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Preface

The spectacular progress in developmental neurobi-
ology, the tremendous advances in (neuro)genetics
and the high resolution of the modern imaging tech-
niques applicable to developmental disorders of the
human brain and spinal cord have created a growing
interest in the developmental history of the central
nervous system (CNS). This new book provides a
comprehensive overview of the development of the
human CNS in the context of its many developmen-
tal disorders due to genetic, environmental and
hypoxic/ischemic causes. The book contains three
general, introductory chapters in which an overview
of the development of the human brain and spinal
cord, a summary of mechanisms of development as
obtained in experimental studies in various inverte-
brates and vertebrates, and an overview of the causes
of congenital malformations with some notes on
prenatal diagnosis, are presented. The developmen-
tal disorders of the human brain and spinal cord are
presented in a regional, more or less segmental way,
starting with neurulation and the neural tube
defects, and ending with developmental disorders of
the cerebral cortex. These chapters are abundantly
illustrated with clinical case studies with imaging
data and, when available, postmortem verification of
the developmental disorders involved. The book is
intended for advanced medical students, and all
those clinicians working with children and adults
with developmental disorders of the CNS.

This book would not have been possible without
the help of many colleagues in The Netherlands and
from abroad. Their help is gratefully acknowledged.
Most of the neuropathological material comes from
the extensive collections of Drs. Akira Hori and
Martin Lammens. Many cases were kindly provided
by Drs. Pieter Wesseling (Nijmegen), Gerard van
Noort (Enschede), and Kohei Shiota (Kyoto). Photo-
graphical assistance was provided by Mrs. Roelie de
Boer-van Huizen (Nijmegen), Mrs. Chigako Uwabe
(Kyoto) and Richard Rieksen (Enschede). Material
for the clinical case studies was provided by many
clinical colleagues, including Drs. Ellsworth C.
Alvord Jr (Seattle), Harm-Gerd Blaas (Trondheim),

Cor Cremers and Hans Cruysberg (Nijmegen), Mark
D’hooghe (Bruges), Jennian Geddes (London), Ben
Hamel (Nijmegen), Frans Hoevenaars (Nijmegen),
Nomdo Jansonius (Groningen), Akiyoshi Kakita
(Niigata), Max Kros (Rotterdam), Hajime Miyata
(Tottori), Masashi Mizuguchi (Tokyo), Reinier
Mullaart, Willy Renier and Jan Rotteveel (Nijmegen),
Harvey B. Sarnat (Calgary), Ben Semmekrot (Nijme-
gen), Waney Squier (Oxford), Sachio Takashima
(Fukuoka), Rudy van Coster and Caroline Van den
Broecke (Gent), Christl Vermeij-Keers (Rotterdam),
Michel Willemsen (Nijmegen), and Mieko Yoshioka
(Kobe). Imaging data were kindly provided by
Drs. Harm-Gerd Blaas (Trondheim), Berit Verbist
(Leiden), John van Vugt and collaborators (Amster-
dam), Henk Thijssen and Ton van der Vliet (Nijme-
gen), and Guido Wilms (Leuven). Several figures
were contributed by Drs. Jo Curfs (Nijmegen),
Marieke de Heer and Jeannette Hoogeboom (Rotter-
dam), Raoul Hennekam (Amsterdam), Jan E. Jirdsek
(Prague), Enrico Marani (Leiden), Loreta Medina
(Murcia), Zoltén Molndr (Oxford), Ronan O’Rahilly
(Villlars-sur-Glane), Annemieke Potters (Deven-
ter), Kohei Shiota (Kyoto), Henny van Straaten
(Maastricht), Michiel Vaandrager (Rotterdam), Jan
Voogd (Oegstgeest), and Shigehito Yamada (Kyoto).
Most of the drawings were made by Mrs. Marlu de
Leeuw and Mr. Ad Gruter. Financial support was
generously provided by the “Stichting Neurologie en
Wetenschap” of the Department of Neurology (Head:
Prof. Dr. George W.A.M. Padberg) and the Department
of Pathology (Head: Prof. Dr. Han van Krieken),
both of the Radboud University Nijmegen Medical
Centre, supporting the costs of the drawings. The
Japan Society for the Promotion of Science granted
the first author a short-term fellowship in May 2004
at the Congenital Anomaly Research Centre (Head:
Prof. Dr. Kohei Shiota) of Kyoto University.

Hans J. ten Donkelaar, Nijmegen
Martin Lammens, Nijmegen
Akira Hori, Toyohashi
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Chapter 1

Overview of the Development
of the Human Brain and Spinal Cord

Hans J. ten Donkelaar and Ton van der Vliet

1.1 Introduction

The development of the human brain and spinal cord
may be divided into several phases, each of which is
characterized by particular developmental disorders
(Volpe 1987; van der Knaap and Valk 1988; Aicardi
1992; Table 1.3). After implantation, formation and
separation of the germ layers occur, followed by dor-
sal and ventral induction phases, and phases of neu-
rogenesis, migration, organization and myelination.
With the transvaginal ultrasound technique a de-
tailed description of the living embryo has become
possible. Fetal development of the brain can now be
studied in detail from about the beginning of the sec-
ond half of pregnancy (Garel 2004). In recent years,
much progress has been made in elucidating the
mechanisms by which the CNS develops, and also in
our understanding of its major developmental disor-
ders, such as neural tube defects, holoprosencephaly,
microcephaly and neuronal migration disorders.
Molecular genetic data, that explain programming of
development aetiologically, can now be incorporated
(Sarnat 2000; Barkovich et al. 2001). In this chapter an
overview is presented of (1) major stages in the devel-
opment of the human CNS, (2) the first 3 weeks of de-
velopment, (3) neurulation, (4) pattern formation, (5)
early development of the brain, (6) fetal development
of the brain, (7) the development of the blood supply
of the brain, and (8) the development of major fibre
tracts including the development of myelination.
Mechanisms of development are discussed in
Chap. 2, and an overview of the causes of develop-
mental malformations and their molecular genetic
basis is presented in Chap. 3. In the second, special-
ized part of this book the development of the CNS
and its disorders are discussed in more detail.

1.2  Major Stages in the Development
of the Human Brain

and Spinal Cord

The embryonic period in man, i.e. the first 8 weeks of
development, can be divided into 23 stages, the
Carnegie stages (O’Rahilly and Miiller 1987), origi-
nally described as developmental horizons (XI-
XXIII) by Streeter (1951), and completed by Heuser
and Corner (1957; developmental horizon X) and
O’Rahilly (1973; developmental stages 1-9). Impor-

tant contributions to the description of human em-
bryos were also made by Nishimura et al. (1977) and
Jirdsek (1983, 2001, 2004). Examples of human em-
bryos are shown in Figs. 1.1 and 1.2. In the embryon-
ic period, postfertilization or postconceptional age
is estimated by assigning an embryo to a develop-
mental stage using a table of norms, going back to the
first Normentafeln by Keibel and Elze (1908). The
term gestational age is commonly used in clinical
practice, beginning with the first day of the last men-
strual period. Usually, the number of menstrual or
gestational weeks exceeds the number of postfertil-
ization weeks by 2. During week 1 (stages 2-4) the
blastocyst is formed, during week 2 (stages 5 and 6)
implantation occurs and the primitive streak is
formed, followed by the formation of the notochordal
process and the beginning of neurulation (stages 7-
10). Somites first appear at stage 9. The neural folds
begin to fuse at stage 10, and the rostral and caudal
neuropores close at stages11l and 12, respectively.
Gradually, the pharyngeal bars, the optic and otic
vesicles and the limb buds appear. The main external
and internal features of human embryos are summa-
rized in Table 1.1. The first four embryonic weeks are
also described as the period of blastogenesis, and the
fifth to eighth weeks as the period of organogenesis
(Opitz 1993; Opitz et al. 1997). The fetal period can-
not be divided into a series of morphologically de-
fined stages. It is the period of phenogenesis (Opitz
1993; Opitz et al. 1997). In the clinical literature a sub-
division of the prenatal period into three trimesters
of 13 weeks each is commonly used. At the junction of
trimesters 1 and 2, the fetus of about 90 days has a
greatest length of 90 mm, whereas at the junction of
trimesters 2 and 3, the fetus is about 250 mm in
length and weighs approximately 1,000 g (O’Rahilly
and Miiller 2001; Table1.2). The newborn brain
weighs 300-400g at full term. Male brains weigh
slightly more than those of females but, in either case,
the brain constitutes 10% of the body weight (Crelin
1973).

The brain and spinal cord arise from an area of the
ectoderm known as the neural plate. The folding of
the neural plate, leading to successively the neural
groove and the neural tube, is called primary neuru-
lation. The caudal part of the neural tube does not
arise by fusion of the neural folds but develops from
the so-called caudal eminence. This process is called
secondary neurulation (Chap. 4). Before and after the
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Fig. 1.1 Dorsal views of staged early human embryos (Carnegie stages 6,7,9-11;from the Kyoto Collection of Human Embryos;
kindly provided by Kohei Shiota)

surface ectoderm of the two sides fuses, the fusing
neuroectodermal cells of the neural folds give off the
neural crest cells. The neural crest is a transient struc-
ture and gives rise to the spinal and cranial ganglia.
Moreover, the whole viscerocranium and part of the
neurocranium are formed from the neural crest (Le
Douarin and Kalcheim 1999; Wilkie and Morriss-Kay
2001; Chap. 5).

The embryonic period includes three in time over-
lapping phases: formation and separation of the
germ layers, dorsal and ventral induction phases
(Table 1.3). During the first phase, the neural plate is
formed. In the dorsal induction phase, the neural
tube is formed and closed, and the three primary di-
visions or neuromeres of the brain (the prosen-
cephalon, mesencephalon and rhombencephalon)
appear. In the ventral induction phase (telencephal-
ization), the cerebral hemispheres, the eye vesicles,
the olfactory bulbs and tracts, the pituitary gland and

part of the face are formed. In the sixth week of devel-
opment strong proliferation of the ventral walls of
the telencephalic vesicles gives rise to the ganglionic
or ventricular eminences. These elevations do not on-
ly form the basal ganglia but, in addition, give rise to
many neurons that migrate tangentially to the cere-
bral cortex. Neurogenesis starts in the spinal cord
and the brain stem. Neurogenesis in the cerebellum
and the cerebral cortex occurs largely in the fetal pe-
riod. In man, the fetal period extends from the ninth
week of development to the time of birth. With regard
to the prenatal ontogenesis of the cerebral cortex,
Marin-Padilla (1990) suggested dividing this long
developmental period into two separate ones: (1) the
fetal period proper (9-24 gestational weeks), charac-
terized by the formation of the cortical plate; and (2)
the perinatal period, extending from the 24th week of
gestation to the time of birth. This period is charac-
terized by neuronal maturation. The separation be-
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Table 1.1 Developmental stages and features of human embryos (after O'Rahilly; Mller 1987,2001)

Carnegie Length Age External features Internal features
stages (mm) (days) (with emphasis on the nervous system)
1 1 Fertilization
2 2-3 From 2 to about 16 cells
3 4-5 Free blastocyst Inner cell mass and trophoblast
4 6 Attaching blastocyst Cytotrophoblast and syncytiotrophoblast
distinguishable
5 0.1-0.2 7-12  Implantation; Amniotic cavity; primary yolk sac;
embryonic disc circular extra-embryonic mesoderm
6 0.2 17 Embryonic disc elongated Chorionic villi; primitive streak and node;
prechordal plate appears; secondary yolk sac
7 0.4 19 Embryonic disc oval Notochordal process visible;
haematopoiesis starts
8 1.0-15 23 Primitive pit appears; Notochordal and neurenteric canals detectable
neural folds may begin to form
9 15-25 25 First somites appear; Neural groove evident; 3 major subdivisions of
mesencephalic flexure begins; brain distinguishable; heart begins to develop
otic disc forms
10 2-35 28 Neural folds begin to fuse; Optic primordium begins to develop;
otic pit develops; 4-12 somites; cardiac loop appears; intermediate mesoderm

pharyngeal arches 1 and 2 visible

11 25-45 29 Rostral neuropore closes; Optic vesicles develop
13-20 somites

12 3-5 30 Caudal neuropore closes; Secondary neurulation starts
21-29 somites;
4 pharyngeal arches visible;
upper limb buds appearing

13 4-6 32 Otic vesicle closed; Retinal and lens discs develop;
lens disc not yet indented; primordium of cerebellum
30 or more somites;
4 limb buds visible

14 5-7 33 Lens pit appears; Future cerebral hemispheres; pontine flexure;
upper limb buds elongated optic cup develops; adenohypophysial
pouch defined
15 7-9 36 Lens pit closed; nasal pit appearing; Future cerebral hemispheres become defined;
hand plate forming retinal pigment visible
16 8-11 38 Retinal pigment visible; nasal sacs Epiphysis cerebri develops; neurohypophysial
face ventrally; auricular hillocks evagination; olfactory tubercle
beginning; foot plate appears
17 11-14 41 Head relatively larger; trunk straighter;  Internal and external cerebellar swellings;
auricular hillocks distinct; finger rays chondrification begins in humerus, radius
and some vertebral centra
18 13-17 44 Body more cuboidal; elbow region Oronasal membrane develops;
and toe rays appearing 1-3 semicircular ducts in internal ear
19 16-18 46 Trunk elongating and straightening Olfactory bulb develops; cartilaginous otic
capsule; choroid plexus of fourth ventricle
20 18-22 49 Upper limbs longer Optic fibres reach optic chiasm;
and bent at elbows choroid plexus of lateral ventricle
21 22-24 51 Fingers longer; hands approach Cortical plate becomes visible; optic tract
each other, feet likewise and lateral geniculate body
22 23-28 53 Eyelids and external ear Olfactory tract; internal capsule;
more developed adenohypophysial stalk incomplete
23 27-31 56 Head more rounded; limbs longer Insula indented; caudate nucleus and putamen
and more developed recognizable; humerus presents all

cartilaginous stages
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Fig. 1.2 Lateral views of staged human embryos (Carnegie stages 12-23; from the Kyoto Collection of Human Embryos; kindly
provided by Kohei Shiota)

tween these two periods at the 24th week of gestation
is somewhat arbitrary but may be clinically relevant.
The 24th week of gestation approximates roughly the
lower limit for possible survival of the prematurely
born infant. Disorders of migration are more likely to
occur in the fetal period, whereas abnormalities af-
fecting the architectonic organization of the cerebral
cortex are more likely to occur in the perinatal peri-
od (Chap. 10).

Each of the developmental phases of the brain is
characterized by particular developmental disorders
(Table 1.3). During the separation of the germ layers,
enterogenous cysts and fistulae may occur. In the
dorsal induction phase, neural tube defects (Chap. 4)

occur. Developmental disorders in the ventral induc-
tion phase, in which the prosencephalon is normally
divided into the diencephalon and the two cerebral
hemispheres, are characterized by a single, in-
completely divided forebrain (holoprosencephaly;
Chap.9). This very heterogeneous disorder may be
due to disorders of ventralization of the neural tube
(Sarnat 2000) such as underexpression of the strong
ventralizing gene Sonic hedgehog (SHH). During neu-
rogenesis of the forebrain, malformations due to
abnormal neuronal proliferation or apoptosis may
occur, leading to microcephaly or megalocephaly.
During the migration of the cortical neurons, malfor-
mations due to abnormal neuronal migration may



Fig. 1.2 (Continued)

appear, varying from classic lissencephaly (‘smooth
brain’), several types of neuronal heterotopia, poly-
microgyria to minor cortical dysplasias. For many of
these malformations, disorders of secretory mole-
cules and genes that mediate migration have been
found (Chap. 10). Many of these malformations are
characterized by the presence of mental retardation
and epilepsy. Cerebellar disorders are more difficult
to fit into this scheme. The Dandy-Walker malforma-
tion is thought to arise late in the embryonic period,
whereas cerebellar hypoplasia presumably occurs in
the fetal period. These malformations are discussed
in Chap. 8.

1.3 The First 3 Weeks of Development

1.3  The First 3 Weeks of Development

During the first 3 weeks of development, the three
germ layers (ectoderm, mesoderm and endoderm),
the basis of the various organs and systems of the
body, are established. During the first week of devel-
opment (stages 2-4), the embryo develops from a sol-
id mass of totipotent cells or blastomeres (the moru-
la) into the blastocyst. This occurs when 16-32 cells
are present. The blastocyst is composed of an inner
cell mass or embryoblast, giving rise to the embryo,
and the trophoblast, the peripherally situated cells,
surrounding the blastocystic cavity and forming the
developmental adnexa (Fig.1.3). Embryoblast cells
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Table 1.2 Criteria for estimating age during the fetal period (after Moore et al.2000)

Age (post- Average
crown-rump

length (mm)

Average Average
footlength  weight
(mm) (9)

conceptional
weeks)

Previable fetuses

9 50 7 8
10 61 9 14
12 87 14 45
14 120 20 110
16 140 27 200
18 160 33 320
20 190 39 460

Viable fetuses

22 210 45 630
24 230 50 820
26 250 55 1,000
28 270 59 1,300
30 280 63 1,700
32 300 68 2,100
36 340 79 2,900
38 360 83 3,400

Main external characteristics

Eyes closing or closed; head large and more rounded;
external genital not distinguishable as male or female;
intestines in proximal part of umbilical cord; low-set ears

Intestines returned to abdomen;
early fingernail development

Sex distinguishable externally; well-defined neck

Head erect; eyes face anteriorly; ears close to their
definitive position; lower limbs well-developed;
early toenail development

External ears stand out from head
Vernix caseosa covers skin; quickening felt by mother
Head and body hair (lanugo) visible

Skin wrinkled, translucent, pink to red
Fingernails present; lean body
Eyes partially open; eyelashes present

Eyes wide open; good head of hair may be present;
skin slightly wrinkled

Toenails present; body filling out; testes descending
Fingernails reach finger tips; skin pink and smooth

Body usually plump; lanugo hairs almost absent;
toenails reach toe tips; flexed limbs; firm grasp

Prominent chest; breasts protrude; testes in scrotum
or palpable in inguinal canals; fingernails extend
beyond finger tips

adjacent to this cavity form a new layer of flat cells,
the hypoblast. This cell layer covers the blastocystic
cavity from inside what is now called the primitive
umbilical vesicle or yolk sac. The rest of the inner cell
mass remains relatively undifferentiated and is
known as the epiblast. Duplication of the inner cell
mass is probably the basis for most cases of mono-
zygotic twinning. Possibly, such divisions arise dur-
ing ‘hatching’, the emergence of the blastocyst from
the zona pellucida (O’Rahilly and Miiller 2001). At
approximately 6days (stage4b), the blastocyst be-
comes attached to the endometrium of the uterus.

1.3.1 Implantation

The second week is characterized by implantation
(stage 5) and the formation of the primitive streak
(stage 6). The trophoblast differentiates into the cyto-
trophoblast and the more peripherally situated syn-
cytiotrophoblast that invades the endometrium.
Blood-filled spaces, the lacunae, soon develop within

the syncytiotrophoblast and communicate with en-
dometrial vessels, laying the basis for the placental
circulation. Between the epiblast and the cytotro-
phoblast, the amniotic cavity appears. The embryon-
ic disc is now known as the bilaminar embryo. Only
the cylindric epiblast cells adjacent to the hypoblast
form the embryo. The remaining flattened epithelial
cells participate in the formation of the amnion
(Fig. 1.3). The amniotic cavity is bounded ventrally
by the epiblast and dorsally by a layer of amniotic
ectoderm.

1.3.2 Gastrulation

During stage 6, in the slightly elongated embryonic
disc caudally situated cells of the epiblast migrate
ventralwards along the median plane, and form the
primitive streak (Fig.1.4). It probably appears be-
tween days 12 and 17 (Jirdsek 1983,2001; Moore et al.
2000; O’Rahilly and Miiller 2001). The rostral, usually
distinct part of the primitive streak is known as the
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Table 1.3 Major stages of human CNS development (based on Aicardi 1992)

Time of
occurrence
(weeks)

Major morphological events
in brain

Main corresponding disorders

Embryonic period

Enterogenous cysts and fistulas;
split notochord syndrome

Anencephaly, encephalocele,
myeloschisis; myelomeningocele,
Chiari malformations

Holoprosencephaly;
Dandy-Walker malformation;
craniosynostosis

Microcephaly, megalencephaly

Neuronal migration disorders
(lissencephalies, polymicrogyria,

Formation and separation 2 Neural plate

of germ layers

Dorsal induction: 3-4 Neural tube, neural crest and derivatives;

primary neurulation closure of rostral and caudal neuropores;
paired alar plates

Ventral induction: 4-6 Development of forebrain and face;

telencephalization formation of cerebral vesicles; optic and
olfactory placodes; rhombic lips appear;
‘fusion’ of cerebellar plates

Fetal period

Neuronal 6-16 Cellular proliferation in ventricular

and glial proliferation and subventricular zones;
early differentiation of neuroblasts
and glioblasts; cellular death (apoptosis);
migration of Purkinje cells and external
granular layer in cerebellum

Migration 12-24 Migration of cortical neurons;
formation of corpus callosum

Perinatal period

Organization 24 Late migration; organization

to postnatal

schizencephaly, heterotopia)

Minor cortical dysplasias

and maturation of cerebral cortex;

synaptogenesis; formation of internal
granular layer in cerebellum

Myelination 24
to 2 years
postnatally

Myelination disorders,
destructive lesions (secondarily
acquired injury of normally
formed structures)

primitive node of Hensen. The primitive streak is a
way of entrance whereby cells invaginate, proliferate
and migrate to subsequently form the extra-em-
bryonic mesoderm, the endoderm and the intra-em-
bryonic mesoderm. Remnants of the primitive streak
may give rise to sacrococcygeal teratomas (Chap. 6).
The endoderm replaces the hypoblast. The remain-
ing part of the epiblast is the ectoderm. For this
process the term gastrulation is frequently used.
Originally, the term referred to the invagination of a
monolayered blastula to form a bilayered gastrula,
containing an endoderm-lined archenteron as found
in amphibians (Chap. 2). Nowadays, the term gastru-
lation is more generally used to delimit the phase of
development from the end of cleavage until the for-
mation of an embryo possessing a defined axial
structure (Collins and Billett 1995).

Rostral to the primitive streak and node, the endo-
derm appears thicker and is called the prechordal
plate. Caudally, the epiblast is closely related to the
endoderm, giving rise to the cloacal membrane
(Fig. 1.4). The primitive streak is the first clear-cut in-

dication of bilaterality, so the embryo now, apart
from rostral and caudal ends, also has right and left
sides. Genetic mutations expressed in the primitive
streak may lead to duplication of the neural tube
(Chap. 6) or its partial or complete agenesis (Sarnat
2000).

The extra-embryonic mesoderm soon covers the
trophoblast, the amniotic ectoderm and the yolk sac
(Fig. 1.3). Extra-embryonic mesoderm at the caudal
part of the embryo forms the connecting or umbili-
cal stalk that anchors the embryo to the chorion. The
chorion is composed of the trophoblast and the cov-
ering extra-embryonic mesoderm. Hypoblast cells
and the covering extra-embryonic mesoderm form
the wall of the yolk sac, whereas the amniotic epithe-
lium and its mesodermal layer form the amnion. The
secondary umbilical vesicle or yolk sac develops
from the primary one, probably by collapse and dis-
integration of the latter (Luckett 1978). The yolk sac
is involved in active and passive transport to the em-
bryo, and is possibly associated with the relationship
between metabolic disorders such as diabetes melli-
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endometrium :

trophoblast

Fig. 1.3 Implantation and the formation of the bilaminar em-
bryo: a 107-cell blastocyst; b-e blastocysts of approximately
4.5,9, 12 and 13 days, respectively. The trophoblast and the
cytotrophoblast are indicated in light red, the syncytiotro-
phoblast is stippled and maternal blood in lacunae is shown in

tus and congenital malformations (O’Rahilly and
Miiller 2001). The chorion encloses the chorionic
cavity,in which the embryonic disc, now a trilaminar
embryo, is located.

During the third and the fourth weeks, the
somites, the heart, the neural folds, the three major
divisions of the brain, the neural crest and the begin-
nings of the internal ear and the eye develop. At ap-
proximately 19 days (stage 7), rostral to the primitive
streak, a prolongation below the ectoderm, the noto-
chordal process, arises from the primitive node, and
extends rostrally as far as the prechordal plate
(Fig. 1.4). The floor of the notochordal process breaks
down at stage 8, giving rise to the notochordal plate.

— !‘
B DG :-m?o

e cal T
T T T g ]
c syncytiotrophoblast

L0655 co et

red. AC amniotic cavity, ChC chorionic cavity, eem extra-em-
bryonic mesoderm, Ic lacuna, PUV primary umbilical vesicle,
pv primary villi, SUV secondary umbilical vesicle (yolk sac),
us umbilical stalk. (After Langman 1963)

The embryonic disc is now broader rostrally, and a
shallow neural groove appears, which is the first mor-
phological indication of the nervous system
(O’Rahilly 1973; O’Rahilly and Gardner 1979;
O’Rahilly and Miiller 1981; Jirdsek 2001, 2004). The
primitive node may be hollowed by a primitive pit,
which extends into the notochordal process as the
notochordal canal (O’Rahilly 1973). The channel be-
comes intercalated in the endoderm, and its floor be-
gins to disintegrate at once, allowing temporary com-
munication between the amniotic cavity and the um-
bilical vesicle. The remnant of the notochordal canal
at the level of the primitive pit is known as the
neurenteric canal (Fig. 1.5a). It may be involved in



Fig. 1.4 Dorsal (top) and medial (bottom) views of a stage 7
embryo. The ectoderm is indicated in red, the notochordal
process (nchpr) in light red and the endoderm in grey. AC am-
niotic cavity, all allantois, mclo membrana cloacalis, pchp/
prechordal plate, PN primitive node, PS primitive streak,
SUV secondary umbilical vesicle (yolk sac), us umbilical stalk.
(After O'Rahilly 1973)

the pathogenesis of enterogenous cysts (Chap. 6). The
prechordal plate is wider than the notochordal
process, and is in close contact with the floor of the
future forebrain. The prechordal plate is derived
from the prechordal mesendoderm (de Souza and
Niehrs 2000) and it is essential for the induction of
the forebrain. The prechordal plate is usually defined
as mesendodermal tissue underlying the medial as-
pect of the anterior neural plate just anterior to the
rostral end of the notochord.

1.3.3 Folding of the Embryo

At approximately 25 days (stage 9), folding of the em-
bryo becomes evident. Rostral or cephalic and caudal
folds overlie the beginning foregut and hindgut, re-

1.3 The First 3 Weeks of Development

spectively (Fig. 1.5). Caudal to the cloacal membrane,
the allantois arises as a dorsal diverticle of the umbil-
ical vesicle. On each side the mesoderm is arranged
into three components (Fig. 1.5¢): (1) a longitudinal,
paraxial band adjacent to the notochord, forming the
somites; (2) intermediate mesoderm, giving rise to
the urogenital system; and (3) a lateral plate, giving
rise to two layers covering the body wall and the vis-
cera, respectively. The first layer is known as the so-
matopleure, the other as the splanchnopleure. In the
Anglo-Saxon literature, however, the terms somato-
pleure and splanchnopleure include the covering ec-
toderm and endoderm, respectively (O’Rahilly and
Miiller 2001). The space between the somatopleure
and the splanchnopleure is the coelom. At first it is
found outside the embryo (the extra-embryonic
coelom), later also within the embryo. This is the in-
tra-embryonic coelom or body cavity, which develops
in the lateral plate mesoderm (Fig. 1.5e, f).

Somites arise at stage9 in longitudinal rows on
each side of the neural groove. The first four pairs of
somites belong to the occipital region. Within the
next 10 days subsequently 8 cervical, 12 thoracic, 5
lumbar, 5 sacral and some 3-6 coccygeal somites are
formed, but they are never visible together at one
stage of development. Each somite divides into a ven-
tromedial sclerotome, participating in the formation
of the vertebral column (Chap. 6), and a dorsolateral
dermamyotome that forms a myotome and the over-
lying dermis (dermatome). Each myotome divides
into two parts: (1) a dorsal epimere, giving rise to the
erector spinae, and (2) a ventral hypomere, from
which the ventral vertebral muscles (epaxial mus-
cles), the muscles of the lateral and ventral body wall
(hypaxial muscles) and the muscles of the extremi-
ties arise. The derivatives of the epimeres become in-
nervated by the dorsal rami of the spinal nerves,
those of the hypomeres by the ventral rami (Chap. 6).

The primitive streak becomes confined to a region
known as the caudal eminence, or end-bud, which
gives rise to the hindgut, adjacent notochord and
somites, and the most caudal part of the spinal cord
(O’Rahilly and Miiller 2001). Malformations in this
region may lead to the still poorly understood caudal
regression syndrome that is discussed in Chap.4.
Rostrally, the ectoderm and the endoderm come to-
gether as the oropharyngeal membrane, which tem-
porarily separates the gut from the amniotic cavity.
Pharyngeal arches, clefts and pouches become visi-
ble. The pharyngeal arches are separated by the pha-
ryngeal clefts, and appear ventrolaterally on the head
and neck between 4 and 5 weeks. Four pairs are visi-
ble at stage 13 (Fig. 1.2). More caudally, no clear-cut
arrangement is found, but it is customary to distin-
guish a fifth and a sixth arch. The externally situated
clefts have internal counterparts, the pharyngeal
pouches. The development of the pharyngeal arches
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Fig. 1.5 The folding of the embryo:a, d Carnegie stage 8; b, e
Carnegie stage 10; ¢, f Carnegie stage 11/12. The ectoderm
(ec) and its derivates are indicated in red, derivates of the
mesoderm (mes) in light red and the endoderm (en) in grey.AC
amniotic cavity, all allantois, cem caudal eminence, dmt der-
mamyotome, fg foregut, hf head fold, hg hindgut, i intermedi-
ate mesoderm, /EC intra-embryonic coelom, / lateral plate of
mesoderm, mclo membrana cloacalis, mes mesencephalon,
mg midgut, mnp mesonephros, moph membrana oropharyn-
gealis, nch notochord, ncr neural crest, neur neurenteric canal,
ng neural groove, p paraxial mesoderm, PCC pericardiac cavi-
ty, pchpl prechordal plate, pros prosencephalon, rhomb
rhombencephalon, sc spinal cord, sompl somatopleure, spchp!
splanchnopleure, sptr septum transversum, SUV secondary
umbilical vesicle (yolk sac), tf tail fold, ur umbilical ring, us um-
bilical stalk. (After Streeter 1951; Hamilton and Mossman
1972)

is closely related to that of the rhombomeres and the
neural crest, and is controlled by Hox genes (Favier
and Dollé 1997; Rijli et al. 1998). Each pharyngeal
arch is characterized by a unique combination of Hox
genes. Rostral to the somites, the paraxial mesoderm
forms the somitomeres from which the external eye
musculature and the muscles of the pharyngeal bars
arise (Noden 1991). These aspects and developmental
disorders of the pharyngeal arches are discussed in

1.4 Neurulation

Chap. 5. The major sensory organs of the head devel-
op from the interactions of the neural tube with a
series of epidermal thickenings called the cranial
ectodermal placodes. The olfactory placode forms
the olfactory epithelium, the trigeminal placode the
trigeminal ganglion, the otic placode or disc forms
the inner ear, and the epibranchial placodes the distal
ganglia of the VIIth, IXth and Xth nerves. The lens
placode forms the lens and induces the overlying
ectoderm to form the transparent cornea.

1.4  Neurulation

The first indication of the neural plate in human em-
bryos is a median sulcus around 23 days of develop-
ment. At approximately 25 days (stage 9), this neural
groove is deeper and longer. Its rostral half represents
the forebrain, its caudal half mainly the hindbrain
(Fig. 1.6). The neural folds of the forebrain are con-
spicuous. The mesencephalic flexure appears, and al-
lows a first subdivision of the brain into three major
divisions in the still unfused neural folds (O’Rahilly
1973; O’Rahilly and Gardner 1979; Miiller and
O’Rahilly 1983, 1997; Jirdsek 2001, 2004): the fore-
brain or prosencephalon, the midbrain or mesen-
cephalon, and the hindbrain or rhombencephalon
(Figs. 1.7, 1.8). The otic discs, the first indication of
the internal ears, can also be recognized. At stage 10,
the two subdivisions of the forebrain, the telen-

ncr o pp

Fig. 1.6 The formation of the neural tube and neural crest. Dorsal views and transverse sections are shown for human embryos
of stages 8 (a), 9 (b), 10 (¢, seven somites) and 10 (d, ten somites). ec ectoderm, ncr neural crest, np neural plate
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Fig. 1.7 Corner’s ten-somite embryo (a). b A median section,
showing the subdivision of the brain into the primary neu-
romeres. all allantois, CE caudal eminence, D1, D2 diencephal-
ic neuromeres, M mesomere, mclo membrana cloacalis, nch

[Ble|e/~[ela[e]wlm]-]

notochord, ot otocyst, RhA-RhD primary rhombomeres, T tel-
encephalic neuromere 7-10 first ten somites. (a lllustrated by
James Didusch, from Corner 1929, with permission; b after
O'Rahilly and Mdiller 1987)

Fig. 1.8 Scanning electron
micrograph of a 26-27-day-old,
2.5-mm embryo with 14 paired
somites (stage 11).The arrow
indicates the rostral neuropore.
P prosencephalon, M mesence-
phalon, R rhombencephalon,
1-3 first three somites.

(From Jirdsek 2004,

with permission)



cephalon and the diencephalon, become evident
(Miiller and O’Rahilly 1985). An optic sulcus is the
first indication of the developing eye. Closure of the
neural groove begins near the junction between the
future brain and the spinal cord. Rostrally and cau-
dally, the cavity of the developing neural tube com-
municates via the rostral and caudal neuropores
with the amniotic cavity. The rostral neuropore clos-
es at about 30 days (stage 11), and the caudal neuro-
pore about 1day later (stage12). The site of final
closure of the rostral neuropore is at the site
of the embryonic lamina terminalis (O’Rahilly and
Miiller 1999). The closure of the neural tube in
human embryos is generally described as a continu-
ous process that begins at the level of the future cer-
vical region, and proceeds both rostrally and caudal-
ly (O’Rahilly and Miiller 1999, 2001). Nakatsu et al.
(2000), however, provided evidence that neural tube
closure in humans may be initiated at multiple sites
as in mice and other animals. Neural tube defects are
among the most common of human malformations
(Chap. 4).

When the surface ectodermal cells of both sides
fuse, the similarly fusing neuroectodermal cells of
the neural folds give off neural crest cells (Fig. 1.6).
These cells arise at the neurosomatic junction. The
neural crest cells migrate extensively to generate a
large diversity of differentiated cell types (Le Douar-
in and Kalcheim 1999; Chap.5), including (1) the
spinal, cranial and autonomic ganglia, (2) the medul-
la of the adrenal gland, (3) the melanocytes, the pig-
ment-containing cells of the epidermis, and (4) many
of the skeletal and connective tissues of the head. The
final phase of primary neurulation is the separation
of neural and surface ectoderm by mesenchyme. Fail-
ure to do so may lead to an encephalocele, at least in
rats (O’Rahilly and Miiller 2001). Malformations of
the neural crest (neurocristopathies) may be accom-
panied by developmental disorders of the CNS
(Chap.5).

Detailed fate map studies are available for am-
phibians and birds (Chap.2). The organization of
vertebrate neural plates appears to be highly con-
served. This conservation probably extends to mam-
mals, for which detailed fate maps are more difficult
to obtain. Nevertheless, available data (Rubinstein
and Beachy 1998; Rubinstein et al. 1998; Inoue et al.
2000) show that in mice ventral parts of the forebrain
such as the hypothalamus and the eye vesicles arise
from the medial part of the rostral or prosencephalic
part of the neural plate (Fig. 1.10c¢). Pallial as well as
subpallial parts of the telencephalon arise from the
lateral parts of the prosencephalic neural plate. The
lateral border of this part of the neural plate forms
the dorsal, median part of the telencephalon and the
commissural plate from which the anterior commis-
sure and the corpus callosum arise.

