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I COVER IMAGE LEGEND

Composite image of embryonic hearts
at stages ranging from the beginning
of the fourth to the ninth week of
human gestation (upper left to lower
right, Carnegie stages 10-23).
Congenital heart and great vessel
malformations arise during this time
window when molecular signaling
between cardiac progenitors and their
environment is impaired.
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PREFACE

Born and educated for the most part in the United States, | have
enjoyed the luxury of excellent mentorship during my career thus
far as an independent scientist in France. All these mentors have
taken it on trust that my training for a Ph.D. also included the
necessary tools for directing original research responsibly, at all
levels. However, the habilitation is an obligate rite of passage for
researchers in France, Germany, Sweden and a number of other
European countries. It ensures both that | am competent to not
only continue to conduct original research, and that | have a
directive seam in my research interests over time that is
sufficiently rich to support myself and those trainees who will
learn from my experience and contribute their efforts by my side
to advancing science. To demonstrate that the faith of these
esteemed colleagues has been well-placed since my Ph.D., |
hereby present, to the best of my ability, my acquired credentials
and my near- to mid-term projects.
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CURRICULUM VITAE

Heather Corbett Etchevers

née Heather Mirth Corbett in the United States

Married, two children

EDUCATION
INSTITUTION AND LOCATION DIPLOMA DATES FIELD OF STUDY
Wellesley College, Wellesley, MA, USA B.A. 09/88-06/92 | Biology, Music
Somerville College, Oxford Univ., UK 10/90-06/91 | Biology
University of California at Berkeley, CA, :
Ph.D. 09/92-12/98 | Neurobiol
USA (joint enrollment) cUrobIotogy
Université de Paris 6, France (joint Doctorat | 08/94-06/99 | Dev. Biology
enrollment)
Institut d“Embryologie - CNRS UMR
NS ryologte SU Postdoc | 06/99-09/01 | Dev. Biology
7218
INSERM U393, France Postdoc | 09/01-03/03 | 1"
genetics/embryology

OTHER TRAINING

Animal experimentation, level I. Training at CNRS center Joseph Aiguier, Marseille,

from 21 June to 2 July 2011.

Radiation safety officer training for qualification as “personne compétente en
radioprotection”, Hopital Pitié-La Salpétriere, Paris, December 2003.

Course in Scientific Management for the. Beginning Academic Investigator by the
Howard Hughes Medical Institute and Burroughs-Wellcome Fund, Bethesda, MD (USA),

July, 2002.

Summer student program at the Jackson Laboratory, Bar Harbor, Maine (USA), June-

Aug,1990.

POSITIONS AND EMPLOYMENT

2002-2005  “Avenir” startup group leader INSERM U393 (U781 after 2004), Hopital
Necker — Enfants Malades, Paris

2004-2008  Charge de recherche class 2 (tenured research scientist), INSERM U781

2008-2010  Chargé de recherche class 1, INSERM U781



2010- Chargé de recherche class 1, INSERM UMR_S910, Université de la
Méditerranée Aix-Marseille 11, Marseilles

PROFESSIONAL MEMBERSHIPS

1992- Member, Sigma Xi and Phi Beta Kappa honors societies (USA)
1993-2003  Member, Society for Neuroscience (USA)

1995- Member, Société Francaise de la Biologie du Développement (France)
1999- Senior scientific advisor, Naevus 2000 France-Europe

2006-2010  Member, International Society for Stem Cell Research

2007- Scientific advisor, Nevus Outreach, Inc.
2010 Strategic planning committee, Nevus Outreach, Inc.
AWARDS

2002-2005  “Avenir” program, INSERM (150K euros consumables, 126K euros
salaries)

2001-2002  Sturge-Weber Foundation Postdoctoral Fellow

2001 Travel award from the Société Francaise de la Biologie du Développement to
attend the 14th International Congress of Developmental Biology, Kyoto, Japan

1993-1998  Predoctoral Fellow in the Biological Sciences, Howard Hughes Medical
Institute

RESEARCH FUNDING

Nevus Outreach, Inc Etchevers (PI) 2010-11
Time course of normal melanocytic differentiation in the avian model, $3K

Study of four markers of different stages of pigment cell commitment during embryonic
development.

Nevus Outreach, Inc. Etchevers (PI) 2010
Biological resource constitution, $3.1K

Collection of a cohort of patient DNAs derived from blood to conduct prospective genetic
studies into the constitutional bases of the congenital giant naevus.

"Equipe FRM" Fondation pour la Recherche Médicale =~ Amiel (PI) 2008-10
Normal and pathological development of the neural crest in humans. 240K€.

This large study was devoted to finding new genes and better dissecting the
pathophysiology of those that are known to lead to abnormal neural crest development
and thereby to certain congenital malformations and oncogenic predispositions. In a team
composed of my group and that of Jeanne Amiel, we received this award and label on the
basis of the quality and interoperability of our research programs and their applicability to
human health. Role: Co-PI

Fondation pour la Recherche Médicale Etchevers (PI) 2008-9
Role of the FGF10-FGFR2b pathway in cardiac morphogenesis. 15K€.



This support for a Ph.D. student was devoted to dissecting the molecular control and role
of the growth factor FGF10 in heart development and to finding candidate genes for
cardiopathies within its signalling pathway.

Programme National de Recherche en Dermatologie Etchevers (PI) 2006-7
Physiopathology of giant congenital melanocytic naevi. 20K€.

This pilot study defined conditions necessary for differentiation of cultured human
embryonic neural crest cells into melanocytes and began to explore molecular differences
between these and cells of the congenital giant nevus.

Association Frangaise contre les Myopathies 2004-1287 Etchevers (PI) 2004-5
Transcriptome and differentiation analysis of multipotent human neural crest cells.
40KE.

The aim of this study was to corroborate a quantitative analysis of the neural crest
transcriptome using a custom DNA microarray and to compare this to that of neural crest
derivatives such as the enteric ganglia.

Genoscope d'Evry AP2004-5 Etchevers (P]) 2005
Capillary resequencing of SAGE banks of human embryonic primordia and cells.
Approximate commercial value of up to 100K€.

TRAINEES

Technicians under my supervision: Géraldine Goudefroye, Nora Brahimi, Genevi¢ve
Guédu, Candice Babarit, Céline Gomez

M2-level technical internships: Abee Boyles 2004 (Duke University); Sadaf Sanii 2009
(U Paris 7)

M.D./Ph.D. technical internship : Jean-Claude Quintyn, 2006-2007 (Toulouse). Currently
ophthalmologist at CHU Toulouse.

Four students in week-long science career shadowing programs in 9™ grade (collége 3°)

« Magistere » internship: Fabrice Chatonnet, 1998 (ENS Lyon). Currently postdoctoral
fellow at the Institute for Functional Genomics, Lyon.

L3 internship : Floriane Faure, 2010 (Rennes)

L3 internship : Stéphanie Da Silva, 2007 (Toulouse). Currently Ph.D. student, INSA,
Toulouse.

M1 internship : Jessica Guirchoun, 2005 (U Paris 12; paper : Golzio et al., 2006)

M1 internship: Sarah Lechat, 2011 (Marseille). Currently in M2 internship with Isabelle
André-Schmutz, Necker Children®s Hospital, Paris.

Post-M1 equivalent internship (3 months): Min Kim, 2005 (Wellesley College). Currently
MBA candidate at the Kellogg School of Management, Chicago.



M2 (DEA): Soraya Gritli, 1999 (U Paris 6). Currently dental surgeon in private practice,
Villepreux.

M2: Laurence Benouaiche, 2001 (U Paris 5). Currently “chef de Clinique” in pediatric
reconstructive surgery, Necker Children“s Hospital, Paris.

M2: Alexis Arnaud 2008-2009 (U Paris 11). Currently pediatric surgeon at CHU Rennes.

M2: Adeline Vigouroux 2007-2008 (Toulouse). Currently medical geneticist at CHU
Toulouse.

M2 rotation (one of two in “Development and Immunology”): Najla El Fissi, 2011-2012
(Marseille)

M2 then Ph.D.: Christelle Golzio 2004-2009 (U Paris 5&7; 7 papers under my direction,
of which two first-author ; an additional first-author paper in revision). Currently
postdoctoral fellow at Duke University with Nicolas Katsanis.

Ph.D.: Nicolas El Robrini, 2011-2014 (Marseille)
Postdoctoral fellows :

Eric Detrait, 2003-2004 (3 papers under my direction, of which two reviews as first
author). Currently group leader of in vivo pharmacology at UCB Pharma, Belgium.

Lekbir Baala, 2005-2007 (1 first-author paper under my direction). HDR, engineer at U
Orléans.

Sophie Thomas, 2005-2010 (7 papers under my direction, of which three first-author).

TEACHING ACTIVITIES

November 2010  European Course of Neuroradiology 11 Tarragona
2 hours on "Development of the branchial arches" and "Maxillofacial Embryology and
Development" with multiple choice exam. CME accreditation by the UEMS and AMA.

October 2008 European Course of Neuroradiology 10 Tarragona
2 hours on "Development of the branchial arches" and "Maxillofacial Embryology and
Development" with multiple choice exam. CME accreditation by the UEMS and AMA.
Courses available at http://www.slideshare.net/Alethea/development-of-the-branchial-
arches-presentation (8173 views) and http://www.slideshare.net/Alethea/maxillofacial-
embryology-and-development-presentation (4558 views)

May 2007 Master 1 Santé Paris
3 hour on normal and pathological development of the neural crest, Paris V/VII

May 2007 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V

January 2007 ABC-WIN Val d“Isere

10



1 hour on the molecular identity of the endothelial cell
(CME-accredited training for neuroradiologists)

Mai 2006 Master 1 Santé Paris
3 hour on normal and pathological development of the neural crest, Paris V/VII

March 2006 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V

January 2006 ABC-WIN Val d“Isére
1 hour on neural crest influence on cephalic angiogenesis
(CME-accredited training for neuroradiologists)

Novembre 2005 Master 2 des Sciences et Techniques — Mention Européenne Paris
1 hour on neural crest formation ; 1 hour on human embryonic stem
cells : ethical considerations Normal and pathological mammalian
development module, Paris V & VII

Octobre 2005 DIU Imagerie ORL et cervico-faciale Le Kremlin-Bicétre
1 hour on the development of the base of the skull, Paris IX, CHU Bicétre

May 2005 Master 1 Santé Paris
3 hours on normal and pathological neural crest development, Paris V/VII

May 2005 DU pathologie hypothalamo-hypophysaire Le Kremlin-Bicétre
1 hour on embryological development of the pituitary, Paris IX, CHU Bicétre

April 2005 International Master in Neurovascular Diseases Chiang Mai
5 hours on neurovascular development (Mahidol University et Paris XI)

February 2005 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V

November 2004 Master des Sciences et Techniques Mention Européenne Paris
1 hours on neural crest formation (Paris V/VII)

October 2004 International Master in Neurovascular Diseases Phuket
4 hours on neurovascular development (Mahidol University et Paris XI)

October 2004 European Course in Neuroradiology Basel
1.5 hours on brain development (European Masters qualification)

Octobre 2004 DIU Imagerie ORL et cervico-faciale Le Kremlin-Bicétre
1 hour on the development of the base of the skull, Paris IX, CHU Bicétre

January 2004 ABC-WIN Val d“Isére
1 hour on vascular anatomy, CME-accredited training for neuroradiologists

December 2003 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V
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November 2003 DEA de génétique Paris
1.5 hours on normal and pathological neural crest development, Paris V

June 2003 DU pathologie hypothalamo-hypophysaire Le Kremlin-Bicétre
1 hour on embryological development of the pituitary, Paris IX, CHU Bicétre

February 2002 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V

February 2001 DU d“ophtalmologie pédiatrique Paris
1 hour on embryological development of the eyes, Paris V

Before teaching in France, I had hands-on training in teaching as a graduate student at the
University of California at Berkeley. I led a general biology study and lab section for pre-
medical students at the L2 level (for France) in the second semester of 1993, for an
estimated 20 hours. In the first semester of 1996, I undertook both study section and main
lectures for the human physiology course for an equivalent number of hours. Finally, on
invitation, I designed a teaching module in applied embryology for 6 hours the same
semester for undergraduates at Mills College, Oakland, California.

INVITED ORAL COMMUNICATIONS
Session chair and invited lecturer, International Pigment Cell Conference, Bordeaux.
23/9/2011

2011 International Expert Meeting on Large Congenital Melanocytic Nevi and
Neurocutaneous Melanocytosis, Tiibingen. 7/5/2011

2010 International Nevus Outreach Conference, Westlake, TX. 10/7/2010

Institut IMAGINE, Hopital Necker, Paris. 25/3/2010

Institut Albert Bonniot, Grenoble, 1/12/2009

6 International Neural Tube Defects Conference, Burlington, Vermont. 12/9/2009
Société de Biologie, Institut Curie, Paris, France. 21/1/2009

Session moderator and invited lecturer, Science Blogging 2008, Royal Institution of Great
Britain, London. 30/8/2008 (talk on online laboratory notebooks available at
http://www.slideshare.net/Alethea/sciblog2008-etchevers-presentation [3223 views])

Groupe de Génétique de 1“Ouest, Ile de Berder, France. 4/7/2008 (talk on vertebral
development available at http://www.slideshare.net/Alethea/vertebral-development-
presentation [3184 views])

4e Assises de Génétique Humaine et Médicale, Lille, 17 - 19/1/2008

Duke University Center for Human Genetics, Durham, USA. 11/5/2007

SOFFOET (Société Frangaise de Foetopathologie) — Paris, 15/6/2007

Institut de Biologie du Development, University of Toulouse — Rangueil; 15/3/2007

Symposium on Developing Governance by PEALS (Policy, Ethics and Life Sciences) and
DGEMap (Developmental Gene Expression Map), in Newcastle, England: 27/2/2007
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(talk available at http://www.slideshare.net/Alethea/necker-human-embryo-resource-
presentation [1003 views])

Third Melanoma Meeting by Institut Curie, Institut Gustave Roussy and Hopital St.
Louis, Paris, 3/2/2006

Séminaires de I'Institut Fédéré de Recherche 30, Hopital Purpan, Toulouse, 18/5/2006
Séminaires de I'Institut Fédéré de Recherche 94, Hopital Necker, Paris, 3/1/2006

Necker Children*s Hospital “3rd Thursdays in Genetics” national lecture series, Paris,
17/2/2005

Society for Pediatric Pathology/Paediatric Pathology Society Joint Meeting, Tours. 2005
Société Européenne de Neurologie Pédiatrique, Paris. 1/12/2002
XVIIth Symposium Neuroradiologicum (two oral presentations), Paris. 18-24/8/2002

CONFERENCE ORGANIZATION

2011 Co-organizer, International Expert Meeting on Large Congenital
Melanocytic Nevi and Neurocutaneous Melanocytosis, Tiibingen, Germany

2010-2011 Member, national committee for the International Pigment Cell Conference

2011
2009 Moderator of national conference on congenital giant nevus, Vichy
2008 Selection committee, “Journées scientifiques” of the IFR30 and IFR31,
Toulouse

2005-2008 Selection committee, Congres Jeunes Chercheurs (Université Paris

Descartes)

2005 Co-organizer of national conference on congenital giant nevus, Marne-la-
Vallée

2002 Organizer and moderator of symposium on congenital giant nevus, satellite

to the International Pigment Cell Conference, Egmond-aan-See, Holland

COMMUNITY RESPONSIBILITIES AND PEER REVIEW

2010 Grant Reviewer, Association Francaise contre les Myopathies

2008- Reviewer, Human Molecular Genetics, Human Genetics, Anatomical
Record and Human Reproduction journals

2008 Invited scientific advisory committee representative for Naevus 2000
France-Europe by Drug Information Association Euromeeting, Barcelona,
2-5 March 2008

2006-2008 Grant Reviewer, Agence Nationale de la Recherche (France), National
Science Foundation (Georgia), Rappaport Institute (Israel)
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2005 Report for the scientific directions workgroup "Stem cells and therapy" of
the future IMAGINE Institute of Genetic Disease, Paris, France

2004-2009 Radiation safety officer, INSERM U781. Designed training presentation
available at http://www.slideshare.net/Alethea/comment-travailler-en-scurit-
avec-de-la-radioactivit (3729 views; used beyond our research unit.)

M.D. thesis committees: A. Vigouroux (2008), L. Benouaiche (2009), M. Chaabouni
(2009)

Ph.D. thesis committees: C. Bonnart (2007); C. Golzio (as co-director, 2009)

INTERNET-BASED COMMUNICATIONS

2010 An abstract on the Large congenital melanocytic nevus for the Orphanet medical
encyclopaedia is now available on-line at the following address:
http://www.orpha.net/consor/cgi-bin/OC_Exp.php?Ing=EN&Expert=626

I am currently writing, on invitation, a similar abstract on the subject of Neurocutaneous
melanocytosis for Orphanet, and a summary information sheet on both topics for the
(United States-based) National Organisation for Rare Diseases
(http://www.rarediseases.org/).

2010- Guest blogger, The Node (Development journal“s website at
http://thenode.biologists.com/).

Gordon C, Etchevers H (2010) Meeting report from the 2nd joint meeting of
the SFBD AND JSDB 2010 — “From Cells to Organs”
http://thenode.biologists.com/meeting-report-from-the-2nd-joint-meeting-of-
the-sfbd-and-jsdb-2010-from-cells-to-organs/

2006-2010 My research group webpage, accessed >18,500 times, at
http://openwetware.org/wiki/Etchevers:Main (not current after 2010).

2004-2010 Two successive English-language blogs about conducting science: "Humans
in Science" (http://humans.scienceboard.net) on the Science Advisory Board,
then "A Developing Passion" (http://blogs.nature.com/etchevers) on Nature
Network. 652 posts, 1881 comments.
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PEER-REVIEWED PUBLICATIONS

My participation in boldface (red for first/last authorships since Ph.D.), and those of my
students, postdocs and technical assistants in blue.

Submitted or in revision as of June, 2011:

1.

Golzio C, Havis E, Daubas P, Nuel G, Babarit C, Munnich A, Vekemans M,
Zaffran S, Lyonnet S, Etchevers HC. ISL1 is a major orchestrator of
morphogenetic signaling pathways in the embryonic human heart (preparation).

Cluzeau C, Mou C, Bal E, Benko S, Babarit C, Overbeek P, Perret C, Memet S,
Courtois G, Lyonnet S, Etchevers H, Mikkola M, Munnich A, Headon D, Smahi
A. Down-regulation of Wnt/B-catenin signalling by Edar involves Hipk2, a new
NF-kB target gene (revision).

. van der Werf C, Wabbersen T, Hsiao NH, Parades J, Etchevers H, Kroise P,

Tibboel D, Babarit C, Schreiber R, Hoffenberg E, Vekemans M, Zeder S,
Ceccherini I, Lyonnet S, Ribeiro A, Seruca R, te Meerman G, Ijzendoorn S,
Shepherd I, Verheij J, Hofstra RMW. Mutations in CLMP cause Congenital Short
Bowel Syndrome, pointing to the major role of CLMP in intestinal development.
Gastroenterology (minor revision).

Accepted articles in press:

4.

Etchevers HC. Primary culture of chick, mouse or human neural crest cells. Nat
Protoc. Accepted 14 June 2011.

Krengel S, Breuninger H, Beckwith M, Etchevers HC. (2011) Meeting report
from the 2011 International Expert Meeting on Large Congenital Melanocytic
Nevi and Neurocutaneous Melanocytosis, Tiibingen. Pigment Cell Melanoma Res.
Accepted manuscript online: 15 Jun 2011, doi: 10.1111/.1755-
148X.2011.00875.x

Macé M, Galiacy S, Erraud A, Mejia JE, Etchevers H, Allouche M, Desjardins L,
Calvas P, Malecaze F. (2011) Comparative transcriptome and network biology
analyses demonstrate antiproliferative and hyperapoptotic phenotypes in human

keratoconus corneas. Invest Ophthalmol Vis Sci. Accepted manuscript online: 15
Jun 2011, doi:10.1167/i0vs.10-70981

Reyes-Mugica M, Beckwith M, Etchevers HC. (2011) Etiology of congenital
melanocytic nevi and related conditions. In: Nevogenesis (Practical Clinical
Medicine series) eds. A. Marghoob, J. Grinchik, A. Scope and S. Dusza. Springer,
New York.

Published (since doctorate):

8.

de Pontual L, Kettaneh D, Gordon CT, Oufadem M, Boddaert N, Lees M, Balu L,
Lachassinne E, Petros A, Mollet J, Wilson LC, Munnich A, Brugiere L, Delattre
O, Vekemans M, Etchevers H, Lyonnet S, Janoueix-Lerosey I, Amiel J. (2011)
Germline gain-of-function mutations of ALK disrupt central nervous system
development. Human Mutation, 32: 272-276. doi: 10.1002/humu.21442
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10.

11.

12.

13.

14.

15.

16.

17.
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RESEARCH THEMES

Neural crest fate determination

The over-arching theme of my work has been to identify molecular hallmarks and
improve the physiopathological understanding of congenital and progressive conditions
implicating a highly plastic embryological cell population known as the neural crest.
These neural crest cells (NCC) participate directly or indirectly in the formation of a
stunning array of tissues organs during embryogenesis. When the genes regulating the
differentiation, proliferation, or migratory and appropriately invasive behavior of NCC
are muted, this can lead to associations of pediatric congenital malformations or
tumorigenesis. I make use of avian and, more recently, murine models, as well as careful
observations effected on tissues derived from normal human embryos, to tease apart those
mechanisms.

My Ph.D. thesis concerned the contributions of transitory progenitor cell subpopulations
to the developing vertebrate embryo. The first part, which was never published,
demonstrated that limited deletions of the neural folds along the dorso-ventral axis only
appeared to lead to regeneration of NCC at points where non-neural ectoderm contacts
the remaining neuroectoderm, as the published dogma was at the time and remains, to a
large extent, today. Indeed, the story is more nuanced than we understood at the time, and
gradients of either morphogenetic signals or, more likely, the capacity of neuroepithelial
cells to respond and initiate transdifferentiation into neural crest make the assignment of a
positional and temporal limit to the de novo induction of NCC difficult if not impossible
to resolve.

Nonetheless, I established that there were points along the dorsoventral axis at which the
neuroepithelium would not respond to the contact of non-neural ectoderm by expressing
markers of NCC specification, and that the resultant central nervous system, at least with
respect to the hindbrain, clearly did not regenerate at all. Thus, the dominant hypothesis
in the field, that the entire dorsoventral gradient was respecified in the residual tissue and
led thereby to the regeneration of neural crest cells, was incorrect. In addition, it showed
me the limitations of the use of a small palette of molecular markers to define a cell
population.

The more fruitful part of my Ph.D. work concerned, first, ablation of more rostral neural
folds in the chicken embryo. The resultant embryos not only had brain malformations as
expected from the earlier work at the level of the rhombencephalon, but also a striking
craniofacial phenotype ranging from maxillary hypoplasia, hypotelorism and
synophthalmia to cyclopia and aprosencephaly. This last was surprising, since the neural
folds corresponding to the prosencephalon, future territory of the diencephalon and
telencephalon, had been left intact by the intervention. These observations have laid the
groundwork for other researchers to continue to explore the trophic molecular cross-talk
between NCC and the tissues into which these cells integrate during development, and is
a theme to which I return repeatedly in my ongoing and future projects.
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At this point, I returned to an interesting observation on the replacement of these ablated
neural folds in the chicken by the equivalent tissue from a stage-matched quail donor.
Making use of the powerful chimera fate-mapping tool that had been developed and
exploited by my advisor, Nicole Le Douarin, and her many collaborators, I took a closer
look at the cephalic and particularly vascular derivatives of NCC. I demonstrated the
existence of a discrete vascular sector in which all non-endothelial components of blood
vessel walls were constituted by NCC precursors. In addition, the original
anterioposterior position of the NCC predicted its distoproximal location within the
arboresence of that sector. In this way, I identified a cryptic axis in the highly dynamic
cardiovascular system that had implications for capillary and arteriovenous
malformations. I continue to be interested in this cellular interaction over the years, and in
particular, in the role of the NCC derivative in most intimate juxtaposition to the vascular
endothelium within this rostral sector, known as the pericyte. These cells, of NCC origin
in the head, but of mesodermal origin elsewhere in the body, retain multipotency late in
life. This property perhaps renders them uniquely susceptible to the effects of somatic
mutations occurring during mid- to late gestation, especially if they take place on a
predisposing genetic heritage. Recent research on Parkes-Weber and Sturge-Weber
syndromes and other capillary malformations tend to support this hypothesis (Limaye,
Boon, and Vikkula 2009).

The concept of pathogenesis of localized, apparently sporadic congenital malformations
through a two-step mutation mechanism is one I continue to actively explore in the
context of a pure and indiscutable neurocristopathy, the giant congenital melanocytic
nevus (see Future Projects).

Through a desire to apply my knowledge about NCC differentiation to understanding the
etiologies of human pathologies, I joined an INSERM research group in the Department
of Genetics at the Necker Children®s Hospital in Paris. Here, I had the opportunity to
develop an original project in which I wished to study the transcriptome and alterations
therein of human NCC. This ambitious approach attracted the approval of the new Avenir
startup program that had been established by the INSERM, which supported the creation
of my own research group over a three-year period. By these means, I was able to attract
and provide research subjects to students and postdocs in an extraordinarily collaborative
and fecund intellectual environment. This was enriched by the reference center aspect of
our department, which brought me into contact with doctors discussing a rich and
inspiring variety of rare pediatric genetic diseases, as well as with the patients themselves.
In this way, I contributed my perspective and skills to studies concerning congenital
malformations that had only a tangential neurocristopathic component, such as the
cerebral proliferative vasculopathy known as Fowler syndrome; or cardiopathies not only
involving the NCC-invested outflow tract but also situs inversus; or the Matthew-Wood
syndrome.

Developmental biology being a parsimonious field, and co-option of gene function being
the rule rather than the exception (Meulemans and Bronner-Fraser 2005), the molecular
pathways I have studied in these apparently disparate conditions have invariably been of
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interest in the study of normal and pathological NCC fate determination. Thus I have
found that the diversity of projects in which I have been involved has permitted
unexpected synergies, and my research group will never lack for subjects as a result.
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GENE EXPRESSION IN THE AVIAN EMBRYO

During the early years of my postdoc, I published a few gene expression papers designed
to offer insight as to the function of certain proteins over the course of development.
These are the building blocks for embryologists through which they can elaborate
hypotheses as to the sequence of events leading to differentiation and morphogenesis. |
remain interested in the role of hypoxia in the remodeling of the pharyngeal arch arteries
as they branch off the great vessels of the outflow tract, and intrigued by the genomic
localization and perhaps concomitant transcriptional regulation of Nrf3 with the nearby
Hox gene cluster, in particular in the heart.

RELATED PAPERS:
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N (1999) Expression of Frzb-1 during chick development. Mechanisms of Development
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GENE EXPRESSION IN THE HUMAN EMBRYO AND FETUS

I have applied the expertise gained in embryos of amniotes to intimately study the
anatomy of the human embryo during the third to twelfth weeks of gestation, within the
legal window for the termination of pregnancy and the donation of embryonic tissues to
research. This has also acquainted me with French, American and European bioethical
legislation governing the oversight of acquiring such delicate material.

Just before I arrived for my postdoc, the group directed by Michel Vekemans, with years
of experience in fetal pathology, cytogenetics and the study of normal gene expression in
human embryos, and the group directed by Stanislas Lyonnet, studying the molecular
genetics of neurocristopathies, had recently combined. The project I designed, to derive
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human NCC and study their molecular characteristics before and after differentiation, was
integrally dependent on both poles.

Over the years, I slowly helped and then assumed much of the responsibility from Tania
Attié-Bitach, in managing the human embryo collection so critical for our research. The
rare and precious nature of these materials meant that every tissue was conserved and
exploited, even if not immediately useful in the frame of the research projects underway.
Conservation took the form of freezing microdissected primordia or fixing and processing
whole embryos for the sparing use of sections for in situ hybridization and
immunohistochemistry. Exploitation took the form of participating in numerous
collaborations, in particular with members of our research unit, in which the
spatiotemporal localization of a given gene transcript could provide clues as to its
function during human development. Our ability to demonstrate and interpret expression
results was highly sought after by collaborators who had identified genes for congenital
malformations both locally and from around the world.

For organizational reasons, the supply of embryos tapered off in Paris. They had been
supplied by the Orthogenics Service of the Broussais Hospital, one of the rare clinics in
which they encouraged women who had undergone the RU486 abortion protocol to
remain through the period of expulsion, to accompany them and intervene in the rare
cases of complications. The expelled material could then be donated to research. In 2001
a law was voted and applied in 2004, whereby women could undergo the protocol
accompanied by their general physician and no longer through specialized clinics. Since
we were not routinely managing materials obtained by the aspiration technique, due to
their often being older first-trimester abortions not eligible for the RU486 protocol, we
continued to make use of earlier banked tissues for our studies.

During the period 2006-2009, I continued to manage my research subgroup in Paris, but
also worked part-time with a team studying the genetic bases of diseases affecting the
anterior chamber of the eye, run by the ophthalmologist Frangois Malecaze and the
geneticist Patrick Calvas in Toulouse. The immediate justification was related to the work
we had recently conducted on candidate genes involved in the polymalformative
Matthew-Wood syndrome (discussed further below).

In order to carry out work identifying new candidate genes for severe micro-/anopthalmia
(MAO), Nicolas Chassaing and I undertook the identification of genomic targets of four
transcription factors already known to be implicated in human isolated or syndromic
MAO. This work is still ongoing in Toulouse, but entailed the establishment of a new
source of human embryonic tissues and a distinct request to the French Agency for
Biomedicine, which was approved in 2008.
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HUMAN ORGANOGENESIS

EYE

As mentioned above, I have had some interest in the anterior chamber of the eye and its
relationship to the appropriate formation of the cartilaginous sclera and its underlying
choroid plexus, all of which are cephalic NCC derivatives, ever since my Ph.D. This area
is a rich source of NCC-derived pericytes, and is affected by the absence of NCC by the
two ocular primordial and their surrounding tissues fusing. Incidentally, my work in
isolating vascular pericytes from this capillary plexus was hampered by the presence of
numerous melanocytes I had also given annual courses in eye development to resident
ophthalmologists since 2001.

When a fetal pathology staff meeting at Necker in 2006 discussed a case with
diaphragmatic hernia and absence of lungs, associated with bilateral clinical
anophthalmia and a family history, and this was shortly followed by the discussion of a
second similar case from the Institut de Puériculture, the embryologist in me had enough
confidence to suggest examining a candidate gene coding the morphogen FGF10, based
on what I knew of some overlapping features in the mouse knockout phenotype. We did
this first by establishing the normal expression pattern of FGF10 and its cognate receptor
FGFR2 in the human embryo during embryogenesis of the affected organ systems (both
cases had atresic or absent pulmonary arteries and the second, a ventricular septal defect).
We then sequenced both genes (and excluded coding mutations) in these patients.

At that time, multiple French research groups were interested in this clinical association,
from the perspective of different affected organ systems. This interest led our group to
discussions with Fanny Bajolle, Stéphane Zaffran, and Margaret Buckingham from the
Institut Pasteur and Fanny“s chief of service in pediatric cardiology at Necker hospital,
Damien Bonnet, because of the heart implications and their ongoing work on the role of
Fgf10 in outflow tract development; with Patrick Calvas and Nicolas Chassaing for their
interest in transcription factors responsible for micro-/anophthalmia and the idea that in
their cohort, they may have postnatal examples of the same broad spectrum; and with the
interests one of the local fetal pathologists (Jelena Martinovic) in congenital

28



diaphragmatic hernia. My Ph.D. student, Christelle Golzio, was particularly interested in
the cardiac side of the story as well, leading to the development of collaborative projects
concerning cardiovascular development in the human embryo and implications for
congenital heart defect patients treated at Necker (discussed below).

