai promoter sequence

in non..expressing precursor ceUs. Notably, the remaining TaI promoter sequence

cantains an additional putative RBP-JklSu(H) binding site, but does not contain any of

the elements previously implicated in the repression of neuronal gene expression

(Takebayashi et a11995~ Weber and Skcene 1997; Chong et al 1995; Schoenherr and

Anderson 1995). Regardless ofmechanism, the t1NRE-nlacZ expression pattern revealed

heterozygosity among neural precursor cells in vivo, as bas been previously observed

(Lillien 1998). These differences May have been due to molecular differences between

precursor cells in different lineages at equivalent stages ofdevelopment or altematively

May have reflected precursor cells ofcommon lineages at ditTerent developmental stages

(Lillien 1998).
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Structurally and biochemically similar "determination" and "differentiation" factors

belonging to the bIaH family oftranscription factors are expressed successively at

different stages ofneuronal development (Lee 1997). In the absence ofRBP-JkJSu(H)

functio~ deterrnination factors May activate neuronal genes as differentiation factors are

nonnally thought to do at later stages. Removing the NRE May have unrnasked an

interaction between such early inducers of neuronal specification and a neuronal gene,

and revealed a requirement for early repression.

Neuronal "determination" that have been found in precursor cells of the mammalian CNS

and PNS include Mashl (Johnson et al 1990), ngnl (Ma et al 1997) and ngn2 (Sommer et

al 1996). These transcription factors fall into the bIaH class, and are believed to

heterodimerize with products of the E2A gene, the ubiquitously expressed homolog ofda.

Mashl/E2A heterodimers bind the E-box DNA sequence and can activate transcription in

an E-box dePendent manner in vitro (Johnson et al 1992). The NRE itselfcontains an E

box that overlaps with the RBP-Jk/Su(H) site, suggesting a direct mechanism by which

RBP-Jk/Su(H) could compete with positive bHLH factors to repress TaI promoter

activity. Interestingly, several E-box sequences are found outside of the ANR.E region of

the TaI promoter, providing a possible mechanism for MlRE-nJacZ gene activation by

bIaH factors in neural progenitor cells. The remaining consensus RBP-Jk/Su(H) site

Iying outside ofthe NRE region may establish a threshold for gene activation that is not

overcome by these positive factors at ail stages of neural precursor cell development, and

this may be partially responsible for the restriction of tiNRE-nJacZ expression to a subset

ofneural precursor cells. Biochemical studies ofRBP-Jk/Su(H) have revealed that the

transcription factor need not compete for binding sites in order to repress transcriptional

activation. RBP-Jk/Su(H) cao interact with the basal transcription factors TFlIA and

TFIID to repress transcriptional activation directly (Olave et al 1998), and cn interact

with the histone deacetylase HDAC1to repress transcription through histone

modification (Kao et al 1998).
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(v) The Interrelationship of Multiple Aspects of Neuronal

DifferentiatioD

The generation ofa neuron from a neural precursor cell involves a number ofchanges.

Three intrinsic scoreable aspects ofneuronal differentiation are the cessation ofœil

division, induction ofconstituent neuronal genes, and morphological elaboration. We

have focussed on the regulation ofneuronal gene induction and tried to draw conclusions

about the control ofneuronal ditferentiation generally. To do this, we must know how

these processes relate to one and other, and whether or not they (and any other aspects of

neuronal ditferentiation) are coordinately controlled by common regulatory mechanisms.

Are terminal mitosis and neuronal gene induction coordinately regulated? Does cessation

ofcell division drive neuronal gene induction or vice versa? Does constituent neuronal

gene induction drive morphological differentiation?

It should tirst be noted that a subpopulation ofneural precursor ceUs nonnally express

neuronal genes and initiate morphological differentiation prior to cell cycle exil Neural

precursors ofthe sympathetic nervous system express constituent neuronal genes and

begin to elaborate processes prior to terminal mitosis (Rohrer and Thoenen 1987;

Dicicco--Bloom etai 1990). Notably, this population also expresses the Tal-n/acZ

transgene (Gloster et al 1999). These tindings demonstrate that the processes ofcell cycle

exit and other aspects of neuronal differentiation are separable in mammals. However,

the regulation ofœil cycle exit and/or other aspects ofneuronal differentiation may be

distinct in the sympathetic precursor population, and May not reflect the indePendence of

the processes in ail neural precursor cells.

Studies in muscle and adipocyte ditferentiation have suggested that constituent gene

expression and cell cycle exit are coordinately regulated. In both of these systems

transcription factors that regulate constituent gene expression and stimulate

differentiation interact directly with molecules that regulate the cell cycle (Gu et al 1993).

Moreover, the ability of these transcription factors to stirnulate differentiation dePends

upon these interactions (Gu et al 1993). Interestingly, the molecules regulating the cell
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cycle are required not ooly for cell cycle exi~ but also for the induction ofconstituent

genes (Gu et al 1993; Scneider et al 1994). This suggests that transcription factors and

components of the cell cycle machinery May fonn complexes that coordinately induce

constituent genes and œil cycle exit.

The tumour suppressor retinoblastoma gene product (Rb), oost known for its role in the

inhtbition of cell cycle progression (reviewed in Weinberg 1995), is required for

myogenesis (Novitch et al 1996), adipogenesis (Chen et al 1996), and neurogenesis

(Jacks et al 1992; Slack et al 1998). Viral oncoproteins that inactivate Rb also inhibit

myogenesis (eg. Tedesco et al 1995), supporting a role for Rb in muscle differentiation.

A number oftranscription factors of the bHLH class are also required for myogenesis and

are sufficient to initiate the process in a number of non-muscle œil types (reviewed in

Megeney and Rudnicki 1995). The myogenic bHLH factors are able to induce muscle

specific genes and to arrest œil growth (Megeney and Rudnicki (995). These proteins

interaet molecularly with the retinoblastoma gene product and this interaction is required

for muscle gene induction, œil cycle acrest, and muscle ditTerentiation (Gu et al 1993). It

is hypothesized that these interactions tie constituent gene expression to cell cycle arrest,

as the retinoblastoma protein is thought to he liberated and free to interact with the

myogenic bHLHs at the time ofcell cycle arrest. What remains unclear is how this

association then initiates irreversible changes precluding another cell division and why

Rb is required for the activation ofmuscle specific genes by the myogenic bHLH factors.