1.5 Development of the Spinal Cord

Initially, the wall of the neural tube consists of a
single layer of neuroepithelial cells, the germinal
neuroepithelium or matrix layer. As this layer thick-
ens, it gradually acquires the configuration of a pseu-
dostratified epithelium. Its nuclei become arranged
in more and more layers, but all elements remain in
contact with the external and internal surface. Mito-
sis occurs on the internal, ventricular side of the cell
layer only (Figs. 2.18, 2.19), and migrating cells form
a second layer around the original neural tube. This
layer, the mantle layer or intermediate zone, becomes
progressively thicker as more cells are added to it
from the germinal neuroepithelium that is now called
the ventricular zone. The cells of the intermediate
zone differentiate into neurons and glial cells. Radial
glial cells are present during early stages of neuroge-
nesis. Most radial glial cells transform into astrocytes
(Chap. 2). The neurons send axons into an outer lay-
er, the marginal zone. The mantle layer, containing
the cell bodies, becomes the grey matter, and the ax-
onal, marginal layer forms the white matter. In the
spinal cord, this three-zone pattern is retained
throughout development.

Secondary proliferative compartments are found
elsewhere in the brain. The external germinal or
granular layer is confined to the cerebellum. It devel-
ops from the ventricular zone of the rhombic lip, a
thickened germinal zone in the rhombencephalic
alar plate, and gives rise to the granule cells of the
cerebellum. The subventricular zone is found in the
lateral and basal walls of the telencephalon. This zone
gives rise to a large population of glial cells and to the
granule cells of the olfactory bulb.

1.5 Development of the Spinal Cord

After neurulation, the spinal cord can be divided in-
to dorsal alar plates derived from lateral parts of the
neural plate, and ventral basal plates derived from its
medial parts (Fig.1.9). The alar and basal plates are
separated by the sulcus limitans of His (1880). The
alar plates are united by a small roof plate, and the
basal plates by a thin floor plate. The alar plates and
incoming dorsal roots form the afferent or sensory
part of the spinal cord, whereas the basal plate and its
exiting ventral root form the efferent or motor part.
The spinal ganglia arise from the neural crest. The
development of the alar and basal plates is induced by
extracellular signalling molecules, secreted by the
notochord and the adjacent ectoderm (Fig. 1.9). The
protein SHH of the SHH gene in the notochord in-
duces the formation of the floor plate. In its turn, the
floor plate induces the formation of motoneurons in
the basal plate. Bone morphogenetic proteins (BMPs)
from the ectoderm induce the formation of the alar
and roof plates and of the neural crest. BMP4 and
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Fig. 1.9 The development of the spinal cord and the dorsaliz-
ing (bone morphogenetic proteins, BMPs) and ventralizing
(Sonic hedgehog, SHH) factors involved. a SHH in the noto-
chord (nch, red) induces the formation of the floor plate (fp), af-
ter which SHH in the floor plate induces the formation of mo-
toneurons (b, c).BMP4 and BMP?7 (light red) from the ectoderm

BMP7 induce the expression of the transcription fac-
tor ‘Slug’ in the neural crest and the expression of cer-
tain Pax transcription factors in the alar plates. SHH
suppresses these dorsal Pax genes in the ventral half
of the spinal cord. Many other genes are involved in
the specification of the various types of neurons in
the spinal cord (Chap. 6). Motoneurons are the first
neurons to develop (Windle and Fitzgerald 1937;
Bayer and Altman 2002). They appear in the upper-
most spinal segments at approximately embryonic
day 27 (about Carnegie stage 13/14). At this time of
development also dorsal root ganglion cells are pre-
sent. Dorsal root fibres enter the spinal grey matter
very early in development (Windle and Fitzgerald
1937; Konstantinidou et al. 1995; Chap. 6). The first
synapses between primary afferent fibres and spinal
motoneurons were found in a stage 17 embryo (Oka-
do et al. 1979; Okado 1981). Ascending fibres in the
dorsal funiculus have reached the brain stem at
stage 16, i.e. at about 37 postovulatory days (Miiller
and O’Rahilly 1989). The first descending supraspinal
fibres from the brain stem have extended into the
spinal cord at stage 14 (Miiller and O’Rahilly 1988b).
Even the late developing pyramidal tract extends as
far caudally as the spinomedullary junction at the
end of the embryonic period (Miiller and O’Rahilly
1990c; ten Donkelaar 2000). The spinal cord then still
reaches the end of the vertebral canal. During the
fetal period, it ‘ascends’ to sacral and later lumbar
levels (Chap. 6).

(ec) induce Slug in the neural crest (ncr) and support the ex-
pression of Pax3 and Pax7 in the dorsal part of the spinal cord.
SHH suppresses the expression of these transcription factors.
ap alar plate, bp basal plate, mn motoneurons, np neural plate,
rp roof plate, s/H sulcus limitans of His. (After Carlson 1999)

1.6  Pattern Formation of the Brain
Prospective subdivisions of the brain are specified
through pattern formation which takes place in two
directions: from medial to lateral, and from rostral to
caudal (Lumsden and Krumlauf 1996; Rubinstein
and Beachy 1998; Fig.1.10). Mediolateral or ven-
trodorsal pattern formation generates longitudinal
areas such as the alar and basal plates, and rostrocau-
dal pattern formation generates transverse zones
(one or more neuromeres). Most likely, the rostrocau-
dal regionalization of the neural plate is induced al-
ready during gastrulation (Nieuwkoop and Albers
1990). In amphibians, the first mesoderm to ingress
gives rise to the anterior head mesoderm. The meso-
derm that follows will form the chordamesoderm
and more lateral mesodermal structures. The anteri-
or mesoderm differs from the chordamesoderm also
in the genes that it expresses. Signals from both the
anterior mesoderm and the chordamesoderm initi-
ate neural development by inducing neural tissue of
an anterior type, i.e. forebrain and midbrain, in the
overlying ectoderm along its entire anteroposterior
length. A second signal from chordamesoderm alone
converts the overlying neuroectoderm induced by
the first signal into a posterior type of neural tissue,
i.e.hindbrain and spinal cord (Chap. 2). Endodermal
signalling molecules also play an important role in
the induction of the rostral part of the CNS (de Souza
and Niehrs 2000).

Developmental gene expression studies show that
the vertebrate CNS can be divided into three regions.
The anterior region comprises the forebrain and
most of the midbrain, and is characterized by expres-
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Fig. 1.10 Bauplan and pattern formation of the mouse brain.
a The dorsal view of the rostral part of the neural plate (np)
shows the approximate locations of the prosencephalon
(pros), mesencephalon (mes) and rhombencephalon (rhomb),
and b the the transverse section shows the structures in-
volved.The expression of some genes involved in the pattern-
ing of the brain is shown in a dorsal view of the neural plate of
an E8 mouse (c) and in a median section through the neural
tube at E10.5 (d). The arrows indicate the morphogenetic
processes involved in the closure of the neural tube. The ex-
pression of lateralizing (L) or dorsalizing (D) signalling mole-

sion of the homeobox genes Emx and Otx. The mid-
dle division comprises the posterior part of the mid-
brain and most of the first rhombomere. It is known
as the midbrain-hindbrain boundary (MHB) or isth-
mocerebellar region. The third region comprises the
rhombencephalon and spinal cord, and is character-
ized by Hox gene expression.

Longitudinal patterning centres are present along
the ventral (notochord and prechordal plate, and
later the floor plate) and dorsal (epidermal-neuro-
ectodermal junction, and later the roof plate) aspects
of the neural plate and early neural tube. Medial, i.e.
ventralizing, signals such as SHH play an important
role during the formation of the primordia of the
basal plate. SHH induces the formation of motoneu-
rons in the spinal cord and brain stem (Chap. 6). Lat-

1.6 Pattern Formation of the Brain

cules such as BMPs is indicated in light red, the medializing (M)
or ventralizing (V) factor SHH in red, the fibroblast growth
factor 8 (FGF8) in dark grey and brain factor 1 (Foxg1) in grey.
Medial signals induce the basal plate (bp), whereas lateral
signals induce the alar plate (ap). anr anterior neural ridge,
cb cerebellum, cho chiasma opticum, ec ectoderm, en endo-
derm, ev eye vesicle, hy hypothalamus, is isthmus, m mesen-
cephalon, nch notochord, nr neural ridge, pchpl prechordal
plate, p1, p6 prosomeres, Rthp Rathke'’s pouch, r1-r7 rhom-
bomeres, tel telencephalon. (After Rubinstein and Beachy
1998; Rubinstein et al. 1998)

eral, i.e. dorsalizing, signals such as BMPs from the
adjacent ectoderm induce the formation of the alar
plate and the dorsal part of the forebrain. SHH is not
only responsible for dorsoventral patterning in the
CNS, but also plays a role during the specification of
oligodendrocytes, the proliferation of neural precur-
sors and the control of axon growth (Marti and Bov-
olenta 2002). The BMPs also have a variety of func-
tions (Mehler et al. 1997). Holoprosencephaly, a de-
fect in brain patterning, is the most common struc-
tural anomaly of the developing forebrain (Golden
1998; Muenke and Beachy 2000; Sarnat and Flores-
Sarnat 2001; Chap. 9).

Specialized, transverse patterning centres are
present at specific anteroposterior locations of the
neural plate such as the anterior neural ridge and the
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Fig. 1.11 Lateral views of the developing brain in Carnegie
stages 12,13,15,17 and 23.The mesencephalon is indicated in
light red. cb cerebellum, di diencephalon, ep epiphysis, ev eye
vesicle, ffrontal lobe, f ce flexura cervicalis, f cr flexura cranialis,

already mentioned MHB (Fig. 1.10). They provide a
source of secreted factors that establish the regional
identity in adjacent domains of the neural tube. The
posterior limit of Otx2 expression marks the anterior
limit of the MHB, whereas the anterior limit of Gbx2
expression marks its posterior limit. In Otx2 knock-
out mice, the rostral neuroectoderm is not formed,
leading to the absence of the prosencephalon and the
rostral part of the brain stem (Acampora et al. 2001;
Wurst and Bally-Cuif 2001). In Gbx2 knockouts, all
structures arising from the first three rhombomeres,
such as the cerebellum, are absent. Cells in the MHB
(the isthmic organizer) secrete fibroblast growth fac-
tor (FGFs) and Wnt proteins which are required for
the differentiation and patterning of the midbrain
and hindbrain (Rhinn and Brand 2001). Signals from
the anterior neural ridge including FGF8 regulate the
expression of Foxgl (earlier known as brain factor 1,
BF1), a transcription factor that is required for nor-
mal telencephalic and cortical morphogenesis (Ru-
binstein and Beachy 1998; Monuki and Walsh 2001).
Although much of our insight into these patterning
mechanisms relies on studies in mice, humans are
subject to a wide variety of naturally occurring muta-
tions (Chap. 9).

fpo flexura pontina, gV, V trigeminal ganglion, mes mesence-
phalon, npl nasal placode, o occipital lobe, pros prosence-
phalon, t temporal lobe, tel telencephalon. (After O'Rahilly and
Muller 1999)

1.7  Early Development of the Brain

Lateral and medial views of the developing brain are
shown in Figs.1.11 and 1.12. The neural tube be-
comes bent by three flexures: (1) the mesencephalic
flexure at the midbrain level, already evident before
fusion of the neural folds; (2) the cervical flexure, sit-
uated at the junction between the rhombencephalon
and the spinal cord,and (3) the pontine flexure in the
hindbrain. The three main divisions of the brain
(prosencephalon, mesencephalon and rhomben-
cephalon) can already be recognized when the neur-
al tube is not yet closed. The forebrain soon divides
into an end portion, the telencephalon, and the dien-
cephalon that can be identified because it gives rise to
the optic vesicles (Fig. 1.12). With the development of
the cerebellum, the pons and the trigeminal nerve,
the division of the hindbrain into a rostral part, the
metencephalon, and a caudal part, the medulla ob-
longata or myelencephalon, becomes evident. The
junction between the hindbrain and midbrain is rel-
atively narrow and is known as the isthmus
rhombencephali. The first part of the telencephalon
that can be recognized is the telencephalon medium
or impar. By stagel15, the future cerebral hemi-
spheres can be recognized. The cerebral hemispheres



Fig. 1.12 Medial views of the developing brain in Carnegie
stages 10-13, 15 and 17. The mesomeres (M, M1, M2) and
the mesencephalon (mes) are indicated in light red. Asterisks
indicate the spinomedullary junction. ap alar plate, bp basal
plate, cbi internal cerebellar bulge, cho chiasma opticum,
comm pl commissural plate, D1, D2 diencephalic neuromeres,
dth dorsal thalamus, ep epiphysis, ev eye vesicle, gV trigeminal

enlarge rapidly so that by the end of the embryonic
period they completely cover the diencephalon.
Frontal, temporal and occipital poles and the insula
become recognizable (Fig. 1.11), whereas an olfacto-
ry bulb becomes visible on the ventral surface.

1.7.1 Imaging of the Embryonic Brain

The introduction of the ultrasound method has
opened new possibilities for studying the human em-
bryonic brain. The use of the transvaginal route has
so greatly improved the image quality that a detailed
description of the living embryo and early fetus has
become possible (Fig.1.13). Ultrasound data show

1.7 Early Development of the Brain

ganglion, gVil facial ganglion, hy hypothalamus, is isthmus,
Lc locus coeruleus, Ige lateral ganglionic eminence, Iterm
lamina terminalis, mge medial ganglionic eminence, np cran
cranial neuropore nlV nervus trochlearis, ov otic vesicle,
1-8 rhombomeres, s/H sulcus limitans of His, syn synen-
cephalon, telm telencephalon medium, vth ventral thalamus.
(After O'Rahilly and Muiller 1999)

agreement with the developmental time schedule de-
scribed in the Carnegie staging system (Blaas et al.
1994, 1995a, b; Blaas and Eik-Nes 1996; van Zalen-
Sprock et al. 1996; Blaas 1999; Pooh et al. 2003). Hu-
man development and possible maldevelopment can
be followed in time. The extension of the ultrasound
techniques to three dimensions has made it possible
to reconstruct the shape of the brain ventricles and to
measure their volumes (Blaas et al. 1995a, b; Blaas
1999; Blaas and Eik-Nes 2002). Anomalies of the ven-
tricular system such as diverticula are rare (Hori et
al. 1983, 1984a). Accessory ventricles of the posterior
horn are relatively common and develop postnatally
(Hori et al. 1984b; Tsuboi et al. 1984).
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1.7.2 Neuromeres

Morphological segments or neuromeres of the brain
were already known to von Baer (1828), and were de-
scribed for the human brain by Bartelmez (1923) and
Bergquist (1952), and for many other vertebrates
(Nieuwenhuys 1998). Neuromeres are segmentally
arranged transverse bulges along the neural tube,
particularly evident in the hindbrain (Fig. 1.14). On-
ly recently, interest in neuromeres was greatly re-
newed owing to the advent of gene-expression stud-
ies on development, starting with the homeobox
genes. The expression of HOX genes in the develop-
ing human brain stem is directly comparable to that
of Hox genes in mice (Vieille-Grosjean et al. 1997).
Each rhombomere is characterized by a unique com-
bination of Hox genes, its Hox code. The timing and
sequence of appearance of neuromeres and their de-
rivatives were studied in staged human embryos
(Miiller and O’Rahilly 1997; Fig.1.15). The neu-
romeres of the forebrain, midbrain and hindbrain

Overview of Human Brain Development

Fig. 1.13 Ultrasound images

in human embryos of 7.5 (a—c),
9.5 (d) and 10 (e) weeks of gesta-
tion with crown-rump lengths

of 11,29 and 33 mm, respectively.
ChorP1-4 choroid plexuses of
lateral and fourth ventricles,

Di diencephalon, Hem cerebral
hemisphere, Mes mesencephalon,
Rhomb rhombencephalon,

3 third ventricle. (Kindly provided
by Harm-Gerd K. Blaas, Trond-
heim)

were determined morphologically on the basis of sul-
ci, mitotic activity in the walls and fibre tracts. Six
primary neuromeres appear already at stage 9 when
the neural folds are not fused (Fig.1.7b): prosen-
cephalon, mesencephalon and four rhombomeres
(A-D). Sixteen secondary neuromeres can be recog-
nized from about stage 11. They gradually fade after
stage 15 (Fig. 1.12). Eight rhombomeres (Rh1-Rh8),
an isthmic neuromere (I), two mesomeres (M1, M2)
of the midbrain, two diencephalic neuromeres (D1,
D2) and one telencephalic neuromere (T) can be dis-
tinguished. The diencephalic neuromere D2 can be
further subdivided into the synencephalon, the
parencephalon caudalis and the parencephalon ros-
tralis. Neuromere D1 gives rise to the eye vesicles and
the medial ganglionic eminences (Miiller and
O’Rahilly 1997).

Each neuromere has alar (dorsal) and basal (ven-
tral) components. In the developing spinal cord and
brain stem, the sulcus limitans divides the prolifera-
tive compartments into alar and basal plates. The



Fig. 1.14 Dorsal view of a malformed embryo (Carnegie
stage 14) showing the bulging of several rhombomeres (kind-
ly provided by Kohei Shiota, Kyoto)

Fig. 1.15 Median section of

a stage 13 embryo.Rhombo-
meres 2,4 and 6 can be recog-
nized by ventral bulges.

cb cerebellum, is isthmus,

M1, M2 mesomeres, Rp Rathke's
pouch, syn synencephalon,

tel telencephalon, v4 fourth
ventricle. (From O'Rahilly 1975,
with permission)

1.7 Early Development of the Brain

mesencephalic part of the sulcus is not continuous
with a more rostral, diencephalic sulcus (Keyser
1972; Gribnau and Geijsberts 1985; Miiller and
O’Rahilly 1997; Fig. 1.12). Studies in mice (Bulfone et
al. 1993; Puelles and Rubinstein 1993; Shimamura et
al. 1995; Rubinstein et al. 1998) show that some genes
are expressed in the alar plate only, others only in the
basal plate (Fig. 1.10). One gene, Nkx2.2, is expressed
along the longitudinal axis of the brain, ending in the
chiasmatic region. On the basis of these findings, in
all murine prosomeres alar and basal parts are dis-
tinguished (Rubinstein et al. 1998; Puelles et al. 2000;
Puelles and Rubinstein 2003).

In mice (Fig.2.9b), the prosencephalon has been
divided into six prosomeres, numbered P1-P6 from
caudal to rostral. Prosomeres P1-P3 form the dien-
cephalon: P1 is the synencephalon, P2 the paren-
cephalon caudalis and P3 the parencephalon ros-
tralis. The alar component of the synencephalon
forms the pretectum, that of the caudal paren-
cephalon the dorsal thalamus and epithalamus and
that of the rostral parencephalon the ventral thala-
mus. The basal components jointly form the pre-
rubral tegmentum. Prosomeres P4-P6, together
known as a protosegment, form the secondary pros-
encephalon (Rubinstein et al. 1998; Puelles et al. 2000;
Puelles and Rubinstein 2003), from which the hypo-
thalamus, both optic vesicles and the telencephalon
arise. The basal parts of the secondary prosen-
cephalon give rise to the various subdivisions of the
hypothalamus, whereas from the alar parts prethala-
mic areas and the entire telencephalon, i.e. the cere-
bral cortex and the subcortical centers such as the
basal ganglia, arise. The main differences between
human and murine neuromeres concern the pro-
someres. Puelles and Verney (1998) applied the pro-
someric subdivision to the human forebrain.
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1.7.3 The Ganglionic Eminences

At first, each cerebral hemisphere consists of a thick
basal part, the subpallium, giving rise to the basal
ganglia, and a thin part, the pallium, that becomes
the future cerebral cortex. The subpallium appears as
medial and lateral elevations, known as the ganglion-
ic (Ganglionhiigel of His 1889) or ventricular emi-
nences (Fig. 1.16). The caudal part of the ventricular
eminences is also known as the caudal ganglionic
eminence, and primarily gives rise to parts of the
amygdala. The medial ganglionic eminence is de-
rived from the diencephalon, and is involved in the
formation of the globus pallidus. The larger lateral
ganglionic eminence is derived from the telen-
cephalon, and gives rise to the caudate nucleus and
the putamen. As the internal capsule develops, its fi-
bres separate the caudate nucleus from the putamen,
and the thalamus and the subthalamus from the
globus pallidus. Both the lateral and the medial ven-
tricular eminences are also involved in the formation
of the cerebral cortex. The pyramidal cells of the cere-
bral cortex arise from the ventricular zone of the pal-
lium, but the cortical GABAergic interneurons arise
from both ganglionic eminences, the medial emi-
nence in particular (Parnavelas 2000; Anderson et al.
2001; Marin and Rubinstein 2001; Chap. 9). The cau-
dal part of the ganglionic eminence also gives rise to
a contingent of GABAergic neurons for dorsal thala-
mic association nuclei such as the pulvinar through a
transient fetal structure, the gangliothalamic body
(Raki¢ and Sidman 1969; Letini¢ and Kostovi¢ 1997;
Letini¢ and Rakic 2001).

Fig. 1.16 Transverse sections
through the human forebrain,
showing the developing gan-
glionic or ventricular eminences
at stages 17 (a) and 20 (b),
respectively./ge lateral ganglionic
eminence, Iv lateral ventricle,
mge medial ganglionic eminence,
pal pallium, plch plexus choro-
ideus, v3 third ventricle. (From
O'Rahilly 1975, with permission)
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1.8  Fetal Development of the Brain

The most obvious changes in the fetal period are (1)
the outgrowth of the cerebellar hemispheres and the
formation of its median part, the vermis, (2) the con-
tinuous expansion of the cerebral hemispheres, the
formation of the temporal lobe and the formation of
sulci and gyri and (3) the formation of commissural
connections, the corpus callosum in particular.

1.8.1 The Cerebellum

The development of the cerebellum takes place large-
ly in the fetal period (Fig. 1.17). The cerebellum aris-
es bilaterally from the alar layers of the first rhom-
bomere (Fig. 1.12). Early in the fetal period, the two
cerebellar primordia are said to unite dorsally to
form the vermis. Sidman and Rakic (1982), however,
advocated Hochstetter’s (1929) view that such a fu-
sion does not take place, and suggested one cerebel-
lar primordium (the tuberculum cerebelli). The tu-
berculum cerebelli consists of a band of tissue in the
dorsolateral part of the alar plate that straddles the
midline in the shape of an inverted V. The arms of the
V are directed caudally as well as laterally, and thick-
en enormously, accounting for most of the early
growth of the cerebellum. The rostral, midline part of
the V, however, remains small and relatively incon-
spicuous. The further morphogenesis of the cerebel-
lum can be summarized as follows: (1) the caudally
and laterally directed limbs of the tuberculum cere-
belli thicken rapidly during the sixth postovulatory
week and bulge downwards into the fourth ventricle



Fig. 1.17 Embryonic (a, b) and fetal (c-f) development of the
human cerebellum: a at approximately 4 weeks; b at the end
of the embryonic period; c—f at 13 weeks (c,d),and 4 (e) and 5
(f) months of development. The V-shaped tuberculum cere-
belli (tbcb) is indicated in grey,and the upper and lower rhom-
bic lips in light red and red, respectively. cbi internal cerebellar
bulge, ci colliculus inferior, Cpb corpus pontobulbare, ¢s col-

(on each side the internal cerebellar bulge or innerer
Kleinhirnwulst of Hochstetter which together form
the corpus cerebelli); (2) during the seventh week,
the rapidly growing cerebellum bulges outwards as
the external cerebellar bulges (dusserer Kleinhirn-
wulst of Hochstetter) which represent the flocculi,
which are delineated by the posterolateral fissures;
(3) during the third month of development, i.e. early
in the fetal period, growth of the midline component
accelerates and begins to fill the gap between the
limbs of the V, thereby forming the vermis; and (4) by
the 12th to 13th weeks of development, outward, lat-

1.8 Fetal Development of the Brain

liculus superior, fpl fissura posterolateralis, fpr fissura prima, is
isthmus, /ant lobus anterior, /flnod lobus flocculonodularis,
I post lobus posterior, mes mesencephalon, nV trigeminal
nerve, Oli oliva inferior, tbac tuberculum acusticum, tbpo tu-
berculum ponto-olivare, vq ventriculus quartus, 2, 4, 6 rhom-
bomeres. (a After Streeter 1911, 1912; Jakob 1928; b after
Hochstetter 1929; c—f after Streeter 1911,1912)

eral and rostral growth processes have reshaped the
cerebellum to a transversely oriented bar of tissue
overriding the fourth ventricle. At the 12th week, fis-
sures begin to form transverse to the longitudinal ax-
is of the brain, first on the vermis and then spreading
laterally into the hemispheres. By stage 18 (approxi-
mately 44 days), the internal cerebellar swellings con-
tain the dentate nuclei, the first sign of the superior
cerebellar peduncles can be seen around stage 19
(about 48 days) and the cerebellar commissures ap-
pear at the end of the embryonic period (Miiller and
O’Rahilly 1990b).
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Fig. 1.18 Overview of the histogenesis of the cerebellum.a A
dorsolateral view of a human embryo and part of the tubercu-
lum cerebelli enlarged, showing the two proliferative com-
partments: the ventricular zone (V2), giving rise to Purkinje
cells and the deep cerebellar nuclei,and the external germinal
or granular layer (EGL), giving rise to the granule cells. b The
position of the rhombic lip in a transverse section at the level
of the lateral recess of the fourth ventricle.The upper rhombic
lip is found lateral to the lateral recess, and the lower rhombic
lip medial to the recess. ¢ The formation of the layers of

The histogenesis of the cerebellum is summarized
in Fig.1.18. The main cell types of the cerebellum
arise at different times of development and at differ-
ent locations. The Purkinje cells and the deep cere-
bellar nuclei arise from the ventricular zone of the
metencephalic alar plates. Bayer et al. (1995) estimat-
ed that in man the deep cerebellar nuclei as well as
the Purkinje cells are generated from the early fifth to
sixth weeks of development. Towards the end of the
embryonic period, granule cells are added from the
rhombic lip. The rhombic lip (Rautenleiste of His

the cerebellum in four periods from the early fetal period
until 7 weeks postnatally. The lamina dissecans is indicated
with asterisks. The arrows in a—c show the migration paths.
Cpb corpus pontobulbare, De dentate nucleus, ep ependyma,
GPCgranule precursor cells,IGL internal granular layer, /Z inter-
mediate zone, ML molecular layer, Oli oliva inferior, P-cell Purk-
inje cell, vg ventriculus quartus, WM white matter. (After Sid-
man and Rakic 1982; Hatten et al. 1997; O’Rahilly and Miller
2001; from ten Donkelaar et al. 2003, with permission)

1890) is the dorsolateral part of the alar plate, and it
forms a proliferative zone along the length of the
hindbrain. Cells from its rostral part, the upper
rhombic lip, reach the superficial part of the cerebel-
lum, and form the external germinal or granular lay-
er at the end of the embryonic period. Granule cells
are formed in the external germinal layer. The gran-
ule cells that arise from it migrate along the process-
es of Bergmann glia cells to their deeper, definitive
site. Adhesion molecules such as TAG1, L1 and astro-
tactin play a role in this migration (Hatten et al.
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Fig. 1.19 Lateral views of the developing human brain in the fourth (a), sixth (b) and eighth (c) gestational months, and in a
neonate (d).The arrows indicate the central sulcus. (After Kahle 1969; O’'Rahilly and Mdiller 1999)

1997). In the fetal period, the internal granular layer
is formed by further proliferation and migration of
the external germinal cells. This layer, situated below
the layer of Purkinje cells, is the definitive granular
layer of the cerebellar cortex. A transient layer, the
lamina dissecans, separates the internal granular lay-
er from the Purkinje cells. Ultimately, it is filled by
migrating granular cells and disappears (Rakic and
Sidman 1970). At the same time as the postmitotic
granule cells migrate inwards (16-25weeks), the
Purkinje cells enlarge and develop dendritic trees. In
man, the external germinal layer appears at the end of
the embryonic period and persists for several months
to 1-2 years after birth (Lemire et al. 1975). The cau-
dal part of the rhombic lip, the lower rhombic lip,
gives rise to the pontine nuclei and the inferior oli-
vary nucleus (Essick 1912; Wingate 2001; Fig. 1.17¢).
Neurons of these precerebellar nuclei migrate along
various pathways, the corpus pontobulbare in partic-
ular, to their ultimate position in the brain stem (Alt-
man and Bayer 1997).

Several genes have a marked impact upon cerebel-
lar development. In mice, knockouts of the WntI and
Enl genes largely or totally eliminate the cerebellum,
whereas in En2 knockouts the lobular pattern of the
posterior vermis is disrupted (Hatten et al. 1997;
Millen et al. 1999; Wang and Zoghbi 2001). The Math1
(mouse atonal homologue) gene is expressed in the
rhombic lip (Ben-Arie et al. 1997). In Mathl knock-
out mice, no granular layer is formed. SHH is ex-
pressed in migrating and settled Purkinje cells, and

acts as a potent mitogenic signal to expand the gran-
ule cell progenitor population (Wechsler-Reya and
Scott 1999). Medulloblastoma, a brain stem tumour
of childhood, is thought to originate in malignant
external granule cells. Developmental malforma-
tions of the cerebellum are mostly bilateral and may
be divided into (1) malformations of the vermis and
(2) malformations of the vermis as well as of the
hemispheres (Norman et al. 1995; Kollias and Ball
1997; Ramaeckers et al. 1997; Barkovich 2000; ten
Donkelaar et al. 2003). Agenesis or hypoplasia of the
vermis may occur in a great variety of disorders,
most frequently in the Dandy-Walker malformation
(Chap. 8). Pontocerebellar hypoplasia forms a large
group of disorders, characterized by a small pons and
a varying degree of hypoplasia of the cerebellum
(Barth 1993; Ramaeckers et al. 1997), up to its near-
total absence (Gardner et al. 2001).

1.8.2 The Cerebral Cortex

The outgrowth of the cerebral cortex and the prolif-
eration and migration of cortical neurons largely
takes place in the fetal period. Each hemisphere first
grows caudalwards, and then bends to grow in ventral
and rostral directions (Figs.1.19, 1.20). In this way
the temporal lobe arises. The outgrowth of the cau-
date nucleus, the amygdala, the hippocampus and the
lateral ventricle occurs in a similar, C-shaped way.
During the fetal period, the complex pattern of sulci
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Fig. 1.20 Medial views of the developing human brain at the end of the fourth (a), sixth (b) and eighth (c) gestational months,
and in a neonate (d). The arrows indicate the sulcus parieto-occipitalis. (After Macchi 1951, Kahle 1969 and Feess-Higgins and

Larroche 1987)

and gyri arises. On the lateral surface of the brain the
sulcus lateralis and the sulcus centralis can be recog-
nized from 4 months onwards. Owing to the develop-
ment of the prefrontal cortex, the sulcus centralis
gradually moves caudalwards. On its medial surface
first the parieto-occipital and cingulate sulci appear,
followed by the calcarine and central sulci. The
formation of sulci and gyri in the right hemisphere
usually preceeds that in the left one. The plexus
choroideus of the lateral ventricle arises in the lower
part of the medial wall of the telencephalic vesicle
(Fig. 1.16).

Usually, the pallium is divided into a medial palli-
um or archipallium, a dorsal pallium or neopallium
and a lateral pallium or paleopallium (Fig. 1.21). Re-
cently, an additional ventral pallium was added
(Puelles et al. 2000; Marin and Rubinstein 2002; Schu-
urmans and Guillemot 2002). The medial pallium
forms the hippocampal cortex, the three-layered allo-
cortex. Parts of the surrounding transitional cingu-
late and entorhinal cortex, the four-to-five-layered
mesocortex, may have the same origin. The dorsal
pallium forms the six-layered isocortex. The lateral
pallium forms the olfactory cortex and the ventral
pallium the claustroamygdaloid complex. The sub-
pallium consists of two progenitor domains, the lat-

eral and medial ganglionic eminences, generating the
striatum and the pallidum, respectively. Dorsal and
ventral domains of the developing telencephalon are
distinguished by distinct patterns of gene expression,
reflecting the initial acquisition of regional identity
by progenitor populations (Puelles et al. 2000; Schu-
urmans and Guillemot 2002; Chap. 9).

The hippocampal formation or formatio hip-
pocampi comprises the dentate gyrus, the hippocam-
pus, the subiculum and the parahippocampal gyrus.
These structures develop from the medial pallium
and are originally adjacent cortical areas (Fig. 1.22).
During the outgrowth of the cerebral hemispheres,
first caudalwards and subsequently ventralwards and
rostralwards, the retrocommissural part of the hip-
pocampal formation becomes situated in the tempo-
ral lobe (Stephan 1975; Duvernoy 1998). Rudiments
of the supracommissural part of the hippocampus
can be found on the medial side of the hemisphere on
top of the corpus callosum: the indusium griseum, a
thin cell layer, flanked by the stria longitudinalis me-
dialis and lateralis of Lancisi (Chap. 10). At the begin-
ning of the fetal period, the hippocampal formation
contains four layers (Humphrey 1966; Kahle 1969;
Arnold and Trojanowski 1996): a ventricular zone, an
intermediate layer, a hippocampal plate comprised of
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Fig. 1.21 Subdivision of the forebrain into the medial pallium
(MP), dorsal pallium (DP), lateral pallium (LP) and ventral palli-
um (VP), and subpallium. AEP/POA anterior entopeduncular/

preoptic area, CH cortical hem, dLGE dorsal part of lateral gan- ﬂ

glionic eminence, MGE medial ganglionic eminence, vLGE ven-
tral part of lateral ganglionic eminence. (After Puelles et al.
2000; Schuurmans and Guillemot 2002) CH

AEP/POA

Fig. 1.22 Development (a—c)
and structure (d) of the human
hippocampal formation.The
cornu Ammonis (CA) is indicated
in light red, the dentate gyrus
(GD) in red and the entorhinal
cortex (EC) in grey. CAT-CA3
cornu Ammonis subfields,

ffor fimbria fornicis, GPh gyrus
parahippocampealis, ship sulcus
hippocampi, Sub subiculum

a Sub b c
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Fig. 1.23 Histogenesis of the
cerebral cortex.a—c The neu-
roepithelium forms three zones,
the ventricular zone (V2), the
intermediate zone (/Z) and
the preplate. During the eighth
to 18th weeks of development,
neurons migrate from the
ventricular zone and form the
cortical plate (d). The preplate
becomes divided into the mar-
ginal zone (MZ2) and the sub-
Vv plate. A second compartment for
cell division, the subventricular

DTN

187 I
i

‘" zone (5VZ),is mainly involved

in the production of glial cells.

vi Finally (e), the marginal zone
forms the molecular layer

(layer ) and the cortical plate
layers lI-VI.The intermediate
zone forms the subcortical
white matter (WM).The subplate
disappears. (After O'Rahilly

and Mdiller 1999)

a b [4

bipolar-shaped neurons, and a marginal zone. At
15-19 weeks of gestation, individual subfields can be
distinguished. A distal-to-proximal gradient of cyto-
architectonic and neuronal maturity is found, with
the subiculum appearing more developed than the
ammonic subfields (CA1-CA3). The dentate gyrus is
the latest area to develop. Most pyramidal cells in the
cornu Ammonis fields are generated in the first half
of pregnancy and no pyramidal neurons are formed
after the 24th gestational week (Seress et al. 2001).
Granule cells of the dentate gyrus proliferate at a de-
creasing rate during the second half of pregnancy
and after birth but still occur at a low percentage dur-
ing the first postnatal year (Seress et al. 2001). Recip-
rocal entorhinal-hippocampal connections are es-
tablished by fetal midgestation (Hevner and Kinney
1996). Fibres connecting the entorhinal cortex,
hippocampus and subiculum are present by about
19 weeks of gestation. The perforant path, connecting
the entorhinal cortex with the dentate gyrus, and all

ependyma
e

connections with the neocortex are only beginning at
22 weeks of gestation.
The histogenesis of the six-layered cerebral cortex
is shown in Fig. 1.23. The developing cerebral wall
contains several transient embryonic zones: (1) the
ventricular zone, which is composed of dividing
neural progenitor cells; (2) the subventricular zone,
which acts early in corticogenesis as a secondary
neuronal progenitor compartment and later in devel-
opment as the major source of glial cells; (3) the in-
termediate zone, through which migrating neurons
traverse along radial glial processes; (4) the subplate,
thought to be essential in orchestrating thalamocor-
tical connectivity and pioneering corticofugal pro-
jections (Chap.2); (5) the cortical plate, the initial
condensation of postmitotic neurons that will be-
come layers II-VI of the mature cortex; and (6) the
marginal zone, the superficial, cell-sparse layer that is
important in the establishment of the laminar orga-

nization of the cortex.