In the end, we and others (Pasutto et al. 2007) identified mutations in the STRA6 gene in
Matthew-Wood patients , a protein necessary for the normal transfer of fat-soluble
vitamin A into the cytoplasm (Kawaguchi et al. 2007) and to an intracellular carrier for
further metabolism to the nuclear transcriptional signal, retinoic acid. Many organ
systems are exquisitely sensitive to dosage fluctuations in the pool of retinoic acid during
susceptible windows in development, including the major ones most often affected in this
syndromic microphthalmia: eyes, heart, lungs, diaphragm and gut (Niederreither and
Dolle 2008) . This paved the way for reflection on how retinoic acid might interact with
genes implicated in human anophthalmia such as PAX6, RAX, SOX2 or OTX2 (work
continues on retinoic acid-induced Rax-expressing embryonic stem cells in Toulouse)
(Danno et al. 2008); or other ocular defects such as CHD7 (involved in a syndromic
coloboma also affecting heart development) (Bajpai et al. 2010) given their
spatiotemporal overlap in these sites, and more generally on the transcriptional regulation
of FGF10 (Desai et al. 2004).
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(2007). Matthew-Wood syndrome: report of two new cases supporting autosomal
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NEURAL TUBE

Interestingly, one of the postnatal cases we identified with STRA6 mutations in Matthew-
Wood syndrome presented a spinal bifida occulta, which has in animal models been one
of the many signs associated with vitamin A deficiency.

I return on occasion to an ongoing interest in neural tube closure and brain and spinal
cord anatomical morphogenesis developed in the early years of my Ph.D. By combining
that interest with new expertise in human embryology and a highly fruitful collaboration
cut short by the untimely death of the geneticist Marcy Speer (Duke University Medical
Center), I was able to make limited contributions to understanding the process and one of
the molecular players involved in the less extreme but far more common forms of human
neural tube closure defects. Collaboration continues slowly but surely with the group of
John Gilbert, now at the Hussman Institute for Human Genomics at the Miami University
School of Medicine. One paper, being written up, involves the differential transcriptome
established by use of the sensitive Serial Analysis of Gene Expression (SAGE) technique,
of human neural tubes at four spatiotemporal points immediately following neural tube
closure. Another topic, in continued three-way collaboration with the group of Stanislas
Lyonnet at the Necker Childrens Hospital, makes use of high-throughput genomics
technologies to pinpoint the genetic bases of an unrelated congenital malformation
syndrome.
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BLOOD VESSELS AND HEART

The outflow tract of the heart starts as a two-dimensional sheet, which remodels to form a
tube, like so many other embryonic primordia. I have been interested in its continuous
distal aspect, the branchial vascular sector, since my Ph.D. This interest has brought me
into contact with the dynamic discipline of interventional neuroradiology, in which a
fascinating variety of natural anatomical variations in the blood vessels irrigating the
central nervous system, particularly complex in the head, are present in the pool of
patients seeking treatment (Krings et al. 2007). It is around the major arteries that over
time form a remodeling and dynamic cage around the pharynx, that all lower facial
tissues are organized, and this has formed a leitmotif during my career to date.
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Bitach T, Etchevers HC. (2007). Matthew-Wood syndrome is caused by truncating
mutations in the retinol binding protein receptor gene STRA6. Am J Hum Genet. 80(6):
1179-87.
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One major area of curiosity has been the definition of the role of Fgf10 on one hand, and
signaling through the Fgfr2 receptor on the other, in the morphogenesis of the cardiac
outflow tract and/or the pulmonary vessels. We had identified expression of the isoform
of Fgfr2 to which Fgf10 preferentially binds in both human and chicken embryonic NCC,
Fgfl0 being strongly produced by the second heart field preceding and during its
septation. The second heart field is that part of the splanchnic mesoderm that will be
incorporated into the right ventricle, conus cordis and truncus arteriosus (or
conotruncus). Recent work by other groups having invalidated that necessity of direct
Fgf10 signaling to Fgfr2-expressing NCC by performing genetic ablations of the receptor
only in the NCC (Park et al. 2008), but maintaining a yet-important role for Fgfl0 in
cardiac morphogenesis (Watanabe et al. 2010; Urness, Wright, and Mansour 2010), we
have examined the upstream regulation of this gene. A clearly indispensable transcription
factor for development of the conotruncus is Islet-1(Cai et al. 2003). My group has been
examining a combinatorial role of ISL1 in the direct transcriptional regulation of FGF10,
supporting the importance of these proteins in human cardiogenesis. Below is a paper in
progress that describes that work in more detail, an ideal transition to the new group in
which I work and will train students with an eye toward developing complementary and
synergistic research themes.

New data at the end, and items that will be taken into consideration for the rewrite
underway.

ISL1 is a Major Orchestrator of Morphogenetic Signalling Pathways in the
Embryonic Human Heart
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Abstract

The LIM homeodomain-containing transcription factor Islet-1 (Isll) is critical for
cardiogenesis in animal models. We demonstrate that ISL1 is instrumental in human heart
development. It demarcates an anatomical region that supports the conserved existence of
a second heart field and that co-expresses GATA4 during the same period in situ. ISL1
directly activates human cardiac FGF10 transcription in a spatiotemporally specific
manner by occupying a novel intronic regulatory element containing ISL1- and GATA-
binding sites. ISL1 also binds regulatory elements of additional cardiac genes transcribed
at the beginning of the second month of human gestation, as observed after ChIP-
sequencing. Some of these elements are predicted to contain GATA-binding motifs,
arranged similarly to the ISL1-GATA element identified in the FGF10 gene. ISL1 is thus
positioned to directly coordinate FGF, BMP and cell polarity signalling pathways in cells
of the prospective outflow tract of the human heart.

Introduction

Congenital heart malformations occur in approximately 3 per 1000 births, more
than half of which are potentially lethal malformations of the outflow tract (OFT)
(Hoffman and Kaplan, 2002). Extensive studies have been undertaken to identify factors
driving the differentiation of cell populations that participate in OFT formation.

Two spatially distinct groups of myocardiac progenitors, the first and the second
heart fields, contribute to the definitive amniote heart. The chambers proper are derived
from the former, while the outflow segment of the right ventricle and great arteries, and
the inflow portion of the atrial sac, come from the latter. Coordination between these
separate but adjacent mesodermal primordia is orchestrated by signaling events that
converge on a common palette of transcription factors necessary for the site-appropriate
differentiation of the multiple cell types present in a mature heart (Rochais et al., 2009).

The LIM homeodomain transcription factor Islet-1 (Isll) is one of these. ISl is
necessary for multipotent cardiovascular progenitors within the second heart field to
proliferate, survive, and migrate into the forming heart. IsI1-null mice die at embryonic
day (ED) 10 from gross cardiac malformations, notably the lack of the OFT and right
ventricle. The residual hearts no longer express bone morphogenetic protein (Bmp)
family members 2 and 7, or fibroblast growth factor (Fgf) ligands 8 and 10 (Cai et al.,
2003). Fgfl0 expression also characterizes splanchnic mesoderm of the murine second
heart field (Kelly et al., 2001). Its genetic ablation leads to malposition of the heart apex
and absence of pulmonary arteries and veins; the absence of the cognate specific receptor
isoform for Fgfl0, Fgfr2-I1lIb, leads to pulmonary vessel aplasia and to OFT
malformations such as double outlet right ventricle or ventricular septal defects with
overriding aorta (Marguerie et al., 2006). These effects are similar to combinatorial
reduction of both Fgf8 and Fgfl10 in the future myocardium (Watanabe et al., 2010).

To date, the spatiotemporal conservation of ISL1 expression in the developing
human heart or the identity of cardiac genes putatively regulated by human ISL1, were
unknown. Based on murine studies, human malformations of the inflow or outflow tracts
could result from mutations in coding or non-coding regions of ISL1 transcriptional gene
targets, although some highly conserved developmental genes are known to have species-
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specific domains of action (Fougerousse et al., 2000). We identified a novel intronic
element in FGF10 that is not only regulated directly by ISL1 but also by the transcription
factor GATA4 when they are expressed in the presumptive OFT of the human heart. As
demonstrated by chromatin immunoprecipitation from embryonic human cardiac
primordia, ISL1 occupied this as well as other binding sites across the genome in vivo.
Such elements corresponded to regulatory regions of genes also expressed in the
developing human heart. Some of the newly identified ISL1-bound sites were organized
in similar ISL1-GATA modules to that observed in FGF10; such modules potentially
represent a novel developmental cardiac enhancer motif.

Materials and Methods
Expression studies

ISL1 and GATAA4 in situ hybridizations were performed with transverse sections of normal
human embryos from Carnegie stages (CS) 12 to 15 (O'Rahilly and Miiller, 1987).
Embryos were obtained from electively terminated pregnancies in concordance with
French legislation (94-654 and 08-400) with approval from the Necker ethical review
committee. Tissue fixation, sectioning, in Situ hybridization were carried out as
previously described (Delous et al., 2007). Total RNA was extracted from hearts at CS13
to CS16 and RT-PCR was carried out using the GeneAmp kit (Roche) with 500 ng total
RNA input for first strand synthesis. Primers are listed in Table S1.

Plasmid constructs

Human TBX20 and ISL1 expression vectors were generated. Full-length TBX20 cDNA
and a fragment of ISL1 cDNA with the N-terminal 142 amino acids removed (Sanchez-
Garcia and Rabbitts, 1993) were inserted into the multiple cloning site of pcDNA3.1C
(Invitrogen). Human GATA4 was purchased from GenScript (GN026113).

Electrophoretic Mobility Shift Assays

HeLa cells were transfected with either ISL1 or GATA4 expression constructs. Nuclear
protein extracts were made using standard protocols. EMSA was performed using the
LightShift Chemiluminescent EMSA Kit (Pierce) as specified. Primers are listed in Table
S1.

Transactivation assays and reporter constructs

For the FGF10 reporter construct (LUC-FGF10-Int1), 1047 bp of the FGF10 first intron
(chromosome 5:44421556-44422602) were subcloned into the BamHI site 3' to luct+ in
pGL3 (Promega). Mouse 10T1/2 cells in DMEM/10% fetal calf serum were transfected
with FuGeneHD (Roche). Cells were harvested and lysed 24h after transfection. Firefly
and Renilla luciferase activities were measured on a Berthold Centro LB960 using the
Dual-Luciferase Reporter assay system (Promega). Firefly luciferase activity was
normalized to the Renilla luciferase internal control, pRL-CMV (Promega). Experiments
were repeated in triplicate in three independent assays.
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Chromatin immunoprecipitation

ChIP was carried out as described, starting from nuclear isolation (Havis et al., 2006),
using 11 microdissected and flash-frozen human cardiac tubes from CS14-15. An anti-
ISL1 (10 puL, Santa Cruz Sc-23590X) or an anti-GFP antibody as negative control (10 pL,
Abcam ab1218), were used per 10 pg of sonicated chromatin. Immunoprecipitated DNA
was analysed by end-point PCR (primers, Table S1).

High throughput sequencing

ISL1-bound DNA resulting from ChIP described above, was purified and sequenced on
an Illumina Genome Analyzer II station, according to manufacturer's instructions
provided by Fasteris SA (http://www.fasteris.com).

Bioinformatics

Sequence reads were mapped to the human genome, allowing up to two mismatches,
using the Efficient Alignment of Nucleotide Databases module within the Illumina
Genome Analyzer Pipeline software. Genome-wide distribution of identified binding
peaks was considered to correlate with a gene when they fell within the 10 kilobases 5 to
predicted transcriptional start sites or 3*to the last exon of RefSeq genes positioned in the
UCSC genome browser (http://genome.ucsc.edu, hgl8). Identification of putative
consensus sites was performed with rVista 2.0 (http://rvista.dcode.org). A bioperl script,
available on request, was written to screen sequences for the ISL1-GATA4 binding motif.

Results and Discussion
Expression of conserved human genes essential for cardiac development

Isl1, normally expressed by second heart field cells and subsequently in the OFT,
affects the expression of murine Fgfl0 (Cai et al., 2003). Three of the six GATA
transcription factors, Gata4, -5 and -6, are also expressed in the early cardiac primordium
(Molkentin, 2000), and Isll cooperates with Gata4 to directly co-regulate additional
transcription factors needed for early mouse heart development (Dodou et al., 2004;
Takeuchi et al., 2005). We first examined the expression of ISL1, GATA4, GATAS,
GATAG, and FGF10 during human cardiac development to assess possible functional
conservation.

To obtain spatial information about the expression patterns of ISL1 and GATA4 in
the human embryonic heart, we performed in situ hybridizations at each Carnegie stage
(CS) between CS12 and CS15. This period covers morphogenetic changes from
directional S-shaped looping of the primitive cardiac tube to the appearance of four
distinct chambers (Moorman et al., 2003). At CS12, unlike the equivalent stage in the
mouse (Rojas et al., 2005), no GATA4 expression was observed in this vicinity; ISL1 was
expressed in ventral foregut (Fig. 1A). However, between CS13 and 15, ISL1 and GATA4
were both transcribed within the cardiac mesenchyme surrounding the aorticopulmonary
canal (see magnifications Fig. 1F, G, H and I, J, K respectively). ISL1 was also expressed
at CS15 in continuity with mesenchyme between the trachea and the heart, as reported for
the mouse [cf. Fig. 1G of (Snarr et al., 2007)].
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Next, RT-PCR of mRNAs extracted from microdissected, staged heart primordia
pooled by stage confirmed that ISL1, GATA4, GATAS5, GATAG6, and FGF10 were all
transcribed by the embryonic human heart from CS13 to CSI15 included. In contrast,
although beta-actin expression continued unabated, these genes were abruptly no longer
transcribed at CS16 (37-40 days of gestation) (Fig. 1 inset).

During OFT maturation, ISL1- and GATA4-expressing cardiac mesenchyme is
colonized by neural crest cells. Neural crest cells are probably not present in this vicinity
at CS13, but may be at CS14-CS15 (Thomas et al., 2008). Murine Isl1 is not expressed in
migrating neural crest cells (Cai et al., 2003), and Gata4 is rapidly downregulated in the
mesectodermal and cardiac subpopulations (Tomita et al., 2005). Human cardiac cells
expressing ISL1 at CS14-15 (equivalent to ED10.5-11) are likely to be mesodermal in
origin, supporting the novel assertion that a SHF also exists and contributes to heart
development in humans.

In order to find cardiac transcriptional targets of ISL1 in this time window, we
adapted ChIP to staged and prospectively frozen embryonic human hearts. DNA obtained
after immunoprecipitation was analyzed using both end-point PCR and, for the first time
using such starting material, high-throughput sequencing.

ISL1 binds a novel intronic element of the FGF10 gene in heart but not hindlimb

A bioinformatics analysis of the FGF10 locus to search for putative ISL1
consensus binding sites yielded two candidates. The first was previously predicted within
the FGF10 promoter (Ohuchi et al., 2005) and termed FGF10-Pr2 (Fig. 2A); the latter
within the intron 1 of FGF10, was termed FGF10-Intl (Fig. 2A-2B). Using ChIP, we
demonstrated that in the developing human heart at CS14-15, ISL1 bound to only the
FGF10-Intl fragment. In contrast, it did not occupy FGF10-Pr2 or a different promoter
fragment without an ISL1 consensus site, termed FGF10-Prl (Fig. 2C). In parallel, we
observed that acetylated histone H4 bound the ISL1 and FGF10 promoters. As expected,
the chromatin around these two promoters was thus transcriptionally active in the human
heart at CS14-15, consistent with the expression studies above (Fig. S1 in supplementary
material).

Both Isll and Fgfl0 play early and interdependent roles in the specification and
outgrowth of vertebrate limb buds (Sekine et al., 1999). We therefore tested whether ISL1
occupied the FGF10-Intl element in human limb buds. FGF10 and ISL1 are indeed co-
expressed at foot plate stages in the human hindlimb, as shown by RT-PCR. However, by
contrast with ChIP using CS14-15 hearts, ChIP using CS16-17 hindlimbs demonstrated
no interaction between ISL1 and the FGF10-Intl element (Fig. S2).

ISL1 and GATA4 bound the FGF10-Intl element in vitro

To investigate the ability of ISL1 to bind to its conserved consensus site (FGF10-
ISL1) within FGF10-Int1, we performed EMSA assays (Fig. 2D). ISL1 bound robustly to
FGF10-ISL1 as well as to a known positive control site, termed Insulin I-ISL1 (Dodou et
al., 2004) (Fig. 2D, lanes 2 and 7 respectively). Binding of ISLI to its FGF10-ISLI
cognate site was specific, since it could be partially competed off by excess unlabeled
probe (Fig. 2D, lane 3) but not by a hundredfold excess of unlabeled mutated probe (Fig.
2D, lane 4). In addition, ISL1 did not bind to a labeled, mutated version of FGF10-ISL1
(Fig. 2D, lane 5).
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ISL1, similar to other LIM domain-containing transcription factors, may not act
alone in binding the FGF10 intron 1 region. Concordantly, we identified a potential
binding site for GATA4/5/6-type transcription factors in FGF10-Int1 (Merika and Orkin,
1993) (Fig. 2B). This non-canonical GATA binding site (i.e. 5“TGATTA-3%) is 52
nucleotides distant from the ISL1-binding site we demonstrated by ChIP.

Similarly, GATA4 bound specifically to this non-canonical GATA4 site within
FGF10-Intl (Fig. 2D, lane 12), and binding to this site was completely abrogated by the
addition of unlabeled FGF10-GATA4 probe (Fig. 2D, lane 13).

ISL1 and GATA4 activate FGF10 via its intronic enhancer in cooperation with TBX20

Murine Isll and Gata4 directly co-activate transcription of downstream cardiac
transcription factors Nkx2.5 and Mef2c (Dodou et al., 2004; Takeuchi et al., 2005). We
thus tested the potential of the FGF10-Intl element to direct the transcription of a
luciferase reporter gene in the presence of ISL1 and/or GATA4. Co-transfection in
10T1/2 cells of a GATA4 or ISL1 expression construct together with the LUC-FGF10-
Int1 reporter resulted in strong activation of luciferase activity (Fig. 3).

The transcriptional response of murine Nkx2.5 to Isll and Gata4 in vitro can be
potentiated by Tbx20, a member of a large family of genes related to the T (brachyury)
transcription factor (Takeuchi et al., 2005). We therefore examined the potential for
human TBX20 to activate the LUC-FGF10-Intl reporter transfected into 10T1/2 cells.
Co-transfection of a TBX20 expression construct, as for GATA4 and ISLI1, indeed
activated the reporter alone. Additional transfection of GATA4 and ISL1 expression
constructs along with TBX20 resulted in the most efficient activation of LUC-FGF10-
Intl (Fig. 3). Curiously, there is no T-box within the response element of FGF10.
However, the response of murine Nkx2.5 to Tbx20 also occurs without a cognate T-box
element.

At CS14-15, cardiac neural crest cells, expressing FGFR2 (Thomas et al., 2008),
may thus sense the FGF10 secreted by SHF-derived cells in the human OFT, under the
control of mesodermal transcription factors such as ISL1 and GATA4/5/6. This cell-cell
communication between cardiac neural crest cells, secondary and primary heart field cells
is critical for the growth, maturation and septation of the OFT.

ChIP-sequencing identifies in vivo ISL1-binding sites throughout the genome

In order to find additional cardiac targets of ISL1 at CS14-15, we turned to high-
throughput sequencing (ChIP-sequencing). Sequences were mapped to the human
genome and putative ISL1-bound regions represented by the enrichment of overlapping,
mapped sequences, or peaks. A total of 4.98 million initial sequences were generated, of
which 39% were mapped and retained for peak generation. We chose to focus on the 124
peaks defined by coverage of at least 20 hits within a gap interval of 100 bp between first
position matches. Peaks mapped to simple repeat regions were excluded.

Of the twenty sites within ten kilobases (kb) of a predicted gene, thirteen were
localized in intronic regions, four were located 5 to the nearest first exon and three were
located 3 to the nearest last exon of a gene. A canonical 5*~(C/T)TAATG(A/G)-3*ISL1-
binding motif was found in thirteen loci, of which eight were expressed in the embryonic
heart (Fig. S3). We also scanned a window of 100bp flanking these eight ISL1 sites in
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light of the presence of a GATA4/5/6-binding site in the FGF10-Int1 element. Consensus
GATA sequences were present in the loci corresponding to BMP2, DOK5, JAKMIP3 and
NUP54. Including FGF10, the GATA site was located between 55 and 80bp of the ISL1
site in all five genes, defining a novel ISL-GATA regulatory motif.

Many of the 124 original peaks did not have canonical ISL1 recognition
sequences, indicating that the rather short consensus sequence may not account for all
ISL1 binding to DNA. ISL1 may target these regions through protein-protein interactions
(Takeuchi et al., 2005) or degenerate binding sites (Johnson et al., 2007). We re-scanned
all 124 peaks for canonical GATA sites. In addition to those sites near canonical ISLI
consensus sequences identified above, we found two additional peaks with only a GATA
consensus binding site. These were within an intron of PDE3A and 3 to the last exon of
BARX1. We confirmed that PDE3A was transcribed at the same time as ISL1 in the heart
by RT-PCR (Fig. S3).

In addition to FGF10, the genes transcribed in the human cardiac primordium at
CS14-15 whose loci are occupied by ISL1 were: NUP54, JAKMIP3, BMP2, DOKS,
MAP4K4, MYO1D, UNC45B, ROCK1, and PDE3A. Many of these are signals or
effectors that may poise SHF-derived cells to respond to their environment.

NUP54 encodes a nucleoporin, part of a complex involved in nuclear protein
transport, about which little else is known to date, although it may be involved in
maintaining the tone of arterial smooth muscle (Sabri et al., 2007). ISL1 may also directly
regulate two intracellular effectors involved in signalling associated with cell shape
changes, JAKMIP3 and ROCK1. Wntl1, a ligand used to establish planar cell polarity and
required for proper invasion of the OFT by cardiac neural crest cells, transduces via both
Jakmip3 and Rock1 (Zhou et al., 2007).

Bmp2 is required for the recruitment of SHF cells during murine OFT formation
(Waldo et al., 2001). Its cardiac expression profile (Fig. S3) and the presence of an ISL1-
bound site located 6 kb after the last exon of BMP2 confirmed this potential role in
humans. It was independently found that the 3 region of human BMP?2 is responsible for
its transcriptional regulation (Dathe et al., 2009).

MAP4K4 and DOKS are intermediates between extracellular signals like FGF10,
and a transcriptional response. The Dok family of proteins comprises common adaptor
substrates for growth factor receptor tyrosine kinases. MAP4K4 activates c-Jun N-
terminal kinase (Machida et al., 2004). Possible effects are activation of the transcription
factors JUN or ERK.

MYOID and UNC45B are required for muscle myosin and sarcomere
organization. MyolD is expressed in the developing Xenopus embryo in cephalic and
cardiac neural crest cells as they infiltrate the branchial arches (LeBlanc-Straceski et al.,
2009). Its Drosophila homologue, DmMyo31DF, leads to situs inversus upon mutation
and co-localizes with beta-catenin, implying a potential role for MYO1D in cytoskeletal
changes and human heart looping (Speder et al., 2006). The myosin chaperone protein
Unc-45 is expressed in cardiac and striated muscles of the developing zebrafish.
Morpholinos against Unc-45 lead to major cardiac malformations including Situs
inversus, as well as branchial arch cartilage dysmorphy (Wohlgemuth et al., 2007).

Phosphodiesterase 3A, present in murine cardiomyocytes, regulates sensitivity to
cAMP-inducing prostaglandins by directly hydrolyzing cAMP (Sun et al., 2007). During
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gestation, PDE3A expression increases in the muscle wall of the ductus arteriosus, a
transient vessel derived from the sixth pharyngeal arch that shunts before birth between
the aorta and the pulmonary trunk of the OFT (Liu and Maurice, 1998). The role of
PDE3A is to increase its tension and permit postnatal remodelling of this region. An
earlier, embryonic role in cardiac formation has been hitherto unsuspected.

The ISL1-GATA4 motif

A total of 5/10 novel ISL1 binding sites were within 80bp of a GATA binding
site. Similarly, 52 nucleotides separate a functionally validated Isl1 site from a Gata site
in the murine Nkx2.5 promoter and this motif is highly conserved in human NKX2.5.
Therefore, we tested the hypothesis that the close association of ISL1 to GATA binding
sites represents an indissociable module rather than a fortuitous observation.

An ISL1-GATA motif was defined as (C/T)TAATG(A/G) with 55-80 intervening
base pairs from (A/T/C)GATA(A/G). Then, the entire sequence of human chromosome 5
was scanned for it in both directions, with 2,279 occurrences. Using parameters generated
by a Markov chain 1 model, we simulated 1000 same-sized virtual chromosomes and
scanned these for the defined motif. There was a mean of 3,306 occurrences, which is
significantly more than observed in the biological dataset (Zy-score of -17.95 with an
associated p-value 2.5¢7%). The fewer incidences found in vivo mean that the ISL1-GATA
motif underwent evolutionary selection pressure. Moreover, similar analyses conducted
for ISL1 or GATA sites individually showed observed versus simulated incidences of
58,498 versus 83,258 for ISL1 (Z-score of -90.27) and 242,329 versus 281,028 for
GATA (Zg-score of -74.67).

As for the whole motif, each binding site is found less frequently in vivo than
would be expected by chance alone. The discrepancy between observed versus simulated
incidences of the ISL1-GATA motif (Zy-score) is greater than for either site alone (Z;-
score and Zg-score), further suggesting that this regulatory module is a bona fide
functional unit.

The relatively short length of the spacer sequence led us to align the sequences
separating the ISL1 and GATA-binding sites in the FGF10, NUP54, JAKMIP3, BMP2,
and DOKS5 genes, as well as the equivalent spacer sequence conserved in human NKX2.5.
We found 29 nucleotides aligned among at least four of the six spacers. However, we
observed an average of the same number of alignments in five groups of six randomly
chosen intervals within ISL1-GATA motifs taken from one of the simulated
chromosomes above, and the difference between the number of aligned residues in the
biological versus simulated spacer sequences was not statistically significant.

Overall, the data presented here support the idea that ISL1 confers a spatially
restricted potential on human SHF progenitors to respond in a sensitive manner to
morphogens in the cellular environment. ISL1 regulates the expression of several
downstream effectors of signalling pathways involving FGFs, BMPs or cytoskeletal
changes by means of non-promoter, primarily intronic, elements.

A conserved mechanism may exist between humans and mice for the regulation of
cardiac gene transcription by the convergence of several transcription factors during
development. This hypothesis was supported by transactivation assays that confirmed the
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ability of the human forms of ISL1 and GATA4 to act in cooperation to activate a
reporter gene under the control of a FGF10 intronic element (i.e. Luc-FGF10-Intl). In
addition, our statistical analyses support the conclusion that the proximity of ISL1 and
GATA binding sites confers an evolutionary advantage.

Knock-out models of many ISL1 targets, including Fgf10 and Bmp2, give rise to
murine cardiac malformations of the OFT and have served as candidate genes for
mutation screening in patients affected by congenital heart malformations (Martinovic-
Bouriel et al., 2007; Posch et al., 2008). Mutations in either the coding sequences of ISL1
targets or in non-coding regulatory sequences recognized by ISL1 now become equally
compelling candidates in human conotruncal heart defects.
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Fig. 1: Expression of ISL1 and GATA4 transcripts in the human heart between 26
and 38 days of gestation.

A-G ISL1 in situ at Carnegie stages (CS)12 (26-30 days post fertilization [dpf]), CS13
(28-32 dpf), CS14 (31-35 dpf) and CSI15 (35-38 dpf) respectively. E-G are
magnifications of B-D respectively. H-J show GATA4 expression in adjacent sections to
B-D. (A): ISL1 is expressed at CS12 in foregut endoderm, splanchnic mesoderm, and
early motoneurons. (B, E): At CS13, ISL1 is transcribed by mesenchyme around the
cardiac OFT and pharyngeal arches. ISL1 expression continues in the splanchnic
mesoderm between the trachea and OFT, and is visible in dorsal root ganglia, at CS14 (C,
F) and CS15 (D, G). (H-J): GATA4 is expressed in the endocardium and myocardium of
the arterial pole CS13, CS14 and CS15 (H, I, J respectively). Inset: RT-PCR of ISL1,
GATA4, GATA5, GATA6, FGF10 and positive control ACTB mRNAs in embryonic
human hearts at stages CS13-16. Abbreviations: drg, dorsal root ganglia; es, esophagus;
fb, forebrain; fg, foregut; ph, pharynx; nt, neural tube; oft, OFT; ra, right atrium; t,
trachea. Arrows, motoneurons. Bar: 110 um (A,B,C,D,I) and 55 um (E,F,G,H,J,K).
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Fig. 2: In vivo and in vitro binding of ISL1 and GATA4 within the first intron of
FGF10.

A: The FGF10-Pr1, FGF0-Pr2 and FGF10-Intl fragments are positioned relative to the
human FGF10 locus. FGF10-Int] fragment contains two consensus binding sites for ISL1
and GATA factors (Fig. 2B). B: The sequence of the FGF10-Int1 fragment and position
of conserved putative ISL1 and GATA binding sites. C: Results of PCR after ChIP from
human embryonic hearts at CS14-15. D: Results of EMSA assays demonstrate specific
binding of ISL1 and GATA4 to the FGF10 intronic element (FGF10-Intl).
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Fig. 3: In vitro transcriptional activation assays.

LUC-FGF10-Int1, which placed the luciferase gene under the control of the FGF10-Intl
element, was transfected alone or together with ISL1, GATA4 and TBX20 expression
vectors into 10T1/2 cells. Each factor alone potentiated luciferase expression and these

effects were additive.
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Gene RefSeq Chromo-  Position Genomic ISL1 CBS Spacer  Genomic GATA

some Coordinates length  Coordinat CBS
ISL1 (bp) es GATA
NUP54 NM 017426 4 intron 77,266,265 ACATTAA 70 77,266,195 ATATCT
JAKMIP3  NM 0011055 10 intron 133,836,145  TTAATGT 65 133,836,08 GTATCG
21 0
BMP2 NM 001200 20 3 6,770,105 TCATTAT 65 6,770,180 CTATCA
DOK5 NM 018431 20 intron 52,663,020 TCATTAG 80 52,663,100 TTATCT
MAP4K4 NM_ 145687 2 intron 101,816,800 TTTATGA
MYO1D NM 015194 17 intron 28,174,005 CTAATGT
UNC45B NM 173167 17 intron 30,502,300 CCATTAC
ROCK1 NM_ 005406 18 3 16,770,325 TTAATGA
PDE3A NM_000921 12 intron 20,595,645 TGATAG

Table 1: Transcriptional targets of ISL1 identified by ChIP-sequencing.

Abbreviation: CBS, consensus binding site.

Supplementary Information

No No
DNA antibody 19G  H4 INPUT

ISL1 Promoter

Fig. S1. ChlIP assay on human embryonic heart chromatin using anti-acetylated
histone H4.

Using chromatin preparations from hearts at Carnegie stages 14-15, we observed that
acetylated histone H4 bound the ISL1 and FGF10 promoters. The chromatin around the
ISL1 and FGF10 promoters was therefore transcriptionally active at these stages in the
heart (1).

Reference: 1. Vettese-Dadey M, et al. (1996) Acetylation of histone H4 plays a primary
role in enhancing transcription factor binding to nucleosomal DNA in vitro. Embo
J 15(10):2508-2518.
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Fig. S2. RT-PCR of ISL1 and FGF10 transcripts in the human forelimb and
hindlimb buds and ChIP of human hindlimb bud chromatin using an anti-I1SL1
antibody.