The mechanism may involve Rb's previously rePOrted ability to interact with the histone

deacetylase uHDAC1" (Brehm et al 1998; Magnaghi-Jaulin et al 1998), or its ability to

prevent other transcription factors from contaeting basal transcription factors and

affecting transcription (Weintraub et a11995). It is also interesting to note that activation

of the Noteh pathway can inhibit myogenesis (Nofzinger et al 1999; Shawber et al 1996),

suggesting that whatever the mechanism, it may he opposed by molecular comPOnents of

the Notch pathway at some point

Similarly, adipocyte ditTerentiation also depends uPOn panicular transcription factors and

Rb. The CIEBP gene encodes a transcription factor of the leucine zipper family (Lowherd
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et al 1999). Members ofthis transcription factor family bind DNA as dimers through a

basic stretch ofamino acids preceeding the leucine zipper motif (Cowherd et al 1999).

CIEBP is required for the differentiation ofadipocytes, though unlike the myogenic

bHLHs, CIEBP is not sufficient to convert other cell types to an adipocytic fate (Cowherd

et al 1999). CIEBP does however interact molecularly with the retinoblastoma protein,

like the myogenie bHLHs, and this interaction is required for the ditTerentiation of

adipocytes (Chen et al 1996). In vitro studies have shown that in the absence of Rb,

adipocytes are unable ditTerentiate, and that the introduction ofexogenous Rb restores

their ability to differentiate (Chen et al 1996).

Experirnents utilizing mice that are homozygous null at the Rb locus have revealed that

Rb is also required for neurogenesis (Jacks et al 1992; Slack et al 1998). Mice lacking a

functional Rb gene have severe myeloid and neural defects, and die by embryonic day 15

with extensive cell death observed in the brain (Jacks et al 1992). In the developing

frontal cortex of these embryos, neuron.specifie gene expression is detected and ectopie

mitoses are observed in the developing cortical plate (Slack et al 1998). The cell death

and ectopie mitoses May he related, as inappropriate cell cycle progression in presumably

postmitotic neurons has been hypothesized to trigger cell death (Ross 1996; Heintz

1993).

The results ofRb gene disruption suggest that Rb is required for cell cycle exit, but not

for neuronal gene induction. They also suggest that the two processes might he separable,

though whether ceUs undergoing mitosis in ectopic locations also expressed neuronal

genes is unclear. These results have been supported by in vitro studies demonstrating that

the Rb family of proteins is not required for neuronal gene induction nor the survival of

ditTerentiated neurons, but is required for an early event in neuronal ditTerentiation (Slaek

et al 1998). Whether Rb·defieient neural precursor cells expressed neuronal genes

without undergoing terminal mitosis in vivo is not known, and whether other members of

the Rb family are required for neuronal gene expression and tenninal mitosis in the

absence of Rb is unknown. Other members of the Rb family are elevated in cells cultured

from mice lacking Rb, suggesting they May compensate for a loss ofRb function
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(Callaghan et al 1999). In addition, disruption of the Rb family member pl30 led to the

loss ofa variety ofneuronal subtypes (LeCouter et al 1998). The number of motor

neurons and sensory neurons was substantially decreased in pl30 mutants and correlated

with an extensive and substantial increase in the amount ofapoptosis observed during

development. Interestingly, ectopic proliferation in regions normally occupied by

postmitotic neurons was al50 evident, making the consequences ofRb disruption and

pl30 disruption quite similar.

Conversely, in overexpression studies, forced expression ofRb induced growth arrest in

several cell types in vitro and in vivo (Lipinski and Jacks 1999) and also induced

neuronal ditTerentiation in several neuroblastoma celllines (Raschella et al 1998).

Whether differentiation was directly or indirectly induced, and whether this induction ean

he observed in vivo is not known. However, the dwarfism observed in transgenie mice

overexpressing Rb may have reflected a drop in the number ofprecursors through

perturbations in both growth arrest and differentiation (Bignon et al 1993).

The vertebrate Id genes are homologs of the Drosophila emc gene, and play widespread

roles in the control of ceU difTerentiation and proliferation (reviewed in Norton et al

1998). There are eurrently four identified Id genes, whieh are widely expressed in distinct

and overlapping domains (Norton et al 1998). The genes are dynamieally regulated in a

tissue-specifie manner and differentially regulated in different eell lines. Idl, Id2, and Id3

are expressed in neural preeursor eells in the developing nervous system. Both Idl and

Id3 are expressed in neural precursor cells of the developing CNS (Norton et al 1998).

Idl/Id3 homozygous double mutant miee die late in embryogenesis and are notably

smaller by Ell.5 (Lyden et al 1999). Large deficits are observed in the telencephalon of

mutants, correlating with decreased nurnbers ofproliferating precur50r cells and

accelerated expression of neuronal bHLH genes and postmitotie neuronal markers in the

area (Lyden et al 1999).ld2 is highly expressed in the embryonic ventricular zones and

excluded from the mande layer and cortical plate in the spinal cord and brain resPeCtively

(Neuman et al 1993). Similar expression is also observed in Xenopus, where two Id genes

have been identified and are expressed in the developing nervous system (Zhang et al
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1995; Wilson and Mohun (995). Culture studies imply that downregulation of Id2

expression is a pre-requisite for neuronal ditTerentiation and that sustained Id2 expression

can inhibit differentiation (Iavarone et al (994). Whether Id gene regulation, like emc, is

independent of the Notch pathway (Artavanis-Tsakonas et al (995) remains ta he seen.