Fig. 1.24 Radial and tangential migration of cortical neu-
rons. a The proliferative compartments of the murine tel-
encephalon:the ventricular zone (VZ, red) and the subventric-
ular zone (SVZ, light red). Postmitotic GABAergic neurons leave
the lateral (/ge) and medial (mge) ganglionic eminences and
reach the striatum (Str) and through tangential migration the

Cortical neurons are generated in the ventricular
zones of the cortical walls and ganglionic eminences,
and reach their destination by radial and tangential
migration, respectively. The first postmitotic cells
form the preplate or primordial plexiform layer
(Marin-Padilla 1998; Meyer and Goffinet 1998; Super
et al. 1998; Zecevic et al. 1999; Meyer et al. 2000).
Then, cells from the ventricular zone migrate to form
an intermediate zone and, towards the end of the em-
bryonic period, the cortical plate. This plate develops
within the preplate, thereby dividing the preplate in-
to a minor superficial component, the marginal zone
and a large deep component, the subplate. The mar-
ginal zone is composed largely of Cajal-Retzius neu-
rons (Meyer et al. 1999), secreting the extracellular
protein Reelin, and the subplate contains pioneer
projection neurons. Reelin is required for the normal
inside-to-outside positioning of cells as they migrate
from the ventricular zone. The formation of the
cortical plate takes place from approximately 7 to
16 weeks. The first cells to arrive will reside in the fu-
ture layer VI. Cells born later migrate past the already
present cortical cells to reside in progressively more
superficial layers. In this way, cortical layers VI-II are
subsequently formed. The marginal zone becomes
layer1, i.e. the molecular or plexiform layer. The sub-
plate gradually disappears. The ventricular zone
becomes the ependyma and the intermediate zone

1.8 Fetal Development of the Brain

marginal zone (M2) and the intermediate zone (/2). b Part
of the cortex is enlarged in which radial migration of neurons
(A) through the subplate (SP) to the cortical plate (CP) and tan-
gential migration, occurring in the ventricular, subventricular
and intermediate zones (B, €), is indicated. (After Pearlman
et al.1998)

the subcortical white matter. A transient cell layer, the
subpial granular layer (SGL) of Ranke (1910), origi-
nates from the basal periolfactory subventricular
zone (Brun 1965; Gadisseux et al. 1992; Meyer and
Wahle 1999). It migrates tangentially beneath the pia
to cover the neocortical marginal zone from the 14th
gestational week onwards. The SGL provides a con-
stant supply of Reelin-producing cells during the
critical period of cortical migration, keeping pace
with the dramatic growth and surface expansion dur-
ing corticogenesis. Naturally occurring cell death is
an active mechanism contributing to the disappear-
ance of the SGL (Spreafico et al. 1999).

In the telencephalon, radial migration is the pri-
mary mechanism by which developing neurons ar-
rive at their final position (Rakic 1972). The newly
born neuroblasts associate with specialized glial cells
known as the radial glial cells. Radial glial cells are
bipolar cells with one short process extended to the
adjacent ventricular surface and a second projecting
to the pial surface (Chap.2). A two-way signalling
process between the migrating neuron and the radial
glial fibre permits the neuroblast to migrate, and pro-
vides a signal to maintain the structure of the radial
glial fibre (Hatten 1999). This process requires known
receptors and ligands such as neuregulin and Erb4,
cell adhesion molecules, putative ligands with un-
known receptors such as astrotactin, and extracellu-
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lar matrix molecules and their surface receptors.
Blocking any of these components can slow or pre-
vent radial cell migration (Pilz et al. 2002). Cell mi-
gration perpendicular to the radial axis, i.e. tangen-
tial migration (Fig. 1.24), differs from radial cell mi-
gration in the direction of movement and in the
mechanism of cell guidance. Instead of radial glia, ax-
ons appear to be the substrate for at least some non-
radial cell migration (Pearlman et al. 1998). Non-ra-
dial cell migration provides most, if not all, GABAer-
gic interneurons of the cerebral cortex. This popula-
tion of cortical neurons migrates from the ganglionic
eminences along non-radial routes to reach the cere-
bral cortex (Anderson et al. 1999, 2001; Lavdas et al.
1999; Marin and Rubinstein 2001). The medial gan-
glionic eminence is the source of most cortical in-
terneurons, and is also a major source of striatal in-
terneurons (Marin et al. 2000). The tangential migra-
tion of postmitotic interneurons from the ganglionic
eminences to the neocortex occurs along multiple
paths, and is directed in part by members of the Slit
and semaphorin families of guidance molecules
(Marin et al. 2001).

Malformation of cortical development may be
divided into several categories, based on the stage of
development (cell proliferation, neuronal migration,
cortical organization) at which cortical development
was first affected (Barkovich et al. 2001; Chap. 10).
Malformations due to abnormal proliferation or
apoptosis may lead to extreme microcephaly. Malfor-
mations due to abnormal migration, i.e. neuronal mi-
gration disorders (NMDs) have been extensively
studied (Gleeson and Walsh 2000; Barkovich et al.
2001; Olson and Walsh 2002; Pilz et al. 2002). Malfor-
mations due to abnormal cortical organization in-
clude the polymicrogyrias and schizencephalies
(Barkovich et al. 2001).

The olfactory bulbs evaginate after olfactory fi-
bres penetrate the cerebral wall at the ventrorostral
part of the hemispheric vesicles (Pearson 1941). By
the end of the sixth week, several bundles of fibres
arising in the olfactory placodes have reached the
forebrain vesicles. A few days later, a shallow protru-
sion appears at the site of contact, and between 8 and
13 weeks, the cavity of the evagination enlarges and
becomes the olfactory ventricle. The olfactory bulbs
gradually elongate rostralwards along the base of the
telencephalon. Mitral cells arise from the surround-
ing ventricular zone. As the olfactory bulbs form,
future granule and preglomerular cells are generated
in the subventricular zone of the lateral ganglionic
eminences, and migrate into each bulb along a rostral
migratory stream (Hatten 1999). These neurons
move rapidly along one another in chain formations,
independent of radial glia or axonal processes. In rats
and primates, this migration persists into adulthood

(Doetsch et al. 1997; Kornack and Rakic 2001; Brazel
et al. 2003). Numerous cells of the piriform cortex
originate in a region close to the corticostriatal
boundary (Bayer and Altman 1991). They reach the
rostrolateral telencephalon via a lateral cortical
stream (de Carlos et al. 1996).

1.8.3 Cerebral Commissures

Cerebral commissures arise in a thin plate, the em-
bryonic lamina terminalis, i.e. the median wall of the
telencephalon rostral to the chiasmatic plate. It is al-
so known as the lamina reuniens or Schlussplatte (His
1889, 1904; Hochstetter 1919; Rakic and Yakovlev
1968). At approximately 5 weeks (stage 16), the com-
missural plate appears as a thickening in the embry-
onic lamina terminalis. The remainder of the lamina
then constitutes the adult lamina terminalis (End-
platte of His 1889, 1904). The commissural plate gives
rise to (Fig. 1.25) (1) the anterior commissure, which
appears at the end of the embryonic period and con-
nects the future temporal lobes, (2) the hippocampal
commissure, which appears several weeks later and
connects the crura of the fornix, and (3) the corpus
callosum, which appears early in the fetal period and
connects the cerebral hemispheres. The corpus callo-
sum is first identified at 11-12 weeks after ovulation,
and gradually extends considerably caudalwards. The
overlying part of the commissural plate becomes
thinned to form the septum pellucidum. Within the
septum a narrow cavity appears, the cavum septi
pellucidi. The corpus callosum appears to be fully
formed by the middle of prenatal life. Partial or com-
plete absence of the corpus callosum is not uncom-
mon (Aicardi 1992; Norman et al. 1995; Kollias and
Ball 1997; Barkovich 2000). Every disorder that influ-
ences the development of the commissural plate may
lead to this malformation. Dysgenesis of the corpus
callosum occurs in approximately 20 % of cases as an
isolated disorder, but in about 80 % of cases in combi-
nation with other disorders of the brain (Chap. 10).

1.8.4 Imaging of the Fetal Brain

Fetal magnetic resonance images at 20 and 35 weeks
of development are shown in Figs.1.26 and 1.27,
respectively. At 20 weeks of development, cortical
layers, the hypodense subplate in particular, can be
easily distinguished in the smooth cerebral cortex.
Germinal zones are hyperdense. A 35-week-old brain
shows the extensive changes that appear in the cere-
brum in the second half of pregnancy. Garel’s (2004)
MRI atlas presents the fetal brain in detail from
20 weeks of development until birth.
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Fig. 1.25 Development of the cerebral commissures at the  pocampi, comm pl commissural plate, fM foramen of Monro,
10th, 14th, 21st and 32rd weeks of development.ca commis-  fnx fornix, ge ganglionic eminence, ob olfactory bulb, spell sep-
sura anterior, ccal corpus callosum, chipp commissura hip-  tum pellucidum. (After Streeter 1911,1912)

Fig. 1.26 Fetal T2-weighted MRI taken at the 20th week of  surface without gyration. The thick periventricular germinal
development: a sagittal section; b frontal (or coronal) section;  layer has a low-signal intensity. A thin cortical layer is present,
and c horizontal (or axial) section.There is a smooth cerebral  below which the large subplate can be recognized
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Fig. 1.27 Fetal T2-weighted MRI taken at the 35th week of
development.The three frontal (or coronal) sections show in-
creasing development of the insulae and lateral fissures, and
anincreasing number of gyri and sulci.The basal ganglia (in a),
the amygdala (in a) and the hippocampal region (in b) are eas-
ily recognized. Note the large cavum septi pellucidi and the
prominent fornices (in a and b).The corpus callosum is visible
inaand b

1.9 Development of the Meninges

and Choroid Plexuses

The cranial meninges originate from several sources
such as the prechordal plate, the parachordal meso-
derm and the neural crest (O’Rahilly and Miiller
1986). The loose mesenchyme around most of the
brain at 5 weeks of development (stage 15) forms the
primary meninx. At 6 weeks (stagel7), the dural
limiting layer is found basally and the skeletogenous
layer of the head becomes visible. At 7weeks
(stage 19), the cranial pachymeninx and leptomeninx
are distinguishable. Hochstetter (1939) showed that,
as the dural reflections develop, the posterior point of
attachment between the tentorium cerebelli and the
falx cerebri gradually moves to a more caudal posi-
tion in the skull, thereby producing a continual
reduction in the size of the posterior cranial fossa
relative to that of the supratentorial fossae. Increases
of supratentorial volume relative to infratentorial
volume affect such an inferoposterior rotation of the
human fetal tentorium cerebelli (Jeffery 2002). Klint-
worth (1967) found the tentorium cerebelli at
stage 20 as a bilateral, three-layered structure. The
two tentorial precursors were visible macroscopical-
ly by stage23. They fuse at 55-mm crown-rump
length (CRL) to create the straight sinus (Streeter
1915).

The development of the spinal meninges has been
studied by Hochstetter (1934) and Sensenig (1951).
The future pia mater appears as neural crest cells by
stage11, and at 5weeks (stage 15) the primary
meninx is represented by a loose zone between the
developing vertebrae and the neural tube. After
6 weeks (stage 18), the mesenchyme adjacent to the
vertebrae becomes condensed to form the dural
lamella. At the end of the embryonic period
(stage 23), the dura completely lines the wall of the
vertebral canal. The spinal arachnoid, however, does
not appear until either the third trimester or post-
natally (O’Rahilly and Miiller 1999).

A choroid plexus first appears in the roof of the
fourth ventricle at stage 18, in the lateral ventricles at
stage 19,and in the third ventricle at stage 21 (Ariéns
Kappers 1958; Bartelmez and Dekaban 1962). The
primordia appear as simple or club-shaped folds pro-
truding into the ventricles. During stage21, the
choroid plexuses become vascularized. The early
choroid plexus of the lateral ventricle is lobulated
with vessels running in the mesenchymal stroma and
forming capillary nets under the single-layered
ependyma. The embryonic choroid plexus is convert-
ed into the fetal type during the ninth week of devel-
opment as the embryonic capillary net is replaced by
elongated loops of wavy capillaries that lie under reg-
ular longitudinal epithelial folds (Kraus and Jirdsek
2002). The stroma of the plexus originates from ex-



tensions of the arachnoid into the interior of the
brain that form the vela interposita. This may explain
the origin of the sporadically occurring intraventric-
ular meningiomas, most commonly found in the
trigone of the third ventricle (Nakamura et al. 2003).

1.10 Development of the Blood Supply
of the Brain

The brain is supplied by two pairs of internal carotid
and vertebral arteries, connected by the circle of
Willis. During the closure of the neural tube, primor-
dial endothelial blood-containing channels are estab-
lished. From these all other vessels, arteries, veins and
capillaries are derived. At stage 12, capital venous
plexuses, the capital vein and three aortic arches are
present (Streeter 1918; Congdon 1922; Padget 1948,
1957; Fig. 1.28). The internal carotids develop early
(stages 11-13), followed by the posterior communi-
cating artery, the caudal branch of the internal
carotid at stage 14, the basilar and vertebral arteries
(stage 16), the main cerebral arteries (stage 17) and
finally the anterior communicating artery, thereby
completing the circle of Willis (Evans 1911, 1912;
Padget 1948; Gillilan 1972). Bilaterally, longitudinal
arteries are established at stage 13 and are connected
with the internal carotids by temporary trigeminal,
otic and hypoglossal arteries. At first, the posterior
communicating artery provides the major blood sup-
ply of the brain stem. Anastomotic channels unite the
two longitudinal arteries, thereby initiating the for-
mation of the basilar artery. The temporary arteries
are gradually eliminated, but each of them may per-
sist. The primitive trigeminal artery is the most com-
mon of the primitive carotid-basilar anastomoses
that persist into adulthood, with an incidence of
0.1-1.0% (Wollschlaeger and Wollschlaeger 1964; Lie
1968; Salas et al. 1998; Suttner et al. 2000; Fig. 1.29).
The persistence of a primitive otic artery is shown in
Fig. 1.30.

Capillaries at the level of the cerebral hemispheres
begin to appear at 5 weeks, and probably earlier in the
brain stem (Padget 1948; O’Rahilly and Miiller 1999).
By 5weeks (stage 16), many of the definitive arteries
are present and are being transformed into the defin-
itive pattern. At the end of the embryonic period, an
anular network of leptomeningeal arteries arises
from each middle cerebral artery and extends over
each developing hemisphere (Van den Bergh and
Vander Eecken 1968). Similar meningeal branches,
originating from the vertebral and basilar arteries,
embrace the brain stem and cerebellum. From these
gradually muscularizing leptomeningeal artery
branches grow into the brain. Both supratentorially
and infratentorially, paramedian, short circumferen-
tial and long circumferential arteries can be distin-
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guished. The first vessels penetrate the telencephalon
in the seventh week of gestation, form a subventricu-
lar plexus at about 12 weeks of gestation (Duckett
1971) and also gradually muscularize. The paramedi-
an branches of the anterior cerebral artery have a
short course before they penetrate the cerebral
parenchyma, whereas the short circumferential ar-
teries such as the striate artery have a slightly longer
course and the long circumferential arteries may
reach the dorsal surface of the cerebral hemispheres.
At 16 weeks of gestation, the anterior, middle and
posterior cerebral arteries, contributing to the for-
mation of the circle of Willis, are well established
(Padget 1948; Van den Bergh and Vander Eecken
1968). During the further fetal period the relatively
simple leptomeningeal arteries increase in tortuosity,
size and number of branches. Their branching
pattern is completed by 28 weeks of gestation (Taka-
shima and Tanaka 1978).

The leptomeningeal perforating branches pass in-
to the cerebral parenchyma as cortical, medullary
and striate branches (Fig. 1.31). The cortical vessels
supply the cortex via short branches, whereas the
medullary branches supply the underlying white
matter. The striate branches penetrate into the brain
via the anterior perforate substance and supply the
basal ganglia and internal capsule. The cortical and
medullary branches supply cone-shaped areas along
the periphery of the cerebrum and are called ven-
triculopetal arteries. Striate branches arborize close
to the ventricle and supply a more central part of the
cerebrum. Together with branches of the tela
choroidea, they were supposed to give rise to ven-
triculofugal arteries, supplying the ventricular zone
or germinal matrix (Van den Bergh and Vander Eeck-
en 1968; De Reuck et al. 1972). The presence of such
arteries could not be confirmed by Gilles and co-
workers (Kuban and Gilles 1985; Nelson et al. 1991).
More likely, the central parts are supplied by deep
penetrating branches (Rorke 1982). Smooth muscle is
present at the basal ends of striatal arteries by
midgestation and extends well into the vessels in the
caudate nucleus by the end of the second trimester
(Kuban and Gilles 1985). The intracortical vessels al-
so develop gradually (Allsop and Gamble 1979).
From the 13th to 15th weeks, radial arteries without
side branches course through the cortex. By 20 weeks
of gestation, horizontal side branches and recurrent
collaterals appear, and from 27 weeks to term, short-
er radial arteries increase in number. Growth of the
intracortical capillaries continues well after birth
(Norman and O’Kusky 1986). In the fetal brain, the
density of capillaries is much higher in the ventricu-
lar zone than in the cortical plate until 17 weeks
(Duckett 1971; Allsopp and Gamble 1979; Norman
and O’Kusky 1986). After 25 weeks, increasing vascu-
larization of the cortical areas occurs.
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Fig. 1.28 Overview of the development of the blood supply
of the human brain from stage 12 until the neonatal period.
Arteries are in red, veins in grey. a anterior capital plexus,
AA aortic arch, AB a. basilaris, ACA a. cerebri anterior, ACE a.
carotis externa, acha anterior choroidal artery, achp posterior
choroidal artery, AC/ a. carotis interna, AClc caudal branch of a.
carotis interna, ACIr rostral branch of a. carotis interna, ACM a.
cerebri media, acmp a.communicans posterior, ACP a. cerebri
posterior, ahy hyoid artery, AICA anterior inferior cerebellar
artery, along a.longitudinalis, AS a. subclavia, astap a.stapedia,
AV a.vertebralis, cb cerebellum, cc corpus callosum, CCV com-
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mon cardinal vein, DA ductus arteriosus, di diencephalon,
ep epiphysis, ev eye vesicle, gV trigeminal ganglion, m middle
capital plexus, mes mesencephalon, OA ophthalmic artery,
ov otic vesicle, p posterior capital plexus, pAo posterior aorta,
PICA posterior inferior artery, plch plexus choroideus, RA right
atrium, RV right ventricle, SCA superior cerebellar artery,
SV sinus venosus, TA truncus arteriosus, tel telencephalon,
TP truncus pulmonalis, I-/ll aortic branches, 5,8, 12 temporary
trigeminal, otic and hypoglossal arteries. (After Padget 1948;
O'Rahilly and Miller 1999)



Fig. 1.28 (Continued)

Fig. 1.29 Persistence of the
primitive trigeminal artery.
Occasional autopsy finding
by Akira Hori in a 42-year-old
woman
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Fig. 1.30 Persistence of the primitive otic artery (from Lie
1968)

At 24 weeks of gestation, a large part of the basal
ganglia and internal capsule is supplied by a promi-
nent Heubner’s artery, arising from the anterior cere-
bral artery (Hambleton and Wigglesworth 1976). The
capillary bed in the ventricular zone is supplied
mainly by Heubner’s artery and terminal branches of
the lateral striate arteries from the middle cerebral
artery (Wigglesworth and Pape 1980). The cortex and
the underlying white matter are rather poorly vascu-
larized at this stage of development. Gradually, the
area supplied by the middle cerebral artery becomes
predominant when compared with the territories
supplied by the anterior and posterior cerebral arter-

ies (Okudera et al. 1988). Early arterial anastomoses
appear around 16 weeks of gestation. The sites of
arterial anastomoses between the middle and the
anterior cerebral arteries move from the convexity of
the brain towards the superior sagittal sinus and
those between the middle and posterior cerebral
arteries move towards the basal aspect of the brain.
By 32-34 weeks of gestation, the ventricular zone in-
volutes and the cerebral cortex acquires its complex
gyral pattern with an increased vascular supply. The
ventricular zone capillaries blend with the capillaries
of the caudate nucleus and the territory of Heubner’s
artery becomes reduced to only a small medial part
of the caudate nucleus. In the cortex, there is progres-
sive elaboration of the cortical blood vessels (Van
den Bergh and Vander Eecken 1968; Hambleton and
Wigglesworth 1976; Weindling 2002). Towards the
end of the third trimester, the balance of cerebral
circulation shifts from a central, ventricular zone ori-
ented circulation to a circulation predominant in the
cerebral cortex and white matter. These changes in
the pattern of cerebral circulation are of major
importance in the pathogenesis and distribution of
hypoxic/ischemic lesions in the developing human
brain.

Cerebrovascular density correlates with regional
metabolic demand (Pearce 2002). Correspondingly,
cerebrovascular conductance in the vertebrobasilar
and carotid systems increases more slowly than brain
weight, particularly during the postnatal period of
rapid cerebral growth, myelination and differentia-
tion. As part of normal development, most immature
human cerebral arteries appear to have regions of
weakened media near vessel bifurcations. These
weakened areas are reinforced during maturation via
the deposition of additional smooth muscle, but can
comprise areas of heightened vulnerability to rup-
ture during early postnatal development (Pearce
2002).

In younger premature infants (22-30 weeks old),
the blood vessels of the germinal, periventricular
zone and the perforating ventriculopetal vessels are
particularly vulnerable to perinatal asphyxia
(Marin-Padilla 1996; Volpe 1998; Weindling 2002).
Damage to these vessels often causes focal haemor-
rhagic lesions. In older premature infants (30-
34 weeks), the fetal white matter seems to be particu-
larly vulnerable to hypoxic-ischemic injury, leading
to periventricular leukomalacia or PVL (Chap. 3),
and often resulting in infarction (necrosis) and cavi-
tation (Banker and Larroche 1962; Marin-Padilla
1997,1999; Volpe 2001; Squier 2002; Weindling 2002).
PVL refers to necrosis of white matter in a character-
istic distribution, i.e. in the white matter dorsal and
lateral to the external angles of the lateral ventricles.
The corticospinal tracts run through the periventric-
ular region. Therefore, impaired motor function is
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Fig. 1.31 Development of cerebral blood vessels.The brain is
surrounded by a system of leptomeningeal arteries, which is
supplied by afferent trunks at the base of the brain, and gives
off ventriculopetal arteries (vp) towards the lateral ventricle
(a). A few deep-penetrating arteries supply periventricular
parts of the brain and were supposed to send ventriculofugal
arteries (vf) towards the ventriculopetal vessels, without
making anastomoses (b). Between these two systems there
may be a periventricular border area. Deep penetrators (dp)
more likely supply the periventricular parts of the brain.c The

the most common neurologic sequela of periventric-
ular white matter injury (Banker and Larroche 1962;
Aida et al. 1998; Staudt et al. 2000). Periventricular
white matter lesions account for the pathogenesis of
a large number of children with spastic hemiparesis
(Niemann et al. 1994).

Dural plexuses associated with the precardinal
veins become modified to form the various dural si-
nuses around the brain (Streeter 1915, 1918; Linden-
berg 1956; Padget 1957). Definitive venous channels
emerge from the primitive vascular net later than the
arteries do. Moreover, the complicated venous anas-
tomoses are essential to facilitate a greater adjust-
ment to the changing needs of their environment
over a considerably longer period (Padget 1957). The
development of the human cranial venous system is
summarized in Fig.1.32. During Padget’s venous
stage 1 (Carnegie stage 12), capital venous plexuses
and the capital vein are forming (Fig.1.32a). By

arrangement of both types of vessels around a cerebral hemi-
sphere. d, e Changes in the arterial pattern of the cerebrum
between 24 and 34 weeks of gestation. f Blood supply to the
basal ganglia at 20 weeks of gestation.acha anterior choroidal
artery, AC/ internal carotid artery, cb cortical branches, HbA
Heubner’s artery, Ima leptomeningeal arteries, mb medullary
branches, pba periventricular border area, sb striate branches
of middle cerebral artery. (After Van den Bergh and Vander
Eecken 1968; Hambleton and Wigglesworth 1976)

venous stage2 (Carnegie stage 14), three relatively
constant dural stems, anterior, middle and posterior,
are present draining into a primary head sinus (cap-
ital or ‘head’ vein) that is continuous with the anteri-
or cardinal vein. During venous stages3 and 4
(Carnegie stages 16 and 17), the dural venous chan-
nels come to lie more laterally as the cerebral hemi-
spheres and the cerebellar anlage expand and the ot-
ic vesicles enlarge (Fig.1.32¢c). The head sinus and
the primitive internal jugular vein also migrate later-
ally. By venous stage 5 (Carnegie stage 19), the head
sinus is replaced by a secondary anastomosis, the sig-
moid sinus. Moreover, more cranially the primitive
transverse sinus is formed. During venous stage 6
(Carnegie stage 21), the external jugular system aris-
es (Fig. 1.32d). Most parts of the brain, except for the
medulla, drain into the junction of the sigmoid sinus
with the primitive transverse sinus. Meanwhile, the
Galenic system of intracerebral drainage emerges as
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Development of Fibre Tracts (Including Development of Myelination)

Fig. 1.32 Development of the venous system of the human
brain from stage 12 until the neonatal period.Veins are in grey,
early arteries in red. a anterior capital plexus, ACV anterior car-
dinal vein, Cav$ cavernous sinus, CCV common cardinal vein,
ev eye vesicle, fm foramen magnum, GVG great vein of Galen,
ICV internal cerebral vein, JV internal jugular vein, m middle
capital plexus, p posterior capital plexus, PHS primary head
sinus, PTS primitive transverse sinus, RA right atrium, Sag$
sagittal sinus, SCVs superior cerebral veins, SS sigmoid sinus,
StrS straight sinus, SV sinus venosus, tent tentorial plexus,
TeS tentorial sinus, TS transverse sinus, Il second aortic branch
1,2,3 pharyngeal arches. (After Streeter 1918; Padget 1957)

Fig. 1.33 Vein of Galen aneurysm in a 3-day-old female baby,
accompanied by an aneurysm of the internal cerebral veins
(from Akira Hori’s archives)

the result of accelerated growth of the ganglionic em-
inences. Subsequent venous changes depend largely
upon the expansion of the cerebral and cerebellar
hemispheres and the relatively late ossification of the
skull (Fig. 1.32¢, f). One of the most common malfor-
mations of the cerebral venous system is the vein of
Galen malformation (Fig. 1.33).

1.11  Development of Fibre Tracts
(Including Development

of Myelination)

Early generated, ‘pioneer’ neurons lay down an axon-
al scaffold, containing guidance cues that are avail-
able to later outgrowing axons (Chap. 2). The first de-
scending brain stem projections to the spinal cord
can be viewed as pioneer fibres. They arise in the
interstitial nucleus of the fasciculus longitudinalis
medialis (flm) and in the reticular formation (Miiller
and O’Rahilly 1988a,b). At early developmental
stages (from stage 11/12 onwards), in the brain stem
a ventral longitudinal tract can be distinguished,
followed by lateral and medial longitudinal fasciculi
at stage 13. Descending fibres from the medullary
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Fig. 1.34 The outgrowth of the human corticospinal tracts
(after Humphrey 1960)

reticular formation reach the spinal cord in embryos
of 10-12-mm CRL (Windle and Fitzgerald 1937). In-
terstitiospinal fibres from the interstitial nucleus of
the flm start to descend at stage 13, i.e. at 28 days. In
12-mm-CRL embryos (about stage 17/18), vestibu-
lospinal projections were found (Windle 1970). At the
end of the embryonic period, the flm is well devel-
oped, and receives ascending and descending (the
medial vestibulospinal tract) components from the
vestibular nuclear complex (Miiller and O’Rahilly
1990c). The lateral vestibulospinal tract arises from
the lateral vestibular nucleus. Windle and Fitzgerald
(1937) also followed the ingrowth of dorsal root pro-
jections and the development of commissural, as-
cending and descending spinal pathways (Chap.6).
Ascending fibres in the dorsal funiculus have reached
the brain stem at stage 16 (Miiller and O’Rahilly
1989). Decussating fibres, forming the medial lemnis-
cus, were first noted at stage 20 (Miiller and O’Rahilly
1990a, b; Chap. 7).

The corticospinal tract is one of the latest develop-
ing descending pathways (ten Donkelaar 2000). At
stage 21, the cortical plate starts to develop, whereas a
definite internal capsule is present by stage22
(Miiller and O’Rahilly 1990b). Hewitt (1961) found
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Fig. 1.35 Development of myelination of the main fibre tracts in the human CNS (from Yakovlev and Lecours 1967)

the earliest sign of the internal capsule (probably
the thalamocortical component; Yamadori 1965) in
stage 18 (13-17-mm CRL). Humphrey (1960) studied
the ingrowth of the corticospinal tract into the brain
stem and spinal cord with a silver technique
(Fig. 1.34). The pyramidal tract reaches the level of
the pyramidal decussation at the end of the embry-
onic period, i.e. at 8 weeks of development (Miiller
and O’Rahilly 1990c). Pyramidal decussation is com-
plete by 17 weeks of gestation, and the rest of the
spinal cord is invaded by 19 weeks (lower thoracic
cord) and 29 weeks (lumbosacral cord) of gestation
(Humphrey 1960). Owing to this long, protracted de-
velopment, developmental disorders of the pyrami-
dal tract may occur over almost the entire prenatal
period, and may include aplasia, hypoplasia, hyper-
plasia, secondary malformations due to destructive
lesions, anomalies of crossing and disorders of myeli-
nation (ten Donkelaar et al. 2004). Aplasia of the
pyramidal tracts is characterized by the absence of
the pyramids (Chap. 6).

Fibre tracts that appear early in development gen-
erally undergo myelination before later-appearing
tracts (Flechsig 1920; Yakovlev and Lecours 1967;
Gilles et al. 1983; Brody et al. 1987; Kinney et al. 1988;
Fig. 1.35). Myelination in the CNS is undertaken by

oligodendrocytes, and is a very slow process. The
presence of myelin has been noted in the spinal cord
at the end of the first trimester and proceeds cau-
dorostrally. The motor roots preceed the dorsal roots
slightly. In the CNS the afferent tracts become myeli-
nated earlier than the motor pathways. In the brain
stem, myelination starts in the flm at eight postovula-
tory weeks. The vestibulospinal tracts become myeli-
nated at the end of the second trimester, whereas the
pyramidal tracts begin very late (at the end of the
third trimester), and myelination is not completed in
them until about 2 years. Cortical association fibres
are the last to become myelinated. The appearance of
myelin in MRI lags about 1 month behind the histo-
logical timetables (van der Knaap and Valk 1995;
Ruggieri 1997). As judged from relative signal inten-
sities, myelin is present at 30-34 weeks of develop-
ment in the following structures (Sie et al. 1997; van
Wezel-Meijler et al. 1998): the medial lemniscus, the
superior and inferior colliculi, the decussation of the
superior cerebellar peduncles, the crus cerebri, the
ventrolateral thalamus, the lateral globus pallidus
and dorsolateral putamen, the dentate nucleus, the
middle and superior cerebellar peduncles, the ver-
mis, the cortex around the central sulcus and the hip-
pocampus. Between 34 and 46 weeks, myelin appears
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Fig. 1.36 Myelination in T1-weighted horizontal (or axial)im-  of the brachia conjunctiva,and in b and cin the posterior limb
ages of a newborn (a-c),a child of 1.5 years of age (d-f)and a  of the internal capsule. Myelination is far more advanced in
young adult (g-i).In a myelination is visible in the decussation  the pictures of the infant (d—f)
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in the lateral part of the posterior limb of the internal
capsule and the central part of the corona radiata;
therefore, at birth the human brain is rather imma-
ture in regard to the extent of its myelination. The
rate of deposition of myelin is greatest during the
first two postnatal years (van der Knaap and Valk
1990, 1995). On magnetic resonance images, a signif-
icant decrease in water content leads to a decrease in
longitudinal relaxation times (T1) and transverse re-
laxation times (T2). Consequently, ‘adult-like’appear-
ance of T1-weighted and T2-weighted images be-
comes evident towards the end of the first year of life.
Age-related changes in white matter myelination
continue during childhood and adolescence (Paus et
al. 2001). The pattern of myelination around birth is
illustrated in Fig. 1.36.

Prenatal motor behaviour has been analysed in
ultrasound studies. The first, just discernable move-
ments emerge at 6-7 weeks’ postmenstrual age (Ian-
niruberto and Tajani 1981; de Vries et al. 1982). About
2weeks later, movements involving all parts of the
body appear. Two major forms of such movements
can be distinguished, the startle and the general
movement (Hadders-Algra and Forssberg 2002). The
first movements appear prior to the formation of the
spinal reflex arc, which is completed at 8 weeks’ post-
menstrual age (Okado and Kojima 1984). This means
that the first human movements, just like those of
chick embryos (Hamburger et al. 1966), are generat-
ed in the absence of afferent information. During the
following weeks, new movements are added to the
fetal repertoire, such as isolated arm and leg move-
ments, various movements of the head, stretches,
periodic breathing movements and sucking and swal-
lowing movements (de Vries et al. 1982). Arm and leg
movements, just like the palmar and plantar grasp
reflexes, develop at 9-12 weeks, suggesting that fetal
motility develops without a clear craniocaudal se-
quence. The age at which the various movements de-
velop shows considerable interindividual variation,
but at about 16 weeks’ postmenstrual age all fetuses
exhibit the entire fetal repertoire. The repertoire con-
tinues to be present throughout gestation (Hadders-
Algra and Forrsberg 2002). If these movements are di-
minished or even absent owing to cerebral, spinal,
nervous or muscular defects, the fetal akinesia defor-
mation sequence occurs (Moessinger 1983), the phe-
notype of which was first described as Pena-Shokeir
phenotype. This phenotype is characterized by multi-
ple joint contractures, limb pterygia, lung hypoplasia,
short umbilical cord, craniofacial deformities, growth
retardation, hydrops and polyhydramnion (Hall
1986). The fetal akinesia sequence has been detected
by ultrasound as early as 13 weeks of gestation owing
to cerebral deformities leading to hydranencephaly
(Witters et al. 2002) and at 16 weeks of gestation in a
case of muscular origin (Lammens et al. 1997).
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Chapter 2

Mechanisms of Development

Hans J. ten Donkelaar

2.1 Introduction

Many of the mechanisms underlying neural develop-
ment are basically similar in vertebrates and inverte-
brates. Among invertebrates the nematode Caenor-
habditis elegans, the grasshopper, Schistocerca amer-
icana, and the fruitfly, Drosophila melanogaster, are
favourite species for research on general principles of
neural development. C. elegans is a powerful experi-
mental system for lineage studies and for the analysis
of programmed cell death (Sulston et al. 1983; Wood
1988). The large cells of the grasshopper embryo can
also be readily labelled with dyes, after which their
lineal descendants and differentiating axons can be
followed during subsequent development (Bate 1976;
Goodman and Bate 1983). The grasshopper and the
fruitfly have a common plan for neuronal develop-
ment (Thomas et al. 1984; Goodman and Doe 1993;
Campos-Ortega and Hartenstein 1997). The well-ad-
vanced molecular genetics of Drosophila (Niisslein-
Volhard et al. 1987; Ashburner 1989; Lawrence 1992)
makes it possible to carry out large-scale mutant
screens, subsequently clone the relevant genes and
analyse their function in vivo by gene perturbation
experiments.