A: FGF10 and ISL1 were co-expressed at foot plate stages (Carnegie stages [CS]16-17,
i.e. 37-44 days of gestation) in human hindlimbs as seen by RT-PCR. B: However,
chromatin immunoprecipitation from this tissue demonstrated no interaction between
ISL1 and the FGF10 first intron element we identified as bound in DNA derived from the
CS14-15 heart.
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Fig. S3. RT-PCR of ISL1 identified targets in the human heart from CS14 and
CS15.

All targets reported in this study (Table 1) were expressed at both Carnegie stages (CS)14
and CS15 in the human heart except for JAKMIP3, only expressed at CS15.
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For in situ hybridization

hROCKI-F

CAACAACGGTTAGAACAAGAGG

hISL1-T7-F TAATACGACTCACTATAGGGAGA —NROCKIR TTGTCTGCCTCARATGCTTG
CCTTCTACGEOATCARATGE hPDE3A-F TCATCCAGGAAGGACTAATGC
hISL1-T7-R TAATACGACTCACTATAGGGAGA  For ChIP
CCCCCTCATCTCTACCACTT hISLI-PromF | CCTCCCACCCAACGTTTTTA
hISL1-F CCTTCTACCCCATCAAATCC hISL1-PromR | CGAGTGGCTGGTGGGTAG
hGATA4-T7-F | TAATACGACTCACTATAGGGAGE ~jrecro b 1T GTTCACCGTGCTGTCAT
TCTTGCAATGCGGARAGAG F
hGATA4-R CAGTGATTATCTCCCCCTGA hFGF10-Prom- | GATGCAAGGCAAGGAGAGAG
hGATA4-T7-R | TAATACGACTCACTATAGGGAGA g
CAGTGATTATCTCCCCCTGA FGF10-Prl-F | GGGAGCCAATTTCATTTTCA
hGATA4-F TCTTGCAATGCGGAAAGAG FGE10PrI.R | COAGCACTGTGACAAAR
FGF10-Pr2-F | TTCTTTTCTGTGCAGCCTTTC
For RT-PCR FGF10-Pr2-R | TGTCCTTTTCAATCCTAGCAAA
TSLLE T TOTACGOGATCAIATGE FGF10-Intl-F | GGAAAAGGAATTGACACTCTTCA
TISLLR S CCCGTCATCTCTACCAGTT FGF10-Intl-R | GGAGGGGTTCACTCTGCTAA
hGATA4-F TCTTGCAATGCGGAAAGAG
hGATA4-R CAGTGATTATGTCCCCGTGA For EMSA
hGATAS-F CCTCCCECCICTACATCA InsulinS (+ GCCCTTGTTAATAATCTAATTAC
hGATAS-R AGGCTCGAACTTGAACTCCA control) COTAG
hGATAG-F GTCGCCCAGACCACTTGCTAT InsulinAS CTAGGGTAATTAGATTATTAACA
hGATA6-R GCGAGACTGACGCCTATGTA AGGOC
hFGF10-F TGCTGCTTTTTGTTGCTGTT FGF10-intl-S | TAGACAATATCTTAATGATACCA
hFGF10-R CATTTGCCTCCCATTATGCT TGTAG
hACTB-F ATTGGCAATGAGCGGTTCCGC FGF10-intl-AS | CTACATGGTATCATTAAGATATT
hACTB-R TCCTGCTTGCTGATCCACATC GTCTA
hNUP54-F ACGCTGTTGGGAGATGAGAG FGF10-intlmut- | TAGACAATATCTTAGCTATACCA
hNUP54-R GCTTGTTCAAAATGGGCATA S TGTAG
hJAKMIP3-F AGCTGCTGTCAGAGGAGGAG FGF10-intIlmut- | CTACATGGTATAGCTAAGATATT
hJAKMIP3-R | AAAGGGTCCGATTCAATGTG AS GTCTA
hBMP2-F GTTCGGCCTGAAACAGAGAC GATA4-S GTAGCAGCATTTAGATTACCTGG
hBMP2-R AATTCGGTGATGGAAACTGC CCACATG
hDOKS5-F TCAATGACATCAGCCTTGGA GATA4-AS CATGTGGCCAGGTAATCTAAATG
hDOKS5-R AGGCAGCAGAGTGGACTTTC CTGCTAC
hMAP4KA4-F AGGCCAGAGGTTGAAAGTGA GATA4mut-S | GTAGCAGCATTTACCATACCTGG
hMAP4K4-R TGACCAGTTTCCACAGATCG CCACATG
hMYOI1D-F CCCTTCTTTACCGGACTGTG GATA4mut-AS | CATGTGGCCAGGTGGTATAAATG
hMYOID-R GCTGCTGCAGTTTCTCATTG CTGCTAC
hUNC45B-F GCCATTCATGACAACTCACG
hUNC45B-R TAGTGCCACCATCATCTCCA
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Since the last submission of this text, we have carried out additional work and reflection
with the assistance of two scientists whom we have included as authors. Some of this work
and the new perspectives it has opened on studies of outflow tract development will be
described hereafter.

The authors and acknowledgement lists will therefore be revised to reflect their
contributions (and my affiliation updated):

Christelle Golzio', Emmanuelle Havis®, Philippe Daubas®, Gregory Nuel*, Candice
Babarits, Arnold Munnich5’6, Michel Vekemanss’6, Stéphane Zaffran7, Stanislas
Lyonnet™°, Heather C. Etchevers”™

1. Duke University Medical Center, Box 3709, Durham, NC, 27710, USA
2. UPMC Univ Paris 06, CNRS UMR 7622, 9 Quai Saint Bernard, Boite 24 75005
Paris, France
CNRS URA 2578, Institut Pasteur, 75724 Paris Cedex 15, France
4. CNRS 8145, Mathématiques appliquées, Université Paris Descartes, 75005 Paris,
France
5. INSERM U781, Université Paris Descartes, Faculté de Médecine, 75743 Paris
Cedex, France
6. Service de Génétique Médicale, Hopital Necker-Enfants Malades, 75015 Paris,
France
7. INSERM UMR _S910, Université de la Méditerranée Aix-Marseille II, Faculté de
Médecine, 13385 Marseille Cedex, France
* Corresponding author:

[98)

Heather Etchevers, INSERM UMR_S910, Université de la Méditerranée Aix-Marseille
II, Faculté de Médecine, 13385 Marseille Cedex, France

Tel: (+33) 491 324 937, tax: (33) 491 797 227. heather.etchevers@inserm.fr
Acknowledgements will include the following:

Dr F. Langa Vives provided indispensible expertise to the generation of transgenic mice
at the Centre d'Ingénierie Génétique Murine, Institut Pasteur, Paris. Drs. D. Bonnet, M.
Buckingham, C. Fournier-Thibault, and R. Kelly provided invaluable discussion.

Materials and Methods will include the following:

All mice were maintained at the Animal Facility of the Pasteur Institute. The same
1047 bp FGF10-Intl fragment (chr 5:44421556-44422602) was subcloned into the
BamHI site in the pSKT-TK-nLacZ plasmid and orientation verified by capillary
sequencing with a standard T3 primer. The plasmid was linearized with Sall for injection
at 2 ng/mL into mouse blastocysts. B-galactosidase-containing cells that had transcribed
the reporter plasmid were stained in whole mount by the catalysis of the X-gal (5-bromo-
4-chloro-3-indolyl B-D-galactopyranoside) substrate.
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Results will include the following:

Of 249 construct-injected blastocysts, 148 embryos were recovered at four different
stages: E8.5 (n=43), E9.5 (n=22), E10.5 (n=46) and E11.5 (n=37). Of these, only a
fraction had integrated the transgene at E11.5 (n=3), E10.5 (n=1), E9.5 (n=3), E8.5 (n=2),
as confirmed by both X-gal staining and by genotyping for the presence of plasmid in a
piece of tail.

LacZ+ cells were observed in the sites shown in Table [1 — if we remove the current
Table 1]. Most of these sites are normal expression domains for Islet-1. Curiously,
although many cells were observed in the walls of the common carotid arteries in one
E11.5 embryo, only a few superficial cells were observed in the third aortic arch in the
E10.5 embryo. Both E8.5 embryos had expression in cells of the presomitic mesoderm,
one exclusively.

Age forebrain | lens | MNs | DRGs | pancreas | PA1 | PA2 | PA3 | OFT
E8.5 . n/a . n/a n/a . n/a n/a

E8.5 + n/a . n/a n/a . n/a n/a

E9.5 . n/a . . . + +

E9.5 . n/a . . . . + . +
E9.5 . n/a . . + + +

E10.5 + + . + . + + + +
El1.5 + + + + + . . +

E11.5 + + + +

E11.5 + + +

Table 1 Sites of B-galactosidase activity in transgenic embryos. MN = motoneurons,
DRGs = dorsal root ganglia

We will not be able to obtain more human embryonic tissues with which to repeat or
carry out gPCR experiments to validate our ChIP experiments with the Islet-1 antibody,
or indeed with a Gata-4 antibody. We may therefore remove the ChlP-sequencing results,
for which coverage was not as deep as today’s standards would require, because it will
be difficult to validate the data more than we had done. The existence of a repeated ISL1-
GATA motif throughout the genome whereby cardiac transcription factors might poise
the chromatin to respond transcriptionally would need further evidence to support.
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Figure 4. A 1014 bp enhancer region within the first intron of human FGF10, containing
ISL1 and GATA-binding sites, was placed ahead of a lacZ reporter gene under a
thymidine kinase-driven promoter. This transgene, introduced by injection into mouse
blastocysts, yielded animals in which the reporter enzymatic activity demonstrated the
responsiveness of the intronic enhancer to endogenous signals, and in which tissues. In

this example at embryonic day 10.5, the transgene was activated in some cells of the
posterior outflow tract, in a subdomain of the first two pharyngeal arches, in the
trigeminal and acoustic ganglia, and in the lens. No expression was ever observed in the
limb buds.
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FUTURE PROJECTS

ETIOLOGY OF CONGENITAL HEART MALFORMATIONS OF THE
OUTFLOW TRACT

Slowly but surely, like the NCC themselves over time, I am becoming involved in
studying progressively more proximal segments of the cardiovascular tree from my
originally more distal interest, such as the pulmonary trunk, the semilunar valves, the
aortic arch and the coronary vessels.

After having studied a number of rare congenital malformations, the knowledge and
approaches I can bring to the study of the most common group of congenital
malformations, those of the heart, may benefit more people. Fully a third of these
malformations concern the outflow tract and closely associated blood vessels, such as the
coronary arteries. Since the early observations in the 1980s that ablation of the neural
crest in chicks leads to conotruncal heart defects resembling those often seen in humans
(double outlet right ventricle, tetralogy of Fallot), demonstrating an important inductive
role for these in the septation of the outflow tract into aorta and pulmonary trunk, the
precise nature of that role still remains to be elucidated (Kirby, Gale, and Stewart 1983;
Kirby, Turnage, and Hays 1985).

The prospective and carefully annotated collection of constitutive DNA from patients
seen in the pediatric cardiology unit by Damien Bonnet at the Necker Children®s Hospital,
instigated by my student in order to investigate a potential role of mutations in non-
coding genomic binding sites for ISL1 in outflow tract anomalies, has become a rich
resource for all the collaborators working on heart development, including my group.
Specific sub-phenotypes can be examined in greater detail and with this cohort of many
hundreds of patients, increasing clinical homogeneity can be obtained, which will help the
identification of the genetic bases of such malformations. Classical homozygosity
mapping is possible for the many families also represented in this collection.

The other means by which such genetic bases can be discovered is by the proposal of
candidate genes, based on their functions having been elucidated in animal model
cardiogenesis. To continue with my group‘s work on genes involved in the second heart
field, I plan to undertake collaborative and complementary experiments with other
members of Stephan Zaffran®s group.

Currently I am trying to define the involvement and cross-species conservation of
homeobox genes in addition to Hoxal, Hoxa3 and Hoxbl, which this group has recently
shown to molecularly define a subdomain of the pulmonary trunk myocardium in the
conus (Bertrand et al. 2011). (Hoxa3 for example has recently been shown to not have
exactly the same expression domains between chick and mouse).This region is
anatomically interesting because it not only elongates but rotates over time, and cryptic
domains in an otherwise homogeneous-appearing tube define the entry points of coronary
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arteries into the aorta and the positions of the interventricular septum and valve leaflets
(Bajolle et al. 2006; Bajolle et al. 2008).

Because of the above-described interest in retinoic acid signaling and its known effects on
both neural crest differentiation and on Hox gene expression, we will see if removing an
enzyme essential for retinoic acid metabolism, Raldh2, specifically from the NCC lineage
has an effect on cardiac development. Raldh2-/- mutants for whom the maternal diet is
supplemented in retinoic acid can survive to a stage where their patent heart defects can
be examined, and among these are deficient outflow tract septation (Ryckebusch et al.
2008), a process known to be dependent on NCC. We will first examine the cardiac NCC
lineage in such diet-supplemented Raldh2-/- embryos by making crosses with a Wntl-
Cre;Rosa26R —lacZ line (Echelard, Vassileva, and McMahon 1994). We will then use
mouse-chick neural tube chimeras (Fontaine-Pérus and Chéraud 2005) to determine
whether retinoic acid is playing more than one cell-autonomous role in different cardiac
cell lineages, and if the migratory NCC population does not also vehicle a secreted signal
into the outflow tract that is necessary for its development.

MOLECULAR ETIOLOGY OF LARGE AND GIANT CONGENITAL
MELANOCYTIC NEVI

A new research theme I have finally been able to launch this last academic year aims to
understand the molecular causes of proliferative diseases of pigment cells by using the
extreme and rare case of the large congenital melanocytic nevus (LCMN) as an
exemplary pathology to elucidate others, such as neurocutaneous melanocytosis,
malignant melanoma, and the lentigines and cafe-au-lait spots characteristic of a number
of other syndromes. Localized excess skin pigmentation is the visible sign of both the
common and rare congenital nevus as well as the relatively common adult-onset
melanoma and the rarer, often lethal, pediatric forms. Our working hypothesis is that
studying the rare disease will also shed mechanistic light on the more common
presentations.

My group is currently addressing the following questions: Which sequence variations of
the human genome are associated with a predisposition to, or the onset of, LCMN? Can
more indirect effects on genomic function or organization cause a LCMN to develop?

Over the near term, I aim to study how some of these direct changes in genomic
organization, first identified in preliminary genomic screens, may lead to abnormal
melanocyte development during prenatal life. With the knowledge gained about the
control of melanocyte proliferation, it should be possible to model and test treatments for
human disease. Ultimately, I wish to examine the functional effects of physiological
molecular modifications on melanocytes and their NCC precursors, using in vitro and in
vivo models to recapitulate aspects of CMN development.
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RATIONALE
Description of LCMN

Congenital melanocytic naevi (CMN) can arise
in all areas of the skin. Their frequency
decreases from 1 in every 100 births for the
smallest lesions to an estimated 1 in 50,000
births or more, for surfaces extending over 100
cm’. All CMN have an abnormally high
concentration of melanocytes, the pigment cells
of the skin and iris, in sharply defined regions.
Large and giant CMN (OMIM 137550) are
variable in presentation, often comprising increased hair density and growth along with

disparate levels of pigmentation, proliferative nodules and deficient skin annexes. Like
other CMN, they can be located anywhere in the body, but are often localized along the
midline of the head and trunk, including the face, most frequently over the shoulders or
buttocks.

Treatment protocols for CMN are highly variable, tethered to reconstructive surgery and
based on anecdotal reports of risk management. The disfiguring aspect of the disease is
coupled with a currently unmeasurable risk of severe neurological associations and
oncological transformation — among which, pediatric malignant melanoma, with very
poor prognosis. There appears to be increased incidence of degenerative complications in
patients with the giant forms of CMN (Marghoob et al. 2004; Kinsler, Birley, and
Atherton 2009). Aside from incomplete epidemiological observations, such as more
frequent onset during early childhood, no environmental or genetic risk factors for these
life-threatening additional conditions are currently known.

LCMN are part of a family of developmental diseases known as neurocristopathies:
disorders in the migration, proliferation or differentiation of a population of pluripotent
embryonic cells called the neural crest (NC) (Etchevers, Amiel, and Lyonnet 2006).
LCMN can be associated with malformations in other neural crest-derived tissues, and
other forms of NC-derived tumors such as neurofibroma, schwannoma, or certain forms
of head/neck rhabdomyosarcoma. The fact that associated conditions are regularly
reported but not systematic implies that a second molecular event may have occurred
among a subset of cells predisposed to it by the first, and that identification of both would
be beneficial for patients. Initial studies have suggested that benign pigmented
proliferations can be distinguished from malignant ones on the basis of the high
frequency of large structural chromosomal aberrations in the latter (Broekaert et al. 2010).

Embryological bases of congenital pigment cell proliferation disorders

Human skin is made up of two distinct compartments, the epidermis and dermis, which
are normally separated by a basal lamina. The epidermis, derived from the ectoderm,
ensures a semi-permeable barrier function with the extracorporeal environment. It
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contains annexes that develop from placodes into hair follicles, sebaceous and sudoripal
glands. These are embedded into the dermis and the underlying adipose hypodermis, in
such a way that the continuous epidermis folds and buckles. The dermis is an innervated
and vascularized connective tissue, made up of fibroblasts, which secrete the collagen and
elastin fibers that confer local mechanical properties on the organ as a whole. This layer
also plays an important role in the homeostasis of the overlying epidermis (Cario-André
et al. 2006). NC cells form in the human embryo during the first few weeks of pregnancy
from the tissue that will give rise to the central nervous system. They migrate away from
it throughout the body, integrating into nearly every tissue. All skin melanocytes, like all
components of the peripheral nervous system, are derived from NC, which also gives rise
to dermis, cartilage, adipocytes and vascular smooth muscle of the head and neck, among
other tissues (Le Douarin and Kalcheim 1999).

Over the course of development, after their precursors settle evenly within the basal layer
of the stratified human epidermis, melanocytes normally begin to produce specialized
organelles that contain the pigments eumelanin or pheomelanin. At a proportion of about
one melanocyte to 30 neighboring epidermal keratinocytes, the former distribute these
melanosomes to the latter by means of dendritic prolongations, and do not themselves
retain pigment. Once incorporated, eumelanin protects the genetic material of the
otherwise exposed keratinocytes from the effects of UV and superoxide damage.
Melanocytes also distribute melanin to the cells lining the hair follicles and thereby tint
hairs from the inside for as long as a resident melanoblast population in the cycling
follicle is able to self-renew. NC-like stem cells persist in hair follicles (Fernandes et al.
2004) and the dermis (Li et al. 2010) after birth.

The structure of CMN skin is quite different. Massive and circumscribed aggregates of
sometimes heavily self-pigmented melanocytes accumulate at the basal surface of the
epidermis, while nests of these cells can extend throughout the thickness of the
structurally disrupted dermis into subcutaneous tissues, often along nerves. Thick and
abnormally dense hair is often observed, and other skin annexes can be disrupted. Even
the subcutaneous tissues can be malformed, with nevus development occurring at the
expense of hypodermic adipocytes, or on the contrary presenting large lipoma-like
proliferations. Some remodeling of LCMN architecture occurs over the first years of life.

“Tardive" congenital lesions are present as precursor conditions at birth but only manifest
thereafter; the emergence of so-called "satellite" naevi throughout the first few years of
life is indicative of the postnatal maturation of these precursors. In a long prospective
study of an American cohort, the presence of >20 satellite nevi was found to be a
significant risk marker for neurocutaneous melanocytosis (NCM), that is, a CMN,
sometimes proliferative, that is tangled into the leptomeninges of the brain or spinal
cord(Marghoob et al. 2004). A recent retrospective study of a large English cohort placed
the presence of congenital satellite naevi as the primary prognostic factor for potential
complications (Kinsler et al. 2008). Like the cutanecous LCMN with which it is
associated, NCM is considered to be a kind of hamartoma (Fu et al. 2010). Most
publications describe the often life-threatening epilepsy and/or hydrocephalus that NCM
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can cause, but the long-term prognosis of non-symptomatic NCM remains unknown.
Symptomatic NCM occurs in approximately 7% of patients with large CMN (> 20 cm
diameter projected adult size [PAS]) (Slutsky et al. 2010). The incidence of malignant
transformation remains controversial. A meta-study finds malignancy in around 1% of
large CMN patients, with a range in reports to up to nearly 10% in patients with the giant
forms of >40 cm PAS (Krengel, Hauschild, and Schafer 2006; Kinsler, Birley, and
Atherton 2009). This incidence is thousands of times greater than the general European
population (Holterhues 2010), although malignant melanoma is one of the more common
cancers.

Pathways common to normal neural crest development, nevogenesis and
transformation

Melanocyte proliferation can be stimulated by a number of ligand-tyrosine kinase
receptor binomes, through intracellular effectors of the RAS family that activate the
mitogen-activated protein (MAP) kinase pathway. Two important molecules in this
transduction are NRAS and the next effector in the MAP kinase pathway, BRAF.
Reproducible somatic mutations in BRAF, leading to abnormally high enzymatic activity,
are involved in many cancers, malignant melanoma in particular (Brose et al. 2002), and,
surprisingly, are also found in a number of clinically benign acquired naevi (Pollock et al.
2003).

Human neural crest-derived tissue lineages appear to be particularly sensitive to
hyperactive RAS signaling overall, as exemplified by the Noonan, cardio-facio-
cutaneous, Costello and LEOPARD syndromes, in which autosomal dominant germline
mutations of different MAPK effectors have been identified. In addition to malformations
of other craniofactial or cardiac neural crest derivatives, these present pigment anomalies,
including dark skin, woolly or curly hair, multiple lentigines or café-au-lait spots.
Neurofibromatosis 1, also distinguished by multiple café-au-lait spots, can occur in
conjunction with Noonan syndrome; the causative gene, NF1, normally also represses
RAS activity. Interestingly, two patients in our initial cohort, collected with the
collaboration of the American patient association Nevus Outreach, Inc., have tested
positive for constitutional NF1 mutations after biopsy of neurofibromas, in addition to
their LCMN.

Patients with large or giant CMN on the whole, though not always, are exempt from other
symptoms, pointing toward sporadic somatic mutations that occur early during embryonic
life and present in a mosaic fashion n(Happle 1999). In a Belgian LCMN cohort of 24
cases, 18 presented activating germline mutations in NRAS and only 3 in BRAF, in
contrast to acquired naevi as mentioned above (Dessars et al. 2007; Dessars et al. 2009).
The examination of the corresponding LCMN melanocyte transcriptome showed a non-
intuitive, significant downregulation of the transcription of a few dozen eumelanogenesis-
related genes, relative to a pool of melanocytes cultured from normal neonatal foreskin
(Dessars et al. 2009). These findings imply a complex balance between surface receptor
stimulation, in particular that of the melanocortin 1 receptor (MC1R), intracellular signal
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transduction, and the activity of such developmentally important transcription factors as
MITF over the course of embryonic and perinatal skin development (see Figure 2 of
Reyes-Mugica et al. 2011, in Appendix).

Animal models of LCMN

Transgenic over-expression of stem cell factor (KITL) in the basal layer of mouse
epidermis results in a hyperpigmented phenotype, with increased densities of melanocytes
localized at the basal keratinocyte layer (Kunisada et al. 1998). However, this was not an
ideal model for CMN, since the phenotype was uniform. Nevertheless, injection of
soluble KITL into human skin grafts increased the number of melanocytes, while
inhibition of its action through its receptor, KIT, resulted in the loss of melanocytes
(Grichnik et al. 1998). These data demonstrate that this signaling pathway may be active
even in postnatal skin and critical for the survival and persistence of melanocytes in the
epidermis.

We have already directly examined the BRAF gene sequence for known hotspot
mutations in exon 15 in twelve tissue samples derived from LCMN in a preliminary
collaborative study with Sylvie Fraitag in the pathology department of the Necker
Childrens Hospital, without finding any mutations. Dr. Kinsler in London (Great
Ormond Street Hospital) has conducted a similar examination on blood samples from
LCMN patients, with the same result (personal communication). The activating mutation
of BRAF found most frequently in humans has been expressed in zebrafish pigment cells,
under the control of the MITF promoter. While wild-type Braf did not change the
pigmentation of the zebrafish, the activated form of the gene led to the appearance of
nevus-like clusters of pigment covering large areas, up to 40% of the body surface (Patton
et al. 2005). Interestingly, crossing these fish to those deficient in the tumor suppressor
transcription factor p53 (product of the CDKNZ2A gene) led to the development of
aggressively invasive melanoma, in which the MAP kinase pathway was unduly active.

p53 protein is increased in the keratinocytes and melanocytes of acquired pigmented nevi
in conjunction with keratinocyte KITL, while inhibition leads to a decrease in
transcription of MC1R and the KITL receptor KIT and EDNRB in the melanocytes of
organotypic cultures of the same lesions (Murase et al. 2009). It was demonstrated
recently that NC progenitors from the mitfa:BRAF(V600E);p53” zebrafish do not
terminally differentiate, but retain many embryonic molecular characteristics that make
the melanomas developing therefrom, more aggressive (Ceol et al. 2011). Blocking
transcriptional elongation specifically inhibits both normal neural crest development and
melanoma progression in this model(White et al. 2011). A complex and networked
signaling cascade makes the immediate effects of loss- or gain-of-function of any of the
components rather difficult to predict (Reyes-Mugica et al., in press [Appendix]).
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APPROACHES FORESEEN

I have undertaken a strategy in collaboration with the group of Greg Barsh at the
HudsonAlpha Institute, Alabama (USA) to identify the nature of both constitutive and
“second hit” molecular events by using both germline and lesional DNAs, and study their
effects in vitro. For constitutive (germline) DNA, we are using blood and saliva donations
from patients and their parents, and have already subjected a number of samples to
hybridization to Illumina Omni 1M single nucleotide polymorphism arrays. This has
given us provocative information about unusual copy number variations, which in a few
of the patients has implicated the availability of molecules we already know can be
involved in melanocyte development.

A masters student last year began to study the role of Mclr and its natural agonist and
antagonist in the embryonic chicken model, whose cutaneous melanocyte development is
more similar to humans than the mouse. With a second-year masters student in 2011, we
plan to examine the spatiotemporal distribution of some of these newly implicated
molecules in the melanocytes and their precursors, in comparison to the pattern of Sox10
expression in undifferentiated melanocyte precursors, that we have recently established.

LCMN skin may maintain higher levels of KITL in the dermis, or more KIT receptor in
the pigmented cells. To test this hypothesis, and to constitute the critical resource for
further high-throughput sequencing strategy, I have established agreements with local
surgeons and pathologists to collect donations of ten nevus samples from children being
operated at the Timone Hospital, which will serve to prepare a formal request to the ethics
committee. These samples will be subdivided. They will be subjected to
immunohistochemical observation of the distribution of KITL and KIT, but also of other
receptors including MET and two common intracellular effectors of these pathways that
are indicated by our initial CNV results. More importantly, we will constitute the resource
necessary to compare germline and somatic mutations in the same patients, subject to
institutional approval that is currently being sought. Finally, we will also derive the
pigment cells from a portion of these nevi for cell culture (Cario-André et al. 2006).

Having recently published a protocol by which it is possible to derive undifferentiated
human neural crest cell lines, already characterized by my group previously, I would like
to have the possibility to establish new cell lines (see below). These could be infected
with a lentiviral vector that will vehicle the over-expression of activated BRAF or NRAS,
to test if potentiation of the RAS pathway is sufficient to drive phenotypic transformation
of these cells, or to alter their response to the defined factors that drive melanocytic
differentiation in vitro. BrdU incorporation could allow the comparison of proliferation
rates between experimental and mock-transfected cultures.

In collaboration with Alain Taieb's group in Bordeaux, we have long hoped to make
three-dimensional epidermal reconstructs in order to examine the histology of the
distribution of these constitutively active BRAF/NRAS-expressing melanocytes derived
from our cultures as compared to normally induced melanocytes or naturally occurring
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nevomelanocytes. Their proliferative response to MCIR binding or inactivation will also
be tested, as polymorphisms in this modifier gene may be involved in the severity of
LCMN phenotype (Kinsler et al., personal communication and (Krengel et al. 2011)).
Finally, we would like to transplant the four different cell types (NC cells induced to
become melanocytes, the same with activated BRAF or NRAS, and nevocytes) into
chicken embryos to characterize and compare their migratory and proliferative behaviour
in vivo.

Meanwhile, electroporation of activated KIT receptor, upstream of the MAPK signalling
pathway among other options, can be carried out directly into prospective neural crest
cells in the chicken embryo. This may render them more sensitive to stochastic events
that favor melanocytosis, similar to the mitfa:BRAF(V600E) zebrafish. In order to
provoke such events artificially, we will locally transfect the surface ectoderm or the
forebrain with either the secreted or membrane-bound isoforms of KITL, which may have
different biological activity (Paulhe et al. 2009). In these ways we shall try to develop an
animal model of LCMN and/or NCM in which to better characterize the process of
nevogenesis and assess eventual therapies.

RELATED ARTICLES:

Krengel S, Breuninger H, Beckwith M, Etchevers HC. (2011) Meeting report from the
2011 International Expert Meeting on Large Congenital Melanocytic Nevi and
Neurocutaneous Melanocytosis, Tiibingen. Pigment Cell Melanoma Res. Accepted
manuscript online: 15 Jun 2011, doi: 10.1111/5.1755-148X.2011.00875.x

Reyes-Mugica M, Beckwith M, Etchevers HC. (2011) Etiology of congenital
melanocytic nevi and related conditions. In: Nevogenesis (Practical Clinical Medicine
series) eds. A. Marghoob, J. Grinchik, A. Scope and S. Dusza. Springer, New York.

CONSTITUTION OF HUMAN TISSUE BIOLOGICAL RESOURCES

In the near future, I will begin the process of building two distinct biobanks. The first is
underway with respect to DNA derived from the blood of CMN patients and their parents,
but it is under an authorization dependent on my collaborators at the Necker Children®s
Hospital and its ISO9001-approved DNA bank. Given that we have similarly excellent
facilities in Marseille, that this city is a major regional center for pediatric surgery of
large/giant CMN, and I have the agreement of Nathalie Dugardin to participate in this
tissue banking, it will be ideal to simultaneously collect and then compare constitutional
DNA from the blood of affected children and their parents, and the somatic DNA derived
from the surgical samples.

The second biobank will be a new human embryo collection, once the logistical details
have been examined, to mirror that of Toulouse and perhaps complement the dwindling
resources at the Necker Hospital. Ultimately, I would like to see the establishment of a
permanent service platform from which it is possible to provide an informed, functional
characterization of developmental genes in human tissues that is so often needed to
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understand the phenotypes of certain gene mutations (Ostrer, Wilson, and Hanley 2006).
Histological sections appropriate for spatiotemporal localization, but also frozen, cleanly
microdissected tissues appropriate for chromatin immunoprecipitation or the isolation of
nucleic acids and proteins for comparative analyses, will all constitute a precious
commodity for my research group and collaborators, but I also aspire to have this become
a self-sustaining resource over the long term.
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SUMMARY

The prosencephalon, or embryonic forebrain, growswithin
a mesenchymal matrix of local paraxial mesoderm and of
neural crest cells (NCC) derived from the posterior
diencephalon and mesencephalon. Part of this NCC
population forms the outer wall of capillaries within the
prosencephalic leptomeninges and neuroepithelium itself.
The surgical removal of NCC from the anterior head of
chick embryos leads to massive cell death within the
forebrain neuroepithelium during an interval that precedes
its vascularization by at least 36 hours. During this critical
period, a mesenchymal layer made up of intermingled
mesoder mal cellsand NCC surround the neuroepithelium.
This layer is not formed after anterior cephalic NCC
ablation. The neuroepithelium then undergoes massive
apoptosis. Cyclopia ensues after forebrain deterioration
and absence of intervening frontonasal bud derivatives.
Thedeleterious effect of ablation of the anterior NC cannot

be interpreted as a deficit in vascularization because it
takes place well before the time when blood vessels start to
invade the neuroepithelium. Thus the mesenchymal layer
itself exerts a trophic effect on the prosencephalic
neuroepithelium. In an assay to rescue the operated
phenotype, we found that the rhombencephalic but not the
truncal NC can successfully replace the diencephalic and
mesencephalic NC. Moreover, any region of the paraxial
cephalic mesoderm can replace NCC in their dual function:
in their early trophic effect and in providing pericytes to
the forebrain meningeal blood vessels. The assumption of
these roles by the cephalic neural crest may have been
instrumental in the rostral expansion of the vertebrate
forebrain over the course of evolution.