The Id gene products appear to interface directly with cell cycle machinery. 1d2 interacts

in vitro and in vivo with the Rb, and Id1 and IdJ interaet with Rb in vitro (Norton et al

1998). The HLH domain of1d2 is required for this interaction, as is the poeket domain of

Rb. The poeket domain is conserved and required for the inhibition ofœil growth by Rb

(Lipinski and Jacks 1999). It is found in the related proteins plO? and p130 which also

regulate cell growth (Lipinski and Jacks 1999) and bind Id2 (Norton et al 1998). It has

been proposed that the Id proteins function in neural progenitor cells within the

ventricular zone by binding bHLH specification/ditTerentiation factors and inhibiting

their DNA-binding activity, as weil as by binding Rb (and other family members) thereby

potentiating proliferation (inhibiting œil cycle arrest). Studies ofmyogenesis have

revealed that Id1 can inhibit muscle cell differentiation by antagonizing the activity of

myogenic bHLH transcription factors (Jen et al 1992). Biochemical studies have also

revealed that Id is required for the GliS transition of the œil cycle (Norton et al 1998).

Based on these findings it is tempting to suggest that Id gene products may regulate

neuronal differentiation. Their downregulation may release previously hound

proneuralldifferentiation blll.H factors and Rb simultaneously, thereby coordinating cell

cycle exit and neuronal gene induction. The overt in vivo crisis point at Ell.5 in Idl/ld3

double mutants is a time ofextensive proliferation and roughly marks the beginning of

neurogenesis in the basal ganglia (Sussel et al 1998), an area severely affected in these

mutant mice (Lyden et 811999). It is conœivable that neural precursors from Idl/ld3

mutants might eXPerience difficulty re-entering the œil cycle after each division.

However certain findings conflict with this hYPOthesis. Recently it was found that forced

expression of Id2 in avian neural crest progenitor cells induced neuronal differentiation

rather than inhibiting it (Martinsen and Bronner-Fraser 1998). Furthermore, disruption of

the Id2 gene in miœ did not result in an overt neural phenotype (Yokota et al 1999). The
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mechanism responsible for the differentiation promoting action ofId2 is not cJear, nor is

it clear that it is a cell autonomous etTect. The Jack ofan overt phenotype in transgenic

mice MaY be complicated by gene redundancy and mechanisms ofcompensation.

Interestingly, E-boxes are found in the Id2 promoter (Neuman et al 1995), and Id2 is

believed to negatively autoregulate the Id2 gene by binding and inhibiting bHLH factors

that stimulate its expression. If present in other Id genes, E-boxes May make cross

regulation and compensation possible.

A role for other œil cycle molecules in the regulation of neurogenesis May also follow

ftom studies ofmyogenesis. The cyclin-dependent kinase inhibitors (cdki's) are a family

of proteins that inhibit one or more of the cyclin-dependent protein kinases that function

al discrete stages ofthe œil cycle promoting progression through it (reviewed in Sherr

and Roberts 1999). By inhibiting these kinases, cdki's antagonize cell cycle progression

and are capable ofarresting a cell at specific stages. Il has been demonstrated that the

cdki p2J is induced coincident with MyoD induction and the initiation ofmyogenesis in

culture (Skapek et al 1995; Halevy et al 1995). This induction rnay account in part for the

growth arrest promoted by MyoD (Wientraub et al 1994). Similarly, several cdki's have

heen found to he elevated coincident with neuronal differentiation in culture models

(Kranenburg et al 1995). Whether or not these factors fall under the control of the similar

proneural/differentiation bHLH factors in this neural context and whether this connection

is direct or indirect remains unknown.

An interesting connection between the transcription factor MEF2C and the tumour

suppressor protein Rb bas been made in the context of muscle development. The activity

ofMEF2C correlates with the presence ofactive Rb protein (Novitch et al 1999; Wilson

Rawls et al 1999). MEF2C is competent to bind DNA in the absence of Rb, but does not

activate transcription nor stimulate muscle differentiation in cooperation with MyoD

(Novitch et al 1999; Wilson-Rawls et al 1999). In the presence of Rb, MEF2C activates

transcription and induces myogenesis in cooperation with MyoD (Novitch et al 1999;

WiJson-Rawls et al 1999). Thus the ability ofMEF2C to activate transcription may be

regulated by Rb, which could tie cell cycle exit to muscle gene expression. The
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mechanism could involve Rb's previously described abilities to interact with HDAC1and

to prevent other factors from contacting basal transcription factors (Brehm et al 1998~

Magnaghi-]aulin et al 1998; Weintraub et al 1995). Coupled with the fact that Notch

opposes MEF2C DNA binding aetivity and myogenesis coincidentally (Kopan et al

1994), it appears that MEF2C May he a pivotai point ofcontrol in myogenesis. Whether a

similar mechanism operates in neurogenesis, where MEF2C is known ta he coexpressed

with Mash/ (Leifer et al 1993) and to cooperate with Mashl to activate transcription

(Black et al 1996), is unknown. Interestingly, activity-dependent neuronal survival in

developing neurons bas been shown ta require MEF2C (Mao et al 1999). [n addition, the

expression ofMash1 in cultured neural crest stem cells drove them to differentiation by

the criteria ofmorphology and gene expression (Lo et al 1999). This is similar to MyoD' s

ability to direct myogenic ditTerentiation (Weintraub et al 1994), but is the only reported

context in which this aspect ofMashl activity can operate. Terminal mitosis was

presumably achieved, but whether Mash1 interacts with molecules of the œil cycle

analogous to MyoD is uncertain. An interaction between Rb and Mash1 has not been

detected.

The necdin protein May also play a role in the induction and maintenance ofgrowth

arrest during neuronal differentiation, but through a distinct mechanism. Necdin encodes

a nuclear protein and is expressed in nearly all postmitotic neurons (Aizawa et al 1992).

Necdin promotes growth arrest and appears to do so through molecular interaction with

the transcription factor E2F (Hayashi et al 1995; Taniura et al 1998). The association

with E2F is believed to target the transcription factor for degradation via the ubiquitin

pathway, inhibiting proliferation normalJy promoted by E2F. This mechanism May

contribute to locking neurons out of the cell cycle. Interestingly, E2F also interacts with

Rb and this interaction is modulated during G1ofthe cell cycle (reviewed in Weinberg

1995). Inhibition ofthis interaction through the modification ofRb results in entry into S

phase, while failure to inhibit this interaction results in growth arrest (Weinberg 1995).