Among vertebrates, popular species for experi-
mental studies on neural development are the ze-
brafish, Danio rerio, the South African clawed toad,
Xenopus laevis, the chick embryo (Gallus domesticus)
and mice. Like Drosophila, the zebrafish provides the
ability to carry out large-scale mutant screens, and
cloning and functional analysis of novel genes (West-
erfield 1995; Postlethwait and Talbot 1997; Schier
1997, 2001; Driever 1999). The large eggs of X. laevis
have been extensively used for lineage and neural
induction studies (Kay and Peng 1991; Keller et al.
1999). For their easy accessibility chick embryos are
widely used for surgical manipulation and grafting
experiments. The transplantation of cells and tissues
from the Japanese quail embryo into the chick em-
bryo has provided an excellent model for lineage
studies and for constructing regional fate maps (Le
Douarin 1973). In mice, many spontaneously occur-
ring mutations affecting the cerebral cortex and the
cerebellum have been described (Mullen et al. 1997;
Rice and Curran 1999). Their molecular analysis,
combined with transgenic technology to achieve ec-
topic gene expression and targeted gene ablation, has
made the mouse the mammal of choice for molecular

genetic studies of early development (Rossant and
Tam 2002).

In this chapter mechanisms of development will
be discussed with emphasis on neural induction,
pattern formation, neurogenesis, migration, and
axon outgrowth and guidance. Examples of some key
experiments will be illustrated.

2.2  Neural Induction

Early events in the development of the vertebrate CNS
have been most intensively studied in amphibians, first
in urodeles (Spemann 1936, 1938; Holtfreter 1938;
Nieuwkoop 1973), and more recently particularly in
the clawed toad, X. laevis (Kay and Peng 1991). Since
our understanding of neural induction in amniotes is
rudimentary (Gilbert 2000; Wolpert et al. 2002), this
section will deal mostly with amphibian develop-
ment. The extensive data recently obtained on induc-
tion mechanisms in zebrafish have been reviewed by
Fraser (1999), Appel (2000) and Schier (2001).

2.2.1 The Spemann-Mangold Organizer

The nervous system has its origin in the blastula
stage of development, when the amphibian embryo
consists of a ball of cells that surrounds a fluid-filled
cavity, the blastocoel (Fig.2.1). Although nearly
spherical in shape, the blastula has recognizable an-
teroposterior and dorsoventral axes. The blastocoel
lies in the anterior or animal hemisphere and is
surrounded by small cells that will later form the
ectoderm and the neurectoderm. The posterior or
vegetal hemisphere consists of large, yolk-laden cells
that will contribute to the endoderm. Between these
two regions is an equatorial belt of cells that is known
as the marginal zone. The dorsoventral axis is
marked by a small depression on the outside at the
future dorsal midline, the blastopore. This is the
starting point for extensive cell movements during
the subsequent gastrula stage that result in the inter-
nalization of cells from around the equator and pos-
terior half of the embryo. Gastrulation is a complex
process of crucial importance in embryogenesis. The
layers of future endoderm and mesoderm in the
marginal zone move inside through the dorsal lip of
the blastopore and extend along the anteroposterior
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Fig. 2.1 Cell movements during gastrulation in a frog em-
bryo.The major cell movements (arrows) are indicated.During
early gastrulation (a, b), bottle cells of the margin move in-
wards to form the dorsal lip of the blastopore and mesoder-
mal cells involute under the roof of the blastocoel. During
midgastrulation (c, d), the archenteron forms and displaces
the blastocoel. Cells migrate from the lateral and ventral
blastopore lips into the embryo.Towards the end of gastrula-

axis beneath the ectoderm, while the ectoderm
spreads downwards to cover the whole embryo
(Fig. 2.1b-d). The layer of dorsal endoderm is close-
ly applied to the mesoderm. Between this endoder-
mal layer and the yolk-laden vegetal cells the archen-
teron, the precursor of the gut cavity, is formed. The
cell movements of gastrulation transform the blastu-
la into a bilateral, trilaminar embryo with head and
tail ends, and three distinct layers, the germ layers:
the ectoderm on the entire outside, enclosing the
mesoderm and endoderm (Keller 1975; Keller et al.
1991). The nervous system arises from the ectoderm
on the dorsal surface of the blastula. During gastrula-
tion, tissue interactions between the ingressing
dorsal cells (prospective pharyngeal endoderm and
dorsal mesoderm, together referred to as mesendo-
derm) and the overlying ectoderm define the region
of the ectoderm that will form the nervous system
and establish principal axes, and direct cells within
this region towards a neural fate. This process is
known as neural induction.

archenteron

< endoderm

neural tube lumen
neurectoderm

proctodaum

tion (d, e), the blastocoel becomes obliterated, the embryo is
surrounded by ectoderm, the endoderm becomes internal-
ized and mesodermal cells are found between the ectoderm
and the entoderm. During the early tadpole stage (f), cells
lining the blastopore form the neurenteric canal, part of which
becomes the lumen of the secondary neural tube. (After Ba-
linsky 1965; Gilbert 2000)

Neural induction was discovered in the 1920s by
Hans Spemann and Hilde Mangold (Spemann 1921;
Spemann and Mangold 1924), during the course of
grafting experiments on urodele blastulas. They
transplanted a small region from the dorsal blasto-
pore lip of a darkly pigmented Triturus taeniatus em-
bryo to the ventral side of a non-pigmented T. crista-
tus embryo, and found that the host responded by
forming an additional embryonic axis (Fig. 2.2) with
a virtually complete CNS. The only tissues in the sec-
ondary axis that were contributed by the transplant
were those that are normally derived from the dorsal
mesoderm, such as the prechordal mesoderm and
the notochord. The neural tissue arose from the ven-
tral ectoderm of the host, a region that normally dif-
ferentiates into epidermis. This experiment demon-
strated that the nervous system forms in response to
inductive signals. Subsequently, Waddington (1933)
showed that the anterior end of the primitive streak
in avian embryos, known as Hensen’s node, can also
duplicate the dorsal axis, including an induced ner-
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Fig. 2.2 The ‘organizer’ experiment carried out in the early
1920s by Hilde Mangold and Hans Spemann. Transplantation
of the upper lip of the blastopore from one gastrula of a dark-
ly pigmented newt to another lightly pigmented host often
led to the induction of a second nervous system. Pr.Med. pri-
mary neural tube, R.sek.Pron. secondary pronephric duct,
R.sek.Uw. secondary somite, Sek.Ch. secondary notochord,
Sek.D. secondary endoderm, Sek.Med. secondary neural tube.
(From Spemann and Mangold 1924)

vous system, and a similar role was attributed to the
embryonic shield in fish embryos (Oppenheimer
1936; Driever 1999). Transplantation of the mouse
node to an ectopic location can induce secondary
axes, but they lack the anterior CNS (Beddington
1994). Therefore, vertebrate embryos contain a re-
gion, called the Spemann-Mangold organizer, which
is necessary for inducing dorsal ectoderm to form
neural tissue (De Robertis et al. 2000). The organizer
is itself induced by the Nieuwkoop centre that in am-
phibians is located in the dorsalmost vegetal cells
(Nieuwkoop 1973, 1977; Kessler 1999; Gilbert 2000;
Wolpert et al. 2002). The posterior marginal zone of
the chick embryo has Nieuwkoop-centre-like proper-
ties (Skromne and Stern 2001; Wittler and Kessel
2004).

2.2.2 The Molecular Basis
of Neural Induction

Cells of the organizer contribute to the pharyngeal
endoderm, the head mesoderm (the prechordal
plate), the notochord and the dorsal blastopore lip
(Keller 1976). The pharyngeal endoderm and the
prechordal plate lead the migration of the organizer
tissue, and induce the forebrain and the midbrain.
The prechordal mesendoderm is essential for correct
development of the optic stalks and the hypothala-

2.2 Neural Induction

marginal zone

endoderm

Fig. 2.3 The 'neural default’ model for neural induction in
Xenopus laevis.The ectoderm of the Xenopus gastrula contains
a high local concentration of a soluble epidermal inducer (di-
amonds).Binding of this factor to its receptor (Y) in the ventral
ectoderm initiates the programme for epidermal induction
(marked with an asterisk), whereas in the dorsal ectoderm
(stippled) antagonists of the epidermal inducer (>) are secret-
ed from the organizer. These factors bind the epidermal
inducer, prevent interaction with its receptor, and epidermal
induction is not initiated (X). (After Weinstein and Hemmati-
Brivanlou 1997)

mus (Chap. 9). The notochord induces the hindbrain
and the spinal cord. The early transplantation exper-
iments showed that the organizer produces a soluble,
neural-inducing factor that could neuralize compe-
tent ectoderm. Several soluble factors that can neu-
ralize ectoderm in explant cultures have been isolat-
ed (Harland and Gerhart 1997; Weinstein and Hem-
mati-Brivanlou 1997; Streit and Stern 1999). Experi-
ments with dissociated animal cap cells in X. laevis
showed that ectodermal cells have a natural tendency
to differentiate into neural tissue (Grunz and Tacke
1989), but are inhibited from doing so under the in-
fluence of BMP signalling (Hemmati-Brivanlou and
Melton 1992, 1997). Bone morphogenetic protein 4
(BMP4), a member of the transforming growth fac-
tor B (TGFp) ligand superfamily, is a potent neural in-
hibitor and epidermal inducer, and may represent the
endogenous epidermis-inducing factor (Weinstein
and Hemmati-Brivanlou 1997, 1999; Wilson and Ed-
lund 2001; Mufioz-Sanjudn and Hemmati-Brivanlou
2002). The nervous system develops from that region
of the ectoderm that is protected from epidermal
induction. The inhibition of the BMP signalling path-
way in the ectoderm is the hallmark of neural-fate
acquisition, and forms the basis of the default model
of neural induction (Fig.2.3). Organizer proteins
such as Noggin, Chordin, and Follistatin block the
action of BMP4. Comparable data were obtained for
zebrafish (Schier 2001). In mice, genetic knockouts of
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chordin and noggin do not result in dramatic early
embryonic phenotypes, but a compound knockout
for both genes yields mice with severe defects in fore-
brain development (Bachiller et al. 2000). Another
class of neural inhibitors are the Wnts, glycoproteins
related to the Drosophila wingless proteins, which are
required for a number of developmental processes,
including midbrain and neural crest development.
The inhibition of Wnt signalling by soluble Wnt
antagonists leads to the induction of anterior neural
markers in animal cap explants (Itoh et al. 1995;
Leyns et al. 1997). Recently, the default model has
been challenged (Wilson and Edlund 2001; Muiioz-
Sanjudn and Hemmati-Brivanlou 2002; Stern 2002;
Bally-Cuif and Hammerschmidt 2003). Various pro-
teins, including Wnts, Fgfs and Igfs, are proposed to
be positive inducers of the neural state.

2.2.3 Polarity and the Establishment
of the Neuraxis

Initial polarity of the vertebrate CNS is established at
about the same time as neural induction, through in-
teractions between the ectoderm and the organizer
or its derivatives (Gilbert 2000; Brown et al. 2001;
Wolpert et al. 2002). Otto Mangold (1933) found that
dorsal lip grafts from early gastrulae induced head
structures, sometimes even a complete additional
embryo, but that grafts from later gastrulae could
induce only trunk and tail structures. These experi-
ments suggested that the organizer consists of two
components: (1) a ‘head’ organizer, which induces
the anterior part of the neuraxis (the forebrain), and
(2) a ‘tail’ organizer, which induces the caudal part
(the rest of the brain and the spinal cord). In the
1950s, Nieuwkoop (Nieuwkoop and Nigtevecht 1954;
Nieuwkoop and Albers 1990) and Saxén and Toivo-
nen (Toivonen and Saxén 1955; Saxén and Toivonen
1962; Saxén 1989) proposed the two-step or two-sig-
nal model to explain results from their experiments
on newt embryos. They proposed that the antero-
posterior neural pattern is induced by the combined
action of two signals produced by the dorsal meso-
derm. The first signal, described by Nieuwkoop as the
activator and as the neuralizing inducer by Saxén and
Toivonen, initiates neural development by inducing
neural tissue of an anterior type (forebrain and mid-
brain). This inducer was proposed to be produced by
both the head mesoderm and the chordamesoderm.
The second signal, the transformer (Nieuwkoop) or
mesodermalizing inducer (Saxén and Toivonen),
converts the neural tissue induced by the first signal
into progressively more posterior types of neural
tissue (hindbrain and spinal cord) with increasing
concentration, and was proposed to be produced in a
gradient by chordamesoderm. Mangold’s experi-

ments suggested that each of the major regions of the
neural tube is specified by signals secreted by at least
two separate organizers, one for the head, one for
trunk and tail. Nieuwkoop’s activation-transforma-
tion model is the more attractive because it accounts
for the generation of more than two regions with a
smaller number of signals (Stern 2001, 2002).
Candidate anteriorizing signals include Cerberus
and Dickkopf, expressed by the deep layer cells of
the organizer in amphibians, by the prechordal
mesendoderm in birds and by the anterior visceral
endoderm (AVE) in mammals (Beddington and
Robertson 1998; de Souza and Niehrs 2000; Kiecker
and Niehrs 2001; Lu et al. 2001; Wittler and Kessel
2004). Candidate posteriorizing signals include
retinoic acid, members of the fibroblast growth fac-
tor (FGF) and Wnt families and members of the
TGEFP superfamily. These molecules are produced by
the organizer and its mesodermal derivatives, and
they can posteriorize induced neural tissue in animal
cap assays and other experimental situations. If
Xenopus neurulae are treated with retinoic acid, their
forebrain and midbrain development is impaired in a
concentration-dependent fashion (Durston et al. 1989;
Papalopulu et al. 1991; Sharpe 1991; Maden 2002).

2.2.4 Neural Induction in Amniote Embryos

In amniotes, neural induction shows some differ-
ences compared with amphibians. In birds, the in-
vagination of the cells of the blastula occurs along the
primitive streak, a groove on the surface of the blas-
tula (Fig. 2.4). Gastrulation results in the transforma-
tion of the pluripotent epiblast to three germ layers.
In the chick embryo, the primitive ectoderm from
which the nervous system arises has to be induced to
form a neural plate, presumably through the inactiva-
tion of neural inhibitors, by signals from the mes-
endoderm. Grafts of Hensen’s node, the avian orga-
nizer, can induce neural differentiation, and early
nodes induce the expression of anterior neural genes,
whereas later nodes induce posterior gene expression
(Storey et al. 1992; Darnell et al. 1999). Avian fore-
brain expression appears to be a specialized property
of the prechordal plate mesendoderm (Pera and
Kessel 1997).

Gastrulation in mammals is generally similar to
that in birds (Balinsky 1965). The early mouse gas-
trula has a cylindrical shape and consists of an outer
and an inner epithelial layer (Fig. 2.5). All embryonic
structures are derived from the inner layer (epiblast),
while the outer layer, the visceral endoderm, does not
contribute to the embryo proper (Tam and Behringer
1997; Beddington and Robertson 1998, 1999; David-
son et al. 1999; Lu et al. 2001). Gastrulation begins at
the posterior side with the formation of the primitive
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Fig. 2.4 Ingression of mesoderm and entoderm (arrows) dur-
ing gastrulation in the chick embryo.Gastrulation begins with
the formation of the primitive streak, a region of proliferating
and migrating cells. Future mesodermal and endodermal cells
migrate through the primitive streak into the interior of the
embryo. The endodermal cells replace the hypoblast. At the
rostral end of the primitive streak, Hensen's node forms. (After
Balinsky 1965)

trophoblasi

epiblast

Fig. 2.5 Four stages of development of the mouse embryo.In
the early egg cylinder stage (a), the inner cell mass is com-
posed of the rudiment of the embryo proper (epiblast)
around the amniotic cavity (AC),and the extraembryonic ecto-
derm (EEE).The hypoblast surrounds the epiblast. In the later
egg cylinder stage (b), the extraembryonic ectoderm gives
rise to the ectoplacental cone (EPC) which invades the mater-
nal tissues. The endoderm spreads and covers the inner sur-
face of the trophoblast (distal endoderm, DEN), whereas its
proximal part (PEN) still surrounds the epiblast. In the primi-

2.2 Neural Induction

Hensen'snode  primitive streak
l | epiblast

tive streak (PS) stage (c), the cavity inside the embryo has
become subdivided into the amniotic cavity proper and the
cavity of the ectoplacental cavity. The endoderm now com-
pletely surrounds both walls of the yolk sac cavity. The anteri-
or visceral endoderm (AVE) covers the anterior neurectoderm
(ANE).In a neural plate stage embryo (d), the embryo is curved
around the amniotic cavity and is concave dorsally. ALL allan-
tois, FG foregut, HG hindgut, NF neural fold, PN primitive node.
(After Snell 1941;Theiler 1972; de Souza and Niehrs 2000)
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streak and the node, a structure equivalent to the
amphibian organizer. Axial mesendoderm derived
from the node (pharyngeal endoderm, prechordal
mesendoderm, chordamesoderm) migrates anterior-
ly and displaces the visceral endoderm. The AVE,
which contacts the future anterior CNS during early
gastrulation, induces the forebrain and midbrain
(Thomas and Beddington 1996; Bouwmeester and
Leyns 1997; Beddington and Robertson 1998). Initial-
ly, it was thought that the AVE could correspond to
Mangold’s ‘head organizer’, but more recently it has
been shown that the AVE can only induce neural fates
when combined both with the node and with respon-
sive ectoderm (Tam and Steiner 1999; Stern 2002).
The anterior endoderm of the X. laevis organizer and
the mouse AVE express homologous genes (Bedding-
ton and Robertson 1998; de Souza and Niehrs 2000).
Expression of Otx2, Lhxl, Hex and Cerberus-like
genes in the AVE precedes the onset of gastrulation
by half a day or more (Acampora et al. 1995; Belo et
al. 1997; Biben et al. 1998; Thomas et al. 1998). In fact,
in mice anterior identity is established before gastru-
lation starts.

2.2.5 Specific Pathways for Head Induction

In addition to the action of the neuralizing factors on
ectoderm with prespecified anterior competence,
other molecular signals are required for complete
head induction (Beddington and Robertson 1998; de
Souza and Niehrs 2000; Kiecker and Niehrs 2001;
Stern 2001, 2002). Candidate effector molecules in
pathways crucial to anterior head formation include
the secreted molecules Cerberus, Frzb and Dickkopf
(Dkk1). They block the Wnt signal from the lateral
and ventral mesoderm. Cerberus, named after the
mythological three-headed dog that guarded the en-
trance to Hades, can induce multiple heads without
tails when injected as messenger RNA (mRNA) into
early Xenopus embryos (Bouwmeester et al. 1996). It
is expressed in the deep cells of the organizer that,
during gastrulation, form the leading edge of the ex-
tending mesendoderm. These cells move ahead of the
prechordal plate and are the first to contact the ecto-
derm from beneath. The heads induced by cerberus
overexpression are not complete as they have only
one eye (cyclopia), suggesting that Cerberus alone is
not sufficient as a head inducer. Frzb is a small, solu-
ble form of Frizzled, the Wnt receptor. It is synthe-
sized predominantly in mesendodermal cells be-
neath the head (Leyns et al. 1997). Microinjection of
frzb mRNA into the marginal zone leads to inhibi-
tion of trunk formation; the embryos become solely
heads. The Dickkopf protein is normally expressed in
the presumptive prechordal plate region of the orga-
nizer. Its mRNA induces the formation of complete

Fig. 2.6 Phenotype of a wild-type mouse with maintenance
of anterior patterning (a), and a hOtx12/hOtx1%-mouse (b)
with failure in maintenance of anterior patterning (repro-
duced with permission from Acampora and Simeone 1999,
Trends Neurosci. 22:116-122; copyright 1999, Elsevier)

heads with two eyes when co-injected with BMP in-
hibitors into early embryos (Glinka et al. 1998). More-
over, the injection of blocking antibodies to Dickkopf
leads to microcephaly, showing that this molecule, in
cooperation with BMP inhibitors, is necessary as well
as sufficient for head induction. Dickkopf is thought
to act as an antagonist of Wnt signaling in a double
inhibitory mechanism reminiscent of that involving
Noggin and BMPs. Comparable data were obtained
for zebrafish (Schier 2001). Dickkopf] appears to be
essential for forebrain development in mice (Mukho-
padhyay et al. 2001).

In Xenopus and chick embryos, the prechordal
mesendoderm is the dominant source of head-induc-
ing signals during early gastrulation. In mammals,
head induction needs a combination of signals from
anterior primitive endoderm, prechordal plate and
anterior ectoderm (Beddington and Robertson 1998;
de Souza and Niehrs 2000). This suggests that, despite
the homology of vertebrate anterior primitive endo-
derm, its role in head induction does not seem well-
conserved. The principle role of the murine AVE ap-
pears to be to direct cell movements of the adjacent
epiblast, to ‘protect’ portions of the prospective neur-
al plate against the caudalizing (posteriorizing) influ-
ence of the node (Stern 2002). Otx2 expression in the
AVE is required for the normal movements of this
layer (Kimura et al. 2000; Perea-Gémez et al. 2001).
Like in the avian hypoblast (Foley et al. 2000; Stern
2002), movement of the AVE (Fig. 2.5) seems to be re-
quired for head development by distancing prospec-
tive forebrain cells from the caudalizing influence of
the organizer.

Loss of function by targeted mutation of Otx2 re-
sults in head deletion, an abnormal body plan, and in
lack of the forebrain, midbrain and rostral hindbrain



Fig. 2.7 Cell lineage studies in X. laevis. a The distribution of
the neurectodermal descendants of V3 and D3 blastomeres
after injection of a vital dye is shown at stages 28-30. b The
locations and relative positions of the founder cell groups
and the compartments of the CNS which they giverisetoin a
512-cell embryo. The anteromedial founder cell group (AM)
gives rise to the ventral parts of the retina, telencephalon,

(Acampora and Simeone 1999; Acampora et al. 2001;
Fig.2.6). Probably, Otx2 plays two separate roles in
head development. Early expression in the AVE sug-
gests an involvement in either the specification of an-
terior competence or induction, whereas later expres-
sion in the forebrain and midbrain suggests a subse-
quent role in the maintenance of the region. Straight-
forward loss of Otx2 function by targeted mutation in
mice deletes the entire head rostral to the middle of
the hindbrain. The replacement of Otx2 by the close-
ly related gene Otx1I,which is normally expressed late
in forebrain development and not in the AVE, allows
the embryo to escape the early gastrulation pheno-
type of Otx2-/- mutants. OtxI functionally substi-
tutes for Otx2 in the visceral endoderm. Mutants that
lack other genes that are normally expressed in the
AVE such as Hex and Lhx1 also fail to develop anteri-
or structures, including the forebrain (Beddington
and Robertson 1999).

2.3  Cell Lineage Studies

and Fate Mapping

Lineage analysis has been widely used to determine
the phenotype and location of the progeny of a pro-
genitor cell or group of progenitors. In animals with

2.3 Cell Lineage Studies and Fate Mapping

diencephalon and mesencephalon, and the anterolateral
founder cell group (AL) gives rise to the dorsal parts of the
retina, telencephalon, diencephalon and mesencephalon.
The posteromedial (PM) and posterolateral (PL) founder cell
groups give rise to ventral and dorsal parts of the rhomb-
enephalon and spinal cord, respectively. (a After Gimlich and
Cooke 1983; b after Jacobson 1982)

large, accessible cells, such as the nematode C. ele-
gans, the grasshopper, S. americana, and the clawed
toad, X. laevis, cells can readily be labelled with dyes
like horseradish peroxidase (HRP) or fluorescent
markers (Bate 1976; Sulston and Horvitz 1977; Good-
man 1982; Jacobson 1982, 1985; Stent and Weisblat
1985).1n this way, lineal descendants and differentiat-
ing axons can be followed during subsequent devel-
opment.In C. elegans, the lineage of each of its cells is
known (Sulston and Horvitz 1977; Sulston et al.
1983), and the pattern of cell lineage is completely
invariant from animal to animal.

In X. laevis, Jacobson and co-workers (Hirose and
Jacobson 1979; Jacobson and Hirose 1981; Jacobson
1983; Jacobson and Moody 1984; see also Gimlich and
Cooke 1983; Moody 1987a, b, 1989; Moody and Kline
1990; Sullivan et al. 1999) studied the clonal organi-
zation of the CNS. They obtained highly consistent
fate maps by injecting HRP or fluorescein dextran
into individual ancestral cells that contribute pro-
geny to the CNS in a large series of embryos at succes-
sive stages from the two-cell to the 512-cell stage
(Fig. 2.7). The organization of the zebrafish fate map
is similar to that of Xenopus (Kimmel et al. 1990;
Driever 1999; Fraser 1999). In Xenopus, the brain and
spinal cord are formed from seven compartments,
and the ancestry of all cells in each compartment
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Fig. 2.8 Fate maps of: a X. laevis (stage 15); b the chick em-
bryo (three to four somite stage) and ¢ the mouse prosen-
cephalic neural plate (after Inoue et al. 2000). For the mouse
the distribution of the Emx2, Otx1 and Pax6 genes is also
shown. A, C, P anterior, central and posterior thalamic nuclei,
ap alar plate, bp basal plate, cb cerebellum, di diencephalon,
epiph epiphysis, FMB forebrain-midbrain boundary, hy hypo-
thalamus, hypoph hypophysis, mes mesencephalon, MHB mid-

could be traced back to a small group of founder cells
in the 512-cell blastula (Hirose and Jacobson 1979).
The outgrowth of labelled axons from neurons that
received their label from progenitor cells could also
be traced, at least for early differentiating neurons
such as Rohon-Beard cells and primary motoneu-
rons (Jacobson and Huang 1985; Hartenstein 1989).
After injection of HRP into a single blastomere, the
tracer is transmitted during mitosis to all descen-
dants and can be seen up to a week later in well-de-
veloped cells, including neurons and their peripheral
targets. All types of nerve fibres studied grew by the
most direct pathway, apparently without errors of
initial outgrowth, pathway selection or target selec-
tion (Jacobson and Huang 1985).

Unfortunately, single cell injections can hardly be
used to label entire populations of the much smaller
cells in the neural plate; therefore, Eagleson and
Harris (1990) applied fluorescent dyes as vital mark-
ers to the neural plate and ridge of X. laevis. Most
areas of the brain derive from the neural plate in a
fate map (Fig. 2.8a) that is consistent with the topol-
ogy of a sheet rolling into a tube, i.e. neighbouring
areas are maintained as neighbours. Much of the te-
lencephalon, ventral forebrain and dorsal brain stem
appear to derive from the neural ridge and not from
the neural plate (Eagleson and Harris 1990; Eagleson
et al. 1995). The anterior pituitary arises from the
median part of the anterior neural ridge, whereas the
hypothalamus originates from the midline parts of
the anterior neural plate (Fig. 2.8a).

brain-hindbrain boundary, nch notochord, nr neural ridge,
olfpl olfactory placode, optpl optic placode, phip primordium
hippocampi, pros prosencephalon rhomb rhombencephalon,
S suprachiasmatic nucleus, tel telencephalon, tm tectum mes-
encephali, trigpl tigeminal placode, p1, p4/5 prosomeres.
(a After Eagleson and Harris 1990; b after Couly and Le Doua-
rin 1987)

To study the lineal relationships in the avian cen-
tral and peripheral nervous system, Le Douarin
(1973) pioneered the chimera method. By combining
chick and quail tissue and following the cells of each
species through distinctive nuclear staining patterns,
Couly and Le Douarin (1987) produced a fate map
of the three to four somite stage chick embryo
(Fig. 2.8b). In chick embryos, the telencephalon aris-
es from the lateral (future dorsal or alar) regions of
the anterior neural plate, whereas the medial (later
ventral or basal) region gives rise to the diencephalon
(Couly and Le Douarin 1987; Rubinstein et al. 1998;
Le Douarin and Kalcheim 1999; Cobos et al. 2001). In
a mouse whole-embryo culture system, Inoue et al.
(2000) labeled neuroepithelial cells with vital dyes
and traced their siblings for 1 or 2 days. The fate map
of the mouse prosencephalic neural plate appears to
be rather similar to the fate maps of other vertebrates
(Fig. 2.8¢).

In mammalian embryos, retroviral vectors are in-
creasingly used to study clonal patterns of prolifera-
tion, migration and dispersal in the CNS (Cepko
1988; Sanes 1989; Cepko et al. 1997). A retrovirus vec-
tor is an infectious virus that transduces a non-viral
gene into mitotic cells in vivo or in vitro. Modified
viral vectors are passed to all daughter cells of the
originally infected progenitor cell. Retroviruses have
been used for lineage analysis in the mouse, chicken,
rat, ferret and primate CNS (McConnell 1995; Cepko
et al. 1997). Examples of such clonal analysis will be
discussed in the chapters on the spinal cord, brain
stem, cerebellum and cerebral cortex.



2.4  Pattern Formation

Pattern formation is the spatial ordering of cell dif-
ferentiation. Patterning of all regions of the neural
plate involves two general sets of mechanisms, one
that patterns along the anteroposterior axis and
the other that patterns along the mediolateral axis.
Anteroposterior patterning generates transverse
subdivisions of the neural plate. During an early
phase, regions and subregions are specified, later
followed by the acquisition of individual identity.
The principle brain regions are characterized by the
expression of region-specific transcription factors. A
prominent signalling centre at the midbrain-hind-
brain boundary (MHB; the isthmus) is responsible
for specifying the fate of the midbrain and cerebel-
lum. Hindbrain development is characterized by a
process of segmentation, setting up a modular orga-
nization of brain stem nuclei. Mediolateral pattern-
ing induces the primordia of the principal longitudi-
nal columns or domains of the CNS, the floor, basal,
alar and roof plates. Within the neural plate mediolat-
eral regional identities are specified in part by mole-
cules produced by adjacent non-neural tissues. At
spinal and brain stem levels of the neural plate, medi-
al cell fates are specified by the notochord (Placzek
1995; Tanabe and Jessell 1996). Lateral cell fates are
specified by the adjacent non-neural ectoderm
(Dickinson et al. 1995; Liem et al. 1995; Lee and Jessell
1999).

The neuromeric organization of the brain is
shown in Fig.2.9. Bergquist and Kéllén (Bergquist
1932, 1952; Bergquist and Kaillén 1954; Kaillén
1951, b) extensively studied the segmentation of the
vertebrate brain. They clearly showed that neu-
romeres are present during a certain developmental
period in all vertebrates, and that they coincide topo-
graphically with zones of high mitotic rate, i.e.
centres of proliferation (for further discussion see
Nieuwenhuys 1998a). The topography of the neu-
romeres and the different migration areas in a gener-
alized vertebrate brain is shown in Fig.2.9a. Each
neuromere has alar (dorsal) and basal (ventral) com-
ponents, divided by the sulcus limitans of His, at least
in the spinal cord and brain stem (His 1888). In the
spinal cord and brain stem, the basal plate contains
the motor centres and the alar plate the sensory cen-
tres. Gene expression studies in mice (Bulfone et al.
1993; Puelles and Rubinstein 1993; Shimamura et al.
1995; Rubinstein et al. 1998) show that some genes are
expressed in the alar plate only, others only in the
basal plate (Fig.2.13). One gene, Nkx2.2, is expressed
along the longitudinal axis of the brain, ending in the
chiasmatic region (Figs.2.9b, 2.13¢c, d). On the basis
of these findings, in all murine prosomeres alar and
basal parts are distinguished (Rubinstein et al. 1998;
Puelles et al. 2000; Puelles and Rubinstein 2003).

24 Pattern Formation
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Fig. 2.9 Neuromeric organization of the brain: a Bergquist
and Kallén's view of a generalized vertebrate brain; b recent
view according to Puelles and co-workers (Puelles 1995;
Rubinstein et al. 1998). In a, the neuromeres are marked a-e;
areas that form transverse bands are marked 7-13.The arrows
in b mark the longitudinal axis of the brain. dth dorsal thala-
mus, is isthmus, Ige lateral ganglionic eminence, mes mes-
encephalon, ob olfactory bulb, p7-p6 prosomeres, r1-r7 rhom-
bomeres syn synencephalon (pretectum), vth ventral thala-
mus. (a After Bergquist and Kallén 1954; from Nieuwenhuys
1998a)

Figure 2.10 shows an overview of inductive signals
and regional patterning of the neural tube. Special-
ized, transverse patterning centres found along the
rostrocaudal axis of the neural tube, such as the ante-
rior neural ridge, the zona limitans interthalamica
and the isthmus rhombencephali, provide sources of
secreted factors that establish regional identity and
neuronal fate in adjacent parts of the neural tube.
Cells in the isthmus secrete FGFs and Whnts, both of
which are required for the differentiation of the mid-
brain and hindbrain. FGF8 is also expressed in the
future basal forebrain and the anterior neural ridge.
The rostral part of the brain (forebrain and mid-
brain) is characterized by the expression of the Otx
genes. The engrailed genes mark the midbrain and
first rhombomere, whereas the identity of the other
rhombomeres is controlled by Hox genes. Medial
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FGF8 RA

Fig. 2.10 Overview of inductive signals and regional pattern-
ing of the neural tube (fibroblast growth factor8, FGF8/
retinoic acid, RA data from Gavalas and Krumlauf 2000). FGF
expression is shown by dots. The high point of the RA mor-
phogen occurs at the spinal cord-hindbrain boundary with
gradual decreasing levels both rostrally and caudally. The
FGF8 highpoint occurs at the level of the isthmus. cb cerebel-
lum, Hox expression of Hox genes, mes mesencephalon, MHB
midbrain-hindbrain boundary, nch notochord, p7-p3 pro-
someres, Otx1 expression of the Otx1 gene, pchpl prechordal
plate, r1-r8 rhombomeres, SHH Sonic hedgehog expression,
zli zona limitans interthalamica. (After Jessell and Sanes 2000)

signalling is regulated by Sonic hedgehog (SHH;
Echelard et al. 1993; Roelink et al. 1994, 1995; Chiang
et al. 1996), whereas lateral signalling is regulated by
bone morphogenetic proteins (Dickinson et al. 1995;
Liem et al. 1995; Tanabe and Jessell 1996; Lee and
Jessell 1999).