Key words: Pericyte, Telencephalon, Vascularization, Neural crest,
Meninges, Forebrain, Chimera, Chick, Quail

INTRODUCTION

After neurulation, the cells of the vertebrate central nervous
system proliferate extensively as they organize into
functionally and morphologicaly distinct regions. The
forebrain, derived from the embryonic prosencephalic vesicle,
is structurally subdivided into (1) the diencephalon, yielding
the eyes, optic nerves and chiasm, thalamus, hypothalamus and
neurohypophysis, and (2) the telencephalon, essentialy
composed of the olfactory bulbs and cerebral hemispheres.
Among chordates, the paired cerebra hemispheres are a
vertebrate-specific evolutionary development. A fate map of
the early anterior neura plate, constructed by the quail-chick
chimeratechnique (Couly and Le Douarin, 1985, 1987), shows
that, in birds, the presumptive territories of the cerebral
hemispheres are located in two anterolateral areas adjacent to
the neura folds. In contrast, the ventral diencephalic areas
destined to yield the unique hypothalamus, posthypophysis and
optic chiasm are found medially, separating the anlagen of the
eyes, the territory of the adenohypophysis is located in the
rostral transverse neural fold. The dorsal diencephalon,
including the epiphysis, arises from the caudally adjacent
region. Cephalic neural crest cells (NCC) emigrate from the
fused neural folds caudal to the epiphysis, from neura plate

levels corresponding to the presumptive regions of the
posterior diencephalon, mesencephalon and rhombencephalon
(Fig. 1A; cf. Couly and Le Douarin, 1987). Similar
organization of the anterior neural plate appears to be
conserved, with minor variations, in other vertebrate classes
(reviewed in Rubenstein et al., 1998).

Following the mediodorsal closure of the neural tube, the
eyes and telencephalon are sites of particularly intense growth.
This cell proliferation leadsto the rostral protrusion of first the
eyes and then the cerebral hemispheres beyond the anterior end
of the notochord and prechordal plate (e.g. Couly and Le
Douarin, 1988; Shimamura et al., 1995).

Forebrain growth is accompanied by the concomitant
development of the meninges, membranes surrounding the
central nervous system, which comprise an outer dura mater
and an inner leptomeninx (lepto-, thin). The leptomeningeal
matrix is initially composed of mesenchyma NCC and a
primitive vascular net of endothelial cells. Johnston (1966) first
observed a potential contribution of NCC to the forebrain
meninges, using a short-lived radioactive tracer. Subsequently,
systematic labeling of defined regions of the cephalic neural
folds, using the quail-chick chimera system, demonstrated that
not only each layer of the forebrain meninges (Fig. 1B) but also
the facial skeleton, frontal and parietal bones, and overlying
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Fig. 1. (A) Fate map of the anterior neural plate. Adapted from
Couly et al. (1987, 1988). The paired territories of the presumptive
telencephalon liein the lateral neural plate, dorsal to the future
anterior diencephalon and rostral to neural crest-producing neural
folds (blue). (B) Anatomy of the layers of the late embryonic head.
Blue layers correspond to derivatives of the neural crest surrounding
the anterior brain. The meninges (dura mater, arachnoid and pia
mater) enclose the entire central nervous system (CNS). The pia
mater continuously surrounds all of the circumconvolutions of the
CNS and isolates ingressing arachnoidal blood vessels from the
neuroepithelium. It is a constituent of the blood-brain barrier. The
subarachnoid space, well-defined in humans, is obscured in the
chicken. The term ‘leptomeninx’, employed in the text, thus refers to
both the arachnoid and pial layers of the meninges.

dermis originate from the cephalic neural crest (Le Liévre and
Le Douarin, 1975; Couly and Le Douarin, 1987; Couly et a.,
1993). The NC contribution to the leptomeninx includes
pericytes and connective tissue cells (H. C. E., G. C. and N.
M. LeD., unpublished data), but excludes the endothelial cells,
which arise from a small territory of the anterior paraxial
mesoderm within the head fold, adjacent to the prosencephalon
(Couly et al., 1995).

Thus, the cephalic NCC penetrate the forebrain
neuroepithelium together with vascular buds made up of
endothelia cells. This double origin of the leptomeninx from
the NC and paraxia mesoderm is exclusively found in the
forebrain; in the rest of the central nervous system (CNS), the
meninges are entirely of mesodermal origin (Le Liévre, 1976;
Couly et al., 1992).

Unlike pericytes, which can be either of neural crest or
mesodermal origin, blood vessel endothelial cells of both the
head and body are strictly mesodermal in origin (reviewed in
Le Douarin, 1982). The blood vessel endothelium segregates
from other cephalic mesodermal derivatives as early as the
head-fold stage, as seen by the precocious expression of a
tyrosine kinase receptor to the vascular endothelium growth

factor (VEGF), designated as VEGFR2 (Eichmann et al.,
1993). VEGFR2-expressing cells give rise to the endothelial
walls of blood vessels, which form the perineural vascular
plexus of the devel oping leptomeninges in the head (Eichmann
et a., 1993).

The coincidence of meningeal construction with the initial
phase of forebrain growth led to the present investigation,
aimed at exploring how the anterior cephalic NCC might
participate in the devel opment of the forebrain. Strikingly, after
removal of the posterior diencephalic and mesencephalic
neural folds, the neuroepithelium of the entire future forebrain
underwent apoptosis within 1 day following closure of the
anterior neura tube, although the telencephalic neura folds
had been left intact. Cell death occurred well before the onset
of budding of the bulbs destined to form the telencephalic
cerebral hemispheres. The ventral diencephalon and retinae
were not included in this degenerative process because ectopic
migration and proliferation of NCC populations caudal to the
excised territory partialy compensated for the rostral
deficiency. Embryos subjected to neural fold ablation became
cyclopic, while the mesencephalon and a variable extent of the
caudal and ventral diencephalon became in turn the rostralmost
portion of the brain.

The timing of forebrain apoptosis led to the conclusion that
the presence of NC-derived mesenchyme is necessary for the
survival and growth of the prosencephalic neuroepithelium
during a phase preceding the onset of its vascularization by at
least 36 hours. NCC transplanted heterotopically from the level
of the rhombencephalon, but not the trunk, can compensate for
the effects of anterior neural fold ablations. The grafted
compensatory cellslater differentiate into rostral head-specific
derivatives such as meningeal and intraencephalic pericytes.
The entire cephalic NC is therefore capable of participating
together with endothelial cellsto build the meninges. In normal
development, however, only the rostral population does so.
This emphasizes that the paraxial mesodermal population near
the prosencephal on behaves differently from that of the rest of
the head, since on its own it is not capable of constructing
forebrain meninges.

In all other parts of the CNS, the paraxial mesoderm ensures
the construction of the leptomeninx. The reason for which it is
not so for the anterior brain may be because the amount of
paraprosencephalic mesoderm is scanty during forebrain
expansion. To compensate this deficit of mesoderma cells,
NCC take over the production of pericytesand other connective
tissue in this area. In fact, NCC have already been shown to
play this role in the construction of the skull around the
forebrain and in forming the dermis in the facial and forehead
areas.

We have thus tested the capacity of various types of
mesoderm to replace the anterior NC and to form a complete
leptomeninx, which permits the survival and development of
the cerebral hemispheres. When added to neural fold-ablated
embryos, any level of the paraxial mesoderm (but not trunk
lateral plate mesoderm) can replace the NCC to partialy or
fully maintain viability in the forebrain neuroepithelium.
Grafted paraxial mesoderm differentiates into both endothelial
cells and pericytes under these circumstances. Our results thus
indicate that it is the presence of a primitive leptomeninx that
is needed for the survival and subsequent growth of the
developing prosencephal on.



MATERIALS AND METHODS

Operations

Chimeras were constructed between quail and chick embryos by
grafting either mesoderm or neura folds from the rhombencephalic
or truncal levels of stage-matched quail donors to the prosencephalic
area of chick hosts. These are described below and schematized in
Fig. 2. Gallus gallus (JA57 line, Institut de Sélection Animale, Lyon,
France) and Coturnix coturnix japonica eggs were incubated for
approximately 30 hours to obtain embryos from between the 2- and
5-somite stage, stage 7 to 8 of Hamburger and Hamilton (1951, HH7-
8), or between the 7- and 10-somite stage, HH9-10 for late controls.

The fate maps of the neural folds constructed by Couly et a. (1993)
and Grapin-Botton et a. (1995) were used to define the regions
corresponding respectively to the telencephalon, diencephalon,
mesencephalon and first rhombomere (rl) at the stage of the
operation. The length of each presumptive area was then determined
in a case-specific manner by using an ocular micrometer; the anterior
extremity of the embryo and the anterior limit of the first somite pair
were chosen as fixed reference points. Host embryos were visualized
by injection under the blastoderm of 5% India ink in PBS, or in
Tyrode's solution, supplemented with antibiotics (Gibco). Embryos
were subsequently fixed at a range of times from 6 hours after the
operation to embryonic day 9 (E9).

Experiment 1: neural fold ablations

The cephalic neura folds release NCC from the mid-diencephalic
level caudally (Couly and Le Douarin, 1987). Anterior to this level,
which corresponds to the site of the prospective epiphysis, the neural
folds remain epithelial. The effects of the removal of the entire pool
of NCC that invest the anterior head were examined in this group of
experiments. The neura folds of the posterior diencephalon,
mesencephalon and rhombomere 1 (rl) (Experiment 1a, 1d), or the
posterior diencephalic and mesencephalic neural folds aone
(Experiment 1b, 1c), were ablated by extirpation with tungsten
scalpels. Neural folds were removed either bilateraly (Experiments
1a, 1b, 1d) or unilaterally (Experiment 1c). To confirm that none
of these ablations included the presumptive territory of the
telencephalon, alength of neural foldsincluding thelevelsof posterior
diencephal on, mesencephalon and r1 was replaced bilaterally with the
equivalent tissue from stage-matched quail donors (Experiment 1d).
In Experiment 1e, similar bilateral neural fold ablationsto Experiment
1lawere made at HH9-10, after NCC emigration had begun.

Experiment 2: capacity of r1 and posterior neural folds to
compensate for removal of the anterior source of NCC

This experimental series was aimed at testing the capacity of NCC
from posterior axial levels to replace the rostral cephalic NCC. Three
types of experiments were performed, in al of which the neural folds
from the posterior diencephal on, mesencephal on and r1 were removed
bilaterally. For Experiment 2a, therl segment was replaced bilaterally
by its quail counterpart, leaving the posterior diencephalon and
mesencephalon without neural folds. In Experiment 2b, the entire
length of the ablation was replaced by unilateral or bilateral grafts of
neural folds corresponding to r4 through r8 (limit between somite
pairs 4 and 5). The same length of neural folds from the unsegmented
trunk level of quail donors, at stages ranging from 10 to 17 somites,
was grafted bilaterally in Experiment 2c.

Experiment 3: cephalic mesoderm grafts

The paraxial mesoderm adjacent to the presumptive ventrolateral
diencephalon (area C of Couly et al., 1995; area 5 of Couly et al.,
1992) was exposed by surgical removal of the ectoderm from quail
donorsat 2- to 5-somite stages. In order to test its endogenous capacity
to give rise to pericytes, this ‘paraprosencephalic’ mesodermal
population was removed by means of a Pasteur pipette pulled to a
diameter of approximately 80 um, and transferred to stage-matched
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chick hosts in which the homotopic mesenchyme had been disrupted
(Experiment 3a). In another experiment, the same graft was placed
heterotopically at the level of the mesencephalon (Experiment 3b).

Experiment 4: mesodermal grafts after neural fold ablations

Bilateral neural fold ablations were performed as described in
Experiment la on chick hosts. Next, paraxia mesoderm from
adjacent to the ventrolateral diencephalon (Experiment 4a,
‘paraprosencephalic’  mesoderm) or latera  mesencephalon
(Experiment 4b, ‘paramesencephalic’ mesoderm) was surgically
removed from quail donors and grafted into the chick host dorsally,
and secured under adjacent rostral ectoderm. Paraprosencephalic and
paramesencephalic mesoderm correspond respectively to areas 5 and
3 of Couly et al. (1992) or areas C and D of Couly et al. (1995). In
Experiments 4c and 4d, large pieces of trunk mesoderm were isolated
from 10- to 17-somite-stage quail donorsin the non-segmented region
and cleaned of surrounding tissues (including ectoderm) by means of
1x pancreatin (Gibco) in PBS. Then grafts of approximately 150x300
pm were cut from paraxial (Experiment 4c) or lateral plate
(Experiment 4d) mesoderm for transfer to hosts as above.

Immunohistochemistry

Three monoclona antibodies (mAb) were used: QCPN (anti-quail,
Developmental Studies Hybridoma Bank; undiluted hybridoma
supernatant of 1gGL1 isotype), MBL/QH1 (anti-quail endothelium and
white blood cells, Péault et al ., 1983, and Pardanaud et al ., 1987; 1:1500
dilution of ascites fluid of IgM isotype), and 1A4 (anti-smooth muscle
actin, Sigma; 1:400 dilution of ascitesfluid of IgG2aisotype). Embryos
were processed as described by Catala et al. (1996), using appropriate
goat secondary antibodies conjugated to alkaline phosphatase (AP) or
horseradish peroxidase (HRP). The chromogenic reaction for AP was
performed using the Vector AP substrate kit Il according to
manufacturer’s instructions; for HRP, 0.1 mg/ml diaminobenzidine
(Sigma) and 0.005% H202 in PBS were used. In triple-stained sections,
dides were bathed in 0.1 M glycine, pH 2.2 after the first AP reaction,
before applying the next primary antibody and another AP-conjugated
secondary antibody. Under these circumstances, the second AP-
conjugated immunocomplex was revealed with Fast Red substrate
tablets (Sigma). Sections were generaly counterstained in Gill's
hematoxylin solution and observed under a Leica light microscope.

Cell death and proliferation

29 embryos from Experiment 3a were harvested at HH19. All were
soaked in Nile blue-containing Pannett and Compton’s solution (Jeffs
and Osmond, 1992) to examine cell death in toto, and photographed
while the embryos were still alive. After paraffin sections were cut at
5 pum and rehydrated, the TUNEL reaction was carried out on 23
embryos according to the instructions in the kit by Boehringer
Mannheim, using 0.1 mg/ml diaminobenzidine, 0.005% H2O in PBS
as the chromogenic substrate for localization of cell death.

In situ hybridization

Probes were synthesized from linearized templ ate plasmid for chicken
Hoxa3 (a kind gift of Dr R. Krumlauf). Hoxa3 riboprobe
incorporating 3°S-UTP (Amersham) were applied to sections of
embryos fixed in Carnoy’s solution, pretreated as described by
Eichmann et al. (1993). Rinses were performed according to
Wilkinson and Nieto (1993). Slides were dipped in 1:1 water/Kodak
NTB-2 photographic emulsion, developed 10 days later in Kodak D-
19 and counterstained with Gill’s hematoxylin.

RESULTS

Gross anatomy of the head following the partial
ablation of cephalic neural folds

We first examined the effects of ablation of the neural folds
from which NCC emigrate to participate in the telencephalic
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and diencephalic meninges (Experiment 1). These correspond
to the neural folds of the future diencephaon, cauda to the
level of the epiphysis, and the mesencephalon (Couly et al.,
1987).

In Experiment 1a (Fig. 2), alength of neura foldsincluding
those of the posterior diencephalon, mesencephalon and the
first rhombomere (r1) was removed bilaterally (Fig. 3A-C). As

Exp't| n(stages)

la | 60 (E2-E8)

1b | 7 (E4-E7)
1c | 5(E5, E6)

1d | 3 (E4-ES)

le | 8(E4-E5)

2a | 6(E3-E8)

2b | 31 (E2-E8)
2c | 3(E4, E5)

3a | 2(E6)
3b | 3(E5-E9)

4a | 8(E5)
4b | 21 (E3-E6)

4c | 6 (E3-ES)
4d | 5(E3, E8)

aresult, the telencephal on and dorsal diencephalon of operated
embryos were strikingly absent in 37/37 cases observed from
embryonic day (E)3 on (E3, n=26; E4, n=1; E5, n=2; E6, n=1;
E7, n=3; E8, n=4). The interocular distance was visibly
reduced in 14/24 embryos a E2 (HH15-HH18). This
phenotype was always accompanied by the severe reduction or
absence of the frontonasal bud, resulting in various degrees of
fusion of the optic cups going from synophthalmia with
associated hypotelorism (Fig. 3H-J) to complete cyclopia (Fig.
3D-G). In operated embryos, the two independent retina
domains had converged after formation, but the eyes shared a
medial lens and orbit (Fig. 3F). Oculomotor muscles of the
rectus medialis were equally absent in cyclopic embryos.
While the cerebral hemispheres were never present, the size of
the ventral prosencephalon varied. In many animals, the optic
chiasm, hypothalamus and neurohypophysis were present. In
extreme cases (n=6 out of 37 embryos at E3-E8), the
diencephalon was reduced to a stub with a recognizable
neurohypophysis (Fig. 3F). The adenohypophysis was always
formed as well. The volume of the mesencephalic ventricle
varied, but the morphology and neuronal lamination of the
optic tecta appeared essentially normal (Fig. 3F).

Experiment 1b consisted of a similar ablation that did not
include the neural folds of rl. In 4 out of 7 cases, we saw the
same severe deficiencies as when the ablation included the
neural folds of r1. However, normal external head morphology
was observed in 3 out of 7 embryos between E4 and E7 (not

Fig. 2. Schematic representation of the experimental strategy. The
number of cases for each type of experiment, and their ages at
harvest, are indicated next to adiagram illustrating the manipulation
or graft. Host embryos were operated at HH7-8 unless otherwise
indicated. Experiment 1a: ablation of posterior diencephalic,
mesencephalic and first rhombomeric (r1) neural folds (nf).
Experiment 1b: ablation of posterior di- and mesencephalic neural
folds alone. Experiment 1c: unilateral ablation of posterior di- and
mesencephalic neural fold. Experiment 1d: homotopic, bilateral
replacement of posterior di- and mesencephalic neural folds of chick
with quail equivalent. Experiment 1e: ablation of posterior di-,
mesencephalic and r1 neura foldsin HH9-10 embryos, after NCC
migration had begun. Experiment 2a: homotopic, bilateral
replacement of r1 neural folds of chick with quail equivalent, after
ablation of posterior diencephalic, mesencephalic and r1 neural folds
in host. Experiment 2b: heterotopic, bilateral replacement of
posterior di-, mesencephalic and r1 neural folds of chick with a
length of quail neural folds corresponding to r4-r8. Experiment 2c:
heterotopic, bilateral replacement of posterior di-, mesencephalic and
r1 neural folds of chick with alength of quail neura folds
corresponding to unsegmented somitic levels of donors at HH10-12.
Experiment 3a: homotopic graft of paraprosencephalic mesoderm
from quail to chick. Experiment 3b: heterotopic graft of
paraprosencephalic mesoderm from quail to chick at level of
mesencephalon. Experiment 4a: addition of paraprosencephalic
mesoderm from quail to chick in which posterior diencephalic,
mesencephalic and r1 neura folds had been previously ablated.
Experiment 4b: addition of paramesencephalic mesoderm from quail
to chick in which posterior di-, mesencephalic and r1 neural folds
had been previously ablated. Experiment 4c: addition of trunk-level
paraxial mesoderm from HH10-12 quail to chick in which posterior
di-, mesencephalic and r1 neural folds had been previously ablated.
Experiment 4d: addition of trunk-level lateral plate mesoderm from
HH10-12 quail to chick in which posterior di-, mesencephalic and rl
neural folds had been previoudly ablated.



shown). In these cases, the telencephalon, though present, was
reduced in size compared to stage-matched control embryos.

In order to see that the effects of neural fold ablation were
indeed due to the NCC, three control experiments were
performed (not shown). First, unilateral neura fold ablations
(Experiment 1c, Fig. 2) did not lead to significant
morphological consequences in any of 5 operated embryos,
through contralateral NC compensation. Second, bilateral
replacement of the ablated tissuein 3 embryos (Experiment 1d,
Fig. 2) with similarly excised neural folds from stage-matched
quails, confirmed that the normally formed telencephalon and
anterior diencephalon were of host origin when examined at
E4 and E8, although the meninges were graft-derived. Third,
bilateral ablation of the dorsal neura tube, including the neural
folds, from embryos in which NCC migration had previously
begun (Experiment le, Fig. 2) led to the maintenance of
telencephalic cerebral hemispheres in all 8 embryos examined
at E4 and E5.

Remova of the anterior
neural folds prior to NCC
emigration thus severely
hampers the development of
the telencephalon, the dorsal
diencephalon, the frontonasal
bud and the anterior part of
the ventral diencephalon,
while not affecting that of the
eyes. As aconsequence of the
defect in telencephalic and
frontonasal development, the
two eye fields tend to fuse at
the midline, generating
various degrees of cyclopia

Defective forebrain
development is a result
of massive cell death in
the telencephalic and
diencephalic
neuroepithelium

Cell death was examined in
toto, in control embryos and
after bilateral neural fold
ablations (Experiment 1a),
prior to fixation at HH15
(E2), HH18 (late E2) and
HH19 (early E3). Control
embryos (n=8) took up Nile
blue sulfate, showing cell
death concentrated in the
ventral optic lens (Fig. 4A,G,
arrows) and nasal epithelium
(Fig. 4G, arrowhead).
However, a prominent blue

zone of cell death was
apparent in the
prosencephalon a HH15

(Fig. 4D, arrow) or localized
in its protuberant remnant
below the eyes at HH18-19
(Fig. 43, arrow). The TUNEL
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technique confirmed numerous apoptotic figures in sections
through the same areas (HH15, n=6/6; HH18-19, n=15/17). In
unoperated embryos, apoptosis within the prosencephal on was
sparse at al ageswith the exception of adense, localized region
of the future olfactory neuroepithelium (Fig. 4C at HH15; Fig.
4] at HH18). Stage-matched operated embryos had a zone of
apoptosis which included and extended beyond these areas to
comprise most of the prosencephalic vesicle (Fig. 4F). The
telencephalon is substantially reduced by the third embryonic
day (Fig. 4J,K), and what is left is undergoing apoptosis (Fig.
4L). In unoperated embryos, NCC and mesodermal cellsfinish
surrounding the anterior encephalic vesicle and form the
leptomeninges at HH15, while vascular invasion of the
telencephalic neuroepithelium by NC-supported capillaries
normally begins at HH24 (H. C. E,, G. C. and N. M. Le D.,
unpublished data). In the absence of the anterior NC
population, prosencephalic cell death is underway on HH15
(Fig. 4E) and the prospective telencephalon already eliminated

Fig. 3. Ablation of cephalic NC causes the subsequent absence of forebrain territories (Experiment 1).
Embryo before (A) and after operation (B, between arrowheads) at 5-somite stage. The right neural fold
has been ablated but is still being detached on the left (arrow). (C) Transverse section taken through the
level of operation of same embryo, fixed 2 hours after neural fold ablation (arrowheads). (D,E) A
synophthalmic embryo at E8 in side and frontal view (h, heart). (F) In a parasagittal section from the same
embryo, the fused eyes (e) are directly apposed to the remnant of the diencephalon (di), and the entire
telencephalon is missing. Theretinal fusion interface is apparent; part of the neurohypophysis (nh) is
visible (mes, mesencephalon, rh, rhombencephalon, ph, pharynx). (G-J) Examples of facial malformations
range from complete cyclopia and reduction of naso-fronto-maxillary structures (G) to synophthalmia (H,
1) to hypotelorism (J). Bars: A,B,F, 0.5 mm; C, 100 um; D,E,G-J, 1 mm.
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by HH19. Apoptosis thus begins up to 58 hours before normal
vascularization of the forebrain and is complete 22 hours later.

Because the presumptive telencephalic territory itself is not
included in the neural fold ablations of Experiment 1, damage
to it cannot be responsible for the telencephalic deficiency and
cell death observed. One hypothesis to explain the elimination
of the forebrain in absence of NCC is that their proximity is
critical for survival and further development of the forebrain.
We then explored whether other cell populations also had the
capacity to restore telencephalic growth in place of the
endogenous NC.

NCC from r1 can migrate rostrally and partly rescue
the survival of the telencephalon

When only the diencephalic and mesencephalic neura
folds were removed in Experiment 1b, nearly half of the
embryos retained diencephalic and some telencephalic
tissue. One would expect that these regions would be
absent, since the diencephalic and mesencephalic neural
crest give rise to meninges that cover the entire
diencephalon and telencephalon. Based on previous results
(see Fig. 7 of Couly et al., 1996), we postulated that the
host NC could be responsible for a partial compensatory
effect through rostra migration. Experiment 2a was
designed to see whether NCC from rl, which does not
normally make meningeal pericytes, would be able to
migrate rostrally in the absence of anterior NCC. A length

Fig. 4. The prosencephal on undergoes progressive apoptosis after
removal of the diencephalic and mesencephalic NC (Experiment
1). (A) Unoperated embryo stained with Nile blue, HH15. A
stripe of normal cell death isindicated in the ventral eye and
prosencephalon (arrow). (B) Parasagittal section through the
embryo in A, after the TUNEL reaction. The region magnified in
Cisindicated. (C) Natural apoptosis occursin arestricted part of
the ventral prosencephalon. (D) Operated embryo at HH15, Nile
blue. The eyes are closer together and a large zone of apoptosisis
visible (arrow). Two normal domains of cell death in the
rhombencephal on are indicated with arrowheads. (E) Parasagittal
section through the embryo in D, after the TUNEL reaction. The
region magnified in F is indicated, and the two zones of normal
hindbrain apoptosis shown with arrowheads. (F) Most of the
prosencephalon is undergoing vigorous apoptosis at this stage,
athough dying cells have not yet been cleared (compare brain
profilesin B and E). (G) Unoperated embryo stained with Nile
blue, HH18. Normal cell death is present in the optic lens (arrow)
and nasal epithelium (arrowhead), aswell asin scattered
ectodermal cells. (H) Parasagittal section through the embryoin
G, after the TUNEL reaction. The region magnifiedin| is
indicated. (1) A restricted zone of the prospective olfactory
neuroepithelium is undergoing apoptosis, but cell death is sparse
elsewherein the forebrain. (J) Operated embryo at HH18, Nile
blue. The eyes are nearly synophthalmic in this case, and adying
remnant of the forebrain is indicated with an arrow.

(K) Parasagittal section through the embryo in J, after the
TUNEL reaction. The region magnified in L isindicated. Note
that the caudal diencephalon is mostly intact in this embryo, but
the telencephalon is severely reduced (arrowhead). Many cells
have already been cleared dorsally (between open arrowheads;
compare profilesin H and K). (L) The remnant of telencephalon
is undergoing widespread cell death. Pros, prosencephalon; tel,
telencephalon; di, diencephal on; mes, mesencephalon; rh,
rhombencephal on; asterisk, eye. Bars: A,D,G,J, 0.5 mm;
B,E,H,K, 100 um; C,FI,L, 20 um.

of neural folds including those of the posterior diencephalon,
mesencephalon and r1 was ablated as in Experiment 1a, and
the neural folds of r1 were replaced bilaterally by their quail
equivalent (Figs 2, 5A). Out of the 6 embryos observed, 3
embryos retained some telencephalic neuroepithelium (E3,
n=1; E6, n=1; E8, n=1; Fig. 5D), while 3 embryos lacked the
entire telencephalon (E3, n=1; E6, n=2; Fig. 5B). In the
embryos examined at E3, quail cells were found to have
migrated into the mesenchyme ventral and anterior to the eyes
(not shown). At E6 and EB, grafted cells from r1 became
pericytes within either the residua diencephalon (Fig. 5C) or
the diencephalon and telencephalon (Fig. 5E,F). These cells
did not express the antigen for MB1/QH1, a mAb recognizing
quail endothelial and blood cells (Fig. 5C), but did contain




alpha smooth muscle actin, characteristic of pericytes (Fig.
5E,F). The mgjority of NCC from r1 remained ventrolateral to
the eyes, participating in the first branchial arch, mesenchymal
cells of the adenohypophysis and some ventrolateral periocular
mesenchyme.

NCC from r1 normally migrate into the first branchial arch
and give rise to mandibular and hyoid components (Couly et
al., 1996; Kontges and Lumsden, 1996). We show here that
when the neural folds anterior to rl are removed, NCC from
rl are capable of a significant rostral migratory diversion, into
areas normally colonized by NCC from diencephalic and
mesencephalic neura folds, where they partially compensate
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In Experiment 2c, a length of approximately 450 pum of
neural folds from the unsegmented trunk level of 10- to 17-
somite-stage quail donors was grafted bilaterally into the di-
/mesencephalic region (E4, n=1; E5, n=2). Embryos presented
defects identical to those in which the ablation of the
endogenous neural foldswas not followed by any graft (c.f. Le
Douarin et al., 1977). The few migratory cells observed were
sometimes associated with cranial nerve |V (data not shown).

Restoration of prosencephalic development by
mesoderm addition

After bilatera ablation of a length of neural folds

for the ablation and rescue forebrain tissue. Such
compensation attenuates to varying degrees the
phenotype observed after removal of the anterior
cephalic neura crest.

NCC from the posterior
rhombencephalon can substitute for
anterior populations and rescue
telencephalic survival

In a second step, we tested the capacity of
posterior rhombencephalic NCC to prevent
forebrain cell death. NCC from rhombomeres 4
to 8, like the neuroepithelium from which they
derive, express Hox genes of the first four
paralogue groups when migrating in situ. They
normally do not participate in the meninges of the
hindbrain or any other region, but do migrate into
all branchial arches except for the first arch
(Couly et al., 1996). In Experiment 2b (Fig. 2),
the neural fold corresponding to r4 to r8 included
(i.e. from the r3/r4 limit to the level of the fourth
somite), was transplanted unilaterally (E2, n=9;
E3, n=2; E5, n=2; E6, n=8; E8, n=1) or hilaterally
(E2, n=3; E3, n=1; E5, n=2; E6, n=2; E7, n=1)
from quail donors into chick hosts after an
ablation including the neural folds of the
posterior diencephalon, mesencephalon and r1
(Fig. 6A). The grafted neural fold integrated
seamlessly into the host, and embryos formed
normaly (Fig. 6B). The heterotopic NCC
contributed to each of the derivative cell types
described for the homotopic anterior NCC
population: meningeal pericytes (Fig. 6C),
frontonasal bud cartilage, dermis, periocular
structures  and connective tissue of the
oculomotor muscles and adenohypophysis.
Pericytes derived from the grafted NCC were
found uniquely within the prosencephalon and its
meninges. Nonetheless, some of the posterior
rhombomeric crest population retained the
expression of Hoxa3 in ectopic locations such as
the mesenchyme surrounding Rathke's pouch
and the ventral diencephalon as well as the first
branchial arch (Fig. 6D,E). Interestingly, Hoxa3
was not visible in the meninges or pericytes that
colonized the forebrain region (not shown).
These grafted cells apparently downregulated
Hoxa3 expression after having reached the
anterior neuroepithelium.