This is a key point of regulation in the cell cycle, and it appears that factors regulating

and maintaining neuronal ditTerentiation may target distinct components of the cell cycle

apparatus at different times in order to perfonn their functions. The physiological
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function ofnecdin has been called into question recently by the results ofgene disruption

in transgenic mice (Tsai et al, 1999). The chromosomallocation of necdin had implicated

it in Prader Willi syndrome, a condition that is associated with a specific chromosomal

deletion and symptomatically presents with mental retardation (Nakada et al 1998). None

ofthe efTects characteristic ofPrader Willi syndrome, nor those resulting from a

corresponding chromosomal deletion in mice were produced by specific deletion of the

necdin gene. Moreover, no gross anatornical abnormalities were identified in the nervous

system of necdin null mice.

There is also evidence for the involvement of the Noteh pathway in the regulation of

proliferation, which potentially connects the pathway 10 ail three aspects of neuronal

differentiation considered. Whether the regulation ofdifferent aspects of neuronal

differentiation by No/ch occurs through common mechanisms is an interesting and

unresolved issue. Noteh pathway manipulation at the level of the receptor, the ligand, or

downstream transcription factors affects œil differentiation and proliferation in the

developing Drosophila eye (reviwed in Artavanis-Tsakonas et al 1999). In C. elegans, the

glp-I (Notch) protein is expressed in the developing genn cellline (reviewed in

Greenwald 1998). Loss ofglp-l or ligand function leads to a loss ofgerm cells, which

fail to proliferate in response to induction ftom an adjacent cell (Greenwald 1998).

Conversely, a glp-I gain of function mutation causes germ cell hyperproliferation

(Greenwald 1998). In mice, a retrovirus expressing an activated mammalian Notch allele

is sufficient to induce tumour formation in predisposed mammalian cells (Copabianco et

al 1997). The expression ofan activated Nolch allele May also affect proliferation in

progenitor cells of the rat retina (Bao and Cepko 1997). Overexpression ofHes1, a

mammalian E(sp/) gene, inhibits neuronal differentiation and possibly the proliferation of

precursor cells in the mouse CNS (Ishibashi et al 1994). Epstein Barr virus normally

utilizes the host RBP-Jkl8u(H) gene in the transformation of mammalian B ceUs (Henkel

et al 1994), potentially implicating RBP-JkJSu(H) in proliferation control. In addition, a

naturally occuning translocation of the Nolch locus in humans is associated with B cell

lymphoma (Ellisen et al 1991), suggesting Notch pathway activation may he involved in

B cell proliferation in humans.
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The function orthe constituent neuronal gene GAP-43 bas been addressed with respect to

neuronal growth. Overexpression ofGAP-43 in postmitotic neurons was sufficient to

cause neurite growth (Aigner et al 1995), while disruption ofthe GAP-43 gene led to

growth cone dysfunction and defective neurite outgrowth (Stritmatter et al 1995). This

suggests GAP-43 must he tightly regulated in mature neurons, possibly by contact

mediated inhibitory mechanisms such as that of the Noteh pathway. Overexpression of

the peripherin gene, which encodes a neuronal intermediate filament protein and contains

an NRE (Belecky-Adams et al 1993), promotes the death ofmature motor neurons

(Beaulieu et al 1999), suggesting its regulation must also be tightly controlled. The

consequences of TaI deregulation are unknown. However, TaI mRNA accumulation has

been uncoupled from neuronal growth in mature nervous system following injury

(Tetzlaffet al 1991). Whether a4'tubulin protein synthesis is also uncoupled in this

situation, and whether this uncoupling is due to downstream mechanisms unique to the

CNS is unknown.

Post-translational control of tubulin protein synthesis has been described previously,

whereby excess free tubulin protein destabilizes its encoding mRNA by an as yet

undetennined mechanism (Cleveland et al 1983; reviewed in Cleveland 1989).

Posttranscriptional regulation of Tai a-Iubu/in expression has also been intimated by a

comparison of Tai -n/acZ and endogenous TaI gene expression following injury (Wu et

al 1997). In peripheral nerve, the loss of target contact without loss ofaxons led to an

induction of Tai promoter aetivity while causing only a minimal increase in TaI mRNA

expression (Wu et al 1997). This sugests that following injury, transcriptional

mechanisms elevated Tai expression while post-transcriptional mechanisms may have

monitored the free a-tubulin protein and affeeted TaI mRNA stability accordingly in

order to fine-tune the amount oftubulin present According to this hypothesis, TaI and

Tal-nlacZ would bath he sensitive to the loss oftarget contact and would he induced al

the transcriptionallevel, but only the TaJ-nlacZ mRNA level would increase as it

escaped posttranscriptional regulation. A neccessity for such fine tuning may he indicated

by the dire consequences ofstructural gene overexpression in neurons (Beaulieu et al
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1999) . Whether forced expression of TaI in the PNS would cause growth similar to that

seen with GAP-43 overexpression or death as with peripherin over expression is

unknown. Finally, the consequences ofectopically expressing any of these genes in

undifferentiated neural precursor cells is unknown.

In summary, it appears that constituent gene expression and œil cycle exit could

potentially he coordinately regulated by a number ofmechanisms based on evidence of

such coordination in myogenesis. In some mechanisms, molecules involved in cell cycle

regulation may interact directly with those controlling constituent gene expression and

participate in the regulation ofconstituent genes in sorne manner. Thus cell cycle exit and

constituent gene expression May not he independent and lie downstream ofa master

regulatory mechanism. However, there is much less evidence for such operative

mechanisms in neurogenesis than there is in myogenesis. Finally, the rnorphological

elaboration characteristic ofneuronal differentiation apPearS ta he a consequence of

constituent gene expression, and control over structural constituent gene expression

apPeal'S ta he important for survival, neOOte growth, and ultimately the function of neural

networks. The NRE May function in the control ofearly neuronal gene induction and

morphological elaboration, as weil as growth associated gene regulation and

morphological elaboration in mature Deurons. This regulation May he mediated by RBP..