The anatomical bauplan of early brain develop-
ment is remarkably similar in insects and vertebrates
(Reichert and Boyan 1997; Arendt and Niibler-Jung
1999; Brown et al. 2001). This is evident in the region-
al expression of homologous pattern-controlling
genes (Fig.2.11) as well as in the arrangement of the
first axonal pathways to appear (Fig. 2.26). The three
main clusters of neuroblasts, proto-, deuto- and tri-
tocerebrum, forming the anterior part of the insect
brain (the future supraoesophageal ganglion), may
be equivalent to the vertebrate forebrain and mid-
brain regions. Moreover, the paired ganglia of the
gnathal segments (the future suboesophageal gan-
glion) and the vertebrate rhombomeres express par-
ticular combinations of Hox genes. The molecules
that regulate the development of the brain may be
divided into (1) transcription factors (Table2.1),
coded by the homeobox genes such as the Dix, Emx,

Fig.2.11 Comparison of Drosophila (a) and mouse (b) data
on similar patterns of nerve cell groupings and expression of
orthologous genes. Large dots indicate the expression of tail-
less and Tlx, asterisks that of empty spiracles and Emx2, medi-
um-sized dots that of forkhead and HNF3” ,and small dots that
of decapentaplegic and Bmp4.The red bars show the expres-
sion domains of orthodenticle and Otx2 and the grey bars
show the expression domains of HOM-C and Hoxa genes. deu-
to deutocerebrum, g7-g3 suboesophageal ganglia, mes mes-
encephalon, pros prosencephalon, proto protocerebrum, ri-r7
rhombomeres, trito tritocerebrum. (After Arendt and Nubler-
Jung 1999)

Pair-rule

Homeotic

Segment polarity

Fig. 2.12 Generalized model of Drosophila pattern forma-
tion: maternal effect, segmentation and homeotic selector
genes (see text for explanation) (after Wilkinson and Krumlauf
1990; Gilbert 2000)
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Table 2.1 Some regulatory genes encoding transcription factors expressed in the developing murine brain (after Price and Will-

Regulates differentiation of ventral telencephalon
Family of homeobox-containing genes with homology

Subcortical neuroblast migration; interneuron migration
from ganglionic eminences to cerebral cortex

Mouse homologues of Drosophila genes (empty spiracles)
that regulate its head development

Mouse homologues of Drosophila engrailed genes
Formation of mesencephalon and metencephalon,

Formation of mesencephalon and metencephalon,

Members of a family of genes each encoding two LIM domains
and a homeodomain. LIM domains may modulate the functions

Differentiation of cerebellar granule cells
Members of homeobox-containing genes, expressed in restricted regions

Mouse homologues of Drosophila orthodenticle gene,
involved in head development

Members of a family that contain a paired-box. Most Pax genes
are expressed in the CNS in temporally and spatially restricted patterns
Identity of Bergmann glia; spinal cord dorsalizing gradient

shaw 2000)
Gene Expression Function
Ascl1 Telencephalon
DIx genes
to Drosophila distal-less
DIx1/DIx2  Subpallium
DIx5 Diencephalon and ganglionic
eminences, olfactory bulb
Emx genes
Emx1 Telencephalon Cell proliferation
Emx2 Cerebral hemispheres Neuroblast migration
En genes
Eni Mesencephalon, rhombomere 1
including cerebellar cortex
En2 Mesencephalon, rhombomere 1
including cerebellar cortex
Hox genes
Lhx genes
of the homeodomain
Lhx1 Forebrain
Lhx2 Cerebral cortex
Lhx5 Forebrain
Math1 Rhombomere 1, cerebellum
Nkx genes
of developing forebrain
Nkx2.1 Striatum
Nkx2.2
Otx genes
Otx1 Forebrain, midbrain
Otx2 Forebrain, midbrain
Pax genes
Pax3 Spinal cord, rhombomeres 1
and 8; cerebellum, forebrain
Pax6 Spinal cord, rhombomeres 1

and 8, cerebral cortex

Identity of cerebellar granule cells; spinal cord dorsalizing gradient;
neuroblast migration to cerebral cortex; iris

Hox, Lhx, Otx and Pax families, which act intracellu-
larly and, by binding to DNA, control the expression
of other genes, and (2) extracellular signalling mole-
cules (Table 2.2), which are either released by a cell or
are anchored on its cell surface, and act upon other
cells. This category includes secreted proteins in-
volved in early neural induction, the BMPs, the
secreted proteins of the Wnt and hedgehog families,
the FGFs, molecules involved in axon guidance, and
neurotrophic factors. Such morphogens may play
multiple roles in CNS development. SHH was initial-
ly described as a protein secreted from the noto-
chord, the prechordal plate and the floor plate. Sub-
sequently, it was identified as a morphogen that is
directly responsible for dorsoventral patterning of
the CNS. Later, additional sites of SHH expression
were identified. Multiple actions of SHH during CNS
development were discovered, including the specifi-

cation of oligodendrocytes, proliferation of neural
precursors and control of axon growth (Marti and
Bovolenta 2002).

A generalized model of Drosophila pattern forma-
tion is shown in Fig. 2.12. This pattern is established
by maternal effect genes that form gradients and re-
gions of morphogenetic proteins (Wilkinson and
Krumlauf 1990; Gilbert 2000; Wolpert et al. 2002).
One of these proteins, bicoid, regulates the produc-
tion of anterior structures, whereas another mater-
nally specified protein, nanos, is involved in the for-
mation of the posterior part of the embryo. These
morphogenetic determinants create a gradient of the
hunchback protein that differentially activates the
gap genes (mutations in them cause gaps in the seg-
mentation pattern). The gap genes enable the expres-
sion of pair-rule genes, each of which divides the em-
bryo into regions of about two segment primordia.
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Table 2.2 Some of the extracellular signalling molecules that regulate brain development (after Price and Willshaw 2000)

Function

Extracellular signalling molecules

Proteins

Members of the transforming
growth factor beta superfamily

The bone morphogenetic proteins form a large subgroup that regulates diverse
developmental processes including proliferation, cell death, cell migration,

cell differentiation and morphogenesis

Members of the Wnt family

These glycoproteins have multiple roles in development.Wnt is a fusion

of the name of the Drosophila segment polarity gene wingless with that of one
of its vertebrate homologues, integrated

Members of the hedgehog family

Vertebrates have at least three homologues of the hedgehog proteins:

Sonic hedgehog (SHH), Desert hedgehog (DHH) and Indian hedgehog (IHH).
Of these, SHH is the most important for CNS development. It is produced
by the notochord and induces floor plate cells

Fibroblast growth factors

Fibroblast growth factors are associated with angiogenesis, mesoderm formation,

induction of specific neural structures (anterior neural ridge, isthmus organizer),
axonal extension and cell survival

Epidermal growth factor

Implicated in fate determination in the developing cerebral cortex,

the generation of glial cells in particular

Neuroregulins

Implicated in glial-guided migration of neuronal precursors.

These secreted growth factors act on ErbB receptors

Notch and Delta

Regulators of neural induction, bound to the cell surface.The Notch receptor

protein on one cell binds to the Delta protein on another cell when the cells

are juxtaposed
Cerberus, Chordin, Follistatin, Noggin

Secreted proteins involved in early neural induction by mesodermal

and endodermal tissues

Neurotransmitters

Glutamate, GABA and serotonin have been implicated in the regulation

of cortical developmental processes, such as proliferation, migration
and thalamocortical innervation

Molecules involved in axon guidance

These molecules include (1) cell adhesion molecules and receptors

of the immunoglobulin superfamily, and (2) diffusable and membrane-bound
molecules of the netrin and semaphorin families

Neurotrophic factors

Neurotrophic factors include (1) growth factors such as the neurotrophins

and fibroblast growth factors and (2) cytokines

The segment polarity genes in their turn divide the
embryo into 14 segment-sized units along the antero-
posterior axis. Interaction of proteins of the gap,
pair-rule and segment polarity genes regulates the
homeotic genes, whose description determines the
developmental fate of each segment.

2.4.1 Regionalization of the Forebrain

Fate mapping experiments suggest that the telen-
cephalic vesicles derive from the anterolateral neural
plate (Couly and Le Douarin 1987; Eagleson and Har-
ris 1990; Inoue et al. 2000; Cobos et al. 2001). This re-
gion includes the lateral part of the anterior neural
ridge (Figs.2.8, 2.13a). When the neural plate is
formed, anteroposterior patterning within the fore-
brain appears to be controlled by the anterior neural
ridge (Shimamura and Rubinstein 1997; Houart et al.
1998, 2002; Marin and Rubinstein 2002; Schuurmans

and Guillemot 2002; Zaki et al. 2003). Its patterning
properties may be mediated by FGF8. Reduction in
the expression of Fgf8 in the anterior neural ridge
leads to rostral midline defects in the forebrain
(Shanmugalingam et al. 2000), similar to that de-
scribed in mice lacking the brain factor BFI (Foxgl)
gene (Xuan et al. 1995; Dou et al. 1999). BF1 is activat-
ed by FGF8 (Shimamura et al. 1995; Shimamura and
Rubinstein 1997). FGF signalling is also required for
olfactory bulb morphogenesis (Hébert et al. 2003).
Mediolateral patterning of the forebrain involves
signals from the axial mesendoderm and non-neural
ectoderm (Rubinstein and Beachy 1998; Lee and
Jessell 1999). Medial patterning of the anterior fore-
brain is primarily regulated by the prechordal plate,
whereas medial patterning of more posterior parts of
the forebrain may be controlled by the rostral noto-
chord (Dale et al. 1997; Pera and Kessell 1997; Shima-
mura and Rubinstein 1997). The medial patterning
activity of the prechordal plate and notochord is me-



Fig. 2.13 Gene expression patterns in the developing murine
forebrain. The arrows indicate the longitudinal axis of the
brain. cb cerebellum, comm pl commissural plate, di dien-
cephalon, dth dorsal thalamus, ev eye vesicle, hy hypothala-
mus, is isthmus, Ige lateral ganglionic eminence, m mesomere,
mes mesencephalon, mge medial ganglionic eminence, nch

diated by the secreted molecule SHH (Echelard et al.
1993; Litingtung and Chiang 2000; Marti and Bovo-
lenta 2002). Defects that affect the formation or dif-
ferentiation of the axial mesendoderm or that direct-
ly disrupt the production or signal transduction of
SHH affect medial patterning of the forebrain. Severe
defects in medial patterning lead to the loss of the
prosencephalic basal plate and also affect craniofa-
cial development. Cyclopia and holoprosencephaly
may result from defective patterning of the median
eye-field structures and the basal telencephalon, re-
spectively (Chap. 9). Lateral patterning of the anteri-
or neural plate is mediated by members of the TGFf}
superfamily, such as BMPs and growth differentiat-
ing factors, largely derived from the neural ridge and
non-neural ectoderm flanking the anterior neural
plate (Fig. 1.10). BMP activity appears to be required
for the specification of all dorsal (lateral) cell fates
(Mehler et al. 1997; Barth et al. 1999; Lee and Jessell
1999). The entire cerebral cortex (the pallium) as well
as the basal ganglia (the subpallium) appear to be de-
rived from the alar plate territory (Fig.2.13).
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notochord, ob olfactory bulb, os optic stalk,p7-p6 prosomeres,
pal pallium, pchpl prechordal plate, r1-r7 rhombomeres,
rhomb rhombencephalon, subpal subpallium, vth ventral thal-
amus. (After Bulfone et al. 1993; Puelles and Rubinstein 1993;
Shimamura et al. 1995; Rubinstein et al. 1998)

2.4.2 The Midbrain-Hindbrain
Boundary Organizer

The midbrain-hindbrain boundary organizer(MHB
organizer) or isthmic organizer was identified through
transplantation experiments in chick embryos. When
MHB tissue was transplanted into the caudal fore-
brain of chick embryos, the surrounding host tissue
adopted an isthmic or midbrain character (Martinez
et al. 1991; Marin and Puelles 1994; Wassef and Joyn-
er 1997). Moreover, in the hindbrain transplanted
MHB tissue induced cerebellar fate (Martinez et al.
1995). Several genes, encoding transcription factors
such as the Engrailed (En), Pax, Otx and Gbx families
or secreted proteins (Wnt and Fgf families), are ex-
pressed within the MHB at early embryonic stages
(Wassef and Joyner 1997; Rhinn and Brand 2001; Liu
and Joyner 2001; Wurst and Bally-Cuif 2001; Joyner
2002; Raible and Brand 2004). The isthmus organizer
itself is set up by the expression of a complex array of
genes, two of which are central to its development
(Fig. 2.13). The first, Otx2 (one of the mouse homo-
logues of the Drosophila gene orthodenticle), is ex-
pressed in the prosencephalon and mesencephalon.
Its posterior limit of expression marks the anterior
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EN

Fig. 2.14 Effects of implantation of an FGF8-containing bead
into the posterior diencephalon (a).The normal situation (b) is
transformed in such a way that the posterior diencephalon is
replaced by a second set of midbrain structures (c), laid out in
reverse anteroposterior polarity to the normal midbrain, and

limit of the MHB. A second gene, Gbx2 (a homologue
of the Drosophila gene unplugged), is expressed in
the rostral part of the hindbrain. Its anterior limit of
expression marks the posterior limit of the MHB. In
Otx2 knockout mice, the rostral neuroectoderm is
not formed, leading to the absence of the prosen-
cephalon and the rostral part of the brain stem
(Acampora et al. 2001; Wurst and Bally-Cuif 2001).
MHB cells secrete FGFs and Wnt (mouse homologues
of the Drosophila gene wingless) proteins which are
required for the differentiation and patterning of the
midbrain and hindbrain (Nakamura 2001; Rhinn and
Brand 2001; Joyner 2002; Raible and Brand 2004). The
isthmic organizer signal FGF8 is required for cell sur-
vival in the prospective midbrain and cerebellum
(Chi et al. 2003). Elimination of murine Fgf8 during
early somitogenesis leads to progressive loss of the
midbrain. Two other FGF ligands, FGF17b and
FGF18, are likely to be involved in the midbrain-di-
rected signal (Raible and Brand 2004). In Wntl
knockout mice, the mesencephalon is malformed and
a cerebellum is hardly present (McMahon et al. 1992;
Mastick et al. 1996).

A number of homeobox-containing transcription
factors are expressed across the isthmus, including
the homeobox genes Enl and En2 (homologues of
the Drosophila gene engrailed) and the paired box
genes Pax2, Pax5 and Pax8. Expression of the two En
genes is the earliest known marker for mesencephal-
ic polarity (Joyner 1996). They are expressed in al-
most similar domains in a gradient that decreases an-
teriorly through the mesencephalon and posteriorly

thought to be due to the ectopic expression of Engrailed (EN).
cb cerebellum, di diencephalon, mes mesencephalon, r1 first
rhombomere, tg tectal grey, tel telencephalon, ts torus semi-
circularis (auditory midbrain), /ll, IV oculomotor and trochlear
nuclei. (After Crossley et al. 1996; Brown et al.2001)

through the first rhombomere. Graded expression of
the En genes appears to be regulated by signalling
from the isthmus. Mutations in these genes cause
deletions of mesencephalic and cerebellar structures
(Millen et al. 1994; Wurst et al. 1994; Kuemerle et al.
1997; Chap. 7). FGF8 is expressed immediately poste-
rior to expression of Wntl, and has midbrain-induc-
ing and polarizing abilities (Crossley et al. 1996). Im-
plantation of a bead, releasing FGF8 protein, into the
posterior diencephalon of a 1.5-day-old chick em-
bryo results in the transformation of the dien-
cephalon into midbrain (Fig. 2.14). This is thought to
be due to the induction of En expression by FGF8 and
the formation of a novel anteroposterior gradient of
EN protein in the diencephalon that is the mirror im-
age of the endogenous EN gradient in the midbrain.
Pax2, Pax5, and Pax8 are also required for specifica-
tion of the isthmus. The isthmus is deleted in Pax5-/-
mice (Urbanek et al. 1994). Mutations in at least three
zebrafish genes, no isthmus (noi; lacking functional
Pax2/5/8), acerebellar (ace) and spiel ohne grenzen
(spg),lead to defects in the development of the MHB
region (Brand et al. 1996; Schier et al. 1996; Schier
1997; Reifers et al. 1998; Belting et al. 2001; Burgess et
al. 2002; Reim and Brand 2002; Jdszai et al. 2003;
Raible and Brand 2004). Whereas noi is involved in
the development of both prospective tectum and
cerebellum, the effect of ace is mostly restricted to the
cerebellum, and the phenotype of spg resembles that
of ace/fgf8 mutants in that both lack an isthmus and
have brain patterning defects.



2.4.3 Segmentation of the Hindbrain

Hindbrain development is characterized by the
process of segmentation. A modular organization
(compartments) of neuronal subtypes and nuclei in
the hindbrain is set up by its early transverse subdivi-
sion into eight rhombomeres (Lumsden and Keynes
1989; Lumsden 1990, 2004; Guthrie 1996; Moens and
Prince 2002; Pasini and Wilkinson 2002). Rhom-
bomere identity is controlled by Hox genes. Sig-
nalling by FGF8 from the isthmus patterns anterior
hindbrain and establishes the anterior limit of Hox
gene expression (Irving and Mason 2000). Rhom-
bomere 1 is the only hindbrain segment in which no
Hox genes are expressed. It gives rise to the entire
cerebellum (Chap. 8). The neuronal organization of
the posterior hindbrain is less overtly segmental than
that of the anterior hindbrain. The segmentation and
patterning of the hindbrain and pharyngeal arches
are intimately linked (Rijli et al. 1998; Trainor and
Krumlauf 2000; Graham and Smith 2001).

In the avian embryo, rhombomeres become ap-
parent immediately following neural tube closure
as a series of constrictions, the interrhombomeric
boundaries, progressively subdivide the developing
hindbrain. The pattern of eight rhombomeres is
complete at the onset of neurogenesis. Two patterns
of metameric cellular organization are found in the
embryonic hindbrain. Like in zebrafish (Kimmel et
al. 1988), the first is a repeat pattern through every
segment involving eight identified types of reticu-
lospinal neurons (Glover and Petursdottir 1991;
Clarke and Lumsden 1993; for rodent data see Auclair
et al. 1999). More or less the same holds for vestibular
projection neurons (Diaz et al. 1998; Diaz and Glover
2002; for frog data see Straka et al. 2001, 2002). The
second is a two-segment repeat pattern involving the
branchial motoneurons. They first appear in the
even-numbered rhombomeres, r2 (trigeminal), r4
(facial) and r6 (glossopharyngeal), containing the re-
spective exit sites of these cranial nerves in the alar
plate. Thereafter, further neurons are formed in the
intervening odd-numbered rhombomeres, each in
association with the cluster of motoneurons in the
rostrally adjacent rhombomere (Lumsden and
Keynes 1989). Later in development, the segmental
origins of the branchiomotor neurons become ob-
scured as the motor nuclei condense and migrate to
new positions. This two-segment periodicity of the
early hindbrain is also found in the migration of
neural crest cells to the branchial arches: neural crest
cells migrate from r2, r4 and r6 into the first, second
and third arches, respectively (Lumsden et al. 1991; Le
Douarin and Kalcheim 1999; Chap.5). Each rhom-
bomere is unique owing to differences in the size,
number and projections of reticulospinal neurons.
Rhombomere 1 is distinct by lacking branchiomotor

24 Pattern Formation

Fig.2.15 Cell lineage restriction in the segmented avian
hindbrain. Single cells labelled with a fluorescent tracer in
neural plate (a) or neural tube (d) stages divide several times
over a period of 2 days to form clones that are detectable in a
flat-mounted E3.5 hindbrain (b, c). Clones marked before
boundary formation (a) may pass a boundary (red patches
in b).Clones marked near an already formed boundary (c) are
always restricted from spreading into an adjacent rhom-
bomere.fp floor plate, HH8, HH11,HH18 Hamburger-Hamilton
stages, mes mesencephalon, r1,r6 rhombomeres. (After Fraser
etal. 1990)

neurons and being the precursor region of the cere-
bellum. Vaage (1969) suggested that the first rhom-
bomere is composed of two distinct domains, r0, or
the so-called isthmic rhombomere anteriorly, and a
narrower rl posteriorly (Puelles 1995). In the chick,
no molecular markers of this r0/r1 boundary have
been identified, but data for zebrafish suggest that
anterior and posterior parts of r1 are patterned inde-
pendently (Moens and Prince 2002).
Compartmental restriction of cell mingling be-
gins at the time rhombomeres become delineated
and persists while the ventricular zone is predomi-
nantly germinative (Fraser et al. 1990; Guthrie and
Lumsden 1991). Rhombomeric domains of the ven-
tricular zone remain lineage-restricted up to late
stages (Fig.2.15), when neurogenesis is almost com-
plete (Wingate and Lumsden 1996). Two-segment pe-
riodicity has also been found in the expression of
Eph-like receptor tyrosine kinases and their ephrin
ligands (Nieto et al. 1992; Flanagan and Vander-
haeghen 1998; Cooke and Moens 2002): three recep-
tors (EphA4, EphB2, EphB3) are expressed in r3 and
r5, whereas their ephrin-B ligands are expressed in
r2,r4 and r6. Eph-ephrin interaction mediates repul-
sive interactions that serve to sharpen rhombomeric
borders and, moreover, prevent cell mixing between
adjacent rhombomeres (Xu et al. 1999).
Rhombomeres are thought to acquire their indi-
vidual identities under the influence of Hox genes
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that are expressed in overlapping, or nested, domains
(Wilkinson et al. 1989; Krumlauf 1994; Lumsden and
Krumlauf 1996; Moens and Prince 2002). Hox gene
expression precedes rhombomere foundation but be-
comes progressively sharpened such that the borders
of their expression domains coincide with the emerg-
ing rhombomere boundaries. In the fully segmented
hindbrain, many Hox genes show a two-rhombomere
periodicity. Superimposed on this pattern are rhom-
bomere-specific variations in expression levels.
There is a striking correspondence of the expression
of the Hox clusters of flies and vertebrates (Favier
and Dollé 1997; Hirth et al. 1998; Arendt and Niibler-
Jung 1999). In mice and men, there are four Hox clus-
ters (A-D), each lying on a different chromosome.
The genes fall into 13 paralog groups, but no individ-
ual cluster has representatives on all 13 paralogs
owing to multiple gene losses during evolution. The
paralog groups 1-4 are expressed in the developing
hindbrain and migratory cranial neural crest cells,
whereas the paralog groups 5-13 are expressed in the
developing vertebral column, extremities, alimentary
canal and urogenital system. The total number of Hox
genes for mice and men is 39. Teleost fishes such as
the zebrafish have a seven Hox cluster arrangement
with a total of 48 Hox genes (Amores et al. 1998). Each
rhombomere and pharyngeal or branchial arch is
characterized by a unique combination of Hox genes,

Fig. 2.16 Homeotic transforma-
tion of the head of Drosophila:

a dorsal view of the head of a
wild-type fly; b dorsal view of
the head of an Antennapedia fly
(Antp-/-); c higher magnification
of the eye and normal antenna;
d higher magnification of the
homeotic appendage, a well-
formed mesothoracic leg (from
Palka 1982, with permission)

its Hox code (for human data see Vieille-Grosjean et
al. 1997). In mice, spontaneous and targeted (knock-
outs) mutations in these genes result in specific,
rhombomere-restricted disruptions in the develop-
ment of the cranial motor nuclei (Chap. 7).

Hindbrain patterning involves graded responses
to retinoic acid signalling (Dupé et al. 1999; Morriss-
Kay and Ward 1999; Gavalas and Krumlauf 2000;
Dupé and Lumsden 2001; Wendling et al. 2001;
Maden 2002). More posterior rhombomeres need
progressively higher amounts of retinoic acid. Re-
ducing retinoic signalling, whether by mutation of
genes for biosynthetic enzymes or receptors, by di-
etary intervention or by pharmacological inhibition
of receptor function, results in hindbrain patterning
defects, ranging from partial transformations of
hindbrain rhombomere identity to a severe loss of
posterior hindbrain and anterior spinal cord
(Gavalas and Krumlauf 2000; Wendling et al. 2001;
Maden 2002). These phenotypes reflect the direct
role that retinoic acid plays in regulating Hox gene
expression in the hindbrain. Enhancers of several
Hox genes contain retinoic acid response elements
that are essential for the onset of expression within
the mouse hindbrain (Gavalas 2002).

Among the most bizarre developmental perturba-
tions in Drosophila are those asociated with homeot-
ic mutations, which have the capacity to transform a



specific part of one body segment into the homolo-
gous part of another (Palka 1982). These mutations
include rearrangement of the Antennapedia (Antp)
locus which, through ectopic expression of the Antp
protein, transform antennae into legs (Fig. 2,16), and
certain loss-of-function mutations at the bithorax
(bx) locus, which transform the third thoracic seg-
ment into a duplicate of the second one, leading to
mutant flies with two pairs of wings.

2.5 Neurogenesis, Gliogenesis

and Migration

The CNS uses several strategies to generate distinct
classes of neurons during development (Jacobson
1991; McConnell 1995; Nieuwenhuys 1998b): dor-
sal-ventral polarization in the spinal cord, segmenta-
tion in the brain stem and lamination in the cerebral
cortex. Most types of neurons are generated in the
primary proliferative compartment (the ventricular
zone), but several cell types arise from secondary
proliferative compartments, including the subven-
tricular zone and the external granular or germinal
layer.

2.5.1 Neurogenesis: Primary and Secondary

Proliferative Compartments

The neural plate and early neural tube consist of a
single layer of columnar cells, the neuroepithelium.
Through thickening, this layer gradually forms a
pseudostratified epithelium, i.e. its nuclei become
arranged in more and more layers, but all elements
remain in contact with the outer and inner surfaces
(Fig.2.17). Mitotic figures are only found along the
ventricular surface (Fig.2.18). Early students of the
developing neural tube, like His (1889), thought that
these mitoses belong to cells which form a ventricu-
lar layer of germinal cells (Keimzellen), and that the
more peripherally located cells represent spon-
gioblasts, primordial glial cells, forming a syncytial
meshwork (Markgeriist). Neuroblasts arising from
the germinal cells were supposed to migrate periph-
erally in the intercellular spaces of this meshwork.
Although Schaper (1897 a, b) already challenged His’s
concept of neurogenesis, it was Sauer (1935a,b) who
proved that the neural tube is composed of discrete
cells that do not form a syncytium. In fact, His’s radi-
ally arranged columnar cells (spongioblasts) and the
rounded cells near the lumen, passing through mito-
sis, are not two types of cells, but are the interkinetic
and mitotic stages of the same cell (Figs. 2.18a,2.21).
Thus, the early neural tube is composed of a single
type of epithelial cell in various stages of the mitotic
cycle: the resting cells reside in the outer part of the

2.5 Neurogenesis, Gliogenesis and Migration

Fig.2.17 Scanning electron micrograph of the developing
forebrain wall. The sagittal fracture of a cerebral hemisphere
of an E10 mouse embryo shows the undulating membranes
of the different cell types (arrows); V marks a blood vessel.
(From Meller and Tetzlaff 1975, with permission)

wall, and the nuclei of the cells that are going to
divide are moving towards the ventricular surface. At
the end of this migration phase, the peripheral
processes lose their contacts with the outer surface
and retract. The cells round up and divide into two
daughter cells each. Each daughter cell produces a
new peripheral process, and their nuclei move away
from the ventricle. Sauer’s cytological studies were
confirmed by numerous studies using [*H]thymidine
autoradiography (Fujita 1963, 1966), and electron
microscopy (Hinds and Ruffett 1971; Meller and
Tetzlaff 1975).

At a certain developmental stage the nuclei of the
elongated neuroepithelial cells withdraw from the
most superficial layer of the neural tube (Fig.2.19).
The outer, anuclear zone, or marginal layer, first con-
sists of the external processes of the neuroepithelial
cells, but is soon invaded by the axonal processes of
maturing neuroblasts. The inner zone is known as the
matrix layer (Kahle 1951; Fujita 1963, 1966; Keyser
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Fig.2.18 Cell division in the wall of the neural tube.S,/and M
mark the synthetic, intermediate and mitotic periods of the
elevator movement in the ventricular zone (V2). MZ marginal
zone, t; generation time of a cell, t,, mitotic time, t; DNA-syn-
thesis time, t; postmitotic resting time, t, premitotic resting
time. (a After Sauer 1935b; b Fujita’s data on the ‘elevator
movement’; after Fujita 1966, from Nieuwenhuys 1998b, with

permission)

1972) or ventricular zone (Boulder Committee 1969).
It contains the densely crowded nuclei of homoge-
neous cell population, all elements of which partici-
pate in the proliferation process. The matrix cells are
the precursors of all neuronal and macroglial cells of
the CNS. The matrix layer may be divided into three
zones, the M or mitotic zone, the I or intermediate
zone and the S or synthetic zone, in line with the sub-
division of the mitotic cycle into M, G;, S and G, phas-
es (Fig.2.18b). Fujita (1963, 1966) characterized the
translocation of the nuclei of the matrix or germinal
cells during a generation cycle as an ‘elevator move-
ment’. At the time of DNA synthesis (S phase), the nu-
clei are located in the S zone, and when DNA synthe-
sis is complete, they descend during a postsynthetic
or premitotic period (G, phase) through the I zone to
enter the M zone. Here, the matrix cells divide and,
after mitotic time (M phase), both nuclei of the
daughter cells pass to the I zone for their postmitotic
or presynthetic period (G, phase). Finally, they enter
the S zone again, where a new generation cycle starts.
The G, and G; phases are important control points in
passage of cells through the mitotic cycle. Normally,
neurons are permanently arrested in the G; phase,
whereas glial cells may be temporarily suspended in
either the G; or the G, phase (Jacobson 1991). Radia-
tion, excess of thymidine and other experimental
conditions arrest cells in the G; or G, phases (Pardee
et al. 1978).

At first, the matrix layer is a purely proliferative
compartment. Progenitor cells produce more pro-
genitor cells, with the surface area as well as the thick-
ness of the neural tube increasing steadily. This peri-
od of symmetrical division of progenitor cells is fol-
lowed by a period of asymmetrical division, in which
one of the daughter cells resulting from each mitosis
withdraws from the mitotic cycle and migrates out
from the matrix layer. These postmitotic elements or

Fig. 2.19 Histogenesis of the
CNS divided into nine phases.

IZ intermediate zone, MZ mar-
ginal zone, NE neuroepithelium,
SVZ subventricular zone, VZ ven-
tricular zone, t time. (After Kahle
1951; Keyser 1972)
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Fig. 2.20 Development of the matrix layer in various parts
of the human brain during the first four intrauterine months.
This development is subdivided into four phases: formation
(Matrixbildung), increase (Matrixanstieg), decrease (Matrix-
aufbrauch) and complete depletion and formation of the
ependyma (Ependym). (After Kahle 1951)
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neuroblasts form a third compartment, the mantle
layer or intermediate zone, between the matrix and
marginal layers. The elements giving rise to one post-
mitotic and one proliferative daughter cell are the
stem cells. When stem cells appear in the matrix
layer, the period of pure proliferation ends. More and
more dividing neuroepithelial cells switch to the pre-
sumptive stem cell mode and begin to generate post-
mitotic daughter cells,leading to the rapid thickening
of the mantle layer (Fig. 2.19). During this phase, pro-

2.5 Neurogenesis, Gliogenesis and Migration

liferation and stem cells coexist in the matrix layer.
Later, matrix cells start to produce two postmitotic
cells, thereby gradually depleting the matrix layer.

The development of the matrix layer is spatially
and temporally patterned. The proliferative activity
in the neural tube shows local maxima that coincide
with the formation of neuromeres and of the later-
appearing migration areas (Bergquist and Kaillén
1954). Moreover, the development of the matrix layer
shows profound differences among the various parts
of the CNS (Kahle 1951; Fig.2.20). [*H]Thymidine
autoradiography studies on the time of origin of neu-
ronal populations throughout the CNS, in particular
by Altman and Bayer (reveiwed in Bayer and Altman
1995a,b; Bayer et al. 1995), revealed that neurons
assemble either by stacking in laminar structures or
by packing into nuclear regions in regular spatiotem-
poral gradients. Such gradients are described as
‘inside out’ when the neurons that originate at suc-
cessively later times migrate past those formed earli-
er and take up successively more external positions.
This inside-out pattern of assembly of neurons is
generally characteristic for laminar structures such
as the cerebral cortex and the superior colliculus. Ex-
ceptions are the granular layers of the cerebellar cor-
tex and dentate gyrus. Here, the granule cells arise in
an ‘outside-in’ pattern from displaced germinal
zones and not directly from the ventricular germinal
zone. In many other regions of the CNS such as the
thalamus, basal forebrain and amygdala, neurons
assemble in an outside-in or a lateral-to-medial gra-
dient. In general, large neurons are produced before
small ones in the same region of the CNS, and the
neurons produced last are granule cells or local
circuit neurons.

Apart from the ventricular zone, two secondary
proliferative compartments, i.e. the subventricular
zone and the external granular or germinal layer, are
found in the developing CNS (Smart 1961; Altman
1966; Rakic 1971, 1974; Sturrock and Smart 1980).
The subventricular zone, also known as the sub-
ependymal layer or plate, has been found mainly in
the lateral and basal walls of the mammalian telen-
cephalon (Fig.2.26). The subventricular cell popula-
tion expands exponentially during the last third of
prenatal development. In the E16 mouse, over 90 % of
the subventricular cells are dividing, whereas the ma-
jority of the cells in the ventricular zone are leaving
the cell cycle (Takahashi et al. 1995). The subventric-
ular zone persists after birth and, in a vestigial man-
ner, into adult life and even senescence (Doetsch et al.
1997,1999; Temple and Alvarez-Buylla 1999; Brazel et
al. 2003). The number of cells in the subventricular
zone peaks during the first week after birth in ro-
dents (Lewis and Lai 1974; Bayer and Altman 1991;
Takahashi et al. 1995) and at approximately the 35th
week of gestation in humans (Kershman 1938;
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Fig. 2.21 Theories about the origin of neuronal and glial cell
lines.His (1889) recognized two major cell varieties in the ven-
tricular zone (a): spheroidal, proliferative, germinal cells (ge),
their progeny giving rise to neuroblasts (N),and neighbouring
spongioblasts (sp) forming glioblasts (G). Schaper (18973, b)
held that mitoses in the ventricular zone led to indifferent
cells (ind), to be further divided into neuroblasts, glioblasts, or
both (b). Using autoradiography, Fujita (1963) suggested that
a single proliferative matrix cell gave rise to several migratory
generations (c), first neuroblasts, and later glioblasts, the re-

Globus and Kuhlenbeck 1944), after which the
subventricular zone begins to decrease in size
(Thomaidou et al. 1997). The subventricular zone
gives rise to special classes of neurons and to all types
of macroglial elements (Miller 2002; Brazel et al.
2003). The cells of the perinatal and adult subventric-
ular zone have the capacity to replace neurons and
glia after ischemic and traumatic brain injuries (Ro-
manenko et al. 2004). The external germinal layer is
confined to the cerebellum. This layer develops from
the ventricular zone in the upper rhombic lip (Hatten
and Heintz 1995; Altman and Bayer 1997; Wingate
2001). The rhombic lip is a thickened germinal zone
in the rhombencephalic alar plate, situated directly
adjacent to the attachment of the roof of the fourth
ventricle (Chap. 8). From this zone, the layer spreads
by tangential migration of its elements over the entire
outer surface of the cerebellar anlage. This transitory
germinal zone gives rise to the cerebellar granule cells.

Seasonal plasticity of structure and function is a
fundamental feature of the nervous system in a wide
variety of animals that occupy seasonal environ-
ments (Tramontin and Brenowitz 2000). The best
studied is the avian song system. In songbirds,
Alvarez-Buylla et al. (1988) showed that neurons
originating in the subventricular zone migrate into
the cortex during the season when new neurons are
added to the hippocampus and vocal nuclei. Adult
mammals contain two active CNS germinal zones,

RG
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maining cells forming the ependymal layer (ep). With im-
munohistochemical techniques, at least two distinct cell vari-
eties were found in the ventricular zone (d), a glial fibrillary
acidic protein (GFAP) positive and a GFAP-negative popula-
tion. The GFAP-negative cells gave rise to migrating neuro-
blasts (dark red), whereas the GFAP-positive cells first gave rise
to radial glioblasts (RG, grey), and later to glioblasts (light red),
both directly as well as indirectly. (After Rakic 1981; Fishell and
Kriegstein 2003)

the subgranular zone of the dentate gyrus which
generates hippocampal interneurons (Altman 1970;
Kaplan and Hinds 1977), and the forebrain subven-
tricular zone which generates interneurons that
migrate to the olfactory bulb (Luskin 1993; Lois and
Alvarez-Buylla 1994). Here, neuron incorporation
continues into childhood (Altman 1970; Bayer 1983;
for human data see Johansson et al. 1999).