¢ .
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Fig. 5. Partial compensation for the NC deficiency after ablation of diencephalic and
mesencephalic neural folds comes from NCC of the first rhombomere (Experiment
2a). (A) Immediately after operation, at 4-somite stage. The length of the neural fold
ablation isindicated between the arrowheads and bilaterally grafted r1 neural folds
are visible below the ablation. (B) The range of external defectsin the 6 embryos
examined resembled that observed after Experiment 1b. This case, shown in dightly
parasagittal section at E6, lacked a telencephalon and was synophthalmic (di,
diencephal on; mes, mesencephal on; rh, rhombencephal on; n, notochord; nh,
neurohypophysis). (C) Grafted cells are found within the diencephalic meninges and
penetrating the neuroepithelium (arrows), in association with blood vessels.
(D) Another case, shown in transverse section at E6, had some telencephalic tissue
(tel) and normally spaced eyes (e). Areas enlarged in E and F are indicated. (E) r1
NCC (blue), when associated with blood vessels, colocalize with a pha-smooth
muscle actin (brown), confirming that they are pericytes. (F) Graft-derived pericytes
are found in the telencephalic meninges and neuroepithelium, although r1 NCC do
not normally participate in meninges. Bars: A, 200 um, B,D, 0.5 mm; C,E,F, 20 um.
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corresponding to the posterior diencephalon, mesencephalon
and rl, the endogenous paraxial mesoderm, adjacent to
the ventrolateral prosencephalon a HH7-8 (termed
‘paraprosencephalic’), is not sufficient to support
prosencephalic viability and growth. This might be due either
to the incapacity of this mesodermal areato yield pericytesin
the brain, or to the fact that the number and placement of
mesodermal cells in the paraprosencephalic area do not allow
the production of both endothelial and pericytic cell
populations for the dorsal prosencephalon.

First, to establish if the paraprosencephalic mesoderm
normally differentiates into pericytes as well as endothelial
cells (Couly et al., 1995), we grafted it from quail donors into
chicken hosts at the prosencephalic level near the neural tube

Fig. 6. Heterotopic substitution of the diencephalic and
mesencephalic neural folds by those of the posterior

rhombencephal on |eads to respecification of the fate of the grafted
NCC (Experiment 2b). (A) Operated embryo, with neural folds from
the level of r4 to r8 grafted between the arrowheads (corresponding
to the level of the posterior diencephalon, mesencephalon and rl).
(B) The same embryo at E6, with normal forebrain vesicles.

(C) Grafted NCC within the forebrain meninges (blue, arrows) also
make alpha-smooth muscle actin (brown). (D) The ectopic NCC
(brown, QCPN; parasagittal section of embryo in B) retain
expression of the anteroposterior position gene Hoxa3 in
inappropriate locations. (E) In an adjacent section, Hoxa3 expression
in the first branchia arch and around the ventral diencephalon. Di,
diencephalon; m, maxillary arch; ph, pharynx. Bars: A, 200 um; B, 1
mm; C-E, 50 um.

in addition to the endogenous paraprosencephalic mesoderm
(Experiment 3a, Fig. 2). At HH29 (E6, not shown), grafted
cells participated in the endothelial wall of blood vessels both
in and around the forebrain (n=2). While most quail cells were
MB1/QH1 positive, a few were identified by the mAb 1A4 as
pericytes in blood vessels near the eyes (not shown), although
grafted pericytes were not observed in the brain. When placed
lateral to the mesencephalon (Experiment 3b, Fig. 2), the same
population of cellsdifferentiated only into endothelium, but not
into pericytes, in blood vessels external to the brain (E5, n=1;
E6, n=1; E9, n=1). In conclusion, the paraprosencephalic
mesoderm yields mostly endothelial cells of blood vessels
within and outside of the brain, and virtualy no pericytes,
although it does possess the capacity to differentiate into this
cell type. However, it never contributes to the pericytes of the
prosencephalic meningeal or intraencephalic vessels, nor to
pericytes of the mesencephal on when grafted ectopically (also
see Couly et a., 1995). Endogenous pericyte-forming
populationsin either location contribute to the blood vessels of
the brain and its meninges, at the expense of the grafted
paraprosencephalic mesoderm.

To remove this competition, in Experiment 4a (Fig. 2), quail
paraprosencephalic mesoderm was grafted above the
dorsal prosencephalon after bilateral ablation of posterior
diencephalic, mesencephalic and r1 neural folds (Fig. 7A). In
5 out of 8 embryos observed at E5, the telencephalon was
restored (Fig. 7B,C). The grafted tissue, localized by QCPN
mADb immunoreactivity, was found adjacent to the
neuroepithelium, and quail cells were visible within the
forebrain tissue and meninges (Fig. 7D) as 1A4 mAb-positive
pericytes and MB1L/QH1-positive endothelia cells. In the 3
other embryos, the forebrain had not developed; while the
grafted cells were present within the head mesenchyme, they
were not adjacent to the neuroepithelium. The capacity of the
paraprosencephalic mesoderm to yield pericytes within the
forebrain meninges or parenchyme is thus restricted to
experimental situations where the normal source of forebrain
pericytes (the NC) is lacking and where this mesodermal
population is grafted in a dorsal position over the
neuroepithelium to support its host counterpart.

Paramesencephalic mesoderm was similarly grafted above
the dorsal prosencephalon (Experiment 4b, Fig. 2). During
normal development, this mesodermal population yields all
components of the midbrain leptomeninx, including blood
vessel endothelial cells and pericytes (Couly et al., 1995). It
was therefore interesting to test the capacity of the
paramesencephalic mesoderm to rescue neuroepithelia
survival in the forebrain region and to examine the subsequent
differentation of the grafted cells. In 14/21 embryos, both
telencephalon and diencephalon developed (Fig. 7E).
Localized in the host by the QCPN mAb, the grafted
paramesencephalic  mesoderm gave rise to both
intraencephalic endothelia cells and pericytes (Fig. 7F-H).
Vessels were generally chimeric, with host pericytes and
donor endothelial cells (Fig. 7F), donor pericytes and host
endothelia cells, or combinations of both (Fig. 7G,H). Here
too, in successful rescues, the grafted cells were located
dorsaly and in contact with the telencephalon. NC-derived
mesenchyme is therefore not the only tissue able to promote
forebrain development.

Lastly, embryos received grafts of the paraxial mesoderm of



Fig. 7. The addition of paraxial mesoderm from lateral to the
prosencephalon or mesencephal on to anterior NC-ablated embryos
rescues the forebrain (Experiment 4). (A) Operated embryo from
Experiment 4a, from which posterior diencephalic, mesencephalic
and r1 neural folds were removed (between arrowheads) and a graft
of paraprosencephalic mesoderm placed over the prosencephal on
(asterisk). (B) The same embryo at E5, with normal forebrain
vesicles. (C) Parasagittal section of the same embryo, with region
enlarged in D indicated. (D) Triple stain of grafted mesoderm
(QCPN, blue nuclei), pericytes (1A4, brown) and grafted endothelial
cells (MBL/QH1, red) shows that chimeric blood vessels penetrate
the forebrain neuroepithelium, and that grafted cells may become
both endothelial cells and pericytes. (E) Parasagittal section of an E5
embryo from Experiment 4b, grafted with paramesencephalic
mesoderm as above. Vessels magnified in F-H are indicated.

(F) Meningeal blood vessel, with endothelial cells of graft origin
(arrowheads) and pericytes of host origin (arrows). (G) Telencephalic
blood vessel, with endothelial cells of host origin (arrowhead) and
pericytes of graft origin (arrows). (H) Diencephalic blood vessdl,
with graft-derived pericytes (arrows) and endothelia cells
(arrowhead) but aso host-derived pericytes (open arrow). Tel,
telencephalon; di, diencephalon; mes, mesencephalon; e, eye. Bars:
A, 200 um; B,C,E, 1 mm; D,F-H, 20 um.

the trunk after NC ablation (Experiment 4c). We observed a
delay in the degeneration of the forebrain neuroepithelium with
respect to embryos having undergone NC ablation without an
additional graft. Both of the 2 cases examined at E3 had normal
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prosencephalic morphology (not shown). In contrast, in 4 other
embryos at E5 to E8, the same experiment led to the absence
of telencephal on and dorsal diencephal on, despite the presence
of quail endothelia cells in the head.

Thelateral plate mesoderm of the trunk (Experiment 4d) was
unable to rescue telencephalic growth at al at E3 (n=2), E6
(n=1) or E8 (n=1), nor did it differentiate into endothelia cells
or pericytes in this context. Among mesodermal populations,
the mesenchymal paraxial mesoderm of the head is best
capable of replacing the anterior cephalic NCC in order to
maintain viability in the forebrain.

DISCUSSION

The major finding of this work is that after formation of the
primitive encephalic vesicles, in order to survive and grow, the
prosencephalon needs to be surrounded by mesenchymal cells
that are normally derived from the neura folds of the
prospective diencephalon and mesencephalon. These cells
yield the leptomeninges, in cooperation with the anteriormost
region of the cephalic paraxial mesoderm (paraprosencephalic
mesoderm).

The mesodermal component of the forebrain Ieptomeninx
normally provides the endothelial walls of blood vessels that
penetrate the neuroepithelium (Couly et al., 1995), while the
neural crest component yields accompanying pericytes plus
connective tissue cells. We have shown here that, when the
anterior neural folds are removed from the presumptive level
of the epiphysis down to r2, most of the forebrain undergoes
cell death during a period that precedes the onset of
vascularization by 36 to 58 hours, but which coincides with the
assembly of the perineural vascular network of the forebrain
during normal development. Progressive cell death in the
prospective telencephalon and dorsal diencephal on takes place
during the late second and early third embryonic days (HH15-
19); vascularization would begin within the neuroepithelium of
these areas only on the fourth embryonic day (HH24;
unpublished results). The deleterious effect of ablation of the
anterior NC cannot be interpreted as a deficit in vascularization
because it takes place well before the time when blood vessels
start to invade the neuroepithelium.

The outcome of this early cell death is the elimination of
neuroepithelial territory destined to become the cerebral
hemispheres and rhinencephalon, as well as a variable amount
of the diencephalon, resulting in fusion of the two eyes over
the area normally occupied by the telencephalon. This
phenotypeis reminiscent of the organization of the rostral head
of Amphioxus, an invertebrate chordate considered to be the
nearest evolutionary relative to vertebrates. Like the residual
forebrain of the chicken embryo without anterior NCC, the
cerebral vesicle of larval Amphioxus terminates in a number of
unpaired, median structures associated with the vertebrate
diencephalon: an infundibular organ, an epiphysis and afrontal
‘eye’ (Lacali et al., 1994). Confirming its similarity to the
diencephalon, the anterior end of the Amphioxus cerebral
vesicle expresses a unique Distal-less gene homologue,
reminiscent of the forebrain-restricted neuroepithelial
expression of related vertebrate DIX genes (Holland et al.,
1996). A homologue to the Drosophila Orthodenticle gene is
also expressed in the cerebral vesicle and fronta eye (Williams
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and Holland, 1996). In both agnathan and gnathostome
vertebrates, NCC that express the related Otx gene(s), derived
from Otx-expressing diencephalon and mesencephalon, fill a
head region that contains the forebrain as well as the first
pharyngeal arch (Tomsa and Langeland, 1999). The removal
of these NCC from the anterior head of the chicken embryo
phenocopies some aspects of a putative ancestral brain
organization. The expansion of the prosencephalic vesicle in
vertebrates is likely to be a direct consequence of the
appearance of the NC cell type and its extension of the vascular
system of the brain, as has been proposed for the skeletogenic
components of the head (Gans and Northcutt, 1983; reviewed
in Kuratani et al., 1997).

When the anterior neura folds have not been replaced, the
ventral and caudal diencephalon nonetheless survives and
develops to a variable extent. The anterior rhombencephalic
NC (rl) can partialy compensate for the ablation of the
diencephalic and mesencephalic NC by extending its migration
cranialy. We attempted to rescue the cyclopic phenotype
induced by NC ablation by grafting either rhombencephalic or
truncal NC heterotopically to the site of ablation, or by adding
mesoderm of cephalic and trunk origin to the presumptive
forebrain level. When the rhombencephalic NC is substituted
for the diencephalic and mesencephalic NC, at least one Hox
gene continues to be expressed in some NCC derivatives.
Nonetheless, posterior cephalic NCC have the devel opmental
potential to maintain forebrain viability like anterior cephalic
NCC, dthough only the anterior population normally
contributes pericytes to brain meninges and intraencephalic
blood vessels. In contrast to cephalic NCC, the trunk NCC
cannot participate in the formation of the anterior meninges,
nor does it prevent cell death in the developing forebrain. This
population, unlike the cephalic NC, does not normally
participate in the smooth muscle walls of blood vessels or
spinal cord meninges in the body. Its incapacity for alternative
differentiation in the environment of the head (Le Douarin et
al., 1977) extendsto itslack of atrophic effect for the forebrain
neuroepithelium.

When cephalic or somitic paraxial mesoderm is grafted over
the dorsal prosencephalon of neural fold-deprived embryos,
cell death is prevented in the forebrain. This demonstrates that
the environment of the anterior head does not in itself prevent
mesodermal differentiation into pericytes. Under experimental
circumstances, even the paraprosencephalic mesoderm can
provide the meningeal and parenchymal blood vessels with
pericytes, athough it does not do so during normal
development. It should be noted that the paraprosencephalic
mesoderm also does not participate in the construction of
meninges when the NC is simply eliminated. Its incapacity
might therefore lie either in cell quantity or in localization.
Endogenous paraprosencephalic mesoderm is located adjacent
to the ventral part of the neuroepithelium (Couly et al., 1993);
in the absence of NCC it fails to spread dorsally to cover the
developing forebrain (H. C. E.,, G. C. and N. M. Le D,,
unpublished data). A perineura capillary plexus forms only
once endothelia cells derived from the paraprosencephalic
mesoderm surround the prosencephalon after migration in
norma development, or through substitution of the
endogenous anterior NC by dorsal grafts of extra paraxial
mesoderm or any other cephalic NC. In contrast, the local
paramesencephalic mesoderm ensures all meningeal and blood

vessel formation of the midbrain (Couly et al., 1992). During
norma development, diencephalic and mesencephalic NCC
might act as a scaffold to promote the dorsal migration of
paraprosencephalic mesodermal cells so that the expanding
neuroepithelium becomes fully surrounded by the meningeal
anlage.

Our work identifies an important step in neurogenesis: it
follows neural induction and precedes vascularization, and
requires the presence of ‘paraneura’ mesenchymal cells for
growth to proceed. Are the NCC-derived pericytes and
connective cells, or the mesodermally derived endothelial cells,
the necessary component of the forming meninges for the
forebrain? In the absence of NCC, the prosencephalon
perishes, despite the presence of endothelial cells near its
ventral aspect. Pericytes are not necessary for the construction
of vascular plexi from endothelial precursorsin vitro (reviewed
in Pepper and Montesano, 1990) or in vivo (Benjamin et al.,
1998). If aproximate vascular plexus was sufficient to maintain
forebrain viability, one would predict that, after anterior NCC
ablations, the ventral telencephalon would persist. It does not.
However, cephalic NCC can be replaced in their trophic
capacity by mesodermal cells. The mixture of mesenchymal
cells, of both mesodermal and NCC origin, of the future
leptomeninges may thus secrete trophic factor(s) necessary for
neuroepithelial viability before the blood supply has been
ensured. Such factor(s) remain to be identified.
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Abstract

We cloned the chick homolog of Xenopus and mouse Frzb-1, a secreted Wnt antagonist and performed in situ hybridisations to determine
the pattern of cFrzb-1 expression in the developing chick embryo. At early stages, cFrzb-1 transcripts are located exclusively in the
ectodermal layer corresponding to the neural plate. The labelling continues in the neural tube, but is always excluded from the floor
plate. cFrzb-1 mRNA is expressed by migrating cephalic and truncal neural crest cells. Later, cFrzb-1 transcripts are found in a subset
of neural crest derivatives such as cephalic cartilage, nerves and spinal ganglia. In addition to ectodermal derivatives, cFrzb-1 transcripts
were also observed in mesodermal derivatives such as vertebral and limb cartilage, the adrenal cortex, the gonads, and a subpopulation of

blood cells. © 1999 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Frzb-1; Wnt antagonist; Chick embryo; Neurulation; Neural crest; Cartilage

1. Results and discussion

Frzb Frizzled Bone proteins were first identified by a
biochemical approach, as peptides from bovine cartilage
extracts that contained bone inducing activity (Hoang et
al., 1996) and have been now isolated from Xenopus
(Leyns et al., 1997; Wang et al., 1997) and mouse (Leyns
et al., 1997; Mayr et al., 1997). Frzbs are secreted soluble
proteins of approximately 300 amino acids containing a
cysteine-rich domain (CRD) similar to the Wnt-binding
region of the Frizzled transmembrane receptor family
(Moon et al., 1997; Wodarz and Nusse, 1998). Xenopus
Frzb-1 binds Wnt proteins and blocks their signalling,
suggesting a competition for Wnt binding between a recep-
tor and a structurally related soluble antagonist (Leyns et al.,
1997).

We have cloned by PCR a chick homologue of Frzb-1.
The cloned fragment of 138 amino acids comprises most of
the CRD region and is considered to be the Frzb-1 ortholo-
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! Present address: Department of Biology, Free University of Brussels
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gue because of its high amino acid identity to Xenopus and
mouse Frzb-1 (see Section 2). Chick Frzb-1 shows impor-
tant differences in expression patterns with both its Xenopus
and mouse counterparts.

1.1. cFrzb-1 expression maps to the neural plate

During early neurulation, there is no detection of cFrzb-1
transcripts until the stage Hamburger Hamilton (HH) 4—,
when cFrzb-1 transcripts show a restricted expression
pattern in the neural plate (Fig. 1A-F). In contrast, xFrzb-
1 is excluded from the neuroectodermal layer (Leyns et al.,
1997) or mFrzb-1 (Mayr et al., 1997; Leyns et al., 1997;
Hoang et al., 1998) can be found in all three germ layers,
including anterior central nervous system, during develop-
ment. The caudal extension of the neural plate (Fig.
1A,B,F,G,H) is marked by cFrzb-1 expression. Strong
expression at 14 somite-stage marks the medullary cord
(Fig. 1J), which gives rise to the neural tube during second-
ary neurulation (Catala et al., 1995). Strikingly, there is
never any expression in Hensen’s node (HN) or in the
HN-derived notochord (No) and floor plate (FP) (Fig.
1A,B.E-G,IM). In Xenopus the dorsal blastopore lip
(Spemann Organizer) expresses xFrzb-1 at early stages,
becoming gradually restricted to anterior endomesoderm
and prechordal plate, lacking expression in the notochord

0925-4773/99/$ - see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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c neural plate

Fig. 1. Expression pattern of cFrzb-1 during neurulation and neural crest cell migration. Wholemount in situ hybridisation and subsequent histological
analysis. Dorsal views of embryos at HH4- (A), HHS (B), 3 somite stage (ss) (F), 6ss (G), 8ss (K), 14ss (H) and 17ss (N). Vibratome sections of embryos at stage
HHS (C-E), 8ss (L,M) and 14ss (IJ). HN, Hensen’s Node; No, notochord; MC, medullary cord; OpV, optic vesicle; OP, otic placode; OV, otic vesicle. PS,
Primitive streak. Scale bars (A,B,F-H,K,N), 355 pm; (C-E,LJ,L,M), 68 pum.

(Leyns et al., 1997). Quail/chick grafting experiments expression of cFrzb-1 in the spinal cord but not in the HN
demonstrated that FP and No share the same embryological (Fig. 1I) provides molecular confirmation that the FP and
origin in HN (Catala et al., 1996; Teillet et al., 1998). The No arise from the same group of cells (Teillet et al., 1998).
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Fig. 2. Location of cFrzb-1 transcripts in neural crest derivatives. (A) Transverse section of an E6 embryo hybridised with cFrzb-1 probe. (B) Adjacent frontal
head sections at E6 were hybridised with cFrzb-1 probe or (C) incubated with HNK1 antibody. Consecutive frontal sections of HH26 (E5) quail-chick chimera
at the mandibular level (D-G), hybridised with cFrzb-1 probe (D,F). Quail cells, which correspond strictly to NC cells, are revealed using QCPN mAb (E,G).

My, Myotome; NT, neural tube; No, notochord; Re, retina; Ca, cartilage; Mu, muscle. Scales bars (A), 136 wm; (D,E), 340 wm; (B,C,F,G), 68 pwm.

In addition, the optic vesicles (Fig. 1K) and the otic
placodes (Fig. 1M) express cFrzb-1.

1.2. Neural crest cells express cFrzb-1

cFrzb-1 transcripts are not detected in the most anterior
domain of the neural folds (Fig. 1F, arrowhead), a region
that does not give rise to any neural crest (NC) cells (Couly
and Le Douarin, 1987). At 8 somite-stage, cephalic NC cell
progenitors and NC cells migrating from the midbrain
strongly express cFrzb-1 (Fig. 1K,L). At 17ss-stage, two
streams of rhombencephalic NC cells migrating rostrally
and caudally to the otic vesicle are strongly labelled (Fig.
IN, arrows), like the NC-containing mesenchyme of the
head (Fig. 1N, arrowhead).

1.3. cFrzb-1 transcripts are located in a subset of NC-
derived cell

Within the peripheral nervous system, cFrzb-1 is
expressed in a subpopulation of cells in the spinal ganglia
(Fig. 2A). Since the most intense expression was found in
the dorsal and ventral roots of the spinal nerves (arrow-
heads), which contain many glial cells, we concluded that
cFrzb-1 probe in the ganglia labels essentially glial cells
rather than the neural component. Comparative analysis of
cFrzb-1 transcripts location and HNK1 immunohistochem-
istry (which recognises most of the NC-derivatives) shows
that NC cells of the oculomotor nerves strongly express the
cFrzb-1 gene (Fig. 2B,C). In order to follow the NC cells in
the branchial arches, we replaced cephalic neural folds from
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Ao

St HH2E

Fig. 3. Expression of cFrzb-1 in mesodermal derivatives. Consecutive transverse sections from HH28 (E6) embryo at the level of the adrenal gland, incubated
with ¢Frzb-1 probe (A) or HNKI1 antibody (B). The gonads (C) and a subpopulation of blood cells (D) are positive for cFrzb-1. Distribution of cFrzb-1
transcripts in wings of HH20 (E) and 22 (F) embryos. (G) Wing of stage HH28 embryo (E6) was cut transversally and sections were hybridised with cFrzb-1
probe. AM, adrenal medulla; AC, adrenal cortex; Ao, Aorta. D, dorsal; V, ventral. Scale bars (A,B), 68 um; (C,D), 34 wm; (E,F), 355 pm; G,136 wm.

4-somites chick embryos with the quail equivalent, using
the QCPN antibody as a quail-specific marker. The chick
Frzb-1 probe reacts both with chick and quail tissues. In situ
hybridisation on such chimeras at embryonic day 5 showed
a restricted expression of cFrzb-1 (Fig. 2D) among the
QCPN-positive NC cells invading the branchial arches
(Fig. 2E). The differentiating cartilage (Fig. 2E, high magni-
fication, 2G) is cFrzb-1 positive (Fig. 2D, high magnifica-
tion 2F). Muscle cells, which are QCPN-negative because
not derived from the NC (Fig. 2G), do not express cFrzb-1
(Fig. 2F). However, isolated cells in muscle areas are posi-
tive for cFrzb-1 (Fig. 2F, arrowheads). These cells corre-
spond to connective tissue within the muscles which are of
NC origin and are labelled with QCPN (Fig. 2G, arrow-

heads). We concluded that cFrzb-1 is expressed in a wide
range of NC-derivatives.

1.4. cFrzb-1 is also expressed in mesoderm derivatives

cFrzb-1 gene is expressed in the adrenal gland (Fig. 3A).
Precise comparison with HNK1 shows that cFrzb-1 tran-
scripts are located in the adrenal cortex (Fig.3A, arrow-
heads) and not in the adrenal medulla, which is NC-
derived and HNK1-positive (Fig. 3B). In addition, cFrzb-1
transcripts are also detected in the gonads (Fig. 3C) and in a
subpopulation of circulating blood cells (Fig. 3D). More-
over, sclerotomal cells (future vertebral cartilage) surround-
ing myotomes (Fig. 2A, arrow) and notochord (Fig. 2D) are
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positive for cFrz-1. cFrzb-1 mRNA is found from HH19
(E3) in the limb mesenchyme (Fig. 3E,F). In situ hybridisa-
tion on transverse sections along the proximo-distal axis of a
HH28 (E6) wing limb reveals that cFrzb-1 transcripts loca-
lised to the cartilage region (Fig. 3G).

In conclusion, we cloned the chick homolog of the
secreted Wnt-antagonist Frzb-1 gene. Despite the high
sequence conservation, the expression pattern of cFrzb-1
shows differences with its mouse and frog homologues, in
particular during early development.

2. Methods
2.1. Cloning

A partial clone of chick Frzb-1 was isolated by PCR, using
degenerated oligonucleotides located in conserved regions of
xFrzb-1 and mFrzb-1. The cFrzb-1 clone encodes a 138
aminoacid fragment comprising most of the CRD region
(also known as sFRP-3, Wodarz and Nusse, 1998), with 86
and 88% homology to Xenopus and mouse proteins, respec-
tively. The next closest related protein is mouse sFRP-4 (66%
identity). The Genbank accession number is AF153476.

2.2. In situ hybridisation and immunohistochemistry

Embryos were processed for in situ hybridisation to
wholemounts and sections as previously described by
Duprez et al. (1998). NC and quail cells were detected
using HNK-1 and QCPN mAbs, respectively (Developmen-
tal Hybridoma Bank, University of Iowa, Iowa City).

2.3. Quail/chick chimeras

Microsurgery was performed on embryos at stage HH7.
Bilateral cephalic neural folds from chick embryos were
replaced by their quail counterparts. Embryos were fixed 3
days after grafting, embedded in paraffin and sectioned onto
alternating slides.

Acknowledgements

We are grateful to Francis Beaujean, Sophie Gournet,

Helene San Clemente and Francoise Viala for help with
the illustrations. This work was supported by the Associa-
tion Francaise contre les myopathies (AFM) and the Centre
National de Ia Recherche Scientifique (CNRS). EM.D.R. is
an Investigator of the Howard Hughes Medical Institute,
which partially funded this work.

References

Catala, M., Teillet, M.A., Le Douarin, N., 1995. Organization and devel-
opment of the tail bud analysed with the quail-chick chimaera system.
Mech. Dev. 51, 51-65.

Catala, M., Teillet, M.A., De Robertis, E.M., Le Douarin, N., 1996. A
spinal cord fate map in the avian embryo: while regressing. Hensen’s
node lays down the notochord and floor plate thus joining the spinal
cord lateral walls. Development 122, 2599-2610.

Couly, G., Le Douarin, N.M., 1987. Mapping of the early neural primor-
dium in quail-chick chimeras. Dev. Biol. 120, 198-214.

Duprez, D., Fournier-Thibault, C., Le Douarin, N., 1998. SHH induces
proliferation of committed skeletal muscle cells in the chick limb.
Development 125, 495-505.

Hoang, B., Moos, M., Vukicevic, S., Luyten, F.P., 1996. Primary structure
and tissue distribution of FRZB, a novel protein related to Drosophila
Frizzled, suggests a role in skeletal morphogenesis. J. Biol. Biochem.
42, 26131-26137.

Hoang, B., Thomas, J.T., Abdul-Karim, F.W., Correla, K.M., Colon, R.A.,
Luyten, F.P., Ballock, T., 1998. Expression pattern of two Frizzled-
related genes. Frzb-1 and Sfrpl, during mouse embryogenesis suggests
a role for modulating action of Wnt family members. Dev. Dyn. 212,
364-372.

Leyns, L., Bouwmeester, T., Kim, S.H., Piccolo, S., De Robertis, E.M.,
1997. Frzb-1 is a secreted antagonist of Wnt signaling expressed in the
Spemann organizer. Cell 88, 747-756.

Mayr, T., Deutsh, U., Kiihl, M., Drexler, H.C.A., Lottspeich, F., Deutz-
mann, R., Wedlich, D., Risau, W., 1997. Fritz: a secreted frizzled
protein that inhibits Wnt activity. Mech of Dev. 63, 109-125.

Moon, R.T., Brown, J.D., Yang-Snyder, J.A., Miller, J.R., 1997. Structu-
rally related receptors and antagonists compete for secreted Wnt
ligands. Cell 88, 725-728.

Teillet, M.A., Lapointe, F., Le Douarin, N.M., 1998. The relationship
between notochord and floor plate in vertabrate development revisited.
Proc. Natl. Acad. Sci. USA 95, 11733-11738.

Wang, S., Krinks, M., Lin, K., Luyten, F.P., Moos, M., 1997. Frzb, a
secreted protein expressed in the Spemann organizer, binds and inhibits
Wnt-8. Cell 88, 757-766.

Wodarz, A., Nusse, R., 1998. Mechanisms of Wnt signaling in develop-
ment. Ann. Rev. Cell Dev. Biol. 14, 59-88.



Development 128, 1059-1068 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
DEV2684

1059

The cephalic neural crest provides pericytes and smooth muscle cells to all

blood vessels of the face and forebrain

Heather C. Etchevers*, Christine Vincent, Nicole M. Le Douarin and Gérard F. Couly

Institut d’Embryologie Cellulaire et Moléculaire du CNRS et du College de France, 49 bis avenue de la Belle Gabrielle, 94736

Nogent-sur-Marne Cedex, France
*Author for correspondence (e-mail: etchever@infobiogen.fr)

Accepted 4 January 2001

SUMMARY

Most connective tissues in the head develop from neural
crest cells (NCCs), an embryonic cell population present
only in vertebrates. We show that NCC-derived pericytes
and smooth muscle cells are distributed in a sharply
circumscribed sector of the vasculature of the avian
embryo. As NCCs detach from the neural folds that
correspond to the future posterior diencephalon,

mesencephalon and rhombencephalon, they migrate
between the ectoderm and the neuroepithelium into the
anterior/ventral head, encountering mesoderm-derived
endothelial precursors. Together, these two cell populations
build a vascular tree rooted at the departure of the aorta
from the heart and ramified into the capillary plexi that

irrigate the forebrain meninges, retinal choroids and all

facial structures, before returning to the heart. NCCs

ensheath each aortic arch-derived vessel, providing every

component except the endothelial cells. Within the
meninges, capillaries with pericytes of diencephalic and
mesencephalic neural fold origin supply the forebrain,

while capillaries with pericytes of mesodermal origin

supply the rest of the central nervous system, in a mutually
exclusive manner. The two types of head vasculature
contact at a few defined points, including the anastomotic
vessels of the circle of Willis, immediately ventral to the
forebrain/midbrain  boundary. Over the course of

evolution, the vertebrate subphylum may have exploited
the exceptionally broad range of developmental
potentialites and the plasticity of NCCs in head

remodelling that resulted in the growth of the forebrain.