Jk and its intrinsic transcriptionally repressive activity, and May involve the Notch

pathway, which has been implicated in the regulation ofail three aspects of neuronal

differentiation discussed.
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Materials and Metbods

(a) Generation of Transgenie Miee

(i) TaI-nlaeZ TraDsgene Construction

Construction of the Tal-n1acZ transgene and Tal-nlacZ transgenic mice has been

previously described (Gloster et al 1994). Standard screening and c10ning methods were

employed as detailed in Maniatis et al 1989. Brietly, a 1.9kb fragment ofgenomic DNA

was isolated after probing a Wistar rat lambda-DASH genomic library with end-Iabeled

oligonucleotides corresponding to the previously published 5' untranslated region and

immediately 5' flanking region ofthe TaI a-tubulin gene (Lemischka and Sharp 1982).

The 1.9kb fragment ofgenomic DNA contained 1.6kb of5' tlanking sequence, the 5'

untranslated sequence (99 nucleotides)., the translation start site (exon 1) and 200

nucleotides ofintron 2. An SstllNcol partial digestion product that contained 1028

nucleotides of 5' flanking sequence, the 5' untranslated region (99 nucleotides), and the

ATG translation start site was isolated. This fragment was fused to a modified E. coli

lacZ gene in a puc19 vector that contained an N-terminal nuclear translocation signal

sequence derived from SV40 T antigen (Kalderon et al 1984), and the mUTine protoamine

1 gene from +95 ta +625 (peschon et al 1987) at the C-terminus of laeZ. This

protoamine 1gene fragment provided an intron and a poIyadenylation signal. The

resulting vector was denoted Tal-nlacZ:pucI9.

(ii) ANKE-nlaa TraDsgene CODstruction

Mutagenesis of the l028-nucleotide TaI promoter fragment was perfonned using the

Promega "Altered Sites" site directed mutagenesis kit and protocol. Standard cloning

methods were employed as detailed in Maniatis et al 1989. A 5.8kb SalI/HindIII

fragment from the Tal-nlacZ-pUCI9 veetor which carried the full l028-nucletode TaI
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promoter sequence, the 5' untranslated sequence and the modified lacZ gene, was

inserted into SaiI/HindIII digested "pALTER" (Promega). The resultant vector, "Ta1

nlacZ-pALTER" was used 10 transfonn E. coli strain JM109 , which were subsequently

infected with bacteripohage R40S (Promega). Single stranded Tal-n1acZ-pALTER

sequence was purified from bacteriophage, and site directed mutagenesis was perfonned

to delete a sPecifie 66-nucleotide sequence from the I02S-nucleotide 5' flanking

sequence ofthe TaI gene. The sequence from -674 to -609 inclusive (Gloster et al

1994) was deleted. A mutagenic single stranded oligonucleotide,

(AACCACTAAGGGCGGGTGGTCTATTCATAC) and the single stranded selection

oligonucleotide "amp-r" (promega) were annealed to the single stranded Tal-nlacZ-

pALTER, synthesis was completed in vitro according to the protocol and using the DNA

polymerase provided, and the resultant mutant vector was used to transfonn the E. coli

repair mutant strain MutS. The amp-r oligonucleotide corrected a preexisting mutation in

the gene conferring ampicillin resistance in pALTER, and transformants carrying the

mutant vector were selected in ampicillin. Mutated Tal-nlacZ-pALTER was purified and

sequenced using the "Sequenase" kit and protocol (Promega), employing the di-deoxy

method (Sanger et al 1977) and 32_p dCTP (Amersham). The TaI sequencing

oligonucleotide (CAAAATAACCGCAGT) was used to prime the sequencing reaction.

The 66-nucleotide deletion removed the NRE and its flanking sequences from the Ta1

promoter fragment, leaving the resultant "ANR,E promoter". The deleted sequence

inC:uded a number ofconsensus sequences representing potential binding sites for bHLH

transcription factors (E-box), retinoic acid receptors (RARE), the estrogen receptor

(BRE), the SPI zinc finger transcription factor (SPI), 'l:he conserved transcription factor

RBP-Jk/Su(H) and a gamma-interferon responsive factor (IRE) (Gloster et al 1994).

The ANRE promoter remained upstream of the 5' untranslated TaI gene sequence~ the

translation start site, and the modified lacZ gene carrying an SV40 nuclear localization

sequence and the murine protoamine-l gene fragment~ creating the "ANRE-nlacZ"

transgene. Figure 2 shows schematically how ANRE-nJacZ was constructed.
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• (iü) AFRE-nlacZ Transgene Construction

Site directed mutagenesis was perfonned similarly a second time using the ~'Altered

Sites" kit and protocol (promega) to delete a specifie 184-nucleotide sequence from the

I028·nucleotide 5' flanking sequence of the TaI gene, generating the AFRE (forebrain

response element) promoter. The sequence from -674 and -491 inclusive (Gloster et al

(994) was deleted. Single stranded Tal-nlacZ-pALTER was purified from

bacteriophage and a complimentary strand was synthesized in vitro using the selection

"amp-r" oligonucleotide and the mutagenic oligonucleotide

AACCACTAAGGGCGGTCATTCCCATAGCTC as primers for synthesis.

Transfonnants canying the mutant "MRE-nlacZ-pALTER" plasmid were selected in

arnpicillin. AFRE-nlacZ-pALTER was purified and sequenced using the same method

and sequencing primer as for ANRE-nlacZ.

• The deleted sequence included the 66-nucleotide segment that was deleted to generate the

ANRE promoter, as weil as 3' tlanking sequence. In addition 10 the consensus sequences

common to the 66-nucleotide deletion, the 184-nucleotide deletion also removed a

conserved 30-nucleotide sequence that constitutes a tandem repeat ofa homeodomain

consensus element This putative homeodomain-binding element is located 41

nucleotides 5' of the 3' end of the deleted 66-nucleotide NRE.containing sequence.

Figure 2 shows schematically how AFRE-nlacZ was constructed.