2.5.2 Gliogenesis

In general, gliogenesis follows neurogenesis but over-
laps neurogenesis in several brain regions (Jacobson
1991). Gliogenesis persists long after neurogenesis
has ceased, and astrocyte generation may persist
throughout life (Altman 1966; Sturrock 1982; Lee et
al. 2000). Radial glia are the first identified glial pop-
ulation to develop (Rakic 1972, 1981; Schmechel and
Rakic 1979; Bentivoglio and Mazzarello 1999), fol-
lowed by oligodendrocyte precursors, astrocytes and
oligodendrocytes (Lee et al. 2000; Gaiano and Fishell
2002; Miller 2002). In general, oligodendrocyte pre-
cursors are generated in ventral regions of the neural
tube, and astrocytes from dorsal regions (Ono et al.
1995; Miller 1996; Miller and Ono 1998; Pringle et al.
1996,2003; Lee et al. 2000). Successively held theories
about the origin of neuronal and glial cell lines are
shown in Fig.2.21. His (1889) originally proposed



that neural and glial cell lines were entirely separate.
Schaper (1897 a, b) held that these two cell types arise
from a single class of precursors that divide after
migrating away from the ventricular zone. Magini
(1888) observed varicosities along the filaments of
the radial neuroglial cells and suggested that these
represented immature neurons. Using autoradiogra-
phy, Fujita (1963) concluded that dividing cells first
give rise to neurons and then, after neurogenesis has
ceased, produce glial cells. The ability to demonstrate
glial fibrillary acidic protein (GFAP), a specific glial
marker, provides evidence for the currently held view
that neuronal and glial cell precursors coexist in the
ventricular zone from early embryonic stages (Choi
and Lapham 1978; Levitt and Rakic 1980). Recent
data suggest that radial glial cells represent many, if
not most, of the neuronal progenitors in the develop-
ing cerebral cortex (Miyata et al. 2001; Noctor et al.
2001; Fishell and Kriegstein 2003). Asymmetric cell
division of radial glia may result in the self-renewal of
the radial glial cell and the birth of a neuron.

Radial glial cells are specialized cells that radially
span the entire wall of the neuraxis from the ventric-
ular to the meningeal surface. In most non-mam-
malian species, radial glial cells persist in many re-
gions throughout life, but in mammals they represent
a transient class of cells, which gradually disappears
from most regions (Nieuwenhuys 1998b). The classi-
cal Golgi studies of von Lenhossék (1895) and Ramén
y Cajal (1909) as well as more recent GFAP data (Choi
1981; Choi and Kim 1984; Hirano and Goldmann
1988; Voight 1989) have shown that in mammals most
radial glial cells transform into astrocytes. Type 1
astrocytes originate from ventricular zone neurons
and subsequently migrate into the parenchyme of
the CNS where they associate with blood vessels
and contribute to the formation of the blood-brain
barrier (reviewed in Jacobson 1991). Typel astro-
cytes release mitogenic growth factors that promote
proliferation and differentiation of oligodendrocytes
and type2 astrocytes. Type2 astrocytes and oligo-
dendrocytes arise from a common precursor, the
O-2A cell, that migrates into all regions of the CNS
containing nerve fibres (Raff 1989; Lee et al. 2000;
Miller 2002). Microglial cells originate from a specif-
ic population of mononuclear leucocytes which pen-
etrate the blood-brain barrier and transform into
microglia. Recent studies indicate that radial glia are
multipurpose cells for vertebrate brain development
(Parnavelas and Nadarajah 2001; Lemke 2001; Camp-
bell and Gotz 2002). Apart from guiding the radial
migration of newborn neurons from the ventricular
zone to their ultimate positions, further roles for
these cells as ubiquitous precursors that generate
neurons and glia, and as key elements in patterning
and region-specific differences of the CNS have been
suggested.

2.5 Neurogenesis, Gliogenesis and Migration

Fig. 2.22 Descendants of the perinatal dorsolateral part of
the subventricular zone (SVZ). Progenitors that leave this part
of the subventricular zone and differentiate within the sub-
cortical white matter become either myelinating (7) or non-
myelinating (2) oligodendrocytes. Few become astrocytes (3).
Those progenitor cells that differentiate within the neocortex
become myelinating oligodendrocytes (4) as well as satellite
oligodendrocytes (5). Some progenitors that make contact
with naked cerebral endothelial cells become protoplasmic
astrocytes (6). cc corpus callosum, Iv lateral ventricle. (After
Brazel et al. 2003)

At least part of the oligodendrocytes is also de-
rived from radial glial cells. Oligodendrocytes are
responsible for the formation of myelin in the CNS
(Lemke 1993; Compston et al. 1997). Oligodendro-
cytes develop relatively late and always after comple-
tion of axonal outgrowth in the CNS. The founder
cells of the oligodendrocyte lineage initially arise in
distinct regions of the ventricular zone during early
CNS development as the result of local signals includ-
ing SHH (Nery et al. 2001; Marti and Bovolenta 2002;
Miller 2002). In the spinal cord, oligodendrocyte pre-
cursors are located ventrally (Warf et al. 1991; Ono et
al. 1995; Pringle et al. 1996, 2003). In more rostral
areas of the CNS, the earliest oligodendrocyte pre-
cursors are also generated in special domains of the
ventricular and subventricular zones. The telen-
cephalic oligodendrocytes are derived from the gan-
glionic eminences and later migrate to the cerebral
cortex (Spassky et al. 1998,2001; He et al. 2001; Brazel
et al. 2003; Fig.2.22). In chick embryos, all telen-
cephalic oligodendrocytes arise from the anterior
entopeduncular area (Olivier et al. 2001). In mouse
mutants, in which the medial ganglionic eminence is
converted into the lateral one, there is a significant
loss of oligodendrocytes, suggesting that the medial
ganglionic eminence is the major source of oligoden-
drocytes (Sussel et al. 1999; Nery et al. 2001). Imma-
ture oligodendrocyte precursors are highly migrato-
ry. They reach the developing white matter using a
variety of guidance molecules, including diffusible
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chemorepellents such as netrin-1 and semaphorin-3a
(Sugimoto et al. 2001; Miller 2002).

The majority of oligodendrocyte precursor prolif-
eration occurs in developing white matter as a result
of the local expression of mitogenic signals such as
PDGF-A, the platelet-derived growth factor A (Noble
et al. 1988; Miller 2002). Oligodendrocyte precursor
proliferation is regulated by a number of distinct
growth factors, including PDGFs and FGFs (reviewed
in Miller 2002). The final matching of oligodendro-
cyte and axon number is accomplished through a
combination of local regulation of cell proliferation,
differentiation and cell death (Barres and Raff 1994).
The adult CNS still contains a significant population
of precursors. Olig genes, which encode the basic
helix-loop-helix Olig transcription factors, are es-
sential for the development of oligodendrocytes
(Rowitch et al. 2002). Proneural genes such as neuro-
genin-1 (Ngnl) suppress gliogenesis (Schuurmans
and Guillemot 2002).

Oligodendrocytes in the CNS and Schwann cells in
the peripheral nervous system (PNS) ensheath axons,
and provide the myelin sheath that greatly improves
the electrical cable properties of the axon, resulting in
considerable gain of speed of impulses. Myelin is
formed by these glial cells inserting successive layers
of their cell membranes around axons, adding each
new layer from the inside (Wood and Bunge 1984;
Jacobson 1991; Campagnoni 1995). Oligodendro-
cytes exert a strong inhibition on axonal growth and
regeneration (Schwab and Caroni 1988). During their
differentiation into myelin-forming cells, oligoden-
drocytes and Schwann cells activate expression of a
group of myelin-specific genes, encoding proteins
that play roles in the induction of myelination, in the
initial deposition of myelin sheathes, and in wrap-
ping and subsequent compaction of these around
axons. The major group of myelin-specific genes
includes three genes, encoding protein zero (P), the
proteolipid protein (PLP) and myelin basic protein
(MBP). P, is the major structural protein of PNS
myelin and its expression is restricted to myelin-
forming Schwann cells. PLP is the major structural
protein of CNS myelin and is largely restricted to
oligodendrocytes. MBP is present in both CNS and
PNS myelin. MBP plays an essential role in CNS
myelin formation. Myelination starts after cellular
proliferation and migration in the CNS have virtual-
ly ceased, and continues until at least the 16th post-
natal week in rats and well into the first decade in
humans (Chap. 1).

Glial mutations in mice, known as jimpy, shiverer
and trembler, affect genes encoding proteins ex-
pressed in Schwann cells or oligodendrocytes which
are necessary for the formation of compact myelin
(Griffiths 1996; Kamiguchi et al. 1998; Campagnoni
and Skoff 2001; Poliak and Peles 2003). The outcome

is impaired myelin formation with consequent de-
fects in nerve conduction and motor performance.
The jimpy mutation is found in the gene coding for
PLP (Nave et al. 1987; Koeppen et al. 1988) and in its
human equivalent, Pelizaeus-Merzbacher disease
(Koeppen et al. 1987; van der Knaap and Valk 1995;
Ruggieri 1997; Koeppen and Robitaille 2002). Target-
ed PLP knockout mice make virtually normal com-
pact CNS myelin, which suggests that dysmyelination
seen in Pelizaeus-Merzbacher disease is due to a
long-term requirement for PLP in stabilizing myelin
(Klugmann et al. 1997). Shiverer mutants fail to pro-
duce normal myelin basic protein (Kimura et al. 1985;
Readhead et al. 1987), whereas trembler mice have a
deficiency in PMP22, the peripheral myelin protein
22 (Suter and Snipes 1995). Charcot-Marie-Tooth
disease (type 1),in which there is progressive onset of
weakness starting in the distal parts of the limbs, is
also due to mutations affecting PMP22 (Suter et al.
1993; Harding 1995; Hanemann and Miiller 1998;
Nelis et al. 1999). Most cases result from a duplication
of the gene,leading to axonal atrophy and demyelina-
tion (Gabreéls-Festen et al. 1995). Other patients with
Charcot-Marie-Tooth disease have mutations in the
gene coding for the major peripheral myelin-associ-
ated protein, P, (Hayasaka et al. 1993; Gabreéls-Festen
et al. 1996; Kamiguchi et al. 1998).

2.5.3 Migration

In anamniotes, most postmitotic cells settle just pe-
ripheral to the ventricular zone and form a periven-
tricular zone of grey matter. In amniotes, most neu-
rons migrate over a considerable distance from the
ventricular zone to their final position. Two main
modes of migration can be recognized: radial and
tangential. During radial migration, the predomi-
nant pathway, the neuroblasts move from the ventric-
ular zone to the meningeal surface. In the telen-
cephalon of the North American opossum, Morest
(1970) showed in Golgi material that neuroblasts
maintain central and peripheral primitive processes
that extend to the ventricular and meningeal sur-
faces, respectively. Not the cells per se,but rather their
nuclei and perikaryal regions move through their
peripheral primitive processes outwards (somal dis-
placement). This translocation is accompanied or
followed by a loss of the central primitive process,
and the cell later detaches itself also from the
meningeal surface. On the basis of extensive Golgi
and electron microscopic studies of the cerebellar
and cerebral cortices (Rakic 1971, 1972; Sidman and
Rakic 1973; Schmechel and Rakic 1979), Rakic pro-
posed that radially oriented glial fibres provide con-
tact guidance paths for migrating neuroblasts. In the
developing pallium the neuroblasts generated in the



Fig. 2.23 Patterns of radial
alignment and neuroblast mi-
gration in medial (M), dorsal (D)
and lateral (L) pallial regions.
CP cortical plate, VZ ventricular
zone. (After Misson et al. 1991)

ventricular zone were supposed to travel to the an-
lage of the cerebral cortex along transient glial ele-
ments that span the full thickness of the pallial wall.
Using retroviral labelling of cortical neuroblasts,
Misson et al. (1991) found three patterns of align-
ment of neuroblasts and glial fibres (Fig. 2.23): radial
divergent, observed in the dorsal pallial region, curv-
ing divergent in the medial pallial region, and curving
convergent, then divergent, occurring in the lateral
pallial region. Cortical cell migration can be moni-
tored in embryonic (rodent) brain slices through
time-lapse videography (Nadarajah et al. 2002). In
the developing cerebellum postmitotic elements
from the external granular layer were thought to mi-
grate inwards along Bergmann fibres, i.e. the radially
oriented peripheral processes of the Golgi epithelial
cells. Several molecules have been shown to function
in glial guided migration (Hatten 1999; Lemke 2001).

Since the investigations of His (1890) on the rhom-
bic lip (Fig. 2.24) it has been known that neuroblasts
in the CNS may migrate tangentially over consider-
able distances. His’s observations have been con-
firmed by many authors (Essick 1912; Hayashi 1924;
Harkmark 1954; Taber Pierce 1966; Altman and
Bayer 1987a-d). Different sectors of the rhombic lip
give rise to different structures (Hayashi 1924; Taber
Pierce 1966; Altman and Bayer 1987a-d; Hatten and
Heintz 1995; Wingate 2001; Chap. 8). Neurons gener-
ated in the rhombic lip assume a bipolar shape and
migrate closely apposed to the neuronal surface pro-
vided by fibre tracts that run parallel to the brain sur-
face (Ono and Kawamura 1989, 1990; Rakic 1990).
Bourrat and Sotelo (1988, 1990) showed that rhombic

2.5 Neurogenesis, Gliogenesis and Migration

Fig. 2.24 His's (1890) figure on tangential migration in the
brain stem of a human embryo

lip neuroblasts first develop an axon, and that the
soma subsequently moves down this process. Tan-
gential migration of neuroblasts has also been found
in the spinal cord (Leber and Sanes 1995) and espe-
cially from the ganglionic eminences to the cerebral
cortex and olfactory bulb (Luskin 1993; O’Rourke
1996; Hatten 1999; Corbin et al. 2001; Marin and
Rubinstein 2001, 2002; Kriegstein and Noctor 2004;
Chap. 9). A unique population of tangentially migrat-
ing neurons was found to originate in the subventric-
ular zone of the rostral telencephalon (Fig.2.25).
These cells migrate further rostrally in ‘chains’ (chain
migration) as the rostral migratory stream parallel to
the pial surface to the developing olfactory bulb (Lois
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Fig. 2.25 Neurogenesis and migration in the subventricular
zone (SVZ) of adult rodents. The sagittal section (a) shows the
extent of the subventricular zone (red).Large numbers of neu-
roblasts are continually generated in the subventricular zone.
Neuroblasts (type A cells in dark red) migrate as chains
through the subventricular zone (arrows in a; transverse sec-
tions in ¢ and d), join the rostral migratory stream (RMS; see

et al. 1996; O’Rourke 1996; Doetsch et al. 1997, 1999;
Temple and Alvarez-Buylla 1999; Brazel et al. 2003).
Here they migrate radially and differentiate into
interneurons. The rostral migratory stream is absent
in the adult human brain (Weickert et al. 2000; Sanai
et al. 2004).

2.6  Axon Outgrowth and Guidance

The complex pattern of axonal pathways found in
mature animals requires a special set of mechanisms
to develop properly. These mechanisms involve
recognition of environmental cues by growing axons
(Goodman 1996; Goodman and Tessier-Lavigne
1997; Cook et al. 1998; Sanes and Jessell 2000; Brown
et al. 2001). The pathways along which axons grow
provide a large number of diverse molecular cues to
guide axons to their targets, and the growth cones of
axons possess specific receptors to recognize these
cues. Axon trajectories are often subdivided into
shorter segments, interrupted by intermediate tar-
gets or choice points where growth cones have to
make critical guidance decisions. A first set of axon
bundles forms a precise, stereotyped scaffold of
axonal bundles or pioneer fibres. Late-developing
axons often grow along these pioneer fibres by fasci-
culation. Various attractive and repellent factors that
guide the growth cones to their targets have been
studied in particular at choice points such as the ven-

longitudinal section in b) and differentiate into local interneu-
rons in the olfactory bulb (ob). The neuroblasts (A cells in d)
are surrounded by subventricular zone astrocytes (B cells) and
are adjacent to clusters of immature precursors (C cells). cc
corpus callosum, ep ependymal cells. (After Doetsch et al.
1997;Temple and Alvarez-Buylla 1999; Brazel et al. 2003)

tral midline and the optic chiasm. Examples of axon
outgrowth and guidance will be illustrated for some
major fibre systems, including the thalamocortical
and corticofugal projections. The formation of topo-
graphic maps in the CNS is particularly evident in
sensory systems and will be discussed for the retino-
tectal projection.

2.6.1 Pioneer Fibres

The earliest-appearing, ‘pioneer’ axon growth cones
in the developing brain navigate a precise scaffold of
initial tracts that show a strikingly similar overall
pattern in insects and vertebrates (Fig.2.26). Early-
generated, ‘pioneer’ neurons lay down an axonal scaf-
fold, containing guidance cues that are available to
later-generated growth cones. This axonal scaffold
has been labeled with immunohistochemical tech-
niques such as staining against axonal glycoproteins
of the Fasciclin family in the developing grasshopper
(Bastiani et al. 1987; Boyan et al. 1995) and in embry-
onic Drosophila brain (Goodman and Doe 1993; The-
rianos et al. 1995; Nassif et al. 1998). The adhesion
molecule FasciclinII (FasII) is expressed in a large
number of early-differentiating neurons. The FasII
antigen is present on the surface of clusters of neu-
ronal somata prior to axon outgrowth. These ‘fibre
tract founder’ clusters (Nassif et al. 1998) are laid out
in a linear pattern. After expressing Fas II on their so-



Fig. 2.26 Comparison of early pattern of axon scaffolds in a
the grasshopper and b the zebrafish.an antennal nerve, deuto
deutocerebrum, g7 anterior pair of suboesophageal ganglia,
inf infundibulum, mc midline cells, mes mesencephalon,
mn mandibular nerve, nlV trochlear nerve, pc posterior com-
missure, poc postoptic commissure, pros prosencephalon,
proto protocerebrum, r1 first rhombomere, stom stomodeum,
trito tritocerebrum, vtc ventral tegmental commissure. (After
Brown et al.2001)

ma, neurons of the fibre tract founder clusters extend
axons that grow along the surface of the founder clus-
ters and form a simple system of pioneer tracts for
each of the components of the brain neuropile. More-
over, since FasII expression goes on into the larval
period, when the first features of the reorganizing

Fig. 2.27 Initial tract formation
in the avian brain as found in
silver impregnation studies and
by applying specific antibodies.
The early developing tracts are
shown for Hamburger-Hamilton
stages 11/12 (a), about 13 (b),
about 17 (c) and 20 (d). fim fasci-
culus longitudinalis medialis,
mes mesencephalon, ov otic
vesicle, pa anterior parencepha-
lon, pc posterior commissure,
poc postoptic commissure,

pp posterior parencephalon,
resp reticulospinal neurons,
rmesV mesencephalic root of
the trigeminal nerve, syn syn-
encephalon, tb tectobulbar
neurons. (a—c After Windle and
Austin 1936; d after Chédotal

et al. 1995; from ten Donkelaar
2000)

2.6 Axon Outgrowth and Guidance

adult brain become evident, it is possible to trace the
development of several embryonic pioneer tracts
fairly clearly into the corresponding adult pathways.
Pioneer axons in the Drosophila embryo may be guid-
ed by multiple cues including glial cells (Jacobs and
Goodman 1989; Hartenstein et al. 1998; Aratjo and
Tear 2003). The removal of one of these cues, for in-
stance the neuropile glial cells, does not necessarily
lead to the total disability of axons to reach their tar-
get, but enhances the frequency of error in pathfind-
ing. There is now enough evidence that similar mech-
anisms may operate in vertebrates (Easter et al. 1994;
Goodman and Tessier-Lavigne 1997; Chotard and
Salecker 2004).

In Drosophila, a prominent axonal circle forms in
the anterior part of the brain (the future supra-
oesophageal ganglion), enclosing the developing
foregut (Fig.2.26a). In vertebrate embryos (Fig.
2.26b), using antibodies against acetylated tubulin
and HNK-1, such an axonal circle encloses the future
hypothalamus and infundibulum (Chitnis and Kuwa-
da 1990; Wilson et al. 1990; Easter et al. 1993, 1994;
Chédotal et al. 1995). In both cases, this axonal ring is
connected laterally with the developing eye. More
posteriorly, axons in the insect brain navigate seg-
mental commissural axon bundles and two promi-
nent longitudinal bundles that run immediately lat-
eral to the midline cells. In vertebrate embryos, these
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longitudinal bundles form the medial longitudinal
fasciculi alongside the floor plate. Commissural
axons course preferentially at rhombomere bound-
aries. The pattern of early axonal tracts in verte-
brates, however, was in fact already described by Her-
rick (1937,1938) and Windle and co-workers (Windle
1935; Windle and Austin 1936; Windle and Baxter
1936), using reduced silver staining techniques
(Fig. 2.27).

2.6.2 The Guidance of Axons to their Targets

Axonal pathfinding is a highly directed process.
Ramoén y Cajal (1890) first discovered the motile,
ameboid-shaped tips of growing axons, named them
growth cones and suggested that growth cones play
an attractive role in pathfinding. With an innovative
tissue culture technique, Harrison (1910) confirmed
that growth cones are active, mobile and adaptable
structures. Ideas concerning specific axon pathfind-
ing fell out of fashion in the 1930s and 1940s, largely
due to Weiss’s (1941) alternative that specificity of
connections would arise from selective retention of
connections that initially formed at random. On the
basis of regeneration experiments on retinotectal
projections in frogs, Sperry (1943) suggested that
axon-target recognition relied on chemical matching
rather than functional validation of randomly
formed connections. Sperry’s (1963) chemoaffinity
hypothesis initiated an intensive search for recogni-
tion molecules, first in invertebrate embryos but
soon thereafter in vertebrate embryos. In the
grasshopper embryo, growth cones were found to fol-
low specific pathways (Bate 1976; Goodman and Bate
1983). These initial studies were followed by detailed
studies in Drosophila (reviewed in Goodman and
Doe 1993) and on axonal pathfinding in the PNS of
chick and zebrafish embryos (Landmesser 1978;
Lance-Jones and Landmesser 1981a,b; Tosney and
Landmesser 1985a,b; Eisen et al. 1986, 1989). The
retinotectal system became one of the best studied
pathways, especially in the zebrafish (Karlstrom et al.
1997; Hutson and Chien 2002).

Growth cones advancing to their synaptic targets
encounter a variety of guidance cues (Fig. 2.28). Ax-
ons interact with growth-promoting molecules in the
extracellular matrix such as laminin, fibronectin and
tenascin. Adhesive cell-surface molecules such as the
cadherins, neural cell adhesion molecule (NCAM),
the vertebrate homologue of FasII, L1 and TAGI, on
neuroepithelial cells promote the axon’s growth. On
encountering other axons or pioneer bundles, axons
fasciculate. Soluble chemoattractant molecules such
as the netrins direct axons (Cook et al. 1998; Yu and
Bargmann 2001; Guan and Rao 2003). Guidance is al-
so provided by molecules that prevent axon advance

in particular directions (Kolodkin 1996; Cook et al.
1998; Brose and Tessier-Lavigne 2000; Raper 2000;
Yu and Bargmann 2001; Pasterkamp and Kolodkin
2003). These may be surface-bound (contact inhibi-
tion or repulsion) or diffusable (chemorepulsion by
semaphorins, ephrins and Slits). Finally, after con-
tacting the synaptic target the growth cone stops
elongating and begins to form its terminal arboriza-
tion.

A large number of molecules have been found that
control axon growth by acting as attractants or repel-
lents. NCAM was the first adhesion molecule to be
characterized (Edelman 1983). Despite the wide dis-
tribution of NCAM in neurons, only defasciculation
and errors of targeting in the hippocampal mossy
fibre system were found in NCAM knockout mice
(Cremer et al. 1997). In vertebrates, L1-type mole-
cules comprise L1, NrCAM and NgCAM. They are ex-
pressed in various neurons and glia during develop-
ment. TAGI is found on commissural axons crossing
the midline floor plate. Recently, morphogens for em-
bryonic patterning, including the BMPs, WNTs and
SHH, have also been implicated in axon guidance
(Augsburger et al. 1999; Marti and Bovolenta 2002;
Charron et al. 2003; Guan and Rao 2003; Yoshikawa
et al. 2003; Butler and Dodd 2003; Yoshikawa and
Thomas 2004). SHH acts as a chemoattractant for
commissural neurons, and certain BMPs and WN'Ts
act as chemorepellents; therefore, morphogen gradi-
ents, initially used for specifying cell fates, may be
reused to guide axons.

To reach their proper target, axons rely upon the
actions of highly conserved families of attractive (the
netrins) and repulsive (the Slits, semaphorins and
ephrins) guidance molecules. The netrins were iso-
lated as floor-plate chemoattractants in chick em-
bryos (Kennedy et al. 1994; Serafini et al. 1994) and
are homologous to UNC6, a laminin-related protein
required for circumferential growth of axons in the
body wall of C.elegans. A human homologue was
found encoded by the NTN2L gene on chromosome
16p13.3 (van Raay et al. 1997). Netrin-1 is important
for axon guidance to the midline in the brain. Netrin-
1 deficient mice do not only show abnormal spinal
commissural axon projections, but also defects in the
corpus callosum, and the hippocampal and anterior
commissures (Serafini et al. 1996). A netrin receptor
has been identified in mammals and is encoded by
the deleted in colon carcinoma (DCC) gene, original-
ly described as a tumour-suppressor gene lost in
patients with colorectal cancer (Keino-Masu et al.
1996). The semaphorins are defined by the presence
of a ‘sema’ domain at their amino-terminal end and
form one of the largest families of repulsive and
attractive growth cone guidance proteins (Cook et al.
1998; Raper 2000; Pasterkamp and Kolodkin 2003).
They affect the growth cone’s actin cytoskeleton
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Fig. 2.28 Axons encounter a variety of guidance cues on
their way to their synaptic targets: a the axon interacts with
growth-promoting molecules in the extracellular matrix;
b adhesive cell surface molecules on neuroepithelial cells pro-
mote the growth of axons; ¢ the axon encounters an axon of a
pioneer neuron (PN) and fasciculates with it; d a soluble

through interactions with receptor complexes com-
posed of ligand-binding, signal-transducing and
modulatory subunits. Two receptor families have
been implicated in mediating many semaphorin
functions: plexins and neuropilins. At least 19 identi-
fied members are found, several of which act as axon-
al guidance molecules.

A variety of ephrins and their Eph receptors have
been implicated in guiding axons to and from choice
points, axon fasciculation and target selection (Orioli
and Klein 1997; Cook et al. 1998; Wilkinson 2001).
This signalling system is involved in the repulsive

chemoattractant molecule directs the axon; e an intermediate
target with a repellent cue on its surface makes the axon turn;
and f a soluble inhibitory molecule directs the axon to the
right. After contacting the synaptic target, the growth cone
stops elongating and begins to form terminal arborizations.
(After Sanes and Jessell 2000)

guidance of retinal axons during the formation of an
ordered topographic map between the retina and the
midbrain roof as well as in the development of fore-
brain commissures (Orioli and Klein 1997; Knoll and
Drescher 2002). In EphB2 knockout mice, axons fail
to navigate the anterior commissure and grow aber-
rantly into the ipsilateral part of the ventral forebrain
(Henkemeyer et al. 1996). The recently discovered Slit
proteins are key regulators of axon guidance, axonal
branching and cell migration (Brose and Tessier-Lav-
igne 2000). Proteins of the Roundabout (Robo) fami-
ly are the receptors. Robo was originally described in

73



74

Chapter2  Developmental Mechanisms

Drosophila as a gene required to prevent aberrant
crossing of the midline. Slit was identified as a repel-
lent ligand for Robo. In mice, three homologues of
Drosophila Robo, Robol, Robo2 and Rigl (Kidd et al.
1998; Brose et al. 1999; S.S. Yuan et al. 1999) and three
Slit homologues, Slit1, Slit2 and Slit3, have been iden-
tified (Kidd et al. 1998; Brose et al. 1999; W. Yuan et al.
1999). Slit proteins prevent midline crossing and de-
termine the dorsoventral position of major axonal
pathways in the mammalian forebrain (Bagri et al.
2002).

2.6.3 Axon Guidance at Choice Points

In grasshopper embryos, Bate (1976) noted that pio-
neering growth cones migrate along a pathway
marked by the presence of special cells, termed ‘step-
ping stones’ or guidepost cells. In vertebrates, the
floor plate, a group of cells at the ventral midline of
the CNS, presents a variety of different guidance cues
with profound influences on the direction of migra-
tion of different classes of axons that navigate the
midline (Colamarino and Tessier-Lavigne 1995;
Goodman and Tessier-Lavigne 1997; Stoeckli and
Landmesser 1998; Kaprielian et al. 2001). Another ex-
ample of midline cells that may function as an impor-
tant intermediate target is the optic chiasm (Silver
1993; Godement and Mason 1993; Sretavan 1993;
Mason and Sretavan 1997). Other intermediate tar-
gets were described in the ventral forebrain. Such
intermediate targets might be considered the verte-
brate analogues of the insect guidepost cells.

Ventral midline structures in nematodes, fruit-
flies and vertebrates provide a variety of different
guidance signals (Fig.2.29). The vertebrate floor
plate is a source of netrin-1 (Kennedy et al. 1994;
Serafini et al. 1994), a long-range guidance cue. To be
able to cross the midline, commissural axons also re-
quire an additional set of short-range guidance cues
such as axonin-1,a TAG1 homologue,and NrCAM, an
L1-type molecule, providing a positive signal for
commissural axons to enter the floor plate (Yaginu-
ma et al. 1994; Stoeckli and Landmesser 1995; Stoeck-
li et al. 1997). In the chick embryo, spinal commissur-
al axons and growth cones express axonin-1, whereas
the floor-plate cells express NrCAM. Commissural
axons experience a prevalence of positive cues upon
contact with the floor plate, causing them to enter,
whereas ipsilaterally projecting fibres fail to enter,
presumably because negative cues predominate
(Stoeckli and Landmesser 1998).In Drosophila, large-
scale mutant screens revealed two mutants with dra-
matic alterations in axonal growth across the midline
(Seeger et al. 1993; Tear et al. 1996; Kidd et al. 1998).
In commissureless (comm), axons do not cross the
midline, resulting in the absence of commissures. In
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Fig. 2.29 Long-range and short-range guidance at the ven-
tral midline in a Caenorhabditis elegans, b Drosophila and c the
chick embryo. The netrins function as both long-range
chemoattractants and long-range chemorepellents for differ-
ent classes of axons. Attraction of growth cones by netrins ap-
pears to involve the DCC/UNC-40/Frazzled receptor, whereas
repulsion of growth cones by netrins involves the UNC-5 re-
ceptor. In chick embryos, crossing of the midline requires in-
teraction of TAG1/axonin-1 with NrCAM on the surface of mid-
line cells.In Drosophila, it also requires the midline expression
of commissureless (Comm). Moreover, many commissural
growth cones turn longitudinally along the midline after
crossing, expressing the Robo receptor. (After Goodman and
Tessier-Lavigne 1997)

contrast, excessive numbers of axons crossed the
midline in roundabout (robo) mutants. Slit proteins
appear to be midline repellents (Brose and Tessier-
Lavigne 2000; Kaprielian et al. 2001; Wong et al. 2002).
Robo and Slit proteins interact with another sig-
nalling pair, netrin and its receptor DCC. Robol and
Robo2 inhibit the midline attractant netrin through
interaction of specific cytoplasmic domains of Robo
proteins with DCC, thus blocking DCC’s response to
netrin (Stein and Tessier-Lavigne 2001). By prevent-
ing midline attraction through silencing of netrin,
Robol and Robo2 help to keep axons on one side of
the midline. Another Robo protein, Robo3, differs
from other Robo proteins in that it acts as a chemoat-
tractant and not as a repellent to axons trying to cross
the midline. Robo3 promotes crossing of the midline
by pyramidal tract axons (Sabatier et al. 2004).
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Fig. 2.30 ‘Handshake’ hypothesis (see text for explanation). CP cortical plate, ge ganglionic eminence, ic internal capsule,
MZ marginal zone, PP preplate, SP subplate, th thalamus. (After Molnar and Blakemore 1995)

At the vertebrate optic chiasm, one population of
retinal ganglion cell (RGC) axons crosses the midline
to project contralaterally, whereas a population of
uncrossed axons is deflected at the midline, project-
ing ipsilaterally. Interactions between RGC axons and
specific glial and neuronal populations in the embry-
onic forebrain appear to be involved in determining
the position of the optic chiasm and RGC axon pat-
terning (Mason and Sretavan 1997; Williams et al.
2004). In the optic chiasm of Xenopus and mice,
ephrin-B regulates the ipsilateral routing of RGC
axons (Nakagawa et al. 2000; Williams et al. 2004). In
mice, Slit proteins cooperate to prevent premature
midline crossing of RGC axons (Plump et al. 2002).
Mice deficient in SlitI or Slit2 showed few RGC axon
guidance defects, but double mutants display a vari-
ety of guidance errors, including the formation of an
ectopic chiasm rostral to the true chiasm, and other
misprojections of RGC axons into the contralateral
optic nerve and around the chiasm. A comparable
role for Slit proteins was found in zebrafish embryos
(Hutson and Chien 2002). The same ‘channelling
mechanism’ is found in the forebrain. In Slit1/Slit2
double mutants, corticofugal and thalamocortical ax-
ons deviate within the internal capsule and form an
ectopic commissure at the level of the anterior com-
missure (Bagri et al. 2002). In the developing corpus
callosum, Slit expression may provide a repulsive sig-
nal that forms a barrier, keeping axons within the
corpus callosum (Shu and Richards 2001).

2.6.4 Formation of Thalamocortical
and Corticofugal Projections

The development of thalamocortical and cortico-
fugal projections is closely related. A cascade of sim-
ple mechanisms influences thalamic innervation of
the cerebral cortex (Blakemore and Molndr 1990;
Molndr and Blakemore 1995; Métin and Godement
1996; Molndr et al. 1998; Braisted et al. 1999; Tuttle et
al. 1999; Auladell et al. 2000; Lépez-Bendito and Mol-
ndr 2003; Vanderhaeghen and Polleux 2004). The cor-
tex exerts a remote growth-promoting influence on
thalamocortical axons when they start to grow out,
becomes growth-permissive when the axons begin to
invade, and later expresses a ‘stop signal’, causing ter-
mination of thalamocortical fibres in layer 4. In cul-
ture, any part of the thalamus will innervate any re-
gion of developing cortex (Molndr and Blakemore
1999), and the precise topographic distribution of
thalamocortical fibres in vivo is unlikely to depend
exclusively on regional chemoaffinity. Axons of pre-
plate cells may pioneer the pathway from the cerebral
cortex into the diencephalon (Blakemore and Molndr
1990; de Carlos and O’Leary 1992; Molndr and Blake-
more 1995) as originally described in fetal cats (Mc-
Connell et al. 1989, 1994). Molndr and Blakemore
(1995) proposed the ‘handshake hypothesis’, impli-
cating that axons from the thalamus and from early-
born cortical preplate cells meet and intermingle in
the basal telencephalon (Fig.2.30). Later, thalamic
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Fig.2.31 Guidance of corticofugal projections at the telen-
cephalic-diencephalic boundary.The paths followed by corti-
cospinal and corticothalamic axons are shown for wild-type
(a) and Nkx2.1 mutant (b) mice. The red areas in a show the
normal expression domain of Nkx2.1 in the forebrain. ap alar
plate, bp basal plate, cb cerebellum, cp cerebral peduncle,

axons grow over the scaffold of preplate axons, and
become ‘captured’ for a waiting period in the subplate
below the corresponding part of the cortex. The
bizarre pattern of development of thalamocortical
innervation in mouse mutants such as reeler and in
Tbri-knockouts provides strong evidence that thala-
mic axons are guided by preplate axons (Molndr and
Hannan 2000; Hevner et al. 2001; Lépez-Bendito and
Molndr 2003; Chap. 9). Netrin-1 acts in vitro as an at-
tractant and growth promoter for thalamocortical
axons and is required for the proper development of
the thalamocortical projection in vivo (Braisted et al.
1999,2000). Netrin-1 is expressed in the ventral telen-
cephalon at the time thalamocortical axons navigate
through the developing internal capsule (Serafini et
al. 1996; Métin et al. 1997). Ephrins control the estab-
lishment of topography of axonal projections be-
tween the thalamus and cortex, and later control the
mapping of thalamocortical projections (Vander-
haeghen and Polleux 2004).