Key words: Pericyte, Vascular, Carotid, Branchial, Quail-chick
chimera, Evolution, Neural crest, Meninges, Forebrain, Head

INTRODUCTION embryo, neural crest-derived mesenchyme is necessary for the
early survival of the forebrain neuroepithelium, upon which it
Over chordate evolution, the anterior brain and its surroundingxerts a trophic influence (Etchevers et al., 1999). Many of
head expanded spectacularly in vertebrates. This developmehese NCCs participate in the forebrain meninges (Johnston,
coincided with the appearance within the subphylum of 4966; Le Lieévre and Le Douarin, 1975), which enclose the
pluripotent embryonic cell population called the neural crest.capillary network necessary for later neuroepithelial growth via
Evidence that the neural crest was instrumental in shapirits blood supply.
the head began to accrue from fate-mapping experiments thatAll blood vessels are composed of an inner layer of endothelial
showed the distribution of neural crest cells (NCCs) in theells and an immediately adjacent layer of pericytes. Pericytes are
avian embryo (Johnston, 1966). The use of a stable selectiirglispensable for the formation of mature blood vessels
cell-marking technique, based on the construction of quailreviewed in Doherty and Canfield, 1999). They also mediate
chick chimeras allowed the definitive demonstration that NCCsapillary vasoconstriction and secrete specialised extracellular
give rise to most connective components of the head, includingatrices for microvessels within the neuroepithelium (Balabanov
dermis, tendons and intercalating membranes of cephaland Dore-Duffy, 1998), kidney (Schlondorff, 1987), liver
muscles (Le Liévre and Le Douarin, 1975; Noden, 1983; CoulfKawada, 1997) and bone (Doherty and Canfield, 1999). In
et al., 1993; Couly et al., 1996; Kdntges and Lumsden, 19963ddition to endothelial and pericytic components, larger blood
Such soft tissues are associated with the NCC-derived bonesssels also possess one or more concentric layers of connective
that make up most of the skull, notably the jawed faciabhnd smooth muscle cells, constituting the elastic tunica media and
skeleton and the brain case (Couly et al., 1993; Couly et athe fibrous tunica externa.
1996; Kontges and Lumsden, 1996). Endothelial cells are derived from mesodermal precursors
In addition to their role in forming the head, NCCs may haveble to yield both the angiogenic and haematopoietic lineages,
participated in the enlargement of the brain itself withinthe most primitive of which are characterised by the expression
members of the vertebrate subphylum. Initial support for thisf the vascular endothelial growth factor receptor 2 (Vegfr2)
hypothesis comes from the demonstration that, in the chickgiEichmann et al., 1993; Couly et al., 1995).
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In contrast, the outer wall layers, while originating from the ventral (face)
mesoderm in the body, can be made by NCCs in the hei
(reviewed in Le Douarin and Kalcheim, 1999). Cephalic NCC
contribute to the muscular and connective wall of large arterie
derived from the branchial arches (Le Lievre and Le Douarir
1975), including the cardiac septum that separates the aorta frc
the pulmonary artery trunk (Waldo et al., 1998). Continuec
ramifications of the branchial arteries define a distinct anatomic
sector of the ventral and anterior head. A second vascular sec
of non-branchial arteries irrigates the dorsal, posterior head (Fi
1). These two domains meet behind the optic chiasm in ¢
anastomotic structure known as the circle of Willis. Strikingly,
the branchial sector overlaps that part of the head to which tl
NCC mesenchyme makes major structural contributions.

In the present work we have analysed the precis
contribution of NCCs that originate from successive
anteroposterior levels of the neural folds to cephalic blooi
vessels. We find that the dorsal/posterior vascular compartme
depends upon the cephalic paraxial mesoderm for a
components of the blood vessel wall, while the ventral/anteric
compartment derives its pericytes and musculo-connective we
entirely from NCCs. The two domains are delimited distally
within the meninges by a sharp boundary between the forebra
and the midbrain.

The forebrain and the retinae are thus irrigated by capillarie
of composite mesoderm and neural crest origin, consistent wi
their support by other neural crest-derived connective tissue
In addition to the trophic role we have previously demonstrate.
for cephalic NCCs in early forebrain development, it appearkig. 1. The dorsal cephalic vascular tree, excluding the jaws, ventral
plausible that there was a causal relationship between thew. Six pairs of aortic arch arteries form during amniote
construction of a NCC-dependent vascular domain and thgmbryogenesis, looping from the ventral to the dorsal aorta. Three of

continued expansion of the anterior brain and head over tfigem persist in the adult: the third pair, as a segment of the common
course of evolution. carotid arteries; one of the fourth pair, as the aorta; and the sixth, as a

segment of the pulmonary arteries. The common carotid arteries give
rise to a ventral arterial pathway, of which the internal carotid (C. i.)
and derived arteries (pink) target the upper face, eyes, and forebrain.
MATERIALS AND METHODS The distal part of this route is made of vascular elements derived from
the first three aortic arches. The other arterial pathway in the head

Isotopic grafts of the right neural fold were performed from quail(9reen) targets the midbrain and hindbrain, and arises from the
donors into stage-matched chick hosts at the three to five somite sta¢gtebral arteries (V.). Both trees start from the brachiocephalic artery
(ss), on embryonic day (E) 2. The length of the neural fold takeffUnks, which diverge from the ventral (ascending) aorta. The
corresponded to the posterior half of the diencephalon (PD), thgommon carotid arteries immediately course into the neck and face.
anterior half of the mesencephalon (AM) or the posterior half of thd Ne vertebral arteries project into the head along the underside of the
mesencephalon (PM) regions, approximately 1®0each, or the AM  hindbrain after fusing to form the basilar artery. The two systems

and PM together. Stage- and position-specific micrometry wagontact at the circle of Willis (box), which surrounds the optic chiasm
performed as outlined previously (Grapin-Botton et al., 1995). ventral to the diencephalon. The posterior sides of this famous

Additional chicken embryos were examined in which an individualvascular polygon are made by the bifurcation of the basilar artery,
rhombomeric neural fold had been replaced by its isotopic, isochroni¢hile derivative branches of the internal carotid arteries constitute the
quail counterpart, as described previously (Couly et al., 1996). Neur@nterior sides. An anastomotic artery, the posterior communicante
folds from given rhombomeric levels are referred to as ri-r8. ThéP- C.), connects them; in humans, a median fusion between the
neural folds of r8 were mapped over the length of each of the fir@nterior cerebral arteries completes the ‘circle’. The circle of Willis
three somites, but the results, being similar, were grouped. AllePresents the anatomical interface between the ventral and dorsal
chimeras were incubated at 38°C in humidified chambers and clean¥@scular trees. B., basilaris; C. c. a., carotis cerebralis anterior;
in PBS before fixation for immunohistochemistry (IHC) or in situ C- ¢- M., carotis cerebralis medialis; C. c. p., carotis cerebralis
hybridisation (ISH). Numbers and stages at harvest for IHC arBosterior; Ce. d., cerebellaris dorsalis; Ce. v., cerebellaris ventralis;
summarised in Table 1. C. i, carotis interna; Eth., ethmoidalis; T. m. d., tecti mesencephalis

Ink injections into the left ventricle of the heart of E8 chickendorsalis; T. m. v, tecti mesencephalis ventralis; V, vertebralis.
embryos were followed by fixation in Carnoy’s solution, dehydrationAdapted, with permission, from Baumel (Baumel, 1979).
in ethanol and clearing in 100% methyl salicylate (Fig. 4B).

IHC using the monoclonal antibodies QCPN (anti-quail, DSHB),rhombencephalic-grafted embryos were fixed in Zenker’s solution and
QH-1/MB-1 (anti-quail vascular endothelium and white blood cells)treated with the Feulgen-Rossenbeck stain procedure, described
and 1A4 (anti-alpha smooth muscle actin, Sigma) on sections waseviously (Le Douarin, 1969), as an alternative method to localise
performed as previously described (Etchevers et al., 1999). Tissugsail cells in older embryos.
were counterstained with Gill's Haematoxylin. Some of the ISH of Vegfr2 (Eichmann et al., 1993), and the premigratory and

dorsal (neck)
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Table 1. Chimeric embryos used to construct fate map of cephalic vascular walls

Graft NF Di Ant mes Post mes Mes R1 R2 R4 R5 R6 R7 R8 (s1-3)
HH stage at harvest 16 (6) 10 (2) 26 (1) 10 (1) 29 (2) 35(2) 33(2) 18 (1) 28 (1) 26 (1) 29 (2)
(number of samples) 33(1) 14 (1) 12 (1) 33(1) 35(1) 27 (1) 35(2) 29 (1) 33(1)
38(1) 27 (1) 16 (3) 28 (1) 32(1)
32(1) 20 (1) 32(1) 33(2)
35(1) 24 (2) 35(2) 34 (1)
38(2) 27 (2) 35(1)
28 (1)
29 (3)
33(1)
Total (59) 8 8 1 15 3 2 3 6 3 7 3

Ant mes, anterior mesencephalic; Di, diencephalic; Mes, mesencephalic; NF, neural folds; Post mes, posterior mesencephalic; R, rhombomere; s1-3, at the
level of somites 1 to 3.

early migratory neural crest marker Sox10 (Cheng et al., 2000) was These epithelia are subsequently separated by NCCs
performed directly on 5m paraffin sections of embryos fixed in 11% petween HH9 and HH15. At HH9 (7-9ss, E2), NCCs emigrate
formaldehyde, 60% ethanol, 10% acetic acid. Digoxigenin-UTPfrom the diencephalic and mesencephalic neural folds,
labelled Vegfr2 probe and fluorescein-labelled Sox10 probe Wer§preading both toward the pharynx and rostrally toward the

diluted in hybridisation mix to approximately 1 ng/pach. The . :
probes were applied to sections, which had been deparaffinatezcaimenor neural fold (Fig. 2B), but they do not encounter

rehydrated, digested with 10g/ml proteinase K for 7 minutes, ehdothelial cells before HH10.

postfixed in 4% paraformaldehyde and rinsed. After hybridisation At HH14 (Fig. 2C,D), mesoderm-derived endothelial
overnight at 60°C, slides were washed twice in 50% formamidePrecursors have mixed with the NCCs. Together, they intervene

2xSSC at 65°C, then in MABT (0.1 M maleic acid, 150 mM NacCl, between the ectoderm and the caudal telencephalon, but have
0.1% Tween-20, pH 7.5). Nonspecific antibody binding was blockedhot yet spread over the rostral telencephalon. Chimeric
by incubation in MABT with 20% goat serum, 2% blocking reagentembryos made with unilateral neural fold grafts at the
(Roche) for 60 minutes. AP-conjugated anti-digoxigenin antibodymesencephalic level show that anterior NCCs fan out
(Roche) was diluted in this solution to 1/2000 and applied. Theyjjaterally, whereas those that migrate towards the pharynx
following day, slides were rinsed in MABT before equilibration in amain essentially unilateral (Fig. 2E). The rostral-moving

100 mM NacCl, 50 mM MgG}, 100 mM Tris (pH 9.5) and 0.1% . : .
Tween-20 (NTMT). For a biue precipitate, 33:8/mi nitro blue, NCCs continue to lead the invasive front, closely followed by

tetrazolium chloride (NBT) with 175 giml 5-bromo-4-chloro-3- ca_plllarles that are organising adjacent to the neuroepithelium
indolyl phosphate, toluidinium salt (BCIP) were used in NTMT. The(Fig. 2D,F). _ _
slides were then treated with 0.1 M glycine, pH 2.2 for 15 minutes, TWO bilateral eminences evaginate from the prosencephalon
equilibrated in MABT and AP-conjugated anti-fluorescein antibodyduring this period. The first, the optic vesicles, appear in the
(Roche) applied at 1:8000 for IHC. For a red precipitate, 2-(4ventrolateral prosencephalon at HH9. The second, the
iodophenyl)-3-(4-nitrophyenyl)-5-pheny! tetrazolium chloride (INT) telencephalic vesicles, only emerge from the dorsolateral
and BCIP were used at 248/ml each in NTMT. prosencephalon at HH19 (E3). Capillaries begin to penetrate
the chicken ventral rhombencephalic and mesencephalic
neuroepithelium on HH18 (late E2), but the telencephalon is

RESULTS invaded by blood vessels ventrally at HH24 (E4) and dorsally

. after HH26 (E5; not shown). In chimeras, quail NCCs are first
The prosencephalic vascular plexus forms seen within the host telencephalon associated with the first
concomitantly with the arrival of NCCs capillaries on HH24 (Fig. 2G).

Cephalic mesenchyme may come from either NCCs or . ] o ) .
cephalic mesoderm. In order to recognise the distinct originnterior cephalic NCCs participate in all forebrain
of the cells that give rise to the early vascular system of th¢asculature
anterior head, the relative positions of its neural crest andfter isotopic grafts of neural folds at the levels of the posterior
endothelial components over time were examined by in sitdiencephalon or the mesencephalon, quail NCCs are abundant
hybridisation. Vegfr2 is expressed in endothelial cells and theivithin the meninges of the forebrain, to the exclusion of the
precursors (Eichmann et al., 19980x10is a homeobox- rest of the central nervous system (Fig. 3A). The greatest
containing gene that is specifically expressed in all earlgontribution to the telencephalic meninges is from
migrating cephalic NCC, later functioning in both central andnesencephalic NCCs, while posterior diencephalic NCCs
peripheral nervous system glial lineages (Cheng et al., 2000favour the ventral diencephalic meninges, although both
Preceding NCC emigration, the bilateral telencephaligegions of the neural folds give rise to cells in all parts of the
primordia occupy dorsolateral domains within the anterioforebrain meninges. There is no apparent difference in
neural plate (Couly and Le Douarin, 1987). At HH8 (4-6ssdistribution within the meninges between NCCs from the
early E2), endothelial cell precursors, marked Wggfr2  anterior or posterior mesencephalon.
expression, are found close to the ventral neuroepithelium andAvian meninges are made of two layers. The outer dura
the foregut (Fig. 2A). As the neural folds of the anterior neuraiater is continuous with the condensing periosteum of the
plate approach during HH8, the presumptive telencephalioverlying NCC-derived skull (Couly et al., 1993), and is also
domains come to directly underlie the ectoderm. NCC-derived (data not shown). The inner arachnoid, rich in



1062 H. C. Etchevers and others

blood vessels, is inseparable from the pia mater, whicthe prosencephalon (Fig. 3B), and the pituitary and ophthalmic
constitutes a component of the blood-brain barrier; piaérteries. The non-endothelial components of these vessels
pericytes are closely associated with the outer aspect of tlteme from posterior diencephalic and mesencephalic NCCs.
vascular endothelium that penetrates the neuroepithelium. T shown in Fig. 4, cells from the posterior diencephaloin also
arachnoid/pia mater, known collectively as the leptomeningegontribute to part of the wall of the internal carotid artery (Fig.
include numerous NCC located in the walls of parenchymalC), r2 NCCs to the proximal maxillary artery (Fig. 4D), r4
blood vessels (Fig. 3B, HH32). NCCs to the stapedian artery (Fig. 4E) and r5 NCCs to the
Grafted cells found in the forebrain are not labelled aftecommon carotid artery (Fig. 4F). Grafts from adjacent levels
IHC with the QH-1/MB-1 antibody, and hence are notof the neural folds gave rise to cells in overlapping domains of
endothelial (data not shown). Quail NCC reside on the outsidie same complement of blood vessels, indicating a gradual
of the capillaries and co-localise with alpha smooth musclé&ansition within the vascular wall from NCCs of one origin to
actin, seen via 1A4 IHC (Fig. 3B,D). These observations arBICCs of a neighbouring origin. The tunica media of long
consistent with pericytic identity. In larger arteries, such as tharteries such as the internal carotids spans multiple
internal carotid, NCCs are located within the 1A4-subdivisions of the neural folds (in this example, from PD to
immunolabelled smooth muscular tunica media (Fig. 3C). r4 included). The same holds true for the ventral and anterior
cephalic veins, such as the jugulars, to which NCC from r4 to
Caudal NCCs map to proximal vessels, rostral NCCs ré contribute (not shown).
map to distal vessels Likewise, the more proximal an artery to the heart, the
Given a number of shared characteristics between pericytes afutither caudal the origin of the NCC along the neuraxis. The
smooth muscle cells (Alliot et al., 1999), we examined othedistribution of NCCs derived from r6, r7 and r8 within the
blood vessels derived from the aortic arches for the presenosusculo-connective wall of the large arteries overlapped
of NCC. All arteries of the face and jaw that we examinedgreatly (Fig. 5A). All three contributed to the ventral aorta as
which branch off from the common carc™’
arteries, have tunica media of NCC origin. o
The more distal an artery from the heart, A B .
further rostral the origin of the NCCs that give
to the pericytes and/or smooth muscle cells of

part of the vessel (Fig. 4A). Examples of distaln : ~r .
blood vessels include the meningeal capillarie ' 4 b , "%

L - } "~ X - | - ,..
Fig. 2. Cephalic NCCs and mesodermal cells A " ey,

intermingle by way of opposing dispersion patterns.
(A) Section through a HH7 (4ss, early E2) embryo &

level of the presumptive diencephalon. No mesoder C - D o L

cells, in particular endothelial precursors (blue, Vegi e ¢ kg

expression), intervene between the ectoderm and tt di D ' :?‘h - Y

prosencephalic alar plate. (B) Distribution of rostral- - P :
spreading NCC (redgox10expression) and endotheli mes X tel 1 e Sl

cells (blue, Vegfrgxpression) at early HH10 (10ss, E
in a transverse section at the level of the anterior
prosencephalon. (C) Parasagittal section of HH14 (| ’ e X
embryo, anterior right. Endothelial cells (blue, Vegfr: ! . -
expression) and NCCs (re8lpx10expression) occupy

the mesenchyme intervening between the

neuroepithelium and ectoderm except around the rc E o F /5 Y
telencephalon. Soxi§ also expressed in the ventral s 0, " S M -

diencephalon (see Cheng et al., 2000). Boxed regic f_L_ A, ' 3 v

magnified in D. (D) NCCs precede endothelial tubes d

they insinuate together between the ectoderm and B di por W
neuroepithelium of the telencephalon. (E) Distributic 3 5
of NCCs (brown, QCPN IHC) at HH14 after a L,
unilateral graft of an anterior mesencephalic neural s A "
fold, in transverse section at the level of the ventral _-"' »3 [ 5
diencephalon. NCCs disperse bilaterally rostral to tt Sk
graft but remain unilateral near the pharynx. (F) On
slightly more anterior section of the same embryo,
grafted NCCs can be seen to separate neuroepithel
from ectoderm and to be accompanied by capillarie
(asterisk) as in D. (G) NCCs (arrows) from a graftec
mesencephalic neural fold begin to penetrate the
telencephalic neuroepithelium from the surrounding
mesenchyme at HH24 (E4). Scale bars: 1@0in
A-C,E,G: 50 m in D,F. i : =
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Fig. 3.NCCs associated with blood

vessels in the head are pericytes or

smooth muscle cells. (A) Slightly

oblique transverse section of an

embryo grafted with an anterior

mesencephalic neural fold at HH32

(E8). Quialil cells are visualised with .
QCPN IHC in bluep smooth muscle i

actin IHC is in brown. Note that blue Q

NCCs are concentrated around the ' i
forebrain, in contrast to the rest of th Y e \
central nervous system. Regions e “3_ '
magnified in B and C are indicated. .,
(B) Telencephalic meninges are full « '
quail cells, some of which penetrate ,
neuroepithelium and co-localise with -
smooth muscle actin. (C) The double

labelling of grafted cells with emoott

muscle actin within the internal caroi &

artery tunica media indicates that the _ _

NCCs have become smooth muscle cells (arrows). (D) Similar double-labelling within the neuroepithelial capillaries shows NCC-derived
pericytes (arrows); unlabelled endothelial cells are indicated with arrowheads. Scale bars: 1 mm im Ay B0Gy 100 m in D.

--\
4
-

seen by E5 and later (Fig. 5B,C,F,H,J), as well as to the thior all NCCs in these locations can be double-labelled avith
tunica media of the cardinal veins and the sinus venosus (Figmooth muscle actin (not shown). However, many NCC in the
51). NCCs from r6 were found in the wall of the proximal adenohypophysis did not, representing interstitial cells.
common carotid arteries, relaying the r5 NCCs. NCCs from r7 NCCs from the PM region migrate largely into the first
and r8 participated in the brachiocephalic arteries (Fig. 5D-G,branchial arch maxillary processes. They also participate in the
K), sigmoid valves of both the aorta (Fig. 5J,L) and pulmonargiliary ganglia, optic nerves and coalescing ventromedial
artery trunk (Fig. 5F,G,J), and the distal conotruncus. Theeriocular structures (choroid pericytes, sclera, oculomotor
deeper part of the conotruncus contained NCC of solely rBuscle interstitial cells) as observed at HH26 (E5).
origin at HH29 (E6.5) and HH33 (E8.5) (not shown).

No NCCs from any level of the cephalic neural folds were
found in the media of the cerebellar or occipital arteries at thelSCUSSION
ages examined (not shown). These vessels are directly
connected to the vertebral arteries. The head is thus divid®CCs are distributed along the proximal-distal axis
into two vascular domains that meet at the forebrain/midbraifif cephalic vascular media
boundary both within the meninges and in the larger vessel$he frontier of the NC- and mesoderm-derived meninges
at the circle of Willis (Figs 1, 4). They occupy distinct ventralsurrounding the brain coincides with a classically described

and dorsal domains from the heart to the brain. anatomical interface in the head between two distinct
vasculatures. We have shown here that the forebrain

Anterior cephalic NCCs occupy overlapping but (telencephalon and diencephalon) is the only part of the central

distinct niches in connective tissues nervous system into which NCCs penetrate. Arteries with walls

We examined the distribution of cephalic NCC in other softomposed of NCC derivatives also supply the entire ventral
connective tissues in further detail. In these derivatives as we(facial) and anterior head, the connective tissues of which are
a similar logic was maintained in the fate map. likewise of NCC origin. In contrast, the fully mesodermal
Grafted NCC from PD are apparent in the ventrolateravertebral arteries supply the dorsal/posterior part of the head
periocular structures (sclera, choroid and interstitial cells of thand neck, caudal to the diencephalon (Couly et al., 1992; Couly
ventral oculomotor muscles and lachrymal glands) (Fig. 6Aet al., 1993). The two vascular trees join and re-diverge at the
C). PD quail cells also surround and infiltrate the developinggvel of the optic chiasm, within the circle of Willis (Fig. 1).
pituitary and salivary glands. This striking demarcation of vascular domains reveals the
NCCs from the AM region incorporate largely into point from which a new part of the head expanded in
dorsomedial periocular structures, the scleral papillae aneertebrates with respect to the chordate phylum as a whole.
dermis, the nasal septum and the telencephalic choroid plexu@ans and Northcutt proposed that the neural crest played a key
Examples of their presence as pericytes within oculomotaole in the evolution of the face, in particular for the skeletal
muscles, the optic chiasm, the neurohypophysis and thend muscular elements of the jaws (Gans and Northcutt, 1983).
adenohypophysis are shown in Fig. 6E-H, respectively. Mosthe essence of their theory is that these novel NCC-derived
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Fig. 4. Sequential distribution of NCC from successive neural fold origins in the walls of cephalic arteries. (A) Cephalic NCCs (colours, this
study) and mesoderm (greys; Le Liévre, 1976; Couly et al., 1987) contribute to the musculo-connective wall of separate arterial trees in the
head. Red corresponds to cells derived from posterior diencephalic (PD), anterior and posterior mesencephalic (AM, PM) neural folds; orange
corresponds to rhombomere (r)1; yellow to r2; green to r4; turquoise to r5; and blue to r6 (in the vascular media of a schematic E7.5 chicken
head). Boundaries overlap between domains ensured by NCCs of given origins in vessel walls. Within the meninges ofrtbevgestral

system, pink denotes those derived from PD, AM and PM NCCs; grey denotes those of mesodermal origin, with a sharp boeadahgebetw

two at the diencephalon/mesencephalon junction. Levels of sections shown in C-F are indicated, where lower panel is a magnification of the
artery indicated in the upper panel. Levels of Fig. 3B and 3C are also shown. (B) Ink-injected E8 quail, showing bothamdwehiabral

artery ramifications. (C-F) The lower panels show the enlargement of the areas boxed in the upper panels. (C) E8 chimera after graft of PD
neural fold, in transverse section — internal carotid artery. (D) E8 chimera after graft of r2 neural fold, in transverse section — maxillary artery.
(E) E8 chimera after graft of r4 neural fold, in transverse section — stapedian artery. Quail cells revealed by Feulgen-Rossenbeck stain (lower
panel inset) are false-coloured in brown in the lower panel. (F) E8 chimera after graft of r5 neural fold, in transverse section — common carotid
artery. B., basilaris; C. c. a., carotis cerebralis anterior; C. c. m., carotis cerebralis medialis; C. c. p., carotis cerebralis posterior; Ce. v.,
cerebellaris ventralis; C. i., carotis interna; Eth., ethmoidalis; L., lingualis; Md., mandibularis; Mx., maxillaris; Occ., occipitalis; Oph.,
ophthalmica interna; P. c., posterior communicante (circle of Willis); St., stapedia; St. te., stapedia temporalis; St. sup., stapedia supraorbitalis;
T. m. v., tecti mesencephalis ventralis; V, vertebralis. Adapted, with permission, from Hughes (Hughes, 1934) and Baurhel §Ba)yme

Scale bars: 0.5 cm in B; 25@rpin C-F (top); 50 m in C-F (bottom).
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Fig. 5.Overlapping contributions of NCC from the last three rhombomeres to proximal cardiac arteries. (A) The E12 chicken heart, with NCC from
r6 (blue), r7 (purple) and r8 (pink) in its major arteries. (B) Graft of r6 neural folds, at HH35 (E9). Abundant quail cells (QCPN IHC, brown) are
present in the aorta, magnified in C. (D) After graft of r7 neural folds, at HH35 (E9). Quail cells are visible in the outer vessel walls at the divergenct
of the right brachiocephalic and common carotid arteries, magnified in E. (F) After graft of r8 neural folds, at HH33 (E8.5). Left common carotid
artery magnified in G. Aorta and pulmonary trunk walls magnified in H, and pericytes in the wall of the sinus venosus edeinditaivs in 1.

(J) Caudal section of same embryo, showing quail NCC abundant in the aorta, in the pulmonary trunk and arteries, irattieaugiptalic artery
(magnified in K) and aortic semilunar valve (magnified in L). A, aorta; AV, atrioventricular valve; HV, hepatic vein; IVC, inferior vena cava; IVS,
interventricular septum; LACV, RACV, left and right anterior cardinal veins; LBCA, RBCA, left and right brachiocephalic arteries; LCCA, RCCA,

left and right common carotid arteries; LPV, left pulmonary vein (right hidden); PA, common pulmonary artery trunk; PCV, posterior cardinal vein;
SA, sinoatrial valve; SL, semilunar valve; SV, sinus venosus. Scale bars: iniBnZ60B,D,F,l; in C, 50 m for E,G-I,K,L.

cephalic structures may have permitted vertebrates to adopt evolutionarily recent morphological change in the central
advantageously active feeding lifestyle. Supporting evidenceervous system, not a novel structure altogether. The faceless
comes from demonstrations that the face, jaws and skull aend jawless cephalochordate Amphiopresents sensory and
derived from the neural crest in modern-day vertebrates (seendocrine functions in the anterior end of its nerve cord
for example, Couly et al., 1993; Imai et al., 1996). (Lacalli et al., 1994; Lacalli and Kelly, 2000). Gene expression
The forebrain, in particular the telencephalon, embodies gpatterns in this region recall those present in the vertebrate
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forebrain (reviewed by Zimmer, 2000). The common chordat&988), creates a rostral niche that is filled by NCCs spreading
ancestor to vertebrates and cephalochordates probably hadoawvard, fan-like, from the posterior diencephalic neural folds.
similarly rudimentary forebrain, whose functions wereln the posterior head, NCCs from any given rhombomere
amplified and developed in the vertebrate diencephalooolonise more than one branchial arch to surround its aortic
(photosensation via the eyes and pineal gland, hormoreetery (Birgbauer et al., 1995; Kontges and Lumsden, 1996;
secretion from the ventral diencephalon and pituitary) an€ouly et al., 1996). When part of the cephalic neural folds are
telencephalon (chemosensation). removed by surgical ablation, NCC from regions rostral and/or
Within vertebrates, the telencephalon assumed integrativwaudal to the excision disperse to ectopic compensatory
functions and importance over time, possibly owing to thdocations in the head (Couly et al., 1996; Salvidar et al., 1997;
presence of a blood supply consecrated directly to its growingtchevers et al., 1999; Kulesa et al., 2000). In this way,
needs for oxygen and nutrition. Our current observationsephalic NCCs radiate from their dorsal points of origin into
demonstrate that a NCC-supported vasculature developed wader ventral swathes, with some limited mixing among cells
irrigate both the NCC-derived jaws, already present in loweof neighbouring origins.
vertebrates, and the forebrain, greatly expanded in higher The patterns of dispersion that establish the anterior
vertebrates. We have previously shown that NCC mesenchymeesenchyme early on presage the final distribution of NCCs
has a trophic effect on the early forebrain, namely on th& the head mesectoderm. Fate-mapping small domains of the
cerebral hemispheres. In the absence of this mesenchynaterior neural folds shows that NCC from the posterior
achieved by ablation of the posteri~~
diencephalic and mesencephalic ne ' - . R = .
folds, the forebrain neuroepithelit A / //' B‘_ B SR 3 :'f ——
undergoes massive cell death precedin s g e '
normal period of vascularisation (Etche\ R e
et al.,, 1999). Thus, the neural crest ' s, T T it
three distinct roles in the developmen ' o s T
the forebrain: an antiapoptotic effect at : ) - 2
early stage of neurogenesis, a sel = L e e <
trophic role via its contribution to tl f - -
leptomeninges and cephalic vasculat : .
and a third role, in the protection of - ; -
forebrain by means of the dura mater C : 5T : Tﬁ'ﬂ i

the skull.