(iv) Generation of Transgenic Miœ

•
Transgenic mice were generated by injecting puritied linearized transgene DNA into the

pronuclei ofeither CDI (Tal-nlacZ) or C3H (ANRE-nlacZ and AFRE-nlacZ) single cell

embryos. Embryo purification, DNA injection, and implantation of injected embryos was

performed according to standard methods as detailed in Hogan et al 1986.
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The TaI-nlacZ transgene fragment was excised from Tal-nIacZ:puc19 using HindIII

and SalI. Digestion products were electrophoresed and the 5.8kb transgene fragment was

isolated using the "Qiaex Gel Extraction" kit (Qiagen). Transgenic mice were generated

in the laboratory ofJohn Roder (University ofToronto) by injecting a linearized and gel

purified TaI-nlacZ transgene fragment into the pronuclei ofCOt single cell embryos.

Surviving embryos were implanted into pseudopregnant females at embryonic day 0.5

(the moming ofplug detection). Between 20 and 30 embryos were implanted per female

to avoid small litter sizes. Eight distinct founder TaI-nlacZ transgenic Iines were

identified by genotype analysis (described below), and X-gal staining (described below)

ofEl4.5 embryos suggested that five ofthese lines expressed the transgene robustly in

the nervous system. One of these lines is described in the present report, namely line

"K6".

The S.8kb ANRE-nlacZ transgene fragment was excised from ANRE-nlacZ-pALTER

using SalI and HindIII, and was purified using the Qiaex gel extraction kit (Qiagen).

ANRE-nlacZ-pALTER transgenic mice were generated in the laboratory of Dr. Alan

Peterson (Royal Victoria Hospital, McGill University) by injecting the purified ANRE

n1acZ transgene fragment into the pronuclei ofC3H. Embryos were implanted into false

pregnant females and Iitters were analyzed for the presence ofthe transgene. Five distinct

founder lines were identified by genotyPe analysis (described below) and X-gal staining

(described below) indicated that three ofthese expressed the transgene at EI4.S. Two

expressing lines were used for subsequent analysis, namely Iines 9 and 23.

The 5.6kb APRE-nlacZ transgene was excised from APRE-nlacZ-pALTER using SalI

and HindIII, and the fragment was purified using the Qiaex gel extraction kit (Qiagen).

Transgenic mice were generated similarly in the laboratory ofDr. Alan Peterson by

injecting the purified AFRE-nlacZ transgene fragment into the pronuclei ofC3H

embryos. The transgene was detected in six founder mice (described below) and X-gal

staining ofthese lines (described below) suggested that three ofthese expressed the

transgene at E14.5. Two expressing lines were used for subsequent analysis, namely lines

1 and 17.
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(v) GenotypÎng Transgenie Mice

Genomic DNA was isolated (Maniatis et al 1989) from tail clippings of founder micc

bom of pseudopregnant females receiving implants. Genomic DNA was analyzed for

incorporation ofthe appropriate transgene by Southem blot analysis (Maniatis et al 1989)

and by PCR analysis (Ausubel et al 1996). For Southem blot analysis, EcoRi was used to

digest 5J.lg tail DNA ovemigh~ and the digestion reaction was electrophoresed,

transferred to nitrocellulose, and probed with 32P-labelled oligonucleotide corresponding

to 35 nucleotides of the TaI promoter, from -332 to -298 inclusively

(TTATCCTAACTACAGTTTAAGCTCCGTATAATCAC). The oligonucleotide was

end-Iabelled using T4 polynucleotide kinase and 32p gamma-ATP at 37°C for one hour

according 10 standard methods (Maniatis et al 1989), and then separated from free

nucleotide by spinning through "Nick" sephadex eolumns (Boehringer Manheim) at

• 2000rpm for 20min. To block non-specifie binding ofthe probe, the nitrocellulose was

preincubated in blocking solution that included DNA from herring sperm and salmon

spenn (Maniatis et al 1989). The oligonueleotide probe was incubated with the

nitrocellulose ovemight at 50°C and then washed three rimes in phosphate-bufferred

saline (Manitais et al 1989) before being exposed overnight to XAR film (Kodak) at 

70°C.

For PCR analysis, the 5' primer was a 15mer (ATCCCCATGGTGACC) corresponding

to Ta1 promoter sequence from -51 to -37, and the 3' primer was a 15mer corresponding

ta the lacZ sequence +536 to +522 (ATCACCGCGAGGCGG). The peR reaction

produced an -650bp product spanning the Ta1/lacZ junction in the transgene. Twenty

five cycles were used ta amplify the 650bp sequence from -5000g ofgenomic DNA

(Ausubel et al 1996).
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• (b) Analysis of Wbole Embryos and Adult Brain Sections

(i) Animais

For the studies described here, transgenic males that were homozygous for Tal-n/acZ

were mated to control CO1females, and transgenic males homozygous for MlRE-n/acZ

or M'RE-n/acZ were mated to control C3H females. Mice were paired in the evening, and

the morning ofvaginal plug deteetion was designated embryonic day 0.5. This

convention bas a1so been followed in the papers cited in this report. Pregnant females

were anaesthetized with sodium pentobarbital (70mg/kg), and litters were removed by

cesarian section.

For adult mouse braio sections, mice were anaesthetized with sodium pentobarbital

(35mglkg) and perfused transcardially with 25mL ofphosphate-buffered saline followed

immediately by 25mL of ice-cold 4% paraformaldehyde, O. 1 M NaH2P04. Brains were

• removed and sliced coronally into 1-2rnm thick sections using razor blades, rinsed in

2mM MgCh, 0.010/0 sodium, deoxycholate, O.02M NaH2P04, O.15M Na2HP04, and

0.02% NP-40 at pH7.4, and then stained in X-gal staining solution (described below)

ovemight at 37°C.

(ii) Histology

•

The reporter gene used in promoter assays encoded a modified isoform of the enzyme ~

galactosidase that was designed to he translocated to the nucleus (described above). In

whole embryos and adult brain slices and sections, promoter activity was indirectly

measured by assaying reporter gene activity. Whole embryos and adult brain slices were

incubated with the p-galligand "X-gal" (Sigma) Imglml in staining solution (described

below) ta assay for p-gal activity. The presence of~-gal activity was inferred from the

deposition ofan insoluble blue reaction product in the nucleus. To detcct fJ-gaJ
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• expression in cultured cortical precursor cells, a mouse monoclonal anti-~-gal primary

antibody (5'-3', Boulder CO) was used for immunolabeling.