Corticospinal axon growth cones are set a formi-
dable task in navigating through the internal capsule,
cerebral peduncle, pons and medulla to reach their
distant targets. This task is simplified by the frag-
mentation of the journey into shorter steps inter-
rupted by intermediate targets or choice points, at
which other cells provide critical guidance cues that
direct growth cones on the next stage of their trajec-
tory (Goodman and Tessier-Lavigne 1997). The sub-
pallium appears to play a prominent role in the guid-
ance of corticofugal and thalamocortical axons (de
Carlos and O’Leary 1992; Molndr et al. 1998; Molndr
and Cordery 1999; Sussel et al. 1999). The initial tra-
jectories of these axons in the subpallium appear to

dth dorsal thalamus, GP globus pallidus, ic internal capsule,
mes mesencephalon, ob olfactory bulb, Poa preoptic area,
prt pretectum, Str striatum, vth ventral thalamus, V, VI layer V
and layer VI cortical neurons, respectively. (After Marin et al.
2002; Bagri et al.2002)

be pioneered by transient projections from the gan-
glionic eminences (Métin and Godement 1996; Mol-
ndr et al. 1998; Braisted et al. 1999; Molndr and
Cordery 1999; Tuttle et al. 1999). The early steps in the
guidance of corticofugal axons appear to be con-
trolled by common mechanisms. Semaphorins regu-
late the initial extension of cortical axons towards the
adjacent white matter through a complex mecha-
nism, involving repulsion from the outer, marginal
zone and attraction from the inner, ventricular zone
(Bagnard et al. 1998; Polleux et al. 1998). Subsequent-
ly, netrin-1, prominently expressed in the ganglionic
eminences (Métin et al. 1997; Richards et al. 1997),
attracts corticofugal axons laterally towards the in-
ternal capsule. A critical decision point in the guid-
ance of corticofugal fibres is located at the telen-
cephalic/diencephalic boundary (Marin et al. 2002).
Corticofugal fibres enter the cerebral peduncle and
subsequently split into the layer VI arising corti-
cothalamic axons and the layer V originating pyra-
midal tract. Appropriate patterning of the basal telen-
cephalon and hypothalamus is essential for guidance
of corticospinal projections (Fig.2.31). Loss of func-
tion of the homeobox gene Nkx2.1 causes molecular
transformation of the basal forebrain. In Nkx2.1-de-
ficient mice, layer V cortical projections take an ab-
normal path when coursing through the basal fore-
brain. Guidance of corticothalamic and thalamocor-
tical axons is not impaired. The basal telencephalon
and the hypothalamus repel the growth of cortical
axons. The axon guidance molecule Slit2 may con-
tribute to this activity. In Slit2 mutant mice, corti-
cofugal axons fail to enter the cerebral peduncle
normally, and instead follow an abnormal course



Fig. 2.32 Three stages in the development of layer V cortical
axons. a Layer V axons extend out of the cortex towards the
spinal cord, by-passing their subcortical targets.b The subcor-
tical targets are exclusively contacted by axon collaterals that
develop by branching off a spinally directed primary axon.
¢ Specific branches and segments of the primary axon are se-
lectively eliminated to yield the mature projections function-
ally appropriate for the area of cortex in question. cb cerebel-
lum, ci colliculus inferior, ¢s colliculus superior, Cx,,,, motor cor-
tex layer V neuron, Cx,;s visual cortex layer V neuron, dcn dorsal
column nuclei, ob olfactory bulb, oliinferior olive, tegm mesen-
cephalic tegmentum. (After O’Leary and Koester 1993)

towards the surface of the telencephalon (Bagri et al.
2002).

The further outgrowth of corticospinal axons is
shown in Fig. 2.32. O’Leary and co-workers (O’Leary
et al. 1990; O’Leary and Koester 1993) distinguished
three stages in the development of cortical axons
arising in layer V neurons: (1) layer V axons extend
out of the cortex towards the spinal cord, bypassing
their subcortical targets; (2) the subcortical targets
are exclusively contacted by axon collaterals that de-

2.6 Axon Outgrowth and Guidance

velop by delayed interstitial branching off the flank of
a spinally directed primary axon; and (3) specific
branches and segments of the primary axon are se-
lectively eliminated to yield the mature projections
functionally appropriate for the area of cortex in
question. The homeodomain transcription factor
Otx1 plays an important role in this elimination
process (Weimann et al. 1999). Otx] mutants are de-
fective in the refinement of the exuberant, transient
projections. The cell adhesion molecule L1 (LICAM)
may be involved in fascicle formation of outgrowing
later-arriving corticospinal axons (Joosten et al. 1990;
Fujimori et al. 2000). In L1 mutant mice, the L1 muta-
tion causes a primary pathfinding deficit in the de-
velopment of the corticospinal decussation (Cohen et
al. 1997; Dahme et al. 1997; Castellani et al. 2000). A
varying, but reduced number of corticospinal fibres
were observed in the posterior columns of the spinal
cord of L1-deficient mice and a substantial number of
corticospinal axons failed to cross the midline, sug-
gesting that the first corticospinal axons pioneer a
path through the pyramidal decussation, indepen-
dent of L1 function, and that later-arriving axons fol-
low the pioneer fibres by L1-mediated fascicle forma-
tion. In LI knockout mice, the corpus callosum was
reduced in size because of the failure of many callos-
al axons to cross the midline (Demyanenko et al.
1999). Human LI mutations are linked to a set of
overlapping hereditary syndromes associated with
brain malformations such as aqueduct stenosis, hy-
drocephalus, hypoplasia of the pyramidal tract, dys-
genesis of the corpus callosum, spastic paraplegia
and mental retardation (Briimmendorf et al. 1998;
Kamiguchi et al. 1998; Chap. 6).

2.6.5 Formation of Topographic Maps

Development of the appropriate functional connec-
tions of the CNS requires a series of steps. Axons
reach the correct area of the developing nervous
system through guidance mechanisms. Many axonal
projections within the CNS establish an orderly
arrangement of connections in their target field,
forming a topographic map. Each sensory system is
characterized by topographic maps of the receptor
array. The retinotectal projection is the dominant
model system to study the development of topo-
graphic maps (Sanes and Yamagata 1999; Hutson and
Chien 2002; McLaughlin et al. 2003). Retinotectal
projections form on the basis of graded expression of
guidance molecules by the projecting axons and the
target area. The projections of each eye establish a
pattern of interdigitation eye-specific stripes (Fig.
2.33). The tectum mesencephali is the major target of
retinal axons in non-mammalian vertebrates. The
formation of the retinotectal pathway (Fig.2.34) in-
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Fig.2.33 A double-innervation
study in which an eye primor-
dium was transplanted (a) into a
host embryo (b).The projections
of each eye establish a pattern
of interdigitating eye-specific
strips (c). (After Constantine-
Paton and Law 1982)

Fig. 2.34 The development

of the retinotectal connection:
a overview; b-g necessary steps
to reach the tectum. Retinal
ganglion cells (RGCs) send out
transient processes including

a central axon (b).These axons
navigate along the vitreal sur-
face of the retina to the optic
nerve head (onh) where the
fibres from younger retinal
ganglion cells enter more cen-
trally (c). After reorganization (d),
axons reach the optic chiasm
(oc) and cross to the other side
(e).Retinal ganglion cell axons
climb the optic tract (ot) and
change their growth cone
morphology (f, g). (After
Johnson and Harris 2000)
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Fig. 2.35 Development of retinotopic projections. Ephrins
repel axons from temporal ganglion cells (7) of the retina. In
wild-type mice (a), temporal retinal axons project to the ante-
rior part (A) of the superior colliculus (SC) only, where ephrin-
A5 and ephrin-A2 have their lowest expression.When ephrin-
A5 is absent (b), temporal axons are no longer constrained to
the anterior part of the superior colliculus, and also reach the
posterior part (P) of the superior colliculus where ephrin-A2
expression is low. (After Frisén et al. 1998; McLaughlin et al.
2003)

volves a series of steps (Holt and Harris 1993; Mason
et al. 1996; Mason and Sretavan 1997; Johnson and
Harris 2000; van Horck et al. 2004): (1) axonogenesis
of RGCs; (2) navigation of RGC axons to the optic
nerve head; (3) reorganization of RGC axons in the
optic nerve; (4) crossing at the optic chiasm; (5)
climbing the optic tract towards the tectum; (6)
target recognition; and (7) finding the proper tectal
target, resulting in topographic mapping. Many mol-
ecules are involved in guiding RGC axons at different
points of the retinotectal pathway. Within the retina,
RGC axons grow along a rich substrate containing
laminin, N-cadherin and NCAM, before turning into
the netrin-rich optic nerve head. Upon entering the
optic chiasm, RGC axons encounter a set of neurons
expressing molecules such as stage-specific embry-
onic antigen1 (SSEA1), the cell adhesion receptor
CD44 and L1. Ipsilaterally projecting fibres never tra-
verse this set of neurons, but make a sharp turn to en-
ter the ipsilateral optic tract. When RGC axons reach
the tectal border, they must change their growth from
a substrate rich in bFGF and HSPG1, to a substrate
nearly devoid of these growth factors. RGC axons es-
tablish a topographic map in the tectum such that
more temporal axons project to the anterior tectum,
whereas more nasal axons project to the posterior
tectum.

In studies using an in vitro assay of the chick tec-
tum, Bonhoeffer and co-workers (Bonhoeffer and
Huf 1980, 1982; Drescher et al. 1995) demonstated
that this anterior-posterior gradient is due to a repul-
sive axonal guidance signal (RAGS, currently known
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as ephrin-A5). Ephrins play an important role in the
establishment of the retinotopic map (Knoll and
Drescher 2002; McLaughlin et al. 2003). Ephrins are
able to repel axons from temporal RGCs of the retina.
In wild-type mice, temporal retinal axons project to
anterior superior colliculus only, where the lowest
expression of ephrin-A5 and ephrin-A2 is found
(Fig.2.35). In Ephrin-A5 knockout mice, temporal
axons are no longer restrained to the anterior part of
the colliculus but also terminate posteriorly where
ephrin-A2 expression is low (Frisén et al. 1998; Feld-
heim et al. 2000; Knéll and Drescher 2002; Yates et al.
2001). Dorsoventral patterning is controlled by
ephrin-Bs (Hindges et al. 2002; Mann et al. 2002).
Much is known on the genetic analysis of retinotectal
mapping in zebrafish (Trowe et al. 1996; Karlstrom et
al. 1997; Hutson and Chien 2002). Over 30 genes were
found that affect either retinal axon pathfinding to
the contralateral tectum or the topographic connec-
tion between the eye and the tectum. In midline
crossing mutants (sonic-you, you-too, smooth-
muscle-omitted), retinal axons project to both the
ipsilateral and contralateral optic tecta. In another
class of mutants (noi and ace), retinal axons project
anteriorly in the forebrain and to the ipsilateral tec-
tum. In the astray/robo2 (ast) mutant, retinal axons
also project into the opposite eye and to the ventral
hindbrain, and show extra midline crossing.

The development of subcortical and cortical maps
is shaped by a combination of molecular gradients
such as shown for retinotectal projections, and of
patterns of neural activity that shape important as-
pects of sensory representations. Sensory representa-
tions commonly have visible septa between groups of
cells that are activated by separated arrays of periph-
eral receptors (Kaas and Catania 2002). In the rodent
somatosensory system, each whisker on the side of
the face activates a specific cluster of cells or ‘barrel
field’ in the primary somatosensory cortex (Fig.
2.36). They become apparent at the fourth postnatal
day (Rice and Van der Loos 1977). The barrel fields
are ovals of tissue densely expressing the metabolic
enzyme cytochrome oxidase (CO), separated by CO-
light septa (Woolsey et al. 1975; Killackey et al. 1995).
In mice with one or two extra or fewer whiskers, Van
der Loos and co-workers (Van der Loos and Dorfl
1978; Van der Loos and Welker 1985; Welker 1985; Van
der Loos et al. 1986) found the same changes in the
number of barrels in the cortex and barreloids at
each subcortical relay station. Similar observations
were made in the somatosensory cortex in star-nosed
moles with an aberrant number of appendages on
their tactile nose (Catania and Kaas 1997). The
matching changes in the number of whiskers or rays
on the nose and the number of related neural struc-
tures in further levels of processing in the somato-
sensory system suggest that a genetic change or envi-
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ronmental event during development altered the
number of whiskers or rays on the face (Kaas and
Catania 2002). When FGF8 is ectopically expressed in
the caudal part of the embryonic neocortex, a partial
duplication of the SI barrel field (Fig.2.36) occurs
(Fukuchi-Shimogori and Grove 2001).

Similar changes occur in the visual system.
Siamese cats result from a mutation that changes coat
colour and eye colour by reducing pigmentation in
parts of the body with normal body temperature. The
reduced pigment in the retina has the unexplained
developmental consequence of misdirecting axons
from the temporal half of the retina that project ab-
normally to the contralateral lateral geniculate nucle-
us (LGN), instead of to the ipsilateral LGN (Guillery
and Kaas 1971; Guillery 1996). The LGN is the major
target of retinal axons in most mammals. In rhesus
monkeys, Rakic (1976) showed that projections from
both eyes initially overlap in the LGN, with eye-spe-
cific laminae forming from the initially different pro-
jection late in embryogenesis (Chap.9). The develop-
ment of lamina-specific connections in the spinal
cord and in the cerebral cortex will be discussed in
Chaps. 6 and 10, respectively.

2.7  Programmed Cell Death

Programmed cell death (apoptosis) is an important
mechanism for determining the size and shape of the
nervous system (Kerr et al. 1972; Wyllie et al. 1980;
Oppenheim 1991; Lo et al. 1995; Haydar et al. 1999).

Fig. 2.36 Development of bar-
rel fields in the murine somato-
sensory area S1.Whiskers-relat-
ed (a) maps are relayed via

the trigeminal ganglion (b),
the trigeminal nuclear complex
of the brain stem (c),and the
contralateral ventroposterior
thalamic nucleus (d) to the
somatosensory area (e). When
FGF8 was ectopically expressed
in the caudal part of the neo-
cortical primordium (Fukuchi-
Shimogori and Grove 2001),

a partial duplication of the
S1-barrel field was found (f).
(After O’Leary and Nakagawa
2002)

Apoptosis can be divided into four phases (Kerr et al.
1972,1995; Clarke 1990; Oppenheim 1991): (1) activa-
tion of the cell death programme by apoptotic trig-
gers such as deprivation or trophic support, occur-
ring when too many neurons attempt to innervate a
target population, the wrong targets are innervated
or if there is inadequate incoming innervation; (2)
metabolic changes such as decreased glucose uptake
and reduced protein and RNA synthesis; (3) these
changes appear irreversible and the cell reaches the
point of ‘no return’, characterized by stereotypic
morphological changes in cell structure; and (4) the
execution phase, characterized by lysis of the cell.
Removal of apoptotic cells by adjacent cells or
macrophages takes place in a relatively short period
without invoking an inflammatory response from the
surrounding tissue as occurs during necrosis (Kerr et
al. 1972; Wyllie et al. 1980). The differences between
apoptosis and necrosis of a cell are shown in Fig. 2.37.
Homologues of the cell-death pathway in the nema-
tode C. elegans have analogous functions in apopto-
sis in the developing vertebrate brain (Wyllie 1997;
Huppertz et al. 1999; Kuan et al. 2000). During the de-
velopment of a C. elegans hermaphrodite, 131 out of
1,090 cells undergo programmed cell death in a lin-
eage-specific and mostly cell autonomous manner
(Sulston and Horvitz 1977; Ellis and Horvitz 1986;
Yuan and Horvitz 1990; Ellis et al. 1991). A large num-
ber of cell death (ced) genes have been identified
(Metzstein et al. 1998). Structural homologues of the
genes involved in the execution phase of cell death in
C.elegans have been identified in mammals. The



Fig. 2.37 Sequence of ultrastructural changes in apoptosis
(b—f) and necrosis (g, h) occurring in a normal cell (a). Early
apoptosis (b) is characterized by compaction and segregation
of chromatin in sharply circumscribed masses that abut on
the inner side of the nuclear envelope with convolution of the
nuclear outline and condensation of the cytoplasm. In the
next phase (c), the nucleus fragments and further condensa-
tion of the cytoplasm is associated with extensive cell surface
protrusion, followed by the formation of membrane-bound
apoptotic bodies. These apoptotic bodies are phagocytosed
(d) by nearby cells, are degraded by lysosomal enzymes (e)
and are rapidly reduced to non-descript residues (f).In an irre-
versibly injured cell, the onset of necrosis (g) manifests itself as
irregular clumping of chromatin, gross swelling of mitochon-
dria, dissolution of ribosomes and focal rupture of mem-
branes. At a more advanced stage (h), all cellular components
disintegrate. (After Kerr et al. 1995)

mammalian homologues of ced3 comprise a large
family of cysteine-containing, aspartate-specific pro-
teases called caspases (Salvesen and Dixit 1997;
Wryllie 1997; Thornberry and Lazebnik 1998; Boon-
stra and Isacson 1999). Once activated, caspases
cleave other caspases and various cellular substrates,
leading to the ultrastructural changes that character-
ize apoptosis (Jacobson et al. 1996,1997; Salvesen and
Dixit 1997; Wyllie 1997; Fig.2.38). Null mutants of
Casp3 (CPP32) and Casp9 showed severe defects in
the nervous system (Kuida et al. 1996, 1998; Hakem et
al. 1998). By preventing normal selected apoptotic
cell death in the early forebrain progenitor cell lin-
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Fig. 2.38 The apoptosis cascade (after Huppertz et al. 1999)

eage, caspase deletion causes an increase in forebrain
founder cells. In caspase-3 deficient mice, the entire
brain is larger, with hyperplastic, ectopic cell masses
in the cerebral cortex, the cerebellum, the striatum
and the hippocampus (Kuida et al. 1996). Instead of a
normal smooth brain, the increase in forebrain
founder cells leads to a large expansion of the cere-
bral wall and a convoluted cerebrum of larger surface
area (Kuida et al. 1996; Haydar et al. 1999). Caspase-3
deficient mice have a high prenatal lethality and are
not fertile. Most caspase-9 deficient mice die perina-
tally with a markedly enlarged and malformed brain,
most severe in the cerebral cortex as a result of re-
duced apoptosis during development (Kuida et al.
1998). The Jnk1 and Jnk2 protein kinases are also re-
quired for regional specific apoptosis during early
brain development (Kuan et al. 1999, 2000).

Neuron death during normal development was
first noted by Vogt (1842), who reported cell death in
the notochord and adjacent cartilage of metamor-
phosing toads (Clarke and Clarke 1996). Ernst (1926)
was one of the first to recognize that overproduction
of neurons was followed by death of a significant
fraction of neurons in many regions of the nervous
system of vertebrates. He suggested three main types
of cell death during normal development: the first
occurring during regression of vestigial organs such
as the pronephros and mesonephros; the second oc-
curring during cavitation, folding or fusion of organ
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anlage such as the neural plate and neural tube; the
third occurring as part of the process of remodelling
of tissues such as cartilage, bone and various cell
groups in the CNS. Gliicksmann (1940, 1951) intro-
duced the terms phylogenetic, morphogenetic and
histogenetic cell death for Ernst’s types. Hughes
(1961), Prestige (1965) and Cowan and Wenger
(1968) showed that the number of neurons produced
(motoneurons, spinal ganglion cells and ciliary gan-
glion cells, respectively) is matched to the size of the
targets as a result of reciprocal trophic interactions
between nerves and their peripheral innervation
fields. Cell death was initially detected by classic his-
tological staining techniques. New sensitive tech-
niques such as the terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end-labelling
(TUNEL) method (Gavrieli et al. 1992) and markers
such as annexin V (van den Eijnde et al. 1997, 1999)
greatly improved the study of apoptosis.

Programmed degeneration of Rohon-Beard cells
is an example of phylogenetic cell death. Rohon-
Beard cells are derived from the neural crest and
form a transient primary sensory system linking the
ectoderm with the neural tube in fish and amphibian
embryos. They degenerate as their place is taken by
spinal dorsal root ganglia (Beard 1896; Hughes 1957;
Lamborghini 1987). During insect metamorphosis,
phylogenetic cell death occurs of neurons such as
those innervating larval musculature (Bate 1976).
Morphogenetic cell death occurs in many developing
structures such as the limbs, the face, and in many
parts of the developing nervous system during cavi-
tation, fusion, folding and bending of organ anlage
such as the neural plate and tube and during forma-
tion of the optic and otic vesicles. Programmed cell
death plays an essential role in sculpting parts of the
body such as the face and the formation of the digits
(Vermeij-Keers 1972; Mori et al. 1994, 1995; Kimura
and Shiota 1996; van den Eijnde et al. 1997; van den
Eijnde 1999). Caspase inhibitors block digit forma-
tion (Jacobson et al. 1996, 1997). Similarly, pro-
grammed cell death is involved in hollowing out sol-
id structures to create lumina for the nasolacrimal,
parotid and other glandular ducts (van den Eijnde et
al. 1997; van den Eijnde 1999).

Histogenetic cell death occurs during histogenesis
and remodelling of tissues. This is the common type
of cell death during development of the nervous sys-
tem. There are several mechanisms known to cause
histogenetic neuronal death (Clarke 1990; Jacobson
1991). Cell death during normal development of the
vertebrate nervous system has been demonstrated
for many locations, ranging from the ciliary, sympa-
thetic, spinal and cranial ganglia, through motoneu-
rons to the cerebral cortex. Widespread apoptosis
occurs in proliferative and postmitotic regions of
the fetal cerebral cortex and thalamus of rodents

(Spreafico et al. 1995; Blaschke et al. 1996, 1998;
Thomaidou et al. 1997) and the human basal ganglia
(Ttoh et al. 2001). Apoptosis in the cerebral cortex may
be associated with neuronal proliferation and may be
linked with phenotype selection of clonally expand-
ing neurons and the initiation of postmitotic neuron
generation (Blaschke et al. 1996, 1998). Moreover, it
may serve to delete cells carrying mutations and/or
helps to regulate cell numbers (Thomaidou et al.
1997).
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3.1 Introduction

Congenital malformations are structural abnormali-
ties due to faulty development, present at birth, and
are among the major causes of prenatal, perinatal and
infant mortality and morbidity. They include gross
and microscopic malformations, inborn errors of
metabolism, mental retardation and cellular and
molecular abnormalities. About 2-3% of newborns
have a single major malformation, and 0.7% have
multiple major defects (Norman et al. 1995; Opitz and
Wilson 1997; Aicardi 1998; Volpe 2001a). The fre-
quency is much higher prenatally, the majority abort-
ing spontaneously (Shiota 1991, 1993; Kalousek
1997). More than 80% of malformed conceptuses are
lost during the embryonic period, and more than
90 % before birth. The importance of congenital mal-
formations as a cause of perinatal mortality has in-
creased as deaths from intrapartum problems and in-
fectious diseases have declined, and better neonatal
care has improved the survival of normally devel-
oped low-birthweight babies. During the last few
decades, there has been a rapid expansion of meth-
ods for detecting many different types of disorders
prenatally. In this introductory chapter the known
causes of congenital CNS malformations, and possi-
bilities to detect them prenatally, will be outlined.
Some emphasis will be given to the increasing group
of inborn errors of metabolism affecting the CNS
(neurometabolic disorders), myelination disorders,
and vascular disorders, the last being the major cause
of acquired damage to the developing nervous sys-
tem.

3.2  Causes of Congenital

Malformations

The causes of congenital malformations may be di-
vided into five broad groups (Warkany 1971; Norman
et al. 1995; Jones 1997; Opitz and Wilson 1997; Keel-
ing and Boyd 2001): (1) single gene defects (mutant
genes); (2) chromosome abnormalities; (3) multifac-
torial disorders which are the result of interaction be-
tween genetic predisposition and presumed environ-
mental factors; (4) teratogenic factors; and (5) those
of unknown cause. Despite the tremendous advances
in genetics over the last decade, the aetiology of more
than 50% of malformations is still unknown (Opitz

and Wilson 1997; Moore et al. 2000; Keeling and Boyd
2001). Mutant genes, chromosome abnormalities and
known teratogens can each be identified in about
7-8% of malformations, and a further 20-25% of
malformations fall into the group of multifactorial
disorders. A broad subdivision of malformations in-
cludes abnormalities of pregenesis (gonadogenesis,
gametogenesis), blastogenesis (the first four embry-
onic weeks), organogenesis (the fifth to eighth em-
bryonic weeks) and phenogenesis (roughly the fetal
period; Opitz 1993; Opitz et al. 1997). Some essential
and widely used terms and concepts relating to mal-
formations are summarized in Table3.1 (Spranger
et al. 1982; Opitz 1993; Opitz et al. 1997). A glossary
of genetic terms is included as Table 3.2 (Anderson
1995; Strachan and Read 2004).

3.2.1 Genetic Disorders

Chromosomal Abnormalities

Human development is dependent on the correct
chromosome complement, usually 22 homologous
pairs of autosomes and one pair of sex chromosomes
(Fig.3.1a). In general, one member of each pair of
chromosomes is inherited from each parent. Each
chromosome can be easily recognized by banding
technology and, more recently, with fluorescence in
situ hybridization (FISH; Fig. 3.2). Chromosome mal-
formations are due to either excess or deficiency of
chromosomal material including unbalanced re-
arrangements (Fig. 3.4). Approximately 1 in 200 live
newborns will have a chromosome abnormality
(Gilbert-Barness 1997; Miller and Therman 2001). In
perinatal deaths, the frequency varies between 5 and
10%, and is estimated to be more than 60% in first-
trimester miscarriages (Shiota 1993; Kalousek 1997;
Keeling and Boyd 2001). Excess or deficiency of chro-
mosomal material can arise through a change in ei-
ther chromosome number or structure. Changes in
chromosome number are of two types: (1) poly-
ploidy, an abnormal multiple of the haploid number
23, such as triploidy with 69 chromosomes; and (2)
aneuploidy, the loss or gain of a whole chromosome
(monosomy and trisomy, respectively). A given aber-
ration may be present in all body cells, or in two or
more cell lines (mosaicism; Hall 1988; Youssoufian
and Pyeritz 2002). Triploidy occurs in approximately
6% of recognized pregnancies (Keeling and Boyd
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Table 3.1 Terms and concepts relating to malformations (based on Spranger et al. 1982; Opitz and Wilson 1997)

Individual alterations of form and structure

Malformation

Disruption

Deformation
Dysplasia

General terminology
Hypoplasia, hyperplasia

Hypotrophy, hypertrophy
Agenesis

Aplasia

Atrophy

Patterns of morphological defects
Polytopic field defect
Sequence

Syndrome

Association

A morphological defect of an organ, part of an organ or a larger region
of the body resulting from an intrinsically abnormal developmental process

A morphological defect of an organ, part of an organ or a larger region
of the body resulting from the extrinsic breakdown of;, or interference with,
an originally normal developmental process

An abnormal form, shape or position of a part of the body caused
by mechanical forces

An abnormal organization of cells into tissue(s) and its morphological result(s)

Underdevelopment and overdevelopment of an organism,
organ or tissue resulting from a decreased or increased number of cells, respectively

A decrease or increase in the size of cells, tissues or organs, respectively
Absence of a part of the body caused by an absent anlage (primordium)
Absence of a part of the body resulting from a failure of the anlage to develop

Decrease of a normally developed mass of tissue(s) or organ(s) because of a
decrease in cell size and/or cell number

A pattern of anomalies derived from the disturbance of a single developmental field

A pattern of multiple anomalies derived from a single known or presumed prior
anomaly or mechanical factor

A pattern of multiple anomalies thought to be pathogenetically related
and not known to represent a single sequence or a polytopic field defect

A non-random occurrence in two or more individuals of multiple anomalies

not known to be a polytopic field defect, sequence or syndrome

2001), and is usually due to an error of fertilization:
an ovum being fertilized by two spermatozoa. Both
polyploidy and monosomy (with the exception of a
small proportion of monosomy X: Turner syndrome)
are virtually lethal in man. An additional chromo-
some is much more common than chromosome loss.
Autosomal trisomy has been recorded for most auto-
somes, but the incidence varies enormously. Trisomy
of chromosome 16 is the most common, but the usu-
al result of this anomaly is spontaneous or missed
abortion in the first trimester (Kalousek et al. 1990;
Warburton et al. 1991; Kalousek 1997). The most
common liveborn example is Down syndrome (tri-
somy 21; Fig. 3.1b), followed by trisomy 18 (Edwards
syndrome) and trisomy 13 (Patau syndrome); first
described by Down (1866), Edwards et al. (1960) and
Patau et al. (1960) (Table3.3). Even amongst these
karyotypes, miscarriage is the most common out-
come (Kalousek et al. 1990; Kalousek 1997).

Down syndrome is characterized by mental defi-
ciency, a characteristic facial expression that results
from the upward slanting of the eyes and the promi-
nent skin folds extending from the base of the nose to
the inner aspect of the eyebrows and other anomalies
of body form. Frequently, there are also congenital
heart malformations. Down syndrome is due to three

categories of chromosomal abnormalities: (1) tri-
somy 21, secondary to non-disjunction during meio-
sis (95% of affected individuals); (2) translocation
type or partial trisomy 21; and (3) mosaicism for tri-
somy 21. The extra chromosome 21 is maternal in
origin in some 95% of cases (Antonarakis 1991). In
less than 5% of the cases with Down syndrome, the
trisomy 21 occurs as a result of an unbalanced
translocation. Mosaicism for trisomy 21 is the rarest,
less than 1-2% of cases. Trisomy 21 is the most com-
mon of all age-related chromosomal abnormalities,
constituting about half the overall maternal age-re-
lated risk (Laxova 1997): at ages 35,40 and 45, the risk
isabout 1in 270,11in 135,and 1 in 50, respectively. Cy-
togenetic prenatal diagnosis of Down syndrome is
established by chorion villus sampling (between 10
and 12 gestational weeks) or amniocentesis (between
14 and 16 weeks). Screening by measuring nuchal
translucency thickness (Fig. 3.3), an early ultrasound
marker for Down syndrome (Nicolaides et al. 1992,
1999; Snijders and Nicolaides 1996; Pajkrt et al.
1998a,b), carried out in the first trimester of preg-
nancy has a higher detection rate than invasive meth-
ods. Brains of patients with Down syndrome are
characteristically small, rounded, foreshortened and
exhibit a steep rise of the occipital lobes, extreme
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Table 3.2 Glossary of genetic terms (after Anderson 1995; Strachan and Read 2004)

Alleles
Aneuploidy
Association

Autosomes

Carrier

Centromere
Codon

Dominant
Exon

Fragile site
Gene
Haploid
Insertion

Intron

Inversion
Linkage

Locus
Mosaic
Multifactorial

Mutation
Oligonucleotide
Phenotype

Polymorphism
Recessive
Ring chromosome

Sex chromosome
Telomere

Translocation

Trisomy

Alternative forms of genes occuping an identical site (locus), e.g.the A and B alleles
of the ABO blood group gene

Deviations by an integral number (rather than a multiple) from the normal diploid complement
(2x23=46) of chromosomes

The occurrence together in the population of two genes or phenotypic traits in a frequency
greater than would be predicted on the chance basis of their individual frequencies

Non-sex chromosomes in the nucleus (pairs 1-22)

A person who is carrying one copy of a gene, which causes symptoms only when present
in double dose, and therefore the person is unaffected

A construction connecting the chromatids in mitosis, separating the two arms

The unit of the genetic code, i.e. 3 bases in either DNA or RNA, that specifies a single amino acid
to be incorporated into a protein

One copy of a gene out of the normal pair produces a phenotypic effect

The portion of the gene that is transcribed into messenger RNA, usually containing coding
information

A specific region on a chromosome that is prone to breakage, usually appearing as a non-staining

gap or constriction in one or both chromatids in a metaphase chromosome

The unit of inheritance for one characteristic or trait, i.e. usually one localized DNA sequence coding

for one protein

The chromosome number usually found in a normal gamete with only one copy of each pair
(in humans, the haploid complement is 23)

A structural abnormality in which a sequence of DNA is introduced into another sequence,
either at the DNA level or at the chromosome level

A sequence of DNA that is initially transcribed into messenger RNA, but is then removed from
the trancsript by ‘splicing’ together the exon sequences on either side of it. It is the portion
of DNA that usually does not contain coding information

A structural chromosomal abnormality in which a segment of a chromosome is reversed,
each end reattached to where the other end had previously been attached

The location of two genes near enough to one another on the same chromosome that they
are coinherited through a meiotic event more than 50% of the time

A location on the chromosome, usually implying the position of a gene
A person with cells with more than one genetic makeup

A pattern of inheritance determined by the interaction of multiple genes with others
and with the environment

A permanent and inheritable change in genetic material.
A short piece of DNA, usually 5-50 nucleotides

Characteristics observed in a person that reflect the gene and/or (to varying degrees)
interaction with the environment

An inherited characteristic present in the population at a frequency great enough that the
rarest allele is not maintained by recurrence mutation alone

The mechanism of single-gene inheritance that requires 2 doses of a mutant gene in order
for the phenotype to manifest

A structural chromosomal abnormality with deletions of the terminal portions of the arms
of the chromosome and the broken sticky arms rejoining to form a ring

The chromosomes that are different in the sexes (usually XX in women and XY in men)
The tip of a chromosome

The exchange of chromosomal material between two different chromosomes,
either‘balanced’ (no loss or gain of genetic material) or ‘'unbalaned’

3, rather than 2, copies of a given chromosome are present
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Fig. 3.2 Fluorescence in situ hybridization:example of micro-
deletion syndrome (Williams syndrome). The light-blue probe
is a marker for the chromosome of interest (chromosome 7).
The pink probe is a marker for the region of interest on that
chromosome (7q11.23). The absence of a signal of the pink
probe on one of the two chromosomes 7 proves that region
7911.23 is deleted and supports the clinical diagnosis of
Williams syndrome

3.2 Causes of Congenital Malformations

Fig.3.3 Normal (a) and thickened (b) nuchal translucency
associated with Down syndrome

Table 3.3 Autosomal trisomy syndromes (after Moore et al. 2000)

Incidence

Chromosome aberration/syndrome

Clinical manifestations

Mental deficiency; severe CNS malformations; sloping forehead;

malformed ears; scalp defects; microphthalmia; bilateral cleft
lip and/or palate; polydactyly; posterior prominence of heels

Mental deficiency; growth retardation; prominent occiput;

short sternum; ventricular septal defect; micrognathia; low-set,
malformed ears, flexed digits with hypoplastic nails;
rocker-bottom feet

Trisomy 13 (Patau syndrome) 1:25,000
Trisomy 18 (Edwards syndrome) 1:8,000
Trisomy 21 (Down syndrome) 1:800

Mental deficiency; brachycephaly; flat nasal bridge;

upward slant topalpebral fissures; protruding tongue;
simian crease, clinodactyly of the 5th digit; congenital heart defects

narrowing of the superior temporal gyri, incomplete
opercularization with exposure of the insular cortex
and reduced secondary sulcal development (Killén et
al. 1996; Cairns 1999; de la Monte 1999). These abnor-
malities are largely due to diminished and mal-
formed growth of the frontal and temporal lobes sec-
ondary to impaired neuronal differentiation (Lubec
and Engidawork 2002). Brain weight is usually in the
low normal range, whereas the brain stem and cere-
bellum are small in relation to the cerebral hemi-
spheres (Scott et al. 1983; Weis et al. 1991). Histologi-

cal changes include abnormalities in cortical lamina-
tion, irregular clustering of neurons, muted dendritic
arborization and proliferation of dystrophic neurites
(Marin-Padilla 1972, 1976; de la Monte 1999;
Chap. 10). Virtually all Down syndrome patients de-
velop Alzheimer-like pathology by the fourth decade
of life (Mann 1988).