Initial dispersion of anterior 4l alk Wl 4 :
cephalic NCCs accounts for their : DG i . g
final distribution < | N 5 '
The lack of cell emigration from the ne.  + . v o
folds of the prosencephalon, anterior to g \
burgeoning eyes (Couly and Le Doua ' . /

Fig. 6.NCCs integrate into periocular and E F / ¢
secretory tissues. (A) Parasagittal section of " ;(

E12 embryo grafted with posterior diencephalic ' /
neural folds, in area of ventral eye. (B) Area N
enlarged shows the palatine artery with NCC- . 4
derived smooth muscle cells and a portion of
the palatine membrane bone. (C) Part of a o

lachrymal gland, showing interstitial 3 /

(arrowheads) and pericytic (arrows) -__w"> | / 4

participation of NCCs. (D) Lateral parasagittal - e S >

section of E12 embryo grafted with anterior —

mesencephalic neural folds, indicating regions -

magnified in E-H. (E) NCC-derived pericytes G . H /4

(arrows) accompany the capillaries of the dorsal - o s ' 2 e
rectus oculomotor muscle. (F) Both glia ’/ . LE ' 4 - s
(arrowheads) and capillary pericytes (arrows) - ~ : \
within the optic chiasm are derived from NCCs. ’/ > !
(G) Pericytes (arrows) are the only cells of graft ' ' 4 ’/
origin within the neurohypophysis. (H) Both o & s & e TY /
interstitial cells (arrowheads) and pericytes % T 5

(arrows) in the adenohypophysis come from R [ \ 1
NCCs. Scale bars: 250muin A; 100 pm in - r
B,C,E-H; 1 mm in D. - s =— - - E
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diencephalic or anterior mesencephalic neural folds occupy th&aldo and Kirby also proved the necessity for NCCs in the
ventral and dorsal anterior heads respectively, the posteriseptation of the aorta from the pulmonary artery trunk within
mesencephalic NCCs remaining essentially lateral to thethe mesodermal context of the heart (Waldo and Kirby, 1993).
original rostrocaudal level in the jaws. Septation is compromised in a number of congenital conditions
In particular, we have observed that posterior diencephalithat affect other derivatives of the neural crest (reviewed in Le
NCCs are found within the walls of the pituitary vascularDouarin and Kalcheim, 1999). As is the case for forebrain
plexus (Fig. 6G,H and Etchevers et al., 2001), adjacent to thessels, cephalic NCCs make the musculo-connective wall of
first branchial arch with its complement of anteriorlarge vessels near the heart, suggesting that vascular
rhombencephalic NCC. This surprising distribution reflects theemodelling in the head, neck and heart is dependent on NCC
topological deformation of the longitudinal axis of the headparticipation.
around the end of the notochord, which brings the anterior The fact that the branchial arteries give rise to a distinct
transverse neural fold ventral and caudal to the futurgascular domain is pertinent to phakomatoses such as Sturge-
hypothalamus (Couly et al., 1987). The mesencephalic NC®@/eber syndrome (reviewed by Masson, 1970) or
participate in the meninges of the forebrain (this study) as wetheningioangiomatosis (reviewed by Chakrabarty and Franks,
as its overlying dermis and skull (Couly et al.,, 1993).1999). These diseases involve -calcification of forebrain
Mesencephalic NCCs actually constitute the most anteriarapillary pericytes in the cerebral hemispheres; Sturge-Weber
mesectoderm, by occupying a rostrally expanding area dorssyndrome is also associated with ipsilateral facial angiomas. It
to that populated by diencephalic NCC. is striking that NCCs from the same source as the forebrain
There are two conclusions to be drawn from these resultmeninges and pericytes normally differentiate into membrane
First, adjacent points in the neural folds map to contiguoubones when they are located in a subectodermal position
areas of the head along its original rostrocaudal axis, reflectifi@ouly et al., 1993).
the dispersion of cephalic NCC during migration. Second,
cooperation between the cephalic mesoderm and the neuRgricytes and smooth muscle cells share a common
crest is necessary to build a vascular tree in that part of th@eage
head that is constructed predominantly by NCCs. MesodermBlericytes, immediately adjacent to the vascular endothelium of
cells initially located in a ventral position migrate dorsally andboth arteries and veins, are not in themselves smooth muscle
mix with the ectomesenchyme of neural fold origin. Cephalicells. They do, however, share some properties and markers, of
mesodermal mesenchyme is the site of two successive wawehich one interesting representative is nestin (Alliot et al.,
of cell determination and differentiation. Cells expressingl999). Like other nestin-expressing cell types, vascular
Vegfr2 (Eichmann et al., 1993) become endothelial cells of thpericytes seem to retain a certain context-dependent flexibility
developing blood vessels. From this stage onwards, theg their differentiation, acquiring characteristics suggestive of
become associated with NCCs that differentiate into themooth muscle, fibroblasts, osteoblasts, adipocytes or
pericytes and musculo-connective tissue of the outer bloochondrocytes in vitro (reviewed in Doherty and Canfield,
vessel walls. The second wave of commitment affectind999). Our results demonstrate unequivocally and for the first
mesodermal cells concerns the head muscles, for whidime that in an entire vascular circuit, from the heart to
ectomesenchymal cells form connective components such aapillaries and back, there can be one common source of
membranes and tendons (Noden, 1983; Couly et al., 199frecursor cells for both the smooth muscle walls and the

Kodntges and Lumsden, 1996). pericytes.
NCC may be involved in human vascular The authors thank Louis Addade, Pierre Coltey, Sophie Gournet,
pathologies Michel Fromaget and Francis Beaujean for their technical and

Recent fate maps of NCC in the mouse (Imai et al., 1996; Jia
et al., 2000) confirm the importance of avian studies t
interpreting mammalian vascular remodelling. Although we,
have observed NCC from r8 in the proximal portion of the
pulmonary arteries, the posterior limit of r8 was not mapped
in this study. Waldo and Kirby have also found that the NCCREFERENCES

of rostral r8 do not participate in the distal pulmonary arteries

but rather continue in the media of the transient ductudliot F. Rutin, J., Leenen, P. J. and Pessac, §1999). Pericytes and
arteriosus (sixth aortic arch), connecting their proximal portion gﬁ;;ﬁgggg;gge Nciegfmn oogept?(;g'sne Afngrr]%nsgtr&e;urgsecsifiséssf:gée?%press
to the dorsal aorta (Waldo and Kirby, 1993). At this 37g

intersection, vascular media no longer contain NCCsBalabanov, R. and Dore-Duffy, P(1998). Role of the CNS microvascular
According 0 (e logc of he Vet fate Ihap e el 1 e saionocve It e rdomica
this paper, it appears likely that caudal r8 cells temporaril A ' . : ;

contribute to the distal ductus arteriosus, rather than the distalé?';si'gétﬁébﬁ; i'cgér;?;,@'p“fé;;f cas, J. E. Breazile and H. E. Evans),
pulmonary arteries. These latter vessels are probably thrgbauer, E., Sechrist, J., Bronner-Fraser, M. and Fraser, S(1995).
product of remodelling between two initially distinct parts of Rhombomeric origin and rostrocaudal reassortment of neural crest cells
the vascular tree. The pulmonary arteries thus wouldofg‘(’riz'ﬁd %Y irl‘_:"a‘gﬁ ’T(iﬁ’tf’;c?\dp@e:e'?fgfgi;‘lzéégggazﬁé of thymus
recombine a prOXImaI, NCC-ensheathed_port_lon with a dIStaE develop;meﬁt oﬁ derivatives’of tHe ﬁeural créstenceZ23, 498-500.
mesoderm-ensheathed segment. This situation resembles tgkrabarty, A. and Franks, A. J. (1999) Meningioangiomatosis: a case

late anastomosis that occurs to establish the circle of Willis. report and review of the literature. Br. J. Neurosurg. 13, 167-173.
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Neural Crest and Pituitary Development

Heather C. Etchevers®, Christine Vincent®, Gérard Couly®
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Nogent-sur-Marne et
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Introduction

The pituitary gland is composed of three functionally and histologically dis-
tinct regions, the anterior, intermediate and posterior lobes. These arise from two
distinct embryonic primordia. The anterior (adeno)hypophysis becomes visible
in humans at the end of the first month of development. It develops from an
invagination of the ectoderm of the stomodeal roof, called Rathke’s pouch. The
intermediate lobe arises from the dorsal part of Rathke’s pouch closest to the
diencephalon, as has been shown in the fetal rabbit by Schimchowitsch et al. [1].
In contrast, the posterior (neuro)hypophysis pinches off of the ventral diencepha-
lon, remaining attached by a bridge which will develop into the hypophyseal
stalk,

Towards the end of the second month, the developing pituitary establishes its
links to the hypothalamus by the progressive elaboration of the hypophyseal stalk,
the median eminence and the venous portal circulations. The architecture of the
human hypothalamo-hypophyseal system is schematized in figure 1. At the end of
embryonic development, the diverse elements of the pituitary gland are grouped
together within the sella turcica of the sphenoid bone complex. This chapter dis-
cusses the origins of the anlagen of the pituitary gland and their relationship to the
embryological cell population, the neural crest.

Fish, amphibian, avian and mammalian animal model systems have all
made contributions to understanding the multiple origins of pituitary compo-
nents and inductive influences acting during embryogenesis. Our work has
employed the technique of creating quail-chick chimeras, developed by Le Doua-



gl 1uawdojaaag] AImniid pue 15217 [RININ

*[¢] Botoan) e[pas 3y} jo ued foudjue
ay) Jo sauoq ay) asodwod pue ‘suraa pue sanue [easAydodAy ay) jo speam ap
-snw yoows a3 ur ajedonaed osje HDON ‘purd o) Suipunolmng *[9 ‘] sa1konad
IB[NOSBA PUR S[[22 [BIIISIOTUL 0] 951t 2A1S Kot auay, ‘pue(d Atejingid ay) jo anss1)

ayy ojur genjauad HDN drpeydad Jey) pastasqo os[e ap ‘[¢ ‘] a1ed [eanau uado

xapd oL
xapd pue
erjdued onayedwdseied
xord
pue erdued onayjedwig
ofo stoanait duuouojI

saatau eraydad

[[& JO 5[[22 UUBMI[IS
xapd pue

el[dues orwouone |y
prdued (x aasou)
SOpou pue (¥ aaiau)
esoajad ‘(T11A 2a19u)
MO (ILA 2a10U)

aenoIuad sapnjauj

eijdued L1osuds ||y

2fo sl12 [piy3/21 2108

SOJBICRIIAA
JOMO] JO SUTJ [BSI10(]
g

.;
sayae
J1MI0E ‘BLIOR [RIUIA
JO S[[BAY 9]2SNLT 1IO0WS
SAA[BA prOWTIg
SNOUNNOUOT)
MDA

Ao0U [RIJUDA
pue 20ej ‘wnieAed
ut anssy) asodipy
saposnw
AJojednSew pue 1ejnao
JO 2NSSI] 9ANDAUUOD)
s[jea
IRINOSEA JO s9)401ad
puE 2SN )oowWws

(suerqryduwie) ST

S[[90 paeag-uoyoy] aeded
uot|3ued seman( 1007 puk $1SR[qOIUOpPO
(X aat0u) [eSEA (€ 21981 uLsjreIap) (NS
uor|Fues Jouadns ppafy

s)aa 3, (X1 9a10u)
Furonpoad-unionan) eafudieydossoin sy,
uoidued prorirered
s[[ea adA1-ananes 1 adA L, (T1A 2AI9U) [B1DR,] proafy ],
s[1e2 ad£y-anrpayes [ adA L Jed ur uordued Kieareg
dpoq priean) (A 210U} JRUTURFLL ], [BLWILIDE]
s)joa juatusd eljdued [euidg Aennmig
Jonias sundaoxa |y plRpati JpaIpY JO SUOMNDN LIOSUBS  SPUB]S [0 JNSSI] 2ALIINUNUO)
WAsAs

S|190 Juatud g S[[92 JULIDOPUL snoaau jerayduag ULIAPOJISI

£poq 2181ga1I2A AU UT DDN JO SPALIBALIDC] *T 2191,

- AJROD/1U20UL A /512421 2)5]

o ur siskydodAyomau pue sisfydodAyouape 3yl 01 FUIPUOSALIOD SILIOILLID)
aandunsaid a2y Jo dew B pa1aniisuod am ‘SR YIId-[renb fons Juisn)

*(1 91qe)) SULSIo puk sanssij jo eioyia|d
© jo juawdojaadp ay) ut ajedored pue Apoq o1l INOYIN0IY) ASIDASIP udLf) Ay,
TWIDISAS SNOAIIU [RIIUDD A1) JO SIXE D[} DIBAID [[IM [ITM 2qN) B SULIO] 1311B] AU}
se oje[d [y Ida0Inau 9y} PUR WLIAPOIDD U23M]DQ AIBPUNOQ O] WOL] AJRUNLEB]P
(DDN) S[[99 18210 [BINAN] "SI0 [RANAU AL Sk umowy] uoneindod [[20 oruoAlqua
ol Jo Apmis at) ul [nyasn Apremonaed uaaq sel anbruyod) siy 1, SIsauagoAique
u1 sjurod auw SNOLIRA WOIJ Uk Uoea0] uaAld Aue Ul UOTIBTIUIIIIIP 113L) MO[[Of
01 a1qrssod SI 11 “1SOY A ULIIM S[[0 10UOp Y} JO uoneIdajul 30a1ad s1 2121 SY
"sonbiuyod) [BAIUAYI0IL0UNTUII 10 [BIIFO[0ISIY JO 201010 B £q 1S01] 91} JO 3SOL])
woIj paysinunsip aq ukd sa1vads Jouop ai woiy s[p) *[¢ ur pamaraar ig] uu

‘unar[oid = T PUoNLIoy IM0IT = [0 Puouloy Sunenuns-a[aI[jo) = 4 Puow
-1oy Furziuain] = T BuouLioy Sunenus-proify) = HS1. ooy 21dojodioooudipe
= LDV ‘euounioy Sutjeniuns-ojf0ouepp = HSIN ‘[6¢ woij pardeper] sinjenosea sji pue
xapdwon jeasiydodAy-owepejod Ay uewny aanjew a1 jo WeISeIp dNEWIYds 7§y

(Hd 'HO "HSd 'H1 faape
u.m» _ h_wwm.q n_u_mﬁu jeashydodiy Jouajuy

# _.xv (190'HaY)
. —0 eashidodily

AUVLINLA
HOIHALNY

faape
|eashydodiy Em.ma_emﬁv i

SNWYTYHLOdAH




Ll juawdoraaac] LRI puw 1531 [RINAN

"HN 1uadelpe S@ierpawuun a1 uiyim Jou Jng 4y amjew ayj ur juasaxd
yrad 2Y) JO UNBWOIYD0I0IAY Pasuspuod ayl smoys [z] anbruyss) yoaquassoy-usdmag
ay) £q 190 [enb Jo uonezIea0 fy ‘palRaIpul f Ul padie[ua ealy ‘pado[aAap ALY SUOITaI
HN Pue Hy Ylog H "Pajedipul £ ul paSIe[ua ealy "uordas [B)18es ul uoneqnaui jo Aep iz
Ay} uo rIdWILYD  "WIFL0 150y Jo (HN) sisdydodAyoinat aming at] yim [y 2y jo uorisodde
250[D 7 'pAiedipul g ul padue[ua eary [op] NJDO ‘Apoquue [euopouowr ofaads-jienb
A} YA ANSIWURYIOISIOUNI Aq pajeaAal st ‘sj[pa [ienb uiejuod (Hy) sisiydodAyou
-ape urdofaaap ayy pue () yonod s ey ¢ ‘PIOYI0IOU = | N Suojeydaousquon = 4y
‘uopeydasuasatn = $apy ‘uojeydasualp = 1] ‘wo[RYdAIUI[A], = [2], ‘PAIEIIPUI ( Ul paBIE[UD
BIIY "UONDIS [B)1ISES Ul ‘uoneqnout jo ep 41g ay) uo oA1qud pajeiado Ape[iuig ) ‘smoe
&q paywipap st pue ‘Adossordru uoapaja Jutuueas £q 12)8] [ H UIIS SI eI o] g 10y

Teu
pamaraar] suewiny Jurpnoul ‘sa100ds 91BIGIIIA [ SSOIIE wues o1} s1 2jeyd JeInau
JOLIDIUE 2] JO UOTIRZIUBSIO [BUOIFAI SUIA[IapUN JL[] JBY) UOISN[OU0D 1) 0] SuIpea]
'SEILINDU ASNOW puk “sidoua )y PrO] PIMBII UBILIJY 31 ‘USIJBIqaZ 10] PalOnIIsuod
u2aq dARY sdew ajej Je[IwLg "93e)S BIOUNAU 3Y] B W) SINOY M3] B 1940 20e]d
a[e) jey) sadueyd [earFojoydiotu A} A]LISUOLIIP 0] 19PIO Ul ‘dAradsiod ur uods
aje[d [einau e ojuo pajoafold are [g] dew a1e) ueiak oy jo sired ‘g andiy uj

'[¢] wonzod souasod sy ur sisAydodAyomau sandwnsard a1 sure)
-u0d 31 ‘a1e[d [eanau oy urynm pareso siskydodLyouape ay) jo 1By 0] J0LI9IS0d
Afarerpawrtar pajeaoy st snwepeyjodAy aanyng 9y) 01 Furpuodsairod £1071119) o)
B3 2AIISGO 01 9B OS[E 2IOM M ‘SPOYIIU IB[ILIIS FUIS[ *1SOY U212 ay) Aq pain
-qLIu0d ST Awkyoudsawr [ennsiojul jeasAydodAyouape pue sisfydodAyonau aiy
A[IYM “JRIE [1END 21} WIO] AW0D 0] U2S 2 ABL SPI0D 1RNPUERS oY) ‘s1eis Jo sadf)
awres a1 3uisn ‘(H-4z 'Sy) z19 pue (3-D7 '31) ¢4 1y "widrio souop jo st ‘sisAydod
-Kijouape 3y} 01 10s1n93xd ay) ‘yonod $, Y18y 1BY) 235 Apealje ued auo (g ‘vz '31)
PIOJ [BINDU ASIDASURI) JOLIdJUE ) Jo 20a1d uerpaw & Surjyeld 1oye ‘¢q 1V
‘paoser) S99 payjeas oyl pue
‘T1d PUB £4 ‘G ‘g(d) sAep o1uoL1quid uo padijLIdes A1M SOAIQIIS DLIDWIY) IS0y
Ay jo suordal jusjeamba ay) Furaowal 19YJe ‘SOLIQUD UD[IIYD DIUOIYIOST Ojur
PINYRIT AIOM LWL 9()()'() JO JOPIO 2] U0 SOLIQLUD [1BND Jo $3001 *(ss¢) sared ajrwos
€ PRy SOAIQUIA A} UayM FR)S B 1B PIJONIISUOD DIOM SBIDWIYD 3y pue ‘dewr 918]
B SE UmOuy ST BIBP SIY) JO Wns ] "SYeI3 [[Bs Suisn spjoj [einau SurpunoLns
SI1 pue 31e[d [RINAU JOLI2JUR IY) JO SIATIBALIIP AU} PIUIUEXD DM ‘BIINIU UBIAER
oty ur Areyngid Jordjue aandwnsad ay) Jo uoneoo[ 91 SUTUIAep UIYA

Pl04 [BAN3] BSIBASUR |
JdoLP3uUYy ay) ul pajyeso] s siskydodAyouspy aandwnssayg ay

01 Ao uaou A s1oaag

OAIQUIA (D)) TNOIYD € UI UOITaL SRS U] I0] PANISANS pue pasioxa st oliqua () jrenb
 JO (ANY) 98p [2INdU LOLIDIUE 1)) “9Fe)S 911W0s € Y1 WY [¢] widuio souop jo sisfydod
-AqOUIPE UR 0) SPEI] SSE 11 IS0 UINOIYO OJUT 9FPLI [RINSU JOLIDIUE [1BND jO jJein) 7 *Hiy




61 Juadopaag] ANy pue 15317 [Rinay]

aui|
paysep e £q umoys ST AUIPIW [RIUAA A1) 12 SP[O] [BINAU SNONGNUOd A[RIRIpatUWI 2y JO
Supurof pue sisfydod{youape a1} Jo UOISSAIFI [2PNED IATIE[II AU) SEIISYM ‘SIUB PAIIOP A
pajordap are sFurjayd0dino [BUrag amng Ay L "SINOY AJ B uriim DN A10JeI3iw 0] 981 aA1F
[[ta Jutod Jey) o) [epned SPloj [Rinou ay) pue ‘auiprw [esiop ay e urol sapooejd [easiydida
paired Ajesoiefiq oy ‘sisfydodAyornau oy} saroao Apoarp sisdydodAyouape ay) tuopeyd
-Q0URULLLL D] SHIFIDA0 A1)I2TIP (ITUAL WLIIPOIII JO BIIE UR UL DPISAT mOu sapoae(d A1ojoejjo
A1 $SC 1Y D "OBPLI [RINIUIOLIIUE 31} PUokaq S[[OF pue pIEALIO] SAXA[] aqN] [BINDU PAtuIo] A]

Te1 ‘vl (d vr 3y) o%.mEu ueise
SYJ UI G PUR pE U9OMIIQ SPI0d IR[NpUR|S o1} UdomIdq saords ay) az1uojod Apuanb
-asqns A9t *[9] €9 uo uopeydadudrp [BIUIA A} pUNoOLINS 0) urdaq spjoj [emou
oreydaduasow JoLue pue srjeydaduarp 1or0isod 9y WO PIALIdP DN

2DN Aq Areimig Joliajuy 8y jo uopezIUC|0D)

*}M0I3 01 sanuiluod Is1 oy pue ‘[ 1] 1adwe))
pue MOUD-SUD{IBA\ AQ pamaraar are Ing 1aideyo siyy jo adoos ay) puokaq aie
sda)s asay) Ul PaAJoAUT SAB[AI puk S[RUSIS JRNOd[OW YT, *[]] UOIIBIIUAILIP SN
10§ pue uonewof yonod s {1y J0j A18SSA0U 2B UO[RYdaOUdIp oY) woay sdajs
aAnanpurl djeredas Jei) PalRISUOWAP SBI S[APOW JUIPOI Ul YIOM JUI0Y

WRYY JO Y10Q 0} JOLIFJUR [STUL) 0] PIBALIO] SAPI[S
‘o1e|d [RINAU 2Y) OPISUT JUOR[PE A[D)RIPIUILUT UTE] PR [DIYM ‘AI0JLLID] JTLUE[RL])
-0d Ay a1 o) owes 9y 1y "asLie [[Im sisAydodAyornau ay) Uotgm woay uojedas
-uasoad atpy Jo 10ogy ayy3 Jo 1red 1B YIIM 198U 0Jul Sauod sniy) sisAyjdod Ayouape
armng ay L, (D¢ Sy) Merd [rmau orjeydaoussord Ayl 0] [RIUIA 1| O} UMOP [[O1
sapooe(d L10)aefjo aandwnsaid Supjuey 211 ‘WNIPOWOIS Y} JO JooI Joudsod
Ay} uryim ‘uoreydadualp oyl (leauIdpun A (g ‘Sy) yonod s, 218y $9U009q
PIO] [BINdU JOLIDIUE UBIPSW 2Y) Jo 1jeIF B 180U UdoIyd ¢ 2yl uf ‘wnray)
~idaoanou ay jo aueld 1) 0] [EHUAA paliodsurl] 9q 0] U2as 0q AR A10)1112) IPOD
-e[d easfydodAyouape ay [, *[¢] ploj [LInaU JOLRIUR s19AsULY) o1 Suryyead 10)ye
A79s0]0 a10tu sisauadoydiowr xaydwos siy) paurwexa oA ‘(¢ "81y) A[[enuaA puaq o)
Pa0.I0] ST 93PA JOLIAIUE ASIIASURI] A1} PUE “IALJOUE JUO 129 O A[[BSIOP 211 $95pD
S)1 'sudpia ‘spudjxa aje[d [RIndu JoLLIUR AL ‘suoneuLiojsuen [eardojoydiow
Jofew awos sa0819pun djejd [eINou JLIGILIIA Y)Y ‘SS] PUBR SS¢ USIMIDY

93e|d [eAN3 A0LISIUY 3Y) JO suolIELUI0JR(]
|ea13ojodo | ayj 03 302lqng sj sisAydodAyouspy aandwnsaag ayy

gl Ao Au0u A /s1043u217

-M3UAL] PUB IO L[IBD JOBIUOI SPJOJ [BINAU L] SE uonriIofsuel) [eadojoydiow auodiapun
SBY 18240 [eInau ) pue sopooe|d [easAydida arp ‘sisiydodAyouape oy ‘sapoaed L1ojoe)j0
ay) jo dew 1ej Ay 'SSE Y g "ONWOS = ()] PIOYI0JOU = § {1SAID [RInau = g ‘pued eaud
Jo sisfydida =/ {(s1sAydodSyomau arnny) uojeydasuatp = g Druljal = ¢ i(snwepeyiodAiy
aamny) uofeydasualp =  tuojeydaouaja) = ¢ {(sisfydodfyouape amjny) a3pu |einau oL ue
= 7 (wnppynda jeseu aimng) sopooeyd £10108)10 = [ sarmanns SUIM0[[0] Ay} 0] Jaquinu
£q puodsariod saLoJLLa) papeys a1, “A[[esIop J3Y10 122 yoroidde pue ostr o) Surumdaq ase
SP1oJ [RINAU AU} yInoy) ey Apanelar st ajeld [ranau oy (ss) 28e)s a11wos 7 ay) 1y p'sodes
TURIENP 221 18 *[g woiy pajdepe] dew ajgy pinunau uriae 2y jo uonordacy ¢ iy




‘(speataorre) sajAo0ay )4 urtre)uod sareided yym uoneosse
JSO[2 Ul pajeao] a1k (Smodie) sajfouiad paanap-OON [renb awos 9 4f *DON dieydasuasatu
Jo yead aqy WOI] $AW0d 11 181 Funeaipur ‘(smoue) wpnu jrenb aanpunsip aifl jo pasod
-I09 S1 $PIOD JBNPUE]S H Y 211 JO aNSSI] [BN1ISIa)ul Ay ], i (@ "uo[edaouasatu = saur (pajed
-1pul D= ul padie[ua suorday] anbiuyoa) }0oquassoy-uad|na,] aY] Ylim pajeal) pue uo1jads
ISIDASURL) UL “JRIT JR[IUnS © 1a)Je ‘67 uo eidwiy) D (HY) sisdqdodLyouape ayy unena
-uad pue SUIpunoLns (SMoLre) sjjao [ennsul [ienb pajaqe sjEaat L1)SIUYI0)SIOUNUILT
NdDO & ruoeydasuaquiogt = 1 luojeydadua[a) = 3] ‘euljal = 121 [pAILdIPUL g ur pagiejua
UOIFay] "UOT12DS DSIDASUERL] UL “UDIIYD 01 DON [eydasuasat 1o1ajue [renb jo 1yerd ordojost
ue Jayje ‘4 uo emdwiy) posnxapd Arepiden su jo sajfouad pue s[jp0 [BHNSIAUL 10q 0)
asu oAl [[im sisAydodAyouape atp) ojut ajeaSiw yargam (JDN) S22 1810 [RINAN] *p iy

SB SUoTje[qe ploj [eindu iajje isisiad ‘Aejniid toua)sod/I0Lajue pue aeunjalr )
SE [[oM S ‘Uo[eydaaudlp [BNUIA pue J0LI2IS0d 1] “IDAMOH "DDN JO UL 1)
Aq paoajje aq PINOYS SaNssL} 98] ‘UIFLIO JOLIDIUL JO DON Urejuod Arejmyid ayj jo
snxard Arefjrdes ay) pue ‘s9A9 ay) Jo proroyd Ay ‘safuruatu arjeydaduaip ayj jo [
2ouIg *(< '3y) suoneiado yons 1a)je pajeurtu]d st uo[RYdaOUIP AL JO ISOIN
'saguruau Furwiog oyl jo Aem Aq DON
JsowLIoLIduR A Aq Apdalipul 10 A))aaaip pajeipa 103fj2 oydon B Jo o[ ay)
wody a1p sanssi orjeydaoualp pue orpeydaoudja ] (D¢ *8if) uoIsny 19y woij nsal
Lew erdopoAo pue yorordde splary [BULAT AU} 1LY JUIIXD UB YONS O] [1Lap [[30
peasdsopiam sa081apun ureiqa1o] ayl ‘Kep 1xau ayl 1040 ‘[#1] DDON Jo 2ouadiowa
oy Surpasard ‘drwoquioyr 181y pue uo[eyddaoudsaw ‘uofeydaoualp Ionaisod
A1 JO SP[O] [BINAU A} JO UOLR[QE UR JO S193JJd AU} UMOLS A[JUIIAI DARY IA
152147 [uanaN aiyl fo a3uasqy aif) ui dojaaacy 10N sao(q sisdydodlyouapy auy |,

‘[e1ep "jqndun] unor apsniu yoows 0 ssardxa (e Lay) 9ouIs
so1houad A[PAISN[OXD aw00aq 0) Jeadde Aa) ataym ‘(g< Sy) 714 1e sisdydodAyor
N3 ) UM ‘SNOIIWINU $$9] ‘punoj ose a1 DN (1 “8ij) sutaa j1xa pue [epod
‘sarionie [easAydodAy ay) aziuojoo sajfonad paaap-DON ‘[t1] sisdydodLyou
-OPE Y} UIY]IM UNIE SOSTUI [[JOOS D 10] JATIIBAIOUNIWI 218 SPJ0J [Binau drjeyd
-douasatu pue orjeydasuaip ay) woay DON pajjeid ay jo ‘[re jou ng ‘owos *[¢1] Te
19 SAI0[J-ZR1(] AQ pamataal sarjtadoad Jatjo ‘uLIojost unoe sijoads-aposnur joows
£ ssa1dxa A3y "UOIB[IPOSEA 10 UONILISUOJ0SEA [BJO] S)1 2je[ndal pue wnij
-y1opud Are[ided JU] punoIe [Ieays & aIn1suod [orym S[[o0 9yI[-0[osntu {joos
are s310119d (d VS ‘D-Dt 'Sij) snxad Areppdes sy jo saouad pue s|@2 Bl
-118191UI 109 0) 3$L1 9A18 M sisAydodAyouape ay) ojul ajeaSiur yd1ym HON

HLoMpaN
ADINISB DM 241 JO Siuauodito)) D121 I0pUIUON aINNISUOD DN




“sor)edo1sLIooInau o1[eydad ([11A POJBIDOSSE Q1B 10 SAA[IS
-WAY 91D 22UAY ATk 7 d[qe) ul pajussald sawolp UAS pue $)0aJap a1 ], ‘s[apow
ewiue ut juawdopaap [essAydodiyouape pue aBmnoo ‘dreydasussord se [am
S UOIBULIO} [[nY$ AIB[[IXEW pue [ejuoijoseu 1o [Bipiowiid aie DON drfeydas
[e1isol ey} Surmoys £q UONEBAIISQO JIsse[d 1ey) Joddns dA0QE 2(LIOSIP IM BIBP
[eruawiLadxa oy, *[£1] uonounysAp arjeydad jo aanarpaid are sardojoydiowsAp
[erory ey sisaylodAy B paropudfua 3say [, "7 9[qe] Ul JOUUBL IATISNEXIUOU B Ul
POZLIBWIINS 18 SUOIBIDOSSE AU [ "SUONBULIOJ[Et [ejuogjoseu Areixewad i
PUE UIRIGAIO] ) JO $103JaP JOYI0 SNOIAWNU [}IM UOHRIIOSSE Ul patiodal Ajjuanb
-a1] 21e sapupyep Arepnyid uewing ‘9INjeIA] [EdIPIW A} INOYINOIL ],
‘sisouseip
oy unyuod AS0jOIPEIoINAU SB [[9M SB SUOIAI0d8 unjoefold pue o_ao:.o._»f ‘o1
-1011001110 01d0110JRWOS JO UOIEN[RAD J9)R] Y "21B1 [[IM013 [ejeuisod up oseatoop
v 1o/pue ‘snpidisur sajaqeip ‘skoq ur wsipiydIoidin pue sfuadomdrun ‘BIURO
-A180dAy se yons swojdwAs £q paxoad st wsLieimirdodAy e3uaduod “yig 1y

SUOIJRULIOJ A
|ejucajosep pue dijeydasuasosd uewing pajeidossy pue wisireyinydodAy
[e3tuasuo) yyog agepun Aely sapuspyaa@ DON 2ieydad

*SUOIBAIISQO OATA ULINO [JIM JUIWIAIFE Ul “UONBIIUIIJJIP
juanbasqns pue [BATAINS yonod $ayIIey] 10 AIRSSa00U ST SWAISAS AIN)Nd paxIw
1O UBI[EWIIURLE ‘UBIAR 989Y] UI JWAYOUISIW SuIurejuod-)oN Jo 2oudsaid jue)
-Ioouod AL, *[91 ‘¢ 1] tounioy axy ut sadA) ja0 orjoads-Aieynyid sotejue jo uon
-onpur 01 pea| ‘uofeydaouarp [e1jusa oY) yiia ‘JuatudopAap Arejmird ur paA[oAUl
A]pensn jou wIOpo1d2 peay 10 yonod SA[IEY JO SUOHBUIGUIOD ‘OIIA U]

"UOTJBZLIB[NOSBA SOPAD
-a1d yorym juatdoppaap jo porad [eorino e fuunp ‘spuejd Lieymud pue [eaurd
‘orunar jo ssunoypodino pajeroosse sji pue uoeydeoudip oy 0] osje Jnq ‘uoj
-piydaoua]e) ay) 01 A[uo Jou ‘rojoej arydon) v sarddns awdyouasaw ay jey) 3saddns
symsaa asary ], ‘[erep qndun] 45 Aq y1eap [[92 081pun 0] UO[EYdadudIp [BIJUIA I}
SE [[oM SE 3BUIAI 0Y] 10] DN JO QWAYOuasaw ay) 2ALdap A[juaoiyjns 0] a1awoq
~WOL [IXIS Y] 0] UMOP SPJOJ [BINAU I} JO UOTIBIQE [BUOLIIPPR uB SaYE) 1] 'Uon
-euideaut yonod s »y)ey 01 Juonbasqns sndd0 dueIRdddesip s)1 y3noyjje ‘Juasqe
st Areymyid oanjuo i) ‘sdojoka palaajje A[2I19AS JSOUL d) UI ‘SSI[ALIOUON]
‘[p1] s1shyd
-odAyouape a1} AJBN[YUL PUB DEUTIAL ) ‘TO[RYAIIUIP A1) JO SAT[ISOA Furuiewol
a1 punoxmns o] esagijord Aoy ‘suorjeoof 01do3da uy Ajensor ajeadiu urso
1eI8 Jo DDN 1BYI IBISUOWP ‘SIS0Y }O1Y0 Ul SUOrje[qe Juoy aures o1} Jajje ‘[renb
W01 SIIUWOGUIOY SI1J 91} JO SPJO] [BINAU 3] JO S1JBIT 01d0j0S] "2A0qE PaqLIosap