For ti-galactosidase staioing, embryos were fixed for 5 min at 4°C in 4%

paraformaldehyde, 0.1M NaH2P04• Embryos were subsequently riosed three limes in

"rinse butTern comprised of 2mM MgCh, 0.01% sodium, deoxycholate, 0.02M

NaH2P04, 0.15M Na2HP04, and 0.02% NP-40 at pH7.4 for 15 minutes per rinse.

Embryos were then stained in a "staining solution" containing ail the components of the

rinse buffer with 1 mg/ml X-gal, 5 mM K]Fe(CN)6, and 5 mM ~e(CNl6 added. After

staining for 6 hours at 37°C, embryos were fixed for 24 hours in 4% paraformaldehyde,

O.IM NaH2P04 at 4°C.

Adult brain slices were then rinsed three times in phosphate-buffered saline, and

subsequently fixed for 24h in 4% paraformaldehyde, O.IM NaH2P04 at 4°C. For

histology, adult brain slices were cryoprotected in graded sucrose solutions (10%, 12%,

• 16% and 18%). Brain slices were left in each solution for 2 hours at 4°C, or until they

sank in solution. The slices were then embedded in "tissue tek", frozen on dry ice, and

sectioned on a cryostat at 14f.1m thickness. Sections were dried at 37°C for 3 hours,

counterstained with eosin/70% ethanoll: 1(eosin stock 1.0g eosin/ 1000mL 70% ethanol,

5mL glacial acetic acid), dehydrated in ascending concentrations ofethanol (950/0, 1000/0)

for 2 minutes per stage, and then cleared with xylene for 10 minutes, followed by

coverslipping.

(c) Embryonal Mouse Cortical Precunor Cultures

(i) Culture

•
The preparation ofcortical progenitors from mouse embryos was based on the method

described by Ghosh et al. (1995) for rat cultures. The dorsal aspect of the telencephalic

vesicle was ccHected from EIO.5 Tal-nlacZ line K6 or EIO.O ANRE-nlacZ line 23

237



• mouse embryos in ice-cold Hank's balanced salt solution (HBSS) (Gibco BRL) and

triturated with a tire polished Pasteur pipette in culture medium consisting ofNeurobasai

medium (Gibco BRL) 0.5 mM glutamine, penicillin-streptomyci~ 1% N2 supplement

(Gibco BRL) and bFGF (40 ng/ml; CoUaborative Research IDe., Bedford, MA). Small

clusters ofcells were plated on chamber slides (Nunc Inc.) at densities ranging from 20

50,000 cells per chamber. Cultures were brought up to volume with supplemented

neurobasal medium (as above) and incubated al 37°C in 5% C02. We have previously

shown that cortical Deurons generated from E12.5 mouse progenitor cells in this manner

can he maintained for at least 3 weeks under these conditions (Gloster et al 1999).

(ii) Immunobistochemistry and Hoeesbt Staining

After 24 hours, the neurobasal culture media was aspirated and cells were rinsed brietly

with PBS and fixed by immersion in 4% paraformaldehyde, O.IM Nal-hP04, for 15

• minutes at room temperature. Cultures were then washed with PBS and blocked for 30

minutes with buffer containing 5% normal goal serum (Sigma), 0.2% Tween-20, 1%

glycine, 1% BSA (Sigma), and 50/0 rnilk. Cultures were then incubated ovemight with the

two primary antibodies, anti-p-galactosidase; rabbit pllyclonal (IgO), (5 Prime 3 Prime;

Boulder, CO, 1:500), and mouse monoclonal anti fl-III tubulin (TUJ1) (Dr. A.

Frankfurter, 1:300), containing 5% goal serum and 5% rat serum. CeUs were

subsequently washed three times with PBS, and incubated for 1 hoUT with buffer

containing bath CY3-conjugated goat-anti-rabbit (1 :200) (Jackson) and CY2-conjugaled

goat-anti-mouse (IgG) (1 :200) (Jackson) secondary antibodies. Cultures were then

washed with PBS twice and stained with Hoecsht dye to visualize nuclei.

To visuaiize cell nuclei in cortical cultures, Hoechst stain (Sigma) was applied. Hoecsht

stain was diluted 1: 1000 in phosphate-buffered saline and 500~ of the dilution was

added to chambers of fixed cells for 2 minutes al room temperature. The stain was then

aspirated and chambers were washed three times with phosphate-butTered saline for 5
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•

minutes. Hoechst staining was performed after immunostaining for p-III tubulin and p
gal was completed (ie. following washes that followed secondary antibody incubation).

(d) Nuclear Protein Preparation, in vitro Protein Synthesis and

Electrophoretic Mobility Shift Assays

(i) Nuclear Protein Preparation

Whole EI0.0 and EI3.5 embryos, adult brain and Iiver, and postnatal day two brain

samples were obtained and immersed in ice-cold 0.32M sucrose. Tissue was

homogenized in 4 volumes of homogenization solution (0.5M sucrose, 10mM HEPES

pH7.9, 1.5mM MgCh, 10mM KCf. 10% glycerol, ImM EnTA, ImM DIT, ImM PMSF,

IJ1g/f.l1 aPTotinin/leupeptinIPEP A, lOOJ1M vanadate) using a potter homogenizer.

Approximately 10 strokes were used to homogenize tissues. Homogenate was collected,

aliquotted into 1.5ml microfuge tubes and spun at 4000xg in a microfuge for 5 minutes at

4°C, the supematant was remove~ and the nuclear pellet was resuspended in 1 volume of

lysis buffer (20mM HEPES pH7.9, 20% glycerol, 1.SmM MgCh, O.2mM EDTA, O.3M

NaCI, O.SmM OTT, O.SmM PMSf). Nuclei were incubated in Iysis buffer for 30 minutes

on ice, homogenized with a pipetteman, spun at 12000g for 20 minutes, and the

supematant was collected in SOf.l1 aliquots, quick frozen in a dry ice ethanol bath, and

stored at -80°C.