‘uopeydaouaquuons = i arunal
= ja1 Sxukreyd = yd ‘sisAydodAyomau = N ‘uofeydodudsal = saw tuofedasuaip = 1p
sishydodiyouape = Hy ‘uoriesado aul Aq pajdajjeun a1 WASAS STOAIDU [RITUDD [BPNED 3L))
pue utexqpru 2t 1, 1sis1ad agunar ay) puk uofeydasuatp JTousod ayp) jo 9811804 [[ews e A[uo
Ay “Juasqe 2ae uofrydodudtp ayl jo Jsow pue uojedaoua[a) Ul 1B SMOLS U018 [R11
-Feseie @ 2ui] PANOP Yim pajordap st @ ul uonaas Jo aueld sdojoid g st} Futppatk ‘pasnj
QARY 5P [BUIIDL 0M] A1 [, “uoneISiw DN Su1paoaid ‘SSG 1e pajR|qR udaq dARY SPIO] [RINOU
JLIAWOQUIONT 811 puk d1jeydasuasawt df[eydasualp Jouaisod argm ur ofiquig o rafesul|
anforiad ay) 0] AnqEIuod Ajuo Lay) aseym ‘sisfydodiyomau dyl UM M) aie ng
‘grsAydod{youape a1} SUIPUNOLINS PUE SPIOI Ie[npue(d o) SUOLIE SNOIDUINU 3 O] PUNOJ I
9N 21jeydaouarp Jouaisod pajjeiny g ‘g ul padie[us Bale saedIpul aFue)day “Ansnuatp
-OISIOUNTUIUT NJDO M uotas [enigdeseied ul ‘uotjegqnaui jo Aep iz vo eWIYD [renb
SYOIYD) W "SAIMJONIIS PIIRIDOSSE PUE UIRIGIIO) AINUD U} JO [BAIAINS AU} 10] A1essaoau os|e
s1 uorpnnsuod pued Areynyid ut sajedioned [orgm SWAYIUISIU PIALIDP-DDN S Bty




"W 1940 safo1 [at3ojoisAyd Auew §11 Jo uoNN[OA snon
-Unuod a1y upnoafjar ssapqnop ‘surdtio sruoArquio ajdnnuw sey pued Aennyd
1} ‘paseoud sI 1 yorym £q uoq 2yl 1] 'sdeIqalIaa ur uonendod HHN arfeydad
A} Jo Judwdo@AIp Y1 YA JIAOUOD Ul PAPUIINd sk AJANOR [easAydodAy
Joaduer pue uoreziuedio syj jer) sondae pued Lepniid ayj jo UONEBIUI]JIp pue
[BAIAINS JO] dwAtouasatu uo ddudpuadap ‘puety 1o1o a1 uQ *[8¢ ‘L] snxoydury
SE [J2NS S91BpIOYo ssajael Ul punoj aq ABTU SUONOUNJ QULIDOPUD S)I JO DUIOS
pue sousd juswidojaaap Areynud ‘ peay mou, ay) jo juowdopaap oy Funepaid
‘PUBY AUO Y3 UQ "BIIOIN] B[S 2)SOdWOD Y} UIYIIA ‘Pray Juapuadapui-DON pue
Juspuadap-DON 2y usam1dq Alepunoq ay) ury)im sar pueld Areymyid oy
‘[#71] sisouafoydiow peay
ur fyonserd DON 01 0P UONN[OAD JO 9511109 Y] J9A0 papuedxa os[e uojeydaouaj)
ayy ey pasodord Apuasar apy 0wy pue smel ay) aenonied ur ‘peay 2JRIGILIAA
a3 jo 1red Jofew oyl a1INsuoo A3y 1. (9 81y) DON 24 JO SAUOQ IATIRALIOP 1] UI

REITT |
Jemiueiadng
S[OISSO [EID[O]

progiialg
ANDIDS
Jenarad)

Jusowivnbg (aeppded
(-oadiseq) prouaydsg 1001 ‘s18B|qOIUOpP())
[D121AD ] JOSON
(ssa00ad onjoaed DIjIXDpY
(1aed ui sueajyooo sied “uaed ur sueayooo sied) a5, |2302 I\
‘strematjeued sied) ansded o110y josniowaponb Josng
ansdea anQ Lnydas [piqiodag proAg
(strendure sied) (-o1qro *sodiseq) PO [enpueiqidy
ansdea 2110 prouaydg prowyiyg Aamacy
lendang [endiooeidng B[[2WN[0)) Iy
(950D UTLA(]) WNIHEID0NIN] (200)) WMIURIDOIIISI A

PIALIIP-ULIDPOSIW PAALIOP-ULI2POSALU

ooy ateydan PIATIOP-1SAID [BINDN]

I [eproy)

JInys [epaoyaaid

(S1{B1L U SAUOQ DURIGLIAT) [JNXS DIEIQIIIDA D] JO SIUOQ Y] JO SWSLIO) °F Jqu L

U238 g ABW [[MO]S DJRIGIIIA 1) 0] PEIY MAU, AL} JO UOTINGLIIUOD SNOULIOUD [ [,
*9]A183J1] BUIPIDJ JAISSIITIR AUIOW B AWNSSE 0) IR 2I9M [IIYM S[RIUIUR U0 a8e)
-UBAPE DATIOI[S B PALIDJUOD DDON Aq papiojje suoneidepe [BInjonng 'sajeiqalioa
91[) 01 S10JSAIUE SSI[ME( JO ,PBAY PO, I 01 UOHINJOAD JO SINOD ] JDAO PIPPE SBM
Jpray mou, e jey) pasodoid [g¢] nnoyuioN pue sueo) £q pajuasard £10ay) v

‘(€ 91981) DDON WOIJ SIIBNJUIAJIP PUB PIOYD
-0j0U A1} JO PUd JOLIDIUE A} JO JUOLJ UT SMOIT (DIgM [[3s [eproydard, ai) pue
‘proya0jou Ay 0} Ayurixoad Ui pajeooy ‘[nys [EpIoyd, PIALIAP-A|[BULIDPOSIL L[]
u2aMm1aq 20BLIIUT UE s)uasaIdar xadwioo suoq prousyds ay [, 'sauoq snouigerjes
urejuoa suoryod ylog *[£] spjoj eanau or[eydaduasaLl 3] JO 1210 [BINAU AT} WO
soAL1ap ‘proudydsardiseq oy ‘vontod forjue L ‘[¢¢] wiraposawr orjeydad ot
woIy poALIap s ‘prouaydsisodiseq 2y ‘uoiFar 1011180d Ay, *SLIowIyd yo1ya-jrenb
Suisn pajensuownp ‘widuo pafojoliquia 1ayl uo paseq sued om) ojur pajes
-01898 9 UBD 9SIY| [, "SAUOQ SNOIIUINU JO SISISU0I X[dUI0d dauoq prouards ay |

DON 21jeydaduasaly wouy s9AlaQ ©2124N03 8|9S 243 JO jjeH [ed3soy ay |

(auoIpuds ipraey )

vE 'EE A 2d&) sworpuds [Endip-reoe-jei0
(2woapuds smigop)

€ eisejdsAp feroey [enuafuo))
(dwoapufs requapjon)

FA A vise|dsip [R1gapaAomaINEONI
(durorpuds paezzig-uosueyor)

e wisedodiy tepe jesen]
(awoapuds Japuig)

t'sr eisepdod Ay eseuo)vepy

UOTIBIIOSSE IOUVHD
10 DY SE Yons samoIpuis
ul Jo pajeos - [elejed

0£°6T LT ‘Rappixei i s9[ (2198,
SIOSIDUL [RIDIE] pUk
8T'LT 61 Jenuaa saddn Lu1j0s 1o sisauady
97 AUOIPUAS [[ISSNY-IIA|IS
€T wisiqens LT €T 'TC wnso||ed snd1oa ay) jo sisausdy
Awoipuds s 198ary) §T e eisepdsip ondo-oidag
1z d eisejdsAp [ejuap-sug £2°Tt aseasip Jaga wmseydod {y ondgy
dip yyapo uetpaw 0z (dwospuds uuewes) erwsoty
Ll pur wsnopodAy g esepdodiy 61-L1 Apeydaouasordojo

SUOTBULLIOJ B [BIOE]
HEY| ‘freppxewad ‘euogjosen 19 SUOTIEULIOJ[BW D]y daduasol |

uonaunsip
Areymud  upwinyg s pajRIOSSE  SIODJOP  UIRIQAIO] PUR  [BIORJOIURLY) 7 ajquf



89016501

BT _”_OON __._vﬂﬂnoﬁu_.ruﬁq "ULBRIGQaIO] puw 208] 1)) JO S]assaA POOJG (B O] S{23 A[ASNwW joows pue
sajfoniad sapiaoad 15310 [eanau drfeydad a1 110 Ao ‘NN ULIEROCT 9T D 1UDULA DH SIoA1g 9

P1T-8610TILEG] [OH] AACT "SANIELLIOUGE [BTUGLOD

uewny aieydad jo sisauad ay) Joj suonjearjdur] spjoj [rmau pue ojejd [einau sreydoouasoxd oy,
*I1 “SEIWIYD Yorya-frend ut winipiowad [einou e ay) jo Suiddepy (N ulenog o7 ‘40 Ajnoy ¢

6EV-TTIOI1'S861
Torg Aa(] ‘uojeydaouasord pue ‘wapolon [eowy ‘sopoosejd uaamiaq sdiysuonear ruswdopasg]
*T "seaawiya yorya-jrenb ur wniplowud [emou e oy jo Swiddepy TN uLenogg o7 L0 fjnoy b

6661
‘ssarg Aysiaatuf) adprquie) 9puque) ‘g pa 18a10) [INAN UL 1D WIdYdEY ‘AN uLenog 8 €
TEP-LERiE0l

16961 S 1 [01g [INg 253uaB0IU0, | AP SINOO NE SIIE|N|[2D SUCHEITIW §3] 12 SHIIRINSSI) SUOIIIRIAUI
52| Jns satjaaaal 2] suep anidojoiq adenbrew, awwod spirenored sao ap wonesyny (pauodnl
xXionjoo X)) asreuodel appies v zayd anbiseydiaiur nefou np spiuRmonIRg (N E.&:orﬂ 7 T

‘L6-LSILBTIE66T (HF) [oAIGUIF 1RUY "APNIS [EIIUM[I0IAO0UNTIT PUE [EINORISEN| UY 9q0]
ajeipausiul Aeyngid jiqqer ag) jo Ausdoiug) (N 19429018 [ UL ‘I TURLJ ‘S Yas|IaoauIyag |

EERITENCIEIY)

o) aiydog pue 1p3ewod 4 [Pudiy Jo astaadxs jearydeld ay) pue ‘Auaiy | a7 anbruoy

pue £21]0D) 211l ‘APEPPY SINOT JO DUBISISSE [ENUYIN ) aFpajmouwoe osje Loy,
“IUSIINLID DATIONIISUOD 13 O] SB [[24% SE UIDIY PAGLIISIP HI0M D] JO ISIN0D Y] JDA0 UON)
-BI0QR][0D WLI2]-3U0] 191 JOJ ULIBNOC] 97 2[00I 0SSOI ] Yury) A[tuiem sioyjne ay |,

syuauadpajmowy

“quawdo
-[oAap Areymird jo sagejs oidnnu je souuew 2jqesuddsSIpur UL ur SOUIAIDIUL SNLJ)
uorendod J$aI1d [RINJU A |, "WIDPOSIW J1[eydad O] WO SAUO( [BIJUAA “10L1]
-sod a1} 9[IYM DDN WOIJ PIALIIP 2L SIUOQ [BSIOP PUR IOLIdIUE 3] yoryMm jo ‘sdo
=[9A2P BIIDIN] B[S Y] ‘A[SNOIUR)NIUIS "INIJ0 JOU OP UONBITUAIJIP PUB [BAIAINS
Jepue(d ‘ouasqe 112y} ur pue ‘Kreyngid a1l Jo wolsAs vnosea pazijeroads o)
JO $10adse SNOUIA PUR [RLIDLIE ()0 2]1BAID 0] IILIOOSSE S[[20 [RWAYOUISIL ISA ],
"DDON puP ULIBpOsawW d1jeydod JO XLITRW B Ul PIduodasud st Aiejmird oy] ‘quout
-dooAdp AlIea Bunm g ‘pedy] uIpunolIns ay) pue dje[d [Inau I0LIJUER 1)) JO SUOL)
-euI0fap [e0130[0d0) Ay 0 ANP 1911250] IWOD SEAIR JOUNSIP IS ], P[0 [BINAU
Ay} stoqyusou yorgm snwepeljodAy [Brjuda ay) jo uordar SuiudAllur ug o} [Bp
-ned A[@jeipawul ‘aeyd [eanau ay) uryiim sarg sisfydodAygomau aandwnsard ay L
‘PIOJ [RINDU 10LIDIUER 21]) JO uoriod [eipaw ay) ul pajeoo] si apoded [easAydodAy
-Ouape Ay I, ‘0A1quid 21L1qaMaA £11ed o) Jo e[d [RINAU [R1)SO1 Y UM suoiFal
12ULSIP AdNooo oYM seare [ruonouny omj jo apew st pued Lennyd sy,

suoisnjpuos

“IWoA = [¢ qerodwa) = ¢ fjesowenbs = g7 {endooridns = §7
{(prouaydsisodiseq ‘p {prouaydsaxdiseq © ‘prouaydsomaid ‘q ‘prouatdsoyqgio ‘e) prouayds
= /7 ‘onouaas = gz ‘[e8nlojeipenb = ¢z {prodiiad = g ‘Arepixewaid = ¢z fejoued = 77
ouneed = [ ‘a1enbs = (g {enqiojsod = g {endiodoiseq = g1 ‘eseu = £ ansdeo [eseu
= g[ ‘oFejied s [0 = ¢ ‘Argixew = ¢ ednl = g1 fwnydas [egrosaul = 7| {Rjuog
= 11 {endoooxa = (] ‘prowia = g {{esso[dojua = g {eryoueiqida = / JAejuap = g {(q) ansdea
o110 pue (B) IB[]AIUN[0D = ¢ {[BIYOUBIGOIRIII = § {RALISE] = ¢ ‘[BIYDURIQISR] = 7 Rmduwy
= [ 'WSLo (pL7) [PUWISPOSIW puR (3£7) 1S40 [RINAU [[]0Q JO $au0q Jo pasoduios s1 eaioin)
B[[98 2} JBY1 2JON ‘YIBIUIDPUN WOIJ MILA D “TOLIDIUL YL AU JO MAIA & “JoLa)xd Jydu
oy} Jo mat A P o[L] s uetA® 211 ul sauoq at) Jo swdLIo pdnmu ay) Jo Suimel g Sy

1imys paspsp-uieposois spenos [l
nregs passsop- wsaposa soeydesy [T
S porAp-1san) _-....a:D




4 uaBorqopuIdIoAIYDN BN “LL €1 EL 8 | £€+ XBA ST ST Sp T €6+ PL
(oursg) NapaD) SUIRN-INS-UATON 9§ L F6—] *D][PLIGEO) J[Of B] 3P INUIAR SIGGH ‘9auR1 ap 28910
Np 12 SUND NP aBNIJOY 12 anen|a) NFopolaquisy,p nnsu] ‘siaaayag - Japesy ag

V8L-TLLGE 861 WOR0ILY WwaydoIsif] [ winasiue dijads-ienb v ise

-1 URIAR DTUHOAIGIUD U S[92 [1Enb SuIf)1uapt 10 JayIBW MU Y 1)) Ineudfe-] ‘) sauop-ooue|
‘9661 oog Jea L -AqSoy ‘sine] 18 7 pa “K8ojorsiy g jo saqdioun g N £A97] I duiag
OILT-10LTSTIR66]

Juawdopaacg uonnjoad soidasatojoyd pue a5 ojur s)ydisu (g-xeiydury) suad g-xeJ snxorgdure
A Jo uoissardxa [RIUIdoPAdD puE UONE[oS] (C(IN PUBIOH ‘[A) SuLIyan ‘77 purjjof ‘S uopaejo
ISE-EREITHEIR661 10MaN dwoD) [ 1 Ijoadus] DUOSONILDIE

“ajasue] oL Ul (-1 10398) uoldiiasues) o1j1oads-ansst) U1 Jo uoissaidxI] [ OuLIBISa ‘S uBIpUE)
PLT-RIT

M0TTERGT UG "PEAY MIU Y SIIRIGIIIAA JO WITLIO ) PUE 15210 [RINAN] (03 JINDYLON ©) Suey
CI=1p1 17661 Wamdofaaag] Selawmg yaia

tenb ul wasposat oreydas oy jo ) [eiuawdo@aap at L AN urrenogg 277 ‘Wd Ao 40 £no)y
69¢

=09€:E0661 12U PAJN [ WY "UONEIUIAP [EIIUI[D IAYLIN,] ((dWoIpuds 1priey) A a1 awoipusks
[ENBIP-[RIOB-EI0) (T 1BYIRZ ‘Y UL AT MEMAIS Y I01SIU0ID) N PIRUOCION N ajungy
TTI-611:L1:086] 12uany pajy [ 'sa1sdAF anuedopua ul nonEpIR)aL 101010
110 arepedydip yaga ‘Aiiepijod jo swoapuds 17 ddeg T oqezg ‘A IpRIEA
"LO6-988:91T861 SIU 11VIP3J "SAALBALIOP

15249 Teanau afjeydasuasosd Jo 129Jop |IUAWAO[RAAP UOWIWOd B J0] 30UIPIdUL A[qissod Se wsLen)
-1dod Ay £rewid (1A SUOTRWLIOJRW [BIDE] JO UOTIBIDOSSY ([It 19 3 Jauniig Bodeddey ‘o Ainoy

-oyadsd pue ‘dumy fend

or
68

8E

9€

St

re

€€

(4>

LE6-TR66L 1L6T NBIPR [ uondiosqepew pue ‘1aa) jusurwad JUasqe ‘wstppesp ‘wisipios
-AodAy ‘ssoujeap ‘iseu agje 2y jo wisejde [RIIUaSU0D Jo AWOIPUAS A pAREzIg TV uosuwyor
‘HEE-18E

HEEELET NEIPA [ rapeieuodu siwgak[BodLy 19 stuadomdiw saae djeiunduod anesiydodiy aouest)
-nsut aun,p 13 auLIpaw 21| ) 3p siydessip sun p uonedossy 10 yoandjepy ‘g suajec) ‘g Awmnony
TBE-BLECH:8L61 NeIpad [ orejed pue dij |J2]9 UM UIPIYD Ul AP 16 jJo

DU[RA 1Y |YI9g HS PIPLSWAIY HIN 1UINY CH [ UosINe HI 1S C L SIARQT ‘(] uBwpny]
BTOH-FTO 16-LLE] NBIPA [ "2INBIS LIOYS puk 1ostoul

[enuad Areppreenn QIRNOS Sf J3STA T 20D ANV AN [y mpEen vy wons|n ‘g poduddey
TEP-LIPILE'T6] AMRIpRd dxmesiydodAy-oweeyiody joysp 19

208 B ap UILOL 3FRIY,| P SUOHBULIOJRIN 1] JRW-ag “ uues ' JUSIC] ‘W PIARQ ‘D[ sanboefy
GET-6TT9S:SH61 19UDD) PIJ [ UIY “IUWOIPUAS |[ISSNY-IDA[IS O $1)

“SLIDIORIBLD [BIUDP PUE [BIDRJOIURLY 1§ uduLIL] ' epidig ‘g 210y [ uauoy{IN ‘d BIOH ‘T uauteioy
£68:L0L61

ndod&y yim esepdsap ondo-o1dag (A YorquUINID 1§ urjdey) * 1A 160K
TOTLITILLIOSHT NRIyD

~A8¢ TROINAN] [0ININ] Y21y ZIomi[dg anbrido-oydos arsepdsip v :anbido snjoen np uoneuLO) W
soar winpran] wnidas np asuBy ‘11 “sanbijeydpooruero sorydelsdp saf 10s SIPNIF 1) INSIOP 9¢]
"CER-6T8:THSRG] JIBIPA 1. Yory "20uBssI010 9p auowLoy ua sutesAydodAy aouesy)

“INSUL] B SAQID0SSE SARIIL] |2 DATRIUDP SUONBULIO)[BIL 27 10 qOf | wessney) ‘¢ fistuin 0y iderp
TET-LTT'RETIBAT TIBLPA 4] Y21y dueipyut

audi| g ap anpewoue sed xnnuduod sawsueynydodly sa D[ qor “Ir wissney) ( [papuan
FEOISRLG] NRIpa [ (dwoapuds s 10Fa1y) eise|dsAp [pjuap-suir ul Loudtd

-1jap JUOULIOY IMOIE PIRIOSE JO UOISSIIUSURT] JURUIUOP [BWOSOINY f] J01uag ‘v pelan-ydopes
9COT-9FOTIRE6961 18aaul w1 sjuaned Lepnpd-odiy pue ‘soq jepagqndaad ‘uaw

[eutiou (i uostiedwo) eiwsod Ay pue wsipeuodod Ay adonopeuciodiy yim uaw Funok u sixe
102 @ipAary Arenmid at Jo saipnig (g Nasdry ‘0 ANEIE) GV PUB ‘Lo SSOY ‘D uipieg
GLF-OLYPIR9T'0661 [ 1uaq 1g sare

P I UOTIRIDOSSE UTIOSIAUL [RI1UDD L1g|[ixewt 231§ (¥ W00 ‘[ uospp ‘f Funuay,
BEPILINTI61 Z g

-ugey yosiq xajduossunpligssipy opeydaouatiyie u1a ‘SIEseu-oj[IXew SIso1smsAc [ 1apuig
9STRER961 saneIpag (Sydaousuyie) Sprydaouasoadofoy 1oj satjewoue [riow)

UBIPI JO DOUBILIUALS DIISOUTRI(] UIELq 1) $]1pasd 208) UL 1)) W A\ UBWIZ ‘A 19K o]
£8E

=OPEEIT666] 101 A2(T "PIOYI0I0U pUE DWADUISIW ‘Uojgdaoudp [BIUDA U] Jo 9joy :Ateymnyid
JOLIDIUE JO UOLIINPUL DU} Ul SUOHORISIUT INSSE], MDA PIRJUasoy] ‘ON BAOSIP3,] ‘SY urwagiajn
TOLT

=“1691:T1'866]1 A2 $AUD) "OAlA W sisauaBourdio Areyngid 1o sjudwaiinbar Sureudis dojsnnyy
DWW PIRJUASOY “d ¥ UOUBINIIN "V [ LOYRINDIN (] 01928 ‘IS []PUU0),0) 'SV UBILIAQID) ‘A 19121 ],
EPSE-EECEI9TIN6661 Matdo@ad( K

UIEIGI0) 10) PAINDII ST IS [RINIU JOLISIUY [N ULIENOCT 2] ) 123Ul A ‘) AInop) ‘Y staaaymg
"98T-69T9 1661 [OYIRAOISTH [OISTH "SHISLIAIORIRYD [Ruotdun) pue [eadojoydiow 1iay)

JOMatal 7 :sA0u0d JRNISEACIONA 1 S2IRPRI[EA ‘N [0URY ‘F B]2IEA ¥ Za1121IN5) ] S210].]-ZR1(]
PSI-STIpEISLOT [oydaopy dyy [oAaquug [ S0Iqu2 §a1yd puk [iEnb

SLIDRLITYD JO SISA[RUY 1S [RINDU 2] JO SDALRALIDP [RWAYDUISII [N ULENOCT 37 ‘S0 2IAQI] ]
D6T-FSTH1'8661 19UID SpuaL]

¢pued Aepnyd eayeur o] e 11 $20p saund xoqoawoy Auet MoH [y'S saduwe) ‘] Moy-Suriea
‘OP8P-SE8PST1R661 Tuawdopaagg

‘uofetjdasudip 1) wory uorpnput [enp sannbas gonod s24YIeY JO UOHBWLIO I 13 N BwmE]
LLP=SHPIITROGT 10S0IMAN AY nuuy “ajejd

Jexnau a1jeydasuasord at) jo uonezIEuoIEay ] $a)jan ] ‘S ZAUNLRA ‘Y BINWEWIYS “Tf uDjsuagqny]
EHI-101:(1ddns)E (1886 | undojaad(] "0 Iqua uriAR 91f) Ut 298)S )1 WOos-¢

ai) 01 anrwosasd o) Je wnpprowd rimau o1peydad o1 Jo dew o)) [ AN ULENogg 97 '0 Ano)
"GTE-60F: L] [E66 1 Wuawdoppaag] “seiawiya yorya-penb

up Apnys v isajesgaian Jaydug ul [inys jo widuo ogdin Ay, AN wenoc 371 “Wd 910D ‘40 Ao

Jooue | "wsyIemp L1

[

6C

8z

LT

9T

ST

T

£

T

0z

61

81

L1

91

S1

¥l

£l

Tl



Morphogenesis of the Branchial

Vascular Sector

Heather C. Etchevers, Gérard Couly, and Nicole M. Le Douarin*

The branchial and dorsal cephalic vascular sectors correspond to the
blood vessels contained within evolutionarily recent and ancestral
parts of the head, respectively. Recent work demonstrates that neural
crest cells (NCCs) provide the pericytes, and connective and smooth
muscle cells to the entire branchial sector in an ordered fashion. Initial
NCC position is transposed to the vascular distal-to-proximal axis,
explaining why circumscribed cephalic vascular anomalies are often
associated with reproducible malformations in head tissues derived
from the neural crest. Unlike the rest of the central nervous system, the
forebrain requires mesenchyme-containing vascular-competent NCCs
to survive during embryogenesis and beyond. (Trends Cardiovasc Med
2002;12:299-304). © 2002, Elsevier Science Inc.

Vascular anatomy is determined by to-
pology. The adult head presents a partic-
ularly complex three-dimensional struc-
ture, with heavy localized demands for
oxygenation and nutrition within the
brain. Despite this complexity, underly-
ing structural principles of cephalic blood
vessel circuitry become apparent after
examining the developing embryo.

¢ Cephalic Blood Vessels Have
Different Origins According to
Their Position

The vertebrate head starts out as a su-
perposition of three cellular sheets: the
endoderm, mesoderm, and ectoderm.
Deformation of these germ layers around
the anterior end of the notochord pro-
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vides a cul-de-sac—the head fold—in
which the brain, skull, mouth, cephalic
muscles, and their blood vessels will
later develop. Experimental embryology
has discovered many of the mechanisms
by which developing cephalic tissues
contact each other and differentiate ap-
propriately to their local environment.
One major technique, the construction
of quail-chick chimeras, exploits species
differences in nuclear structure to per-
manently mark cells grafted from a do-
nor to a host embryo (Le Douarin 1969).
By following the fate of grafted cells at
later time points, it was shown that the
mesoderm lateral to the neural plate of
the future brain gives rise to both stri-
ated muscles and the endothelium of all
cephalic blood vessels. According to the
anteroposterior level at which a given
graft was performed, a corresponding
segment of the cephalic and encephalic
vasculature contained endothelial cells
of graft origin, whereas the nearby mus-
cles also contained grafted cells (Couly
et al. 1992 and 1995). The endothelial
cell lineage becomes distinct from other
future mesodermal progeny at a very
early time point, when the future head is
barely distinguished by an anterior trans-
verse buckling in the germ layers. A ty-
rosine kinase receptor to the vascular

endothelium growth factor, known as
VEGFR2, is already expressed at this
time point in a subset of cephalic meso-
dermal cells that subsequently acquire
characteristics of endothelial cells (Eich-
mann et al. 1993).

Neural crest cells (NCCs) also con-
tribute to much of the cephalic vascula-
ture, but never to blood vessels in the
body. NCCs delaminate from the bound-
aries between the ectoderm and the me-
dian neural plate as the latter forms the
tube that will give rise to the central ner-
vous system. They remain mesenchymal
during their ventral migration toward
the gut and their dorsolateral migration
under the ectoderm. After colonizing the
appropriate location, NCCs differentiate
into the peripheral nervous system, certain
types of endocrine cells, and all pigment
cells aside from the retinal pigmented
epithelium (reviewed in Le Douarin and
Kalcheim 1999). Specifically in the head,
NCCs also give rise to the “mesectoderm,”
tissues that, in the body, are mesodermally
derived. These include the intercalating
connective components of the cephalic
glands, muscles, and tendons. The dermis
and adipose tissue overlying the jawed
facial skeleton and brain case, the bones
of that part of the skull, and certain re-
gions of the meninges underlying it are
also mesectodermal (Couly et al. 1993
and 1996, Kontges and Lumsden 1996,
Le Lievre 1974, Le Liévre and Le Douarin
1975, Noden 1983).

Early indications of the role of NCCs
in cephalic blood vessels came from fate-
mapping experiments that showed their
constitution of the branchial arch mes-
enchyme and subsequent incorporation
into the smooth muscle walls of the cor-
responding large arteries (Johnston 1966,
Le Lievre and Le Douarin 1975). In par-
ticular, NCCs derived from the posterior
rhombencephalon contribute all compo-
nents of the proximal large arteries to the
heart, with the exception of the endothe-
lium (Le Lievre and Le Douarin 1975).
NCCs of this origin also play an impor-
tant role in the septation of the pulmo-
nary trunk from the aorta (Nishibatake
et al. 1987, Waldo and Kirby 1993,
Waldo et al. 1998). Although many of
these experiments have been performed
in the avian embryo, data from rodents
confirm that NCCs are equally impor-
tant to cephalic and outflow tract forma-
tion in mammals (Imai et al. 1996, Jiang
et al. 2000).
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¢ Blood Vessels are Constructed from
Locally Available Cellular Materials

The extent of NCC incorporation into
cephalic blood vessels was recently dem-
onstrated experimentally (Etchevers et al.
2001b). A series of quail-chick chimeras
were made by successively transplanting
small fragments of the brain neural folds
from donors to the equivalent antero-
posterior level of hosts preceding cepha-
lic NCC migration. Embryos were then
examined at different stages during the
first half of gestation to see where the
NCCs had integrated in the blood vessels.

Grafts from anterior brain levels cor-
responding to the diencephalon and mes-
encephalon resulted in abundant cells
within the forebrain meninges, with a
sharp border at the forebrain-midbrain
boundary (Etchevers et al. 2001b). These
cells, adjacent to endothelial capillary
walls within the parenchyma, were iden-
tified with the marker a-smooth muscle
actin as being pericytes. All blood ves-
sels are composed of endothelial cells,
an immediately adjacent layer of peri-
cytes, and a basal lamina (reviewed in
Doherty and Canfield 1999). Signaling
between endothelial cells and pericytes
is necessary for the formation of mature
blood vessels, as has been demonstrated
in transgenic mice for the platelet-derived
growth factor-B/platelet-derived growth
factor receptor B (Lindahl et al. 1997 and
1998) and angiopoietin/tie-2 (Suri et al.
1996) ligand/receptor systems. In con-
trast, outer wall structures (the tunicae
media and externa) vary according to
vessel type as to the presence and num-

ber of concentric layers of smooth mus-
cle and connective cells.

In addition to the pericytes, smooth
muscle and connective tissue cells of graft
origin were observed in the distal por-
tions of the major cephalic arteries. Grafts
of neural folds at the level of the ante-
rior rhombencephalon, in co