E12.5 cultured cortical precursor ceUs at one day in vitro and four days in vitro were

harvested with 1 ml ofTEN buffer (40 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl),

and extracts were prepared according to the method ofDignam et al 1983, with sorne

modifications. Briefly, cell pellets were resuspended in 30 ml ofbuffer A (10 mM Hepes,

pH 7.9, 1.5 mM MgCl2 ,10 mMKCl, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml

leupeptin, 1 mg/ml aprotinin, and 1 mM dithiothreitol). After three cycles offreeze-thaw,

cytoplasmic extraets were recovered by centrifugation at 12,000 rpm for 1 min and the

supematant was rebieved. Nuclear pellets were resuspended in 20 ml ofbuffer B (20 mM
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Hepes, pH 7.9, 1.5 mM MgC12 ,420 mM KCl, 0.2 mM EDTA, 25% glycerol, 1 mM

phenylmethylsulfonyl fluoride, 1 mglmlleupeptin, 1 mg/ml aprotinin, 1 mM

dithiothreitol). Following a 30-min incubation at 4 oC, nuclear extraets were spun down

at 12,000 rPm for 5 min, and the supematants were recovered. Extraets were either used

immediately or quick frozen in a dry ice ethanol bath and stored al -80°C. The Biorad

"Protein Standardization" kit and protocol, based on the Bradford colorimetric protein

quantitiation assay and utilizing a bovine serum albumin protein standard, was used to

determine the concentration of protein in each sample.

(ii) /11 vitro Translation

ln vitro translated protein was synthesized using the "TNT T7 Coupled Reticulocyte

Lysate System" kit and protocol (promega). cDNAs encoding RBP-Jk and REST and

under the direction ofa TI sequence were kindly provided by Dr. Susan Hayward

(Bethesda) and Dr. Gail Mandel (New York) (Chong et al 1996) respectively.

Amplification ofthe cDNA vectors was carried out according to standard methods as

detailed in Maniatis et al 1989. For the in vitro translation, briefly, 1000g cDNA was

incubated with 10f.ll of canine reticulocyte cytoplasmic lysate, 1J.l1 ofT7 RNA

polymerase, and a premade mixture of tRNA and 22 amino acids. The transcription and

translation reactions took place in the same tube, according to the Promega protocol, and

proceeded at 37°C for one hour. To analyze protein productio~ the above procedure was

used with the exception that the premade amino acid micture lacked Methionine and 35_S

labelled Methionine (Amersham) was added to the synthesis reaction according to the

Promega protocol. One fifth of this reaction product was run on an TBE-buffered SOS

containing 8.5% polyacrylamide gel alongside mid range molecular weight markers

(Biorad), the gel was dried at 60°C for 4 hours and exposed 10 XAR film (Kodak)

ovemight at room temperature.
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• (iü) Electropboretic Mobility Sbift Assay (EMSA)

Nuclear extracts and in vitro translated proteins prepared as described above were

incubated in 25 mM NaCl, 10 mM Tris, pH 7.5, 1 mM MgC12,5 mMEDTA, pH 8,5%

glycerol, and 1mM dithiothreitol.with 1.5 mg ofpoly(dI-dC). In the labelling reactions,

1.25ng ofsingle complementary strands comprising each probe (Tal, RBP-Jk or RE1)

were indivdually radioaetively labelled with 32p_ATP (Amersham) using the T4

polynucleotide kinase according to standard procedures as detailed in Maniatis et al 1989.

Following the one hour labelling reaetion at 37°C, the labelled single stranded

oligonucleotides were purified by spinning through a sephadex column ('~ick" colurnn,

Boehringer Manheim) al 2000rpm for 20 minutes. 15OlatOO complementray

oligonucleotides were then annealed by co-incubation in a SOfll total volume, followed by

heating ta 100°C and a slow one hour cooling to room temperature using an ice bath.

Following the annealing reaction, the mixture was diluted to 250~1 and stored at -20°C.

• Ten picograms (lpl) of the probe (approximately 20,000 cpm) was added to 1-5f.lg of

nuclear protein extraet or 1fil of in vitro translated protein reaction product for 15 min at

room temperature. Samples were then loaded on a tris/glycine butTered 5%

polyacrylamide gel (30: 1) and separated by electrophoresis at 8 V/cm for 2 h in 50

mMTris, 0.38 M glycine, and 1 mM EDTA, pH 8.5. Gels were then dried for four hours

at 60°C and exposed to XAR film (Kodak) ovemight at -70°C.

In competition experiments, unlabeled oligonucleotide was incuhated with nuc1ear extract

or in vi/ro translated protein for 15 mintues at room tempeAture prior to addition of

probe. The entire sample was subsequently loaded and run as described. Ali probe

incubations were done at room temperature.

•
The oligonucleotides used in gel shift assays were as follows :

fui: CTGCCTCTGCCTCCCAGGTGCTGTTGAGGG

ANRE: CTGCCTC TGCC GTT AC GG TGCTG TTGAGGG

~~Jk: GGAAACACGCCGTGGGAAAAAATTTGGC
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• REl: GGGTTTCAGAACCACGGACAGCACCAG

•

•

(iv) Supenbifts

Anti·RBP·Jk poly IgG antiserum was kindly provided by Dr. John Coligan (Bethesda,

MD) for use in gel shift assays. The antibody was raised against a GST-RBP-Jk fusion

protein containing RBP-Jk sequence from amino acids 1 to 242. Anti-TrkB poly [gG

antiserum, raised against an extracellular peptide ofTrkB, was used as control and was

kindly provided by Dr. David Kaplan (Montreat PQ). In supershift experiments, 1JAL of

serum was pre-incubated with nuclear protein in 25 mM NaCI, 10 mM Tris, pH 7.5, 1

mM MgCl2 ,5 mMEDTA, pH 8, 5% glycerol, and 1 mM dithiothreitol with 1.5 mg of

poly(dI-dC) for 15 minutes at room temperature, prior to inclusion of the probe.

Following incubation with probe for 15 minutes, the entÎTe reaction was used for EMSA

as described.
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