Structural chromosome abnormalities may in-
volve translocations (exchange of material between
chromosomes), inversions, deletions or duplications
(Gardner and Sutherland 1996; Fig. 3.4). They may
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translocations involve exchange of material between
two chromosomes. Balanced carriers are entirely
normal, but they are at risk of having chromosomal-
ly unbalanced offspring or miscarriages due to
malsegregation at meiosis. Unbalanced structural



Table 3.4 Microdeletion syndromes with CNS manifestations

3.2 Causes of Congenital Malformations

Syndrome Location Parental origin
Angelmann syndrome 15911-13 Maternal
DiGeorge syndrome 22911 Either parent
Velocardiofacial (Shprintzen) 22911 Either parent
syndrome

Miller-Dieker syndrome 17p13 Either parent
Prader-Willi syndrome 15911-13 Paternal
Rubinstein-Taybi syndrome 16p13.3

Smith-Magenis syndrome 17p11.2 Either parent
Williams syndrome 7911.23 Either parent
Wilms tumour and aniridia 11p13

genitourinary anomalies
and mental retardation

Symptoms

Mental retardation; macrostomia; prognathia;
paroxysmal laughter

Aplasia of thymus and parathyroids;
malformations great vessels/heart

Palatoschizis; heart malformations; growth retardation;
sometimes mental retardation

Mental retardation; lissencephaly

Mental retardation; hypotonia; adipositas

Mental retardation; broad thumbs and great toes
Mental retardation; deafness; eye malformations

Mental retardation; typical facies;
cardiovascular malformations

Urogenital malformations; mental retardation

chromosome rearrangements result in deletions
(partial monosomy) and duplications (partial tri-
somy). Microdeletion syndromes, such as Prader-
Willi and Angelmann syndromes (chromosome 15),
DiGeorge and Shprintzen syndromes (chromo-
some22), and Miller-Dieker syndrome (chromo-
some 17; Chap.10), are being recognized with in-
creasing frequency (Malcolm 1996; Strachan and
Read 2004; Table 3.4). Deletion of chromosome 22q11
(del22ql11) is associated with a wide variety of clini-
cal phenotypes (Chap.5). In certain microdeletion
syndromes, genomic imprinting is important. The
female and male parent confer a sex-specific mark on
a chromosome subregion so that only the paternal or
maternal allele of a gene is active in the offspring.
Therefore, the sex of the transmitting parent will in-
fluence the expression or non-expression of certain
genes in the offspring. In Prader-Willi and Angel-
mann syndromes, the phenotype is determined by
whether the microdeletion is transmitted by the fa-
ther (Prader-Willi syndrome) or the mother (Angel-
mann syndrome).

Single Gene Defects
These disorders are the result of a single mutant gene
and follow the Mendelian rules, either as autosomal
dominant, autosomal recessive or X-linked traits.
Many of the more than 8,000 disorders identified are
rare and others may not show morphological defects
(McKusick 1998; OMIM). Known single gene defects
account for approximately 8 % of congenital malfor-
mations at term. Autosomal dominant gene defects
give rise to recognizable effects in heterozygous indi-
viduals, usually with an equal sex distribution in
about 50% of the offspring. Some of these disorders,
such as Huntington disease and some of the autoso-
mal dominant cerebellar ataxias, do not produce rec-

ognizable disease before adult life, whereas others,
such as achondroplasia and thanatophoric dysplasia,
are recognizable at birth and may be detected prena-
tally by ultrasound examination. When an autosomal
disorder occurs with unaffected parents, a new muta-
tion is not likely to recur in siblings. Gonadal mo-
saicism, reduced penetrance and variable expression
may represent a small but real recurrence rate. Small
deletions, responsible for contiguous gene syn-
dromes, may segregate as dominant mutations. For
example, velocardiofacial syndrome (VCES) is due to
deletion of 22q11, but with sufficient extensive dele-
tion a more severe condition arises, including DiGe-
orge sequence (Chap. 5).

Autosomal recessive gene defects occur equally in
males and females, and are only clinically manifest in
homozygotes with a recurrence risk of 25%. There-
fore, affected individuals have healthy, heterozygous
parents. Unless an autosomal recessive disorder is
common in a certain population, such as Tay-Sachs
disease in Ashkenazi Jews, there is often a history of
consanguineous marriage. An example of a recessive
inherited disorder, affecting the CNS, is Meckel-
Gruber syndrome, a triad of CNS malformations,
consisting of prosencephalic dysgenesis, occipital en-
cephalocele and rhombic roof dysgenesis, combined
with multicystic, dysplastic kidneys and polydactyly
(Hori et al. 1980; Ahdab-Barmada and Claassen 1990;
Clinical Case 3.1).

X-linked recessive gene defects usually affect only
males in 50% of cases if the mother is a carrier. The
disorder is usually transmitted by healthy female car-
riers and their daughters have a similar chance of
carrying the gene. Since the father, in general, does
not pass an X chromosome to his sons, he will never
pass the X-linked recessive trait to his male offspring.
Examples are Duchenne muscular dystrophy and
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I Clinical Case 3.1

Meckel-Gruber Syndrome

Originally described by Meckel (1822) and labelled
dysencephalia splanchnocystica by Gruber (1934),
the autosomal recessive Meckel-Gruber syndrome is
a lethal multiple malformation syndrome that is char-
acterized by a posterior encephalocele, by cysts of the
kidneys, pancreas and liver and by polydactyly (Opitz
and Howe 1969; Ahdab-Barmada and Claassen 1990).
Additionally, aplasia of the olfactory tracts, microph-
thalmia, talipes and incomplete development of the
external and/or internal genitalia may be found. Hori
et al. (1980) presented a case of a male infant with
multiple malformations (see Case Report).

Case Report. A 40-year-old mother with a
history of three abortions and one child with multiple
malformations including cheilopalatoschisis, cardiac
anomalies and cleft bladder who died shortly after
birth gave birth to a macrosomic male infant (4,650 g
body weight) with multiple malformations.The infant
survived for 4days. External dysplasias comprised
macrocephaly (head circumference 42 cm), cheilo-
palatoschisis, auricular anomalies and unilateral hexa-
dactyly. Internal dysplasias were cysts of the kidneys
and pancreas and a patent foramen ovale. The child
had frequent generalized convulsions and died of
bronchopneumonia. Chromosomal analysis was nor-
mal.The main neuropathological findings were a cleft
foramen magnum, micropolygyria and heterotopia of
the cerebral cortex, hypoplasia of the vermis and cen-
tral white matter of the cerebellum, diffuse hetero-
topia of Purkinje cells and unique heterotopic grey
matter in the central part of the cervical spinal cord
(Fig. 3.5).The infant’s disorder was classified as Gruber
syndrome (Hori et al. 1980).
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Fig. 3.5 (Continued) d displacement of cerebellar and vesti-
bular nuclei, enlarged fourth ventricle and pontine hypo-
plasia; e reversed Purkinje cell layer; f heterotopia above the
central canal and misplaced dorsal roots in upper cervical
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cord (mostly Luxol Fast Blue staining; from the Department
of Neuropathology, Medizinische Hochschule Hannover;
courtesy Akira Hori)

haemophilia. The fragile X mental retardation syn-
drome is not straightforwardly X-linked (Gardner
and Sutherland 1996; Hamel 1999; Warren and Sher-
man 2001; O’Donnell and Warren 2002). It is the most
common form of inherited mental retardation, af-
fecting 1 in 4,000-6,000 males and 1 in 8-10,000 fe-
males. The FMR1 gene on the long arm of the X chro-
mosome causes an instable, fragile site at Xq27.3,
where these chromosomes are easily broken. The
sites can be detected by DNA analysis.

Mitochondrial DNA mutations
The known effects of mitochondrial DNA (mtDNA)
mutations, transmitted by the mother, are mostly
metabolic and apparently degenerative diseases.
Since mitochondria are present in all cells with nu-
clei, every tissue or organ may be involved in mtDNA
mutations. Most frequently, the brain, the heart and
skeletal muscles are affected; therefore, these disor-

ders are usually described as mitochondrial en-
cephalomyopathies. A better term may be defects of
oxidative phosphorylation (OXPHOS defects), since
all tissues and organs may be affected (Zeviani et al.
1998; Smeitink and van den Heuvel 1999). Many pa-
tients present the first symptoms before the age of
2years. In general, OXPHOS defects are progressive
and fatal disorders. The clinical features in patients
suffering from OXPHOS defects are highly variable,
but a well-recognized phenotype and in fact proto-
type of this large group of disorders is Leigh syn-
drome. Leigh syndrome (Leigh 1951) or subacute
necrotizing encephalomyopathy is a progressive sub-
cortical disorder, characterized by multifocal, bilater-
al areas of subtotal necrosis in the basal ganglia, the
brain stem tegmentum, the cerebellum and to some
extent the spinal cord (Chap. 9). Movement disorders
of any type, including hypokinetic-rigid syndrome,
chorea, myoclonus or dystonia, may be most obvious.
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Fig. 3.6 Critical periods in human development and the site
of action of teratogens. During the first 2 weeks of develop-
ment, teratogenic factors destroy most cells of the embryo,
resulting in the death of the embryo and spontaneous abor-
tion. Alternatively, only a few cells are destroyed, the embryo

Multifactorial Disorders

Common congenital malformations such as cleft lip
with or without cleft palate and neural tube defects
have a familial distribution consistent with multifac-
torial inheritance, suggesting that the disease is due
to the interaction of different genes and environmen-
tal factors. Such disorders occur with increased fre-
quency among family members of an affected indi-
vidual in an inverse frequency to their relationship. A
mathemathical ‘liability’ model invoking a threshold
effect can be constructed and recurrence risks in the
offspring of family members calculated. The recur-
rence risks used for genetic counselling of families
with congenital anomalies determined by multifacto-
rial inheritance are empirical risks based on the fre-
quency of the anomaly in the general population and
in different categories of relatives. In individual fam-
ilies, such estimates may be inaccurate, because they
are usually averages from the population rather
than precise probabilities for the individual family.
Digenic inheritance in human diseases has been
demonstrated in an increasing number of diseases
(Ming and Muenke 2002), including retinitis pigmen-
tosa, deafness, Hirschsprung disease, Usher syn-
drome, Waardenburg syndrome type 2 and holopros-
encephaly.

recovers,and does not show malformations afterwards. In the
horizontal columns, the period of major complications is
shown in red, that of minor anomalies in light red. (After Moore
and Persaud 1998)

3.2.2 Environmental Causes

Teratogenic factors have an adverse, disruptive effect
on an embryo or a fetus between fertilization and
birth. The term teratogen is usually limited to envi-
ronmental agents, such as drugs, radiation and virus-
es. The disruptive effects include congenital abnor-
malities, embryonic and fetal death, intrauterine
growth retardation (IUGR) and mental dysfunction.
Critical periods in human development and the site
of action are shown in Fig. 3.6. The fetus is less sensi-
tive to morphological alterations than the embryo,
but changes in functional capacity, intellect, repro-
duction or renal function may occur. Mechanical
effects may be due to vascular disruptions and the
amnion disruption sequence.

Chemicals, Drugs, Hormones

and Vitamins
Drugs with a known teratogenic effect are relatively
few (Gilbert-Barness and Van Allen 1997; Laxova
1997; Shepard 1998; Moore et al. 2000). Examples in-
clude alcohol, cocaine, thalidomide, lithium, retinoic
acid, warfarin and anticonvulsant drugs (Table 3.5).
Retinoic acid syndrome malformations first appeared
after the introduction of Accutane (13-cis-retinoic
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Table 3.5 Some drugs and infectious agents with teratogenic effects (after Gilbert-Barness and Van Allen 1997; Laxova 1997;
Moore et al.2000)

Mechanism Most common congenital anomalies Prenatal

of action detection
Drugs
Alcohol Increased Fetal alcohol syndrome: IUGR; CNS abnormalities; Ultrasound

cell death characteristic facial expression for growth,

anomalies

Aminopterin Disrupted IUGR; skeletal defects; malformations of the CNS, Ultrasound
and antifolates cell division notably meroanencephaly for anomalies

Cocaine Vasoconstriction IUGR; prematurity; microcephaly; cerebral infarction; High-risk care
neurobehavioural disorders
Isotretinoin Excessive Retinoic acid syndrome: craniofacial malformations; Ultrasound
(13-cis-retinoic acid cell death NTDs; cardiovascular defects
or Accutane)
Lithium carbonate Right heart defects; increased incidence of NTDs Fetal echo-
cardography
Methotrexate Increased Multiple anomalies, especially skeletal Ultrasound
cell death (face, skull, limbs, vertebral column); hydocephalus;
meningomyelocele; cleft palate
Phenytoin Increased Fetal hydantoin syndrome: [lUGR; microcephaly; Ultrasound
(Dilantin) cell death mental retardation; cleft lip/palate
Thalidomide Abnormal Abnormal development limbs (meromelia, amelia) Ultrasound
cell division
Valproic acid Craniofacial anomalies; NTDs; often hydrocephalus
Warfarin Impaired calcium Fetal warfarin syndrome: nasal hypoplasia; Ultrasound
and vitamin K stippled epiphyses; eye anomalies; mental retardation
metabolism
Chemicals
Methylmercury Minimata disease: cerebral palsy; microcephaly;
mental retardation; blindness
Polychlorated biphenyls IUGR; skin discoloration
Infections
Cytomegalovirus Microcephaly; hydrocephaly; cerebral palsy; Ultrasound
chorioretinitis; sensorineural loss;
psychomotor/mental retardation
Herpes simplex virus Chorioretinitis; hydranencephaly
Human immuno- Growth failure; microcephaly; prominent forehead; Ultrasound
deficiency virus flattened nasal bridge; hypertelorism
Rubella virus IUGR; heart abnormalities; eye defects; hearing loss
Toxoplasma gondii Microcephaly; mental retardation
Treponema pallidum Hydrocephalus; congenital deafness; mental retardation  Ultrasound
Varicella virus Hydrocephalus; limb paresis; seizures; Ultrasound

eye malformations; mental retardation

IUGR intrauterine growth retardation, NTDs neural tube defects

acid), a drug used for the treatment of severe cystic
acne (Lammer et al. 1985). Although the retinoids
(the normal biologically active retinoic acid and re-
lated compounds such as vitamin A, the dietary pre-
cursor of retinoic acid) had been long known to be
potent teratogens, and the drug Accutane was not to
be taken during pregnancy, in the USA many acci-
dental exposures occurred, resulting in a surprising-

ly high incidence of severe craniofacial malforma-
tions (Lammer et al. 1985; Jones 1997; Gorlin et al.
2001; Chap. 5). Maternal chronic or excessive alcohol
consumption, in particular during the first trimester
of pregnancy, may lead to the fetal alcohol syndrome
(Clarren et al. 1978; Gilbert-Barness and Van Allen
1997). The newborn baby is small and may show
craniofacial anomalies. Brain anomalies are variable
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and unspecific, in contrast to the more common
craniofacial anomalies. Hydrocephalus, agenesis of
the corpus callosum, neural tube defects and poren-
cephaly may be found (Gilbert-Barness and Van
Allen 1997), and even holoprosencephaly has been
noted (Bonnemann and Meinecke 1990).

Maternal Conditions
A variety of maternal diseases, either genetic or ac-
quired, and deficiency states may affect the develop-
ing embryo. In other disorders, such as epilepsy, the
therapy is most likely damaging. Maternal phenylke-
tonuria (PKU) is the best documented example of a
genetic disorder in the mother affecting her offspring
when her serum phenylalanine level is elevated dur-
ing pregnancy. Without a strict diet throughout preg-
nancy, the children of women with PKU have severe
mental retardation, microcephaly and heart defects
(Scriver and Kaufman 2001). Maternal diabetes mel-
litus type 1 is a risk factor for all sorts of congenital
anomalies. Good control can prevent birth defects,
however. A high incidence of Down syndrome (Nar-
chi and Kulaylat 1997) and caudal regression syn-
drome (Passarge and Lenz 1966; Williamson 1970)
have been noted. Maternal connective tissue disor-
ders, such as osteogenesis imperfecta and Ehlers-
Danlos syndrome, are risk factors for early amnion
disruption sequence. Radiation effects on the devel-
oping brain were extensively studied after the atomic
bombings of Hiroshima and Nagasaki (UNSCEAR
1986; Otake et al. 1989, 1991; Schull et al. 1992). The
most conspicuous effect on brain development is an
increased occurrence of severe mental retardation,
with or without microcephaly at specific gestational
ages. The period between 8 and 15 weeks following
fertilization appeared to be the most vulnerable.
Schull et al. (1992) studied brain abnormalities in five
of these mentally retarded individuals, using MRI. In
the two patients exposed at the eighth or ninth week
following fertilization, large areas of ectopic grey
matter were seen, due to failure of neurons to migrate
properly. The two individuals exposed in the 12th or
13th week showed no readily recognized ectopic grey
areas but did show mild macrogyria, which implies
some impairment in the development of the cortical
zone. The one individual who was exposed in the 15th
week did not show such changes. The brain was small
with an apparently normal architecture. Hyperther-
mia during pregnancy can cause embryonic death,
abortion, growth retardation and developmental de-
fects (Edwards et al. 1995, 2003). Cell proliferation,
migration, differentiation and apoptosis are all ad-
versely affected by elevated maternal temperature,
showing some similarity to the effects of ionizing ra-
diation. The development of the CNS is especially
vulnerable: a 2.5°C elevation for 1h during early

neural tube closure in rats resulted in an increased
incidence of craniofacial defects, whereas 2-2.5 °C el-
evation for 1h during early neurogenesis in guinea
pigs caused an increase in the incidence of micro-
cephaly (Edwards et al. 1995). In general, thresholds
and dose-response relationships vary between
species. In humans, epidemiological studies suggest
that an elevation of maternal body temperature by
2°C for at least 24 h during fever can cause a range of
developmental defects, but there is little information
on the threshold for shorter exposures (Chambers et
al. 1998; Edwards et al. 2003).

Infectious Agents

A number of infectious agents can affect the fetus,
producing a range of effects from structural anom-
alies to mental retardation (Table 3.5). Classically, the
TORCH group of infections (toxoplasmosis, rubella
virus, cytomegalovirus and herpes/varicella virus)
are screened for in the case of permanent cerebral
impairment in the neonate (Becker 1992; Stray-Ped-
ersen 1993; Sunderland 1993). But also infections
with human immunodeficiency virus (HIV) and oth-
er agents may lead to permanent fetal injury. Micro-
cephaly, hydrocephalus, hydranencephaly and cere-
bral calcifications are the sequelae most often found
in the TORCH group of infections (Fig. 3.7), and lead
to developmental delay, psychomotor retardation
and seizures. Microphthalmia is also often noted in
toxoplasmosis, rubella and HIV infection. Often the
infection ultimately leads to destruction of cerebral
tissue with the formation of cystic spaces in the
brain. They have been described as porencephaly
(Tominaga et al. 1996) and schizencephaly (Iannetti
et al. 1998). When the border of cystic lesions is
formed by dysplastic cortex such as polymicrogyria,
cytomegalovirus infection should be suspected
(Barth 2003). In all instances the nature and the de-
gree of the brain disturbances is a function of the
time of the infection. Early infections may lead to in-
trauterine death, lissencephaly may result from cy-
tomegalovirus onset between 16 and 18 weeks of ges-
tation, whereas polymicrogyria may be due to onset
of infection between 18 and 24 weeks of gestation
(Barkovich and Linden 1994; de Vries et al. 2004). If
the fetus is aborted early, the lesions may be restrict-
ed to foci of macrophages around glial or neuronal
cells with classical intranuclear viral inclusions. The
CNS malformations observed in a case of cyto-
megalovirus infection are illustrated in Clinical
Case 3.2. Rubella virus is embryopathic but also has a
recognizable fetopathic effect. Its features are cardiac
defects, congenital cataract and deafness. Intracere-
bral calcifications, visible on ultrasound and CT ex-
amination, should raise suspicion for an intrauterine
infection.



Fig. 3.7 Toxoplasmosis encephalopathy:a obstruction of the
aqueduct by gliotic and inflamed tissue in intrauterine toxo-
plasmosis infection in a neonate; b detail of inflamed white
matter (courtesy Caroline Van den Broecke, University Hospi-
tal Gent)

Mechanical Effects

Disruptions of the developing embryo and fetus are
rather frequent (Gilbert-Barness and Van Allen
1997), and may arise as a result of vascular disrup-
tions (e.g. Poland sequence), amnion rupture se-
quence (Van Allen et al. 1987a, b; Bamforth 1992; Mo-
erman et al. 1992; Clinical Case 3.3) and less frequent
mechanical effects due to invasive procedures for
prenatal diagnosis (Squier et al. 2000; Squier 2002;
Clinical Case3.4) or pregnancy reduction. Amnion
rupture sequence is a disruption sequence character-
ized by major anomalies of the craniofacial region,
body wall,and limbs. The pathogenesis of these de-
fects is unknown, but it is probably heterogeneous.
Mechanisms involved may be vascular disruption
(Van Allen et al. 1987a,b), mechanical disruption
(Torpin 1965; Higginbottom et al. 1979), genetic dis-
ruption (Donnai and Winter 1989) and germ disc dis-
ruption (Streeter 1930).

3.3 Prenatal Diagnosis
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Suspicion of a congenital malformation may arise on
clinical grounds or because of an abnormal result
from a routine prenatal investigation. A pregnancy
may be at high risk of abnormality because of a par-
ticular family history or the advanced age of the
mother. Higher-risk groups for chromosome abnor-
malities include older mothers, those with a previous
chromosomally abnormal child, and when one par-
ent is a translocation carrier. Usually, these women
are offered chorion villus sampling or amniocentesis
routinely. An increasing number of single gene disor-
ders and chromosome abnormalities can now be
identified at the molecular level. Population screen-
ing programmes may identify women at increased
risk of fetal abnormalities (Brock et al. 1992; Laxova
1997; Nicolaides et al. 1992, 1999): second trimester
serum test (triple test), first trimester serum test
(double test) combined with nuchal translucency
measurement on ultrasound examination, and the
standard anomaly scan at 18-20 weeks of gestation.
For instance, a-fetoprotein (AFP) escapes from the
circulation into the amniotic fluid from fetuses with
open neural tube defects and open ventral wall de-
fects (gastroschisis, omphalocele). Measuring the
level of AFP in amniotic fluid was first carried out
for the prenatal diagnosis of neural tube defects. The
various imaging methods for prenatal diagnosis will
be briefly discussed.

3.3.1 Ultrasound and Magnetic

Resonance Examination

High-frequency ultrasonography allows visualiza-
tion of the normal and abnormal development of the
embryo or fetus. However, detailed knowledge about
early development of the embryo and fetus is a pre-
requisite for evaluation of the pregnancy at risk for
genetic diseases of the fetus, or when abnormal de-
velopment of the embryo or fetus is suspected (Blaas
et al. 1994; Amin et al. 1999; Blaas and Eik-Nes 1999;
Garel 2004; Chap. 1).

Ultrasound Examination

of the Normal Spine
In normally developing embryos, the spine can be vi-
sualized from the eighth week of gestation onwards
(van Zalen-Sprock et al. 1995). It is recognizable as
two lines representing the not yet ossified vertebrae
(Fig.3.10a). Primary ossification of the vertebrae
starts in the cervical spine and gradually extends cau-
dally. Complete mineralization of the vertebrae is
achieved between the 12th and 14th weeks of gesta-
tion; therefore, evaluation of the spine with ultra-
sound is possible from the 13th of gestation onwards.
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B Clinical Case 3.2
Cytomegalovirus Encephalopathy

Cytomegalovirus (CMV) infection affects the fetus
and results in structural anomalies such as destruc-
tion of cerebral tissue with the formation of cystic
spaces in the brain. Early CMV infections may lead to
intrauterine death, lissencephaly may result from on-
set between 16 and 18 weeks of gestation, whereas
polymicrogyria may be due to onset of infection be-
tween 18 and 24 weeks of gestation (Barkovich and
Linden 1994;Tominaga et al. 1996; de Vries et al.2004).
The Case Report concerns an intrauterine fetal death
at 33 weeks of gestation.

Case Report. The neuropathological find-
ings in a case of intrauterine fetal death at 33 weeks of
gestation from a 21-year-old mother are shown in
Fig.3.8. Intrauterine growth retardation was con-
firmed with ultrasound examination which further re-
vealed ascites and oligohydramnios. A CMV infection

Fig. 3.8 Cytomegalovirus encephalopathy in a case of
intrauterine fetal death at 33 weeks of gestation:a, b lateral

was suggested. At autopsy, a male fetus of 793-g
weight, 35-cm total length, 4.5-cm foot length and
4.5-cm femur diaphysis length, data comparable to
those at 26 weeks of development, was examined.
There was fetal hydrops and strong maceration. Gen-
eralized CMV infection was found of the lungs, kid-
neys, pancreas, thyroid, brain and placenta.Viral inclu-
sions were easily recognized. The small placenta
(250 g) showed a chronic villitis. The heart showed a
perimembranous ventricular septal defect, a wide
pulmonary trunk and interruption of the aortic arch
between the left carotid and brachial arteries.The de-
scending part of the aorta was continuous with the
pulmonary trunk via the ductus arteriosus. The lep-
tomeninges were thickened (Fig. 3.8a, b). In the brain,
polymicrogyria (Fig. 3.8 c) and periventricular necrosis
with calcifications (Fig. 3.8 d) were found.Immunoper-
oxidase staining showed the viral organisms.

Noort (Laboratory for Pathology East-Netherlands,
Enschede, The Netherlands).

lerptomeninges; ¢ polymicrogyria of the cerebral cortex;
d periventricular necrosis with calcifications (courtesy
view and frontal section of the brain showing thickened  Gerard van Noort, Enschede)

This case was kindly provided by Gerard van
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The curled position of the embryo in the first
trimester requires consecutive scanning planes to
visualize the entire spine. In the second trimester
of pregnancy, the vertebrae and spinous processes
are visible in the sagittal plane as a double row of
elements, converging caudally into the sacrum
(Fig.3.10b). In the transverse plane the neural canal
appears as a closed circle, which is lined anteriorly by
the vertebral body and posteriorly by the two ossifi-
cation centres of the laminae. A coronal scan shows
the typical three-lined appearance of the vertebrae
(Fig.3.10¢).

Ultrasound Examination
of the Normal Brain

At 6 weeks of gestation, when the secondary brain
vesicles are being formed, the embryonic cephalic
pole is clearly visible and distinguishable from the
embryonic torso (Achiron and Achiron 1991). The
cavity of the rhombencephalon is one of the first
‘structures’ of the embryonic CNS that can be visual-
ized with transvaginal ultrasound (Fig.3.10e). The
rhombencephalic cavity is no longer recognizable af-
ter 10-12 weeks of gestation. From 10 weeks onwards,
in the fetal head a symmetric, butterfly-like structure
(the choroid plexuses) can be seen (Fig. 3.10f), divid-
ed by a thin straight hyperechogenic line (the falx
cerebri). The choroid plexuses become considerably
reduced in size from the 18th week of gestation on-
wards. From 15-16 weeks of gestation onwards, the
central parts (the atria) and the frontal horns of the
lateral ventricles are clearly visible. The brain
parenchyma is still translucent and hardly distin-
guishable. From 26 weeks of gestation, the brain
parenchyma becomes more hyperechogenic (Fig.
3.11a). In the posterior cranial fossa, the hypoe-
chogenic cerebellar hemispheres can easily be seen
on each side of the echogenic midline vermis, rostral
to the cisterna magna (Fig. 3.11b). The cerebellum is
detectable from 14 weeks of gestation onwards. Imag-
ing of the posterior fossa is important for exclusion of
nearly all open spinal defects (see also Chap. 4).

Ultrasound Examination
of the Abnormal Spine and Brain
The incidence of abnormalities of the fetal CNS has
been estimated at approximately 5-6 per 1,000 births.
Overall, the best detection rates by ultrasound are
found for CNS abnormalities. The sensitivity of de-
tecting CNS abnormalities by ultrasound is about
90% (Chitty et al. 1991; Levi 1998; Grandjean et al.
1999). Neural tube defects are the most common CNS
abnormalities likely to be diagnosed by ultrasound.
Anencephaly can be recognized by failure of develop-
ment of the fetal skull vault with secondary degener-
ation of the brain (Fig. 3.11¢). In the first trimester of
pregnancy, the fetus shows acrania with the brain be-
ing either normal or disorganized and often incom-
pletely formed (Fig.3.11d). The malformation pro-
gresses through exencephaly into anencephaly in the
second and third trimesters of pregnancy (Wilkins-
Haug and Freedman 1991; Chap. 4). The facial bones,
brain stem and portions of the occipital bone and
midbrain are usually present. Associated spinal de-
fects are found in about 50% of cases. A high detec-
tion rate of up to 99% is reported for anencephaly
(Levi 1998). In spina bifida, the neural arch is incom-
plete with secondary damage to the exposed spinal
cord (Fig.3.10d). Most lesions occur in the lum-
bosacral and sacral region, fewer in the thoracolum-
bar region and only a few in the cervical region (Van
den Hof et al. 1990). The effectiveness of ultrasound
in diagnosing spinal defects has been greatly im-
proved by the recognition of associated intracranial
abnormalities: (1) the changing shape of the skull
vault from egg-shaped to lemon-shaped (Fig.3.11e)
with indentation of the frontal lobes bilaterally
(Nicolaides et al. 1986); (2) changes that can be seen
in the posterior fossa with an alteration of the shape
of the cerebellum from a typical dumbbell shape to a
‘banana’ shape, owing to compression of the cerebel-
lum in the posterior fossa (Fig.3.11f); and (3) the
possible presence of ventriculomegaly. The ‘lemon’
and ‘banana’ signs are seen in cases with an open
spina bifida before 24 weeks of gestation. With the
transvaginal ultrasound technique, spina bifida can
already be diagnosed by the end of the embryonic pe-
riod (Blaas et al. 2000). An encephalocele is character-
ized by a defect in the skull and dura through which
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I Clinical Case 3.3

Amnion Rupture Sequence

Amnion rupture causes constrictive bands with sub-
sequent entanglement of fetal parts (mostly the
limbs) by amniotic strands (Jones et al. 1974). Adhe-
sive bands are the result of a broad fusion between
disrupted fetal parts (mostly craniofacial) and an in-
tact amniotic membrane. Most of the craniofacial de-
fects, such as encephaloceles and/or facial clefts, that
are found in these fetuses are not caused by constric-
tive amniotic bands but are due to a vascular disrup-
tion sequence with or without cephalo-amniotic ad-
hesion (Bamforth 1992; Moerman et al. 1992). The
combination of complex, atypical facial clefts, not
strictly following embryogenetic patterns,and unusu-
ally large asymmetric encephaloceles should raise
suspicion for amnion rupture sequence (see Case Re-
port).

Case Report. Ultrasound examination of
the first pregnancy of a 27-year-old mother revealed
multiple malformations at 23 weeks of gestation;
therefore, abortion was induced. Owing to the large
size of the occipital encephalocele, some 30 ml of
haemorrhagic brain tissue had to be extruded before
a female fetus was born. Apart from the occipital en-
cephalocele that was partly attached to the umbilical
cord, an asymmetric face with cheilognathopala-
toschisis, contractures of both ankle joints, an invert-
ed flexed right foot and a hyperextended left foot

were found (Fig. 3.9). Asymmetric hypertelorism was
present with normal eyes and a single nostril on the
left. Above the right eye there was a defect of 6 mm in
diameter in the frontal and ethmoid bones through
which some brain tissue protruded. A large, partly col-
lapsed occipital encephalocele contained the larger
part of the right cerebral hemisphere with the hip-
pocampus and basal ganglia. The tentorium cerebelli
could not be found. Infratentorial tissue was absent,
probably lost during the difficult birth. The medial
side of the right hemisphere showed some neuronal
migration disturbances. Otherwise the brain was nor-
mally structured. Despite the extensive midline de-
fects, there were no signs of holoprosencephaly. The
other viscera were without gross malformations. The
placenta was, apart from a small infarction, normally
structured. The umbilical cord contained two arteries
and one umbilical vein. At places, the umbilical cord
was covered with multiple folds of fibrotic and focally
calcified amniotic bands.
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the meninges herniate with or without skin covering
(Chap. 4). The meningeal sac can contain brain tissue
(an encephalocele) or only cerebrospinal fluid (a
meningocele). In the majority of cases a bone defect
of the skull can be recognized (Fig. 3.12a).
Malformations of the cerebrum that can be visual-
ized by ultrasound include ventriculomegaly, holo-
prosencephaly, schizencephaly and porencephaly.
Ventriculomegaly means enlargement of the intra-
cranial ventricular system. It is distinct from hydro-
cephalus in which not only enlargement but also
raised pressure within the ventricular system is
found (Nyberg et al. 1987). Ventriculomegaly is de-
fined as dilatated central parts (atria) of the lateral
ventricles of 10 mm or more, at any gestation time,
measured in a transverse plane at the level of
the cavum septi pellucidi (Cardoza et al. 1988;
Fig.3.12b).In most cases, ventriculomegaly is caused
by an obstruction of the circulation of the cere-
brospinal fluid. Associated sonographic features such

as a ‘dangling choroid plexus’ and an enlarged third
ventricle may be present. Ventriculomegaly may not
be apparent until the second or third trimester of
pregnancy. The corpus callosum can be visualized on
ultrasound, but it should be emphasized that it forms
rather late in development and has not formed en-
tirely before 20 weeks of gestation (Chaps.1, 10);
therefore, accurate diagnosis of agenesis of the cor-
pus callosum can only be made after that time. In
routine scanning, agenesis of the corpus callosum is
suspected by detection of focal dilatation of the pos-
terior horns of the lateral ventricles (teardrop config-
uration), absence of the cavum septi pellucidi and a
high-riding third ventricle (Parrish et al. 1979).
Holoprosencephaly is a failure of the development
of midline forebrain structures that is usually classi-
fied into alobar, semilobar and lobar forms (Chap. 9).
In the alobar form, a monoventricle and non-separa-
tion of the thalami are found (Fig. 3.12c), whereas the
non-separation of these structures declines in the
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Fig.3.9 Amnion rupture sequence in a fetus of 23 gesta-
tional weeks: a overview of malformations; b malformed
craniofacial region; ¢ occipital encephalocele; d the brain

after opening of the skull; e detail of calcified amniotic band
(courtesy Martin Lammens, Nijmegen)

semilobar and lobar forms (Chap.9). Holoprosen-
cephaly is usually associated with craniofacial mal-
formations such as brachycephaly, microcephaly and
abnormal facial development (Chap.5). The detec-
tion rate by routine fetal anomaly scan is high for
both the alobar and semilobar forms of holoprosen-
cephaly, even in the first trimester (Blaas et al. 2002).
In schizencephaly, mostly bilateral clefts can be seen
as translucent areas extending from the dilatated lat-
eral ventricles to the subarachnoid space.
Malformations of the cerebellum detectable by ul-
trasound include the Dandy-Walker complex and
cerebellar hypoplasias (Chap. 8). The Dandy-Walker
complex refers to a spectrum of abnormalities of the
cerebellar vermis, cystic dilatation of the fourth
ventricle and enlargement of the cisterna magna
(Barkovich et al. 1989; Chap. 8). The Dandy-Walker
malformation is characterized by failure of develop-
ment of the cerebellar vermis with a midline cyst-like
appearance in the posterior fossa with communica-

tion between the fourth ventricle and the enlarged
cisterna magna (Fig. 3.12d).

Anomalies of the choroid plexuses detectable by
ultrasound are rather common. Choroid plexus cysts
are found in approximately 1-2% of fetuses in a low-
risk population (Chitty et al. 1998) and in 1 in
150-200 fetuses of 16-18 gestational weeks (Kraus
and Jirdsek 2002). On ultrasound, choroid plexus
cysts with a variable diameter are detected as hypoe-
choic structures within the body of the choroid
plexus (Fig.3.12e). The majority will resolve by
24-28 weeks of gestation (Chitkara et al. 1988; Chitty
etal. 1998). It is generally accepted that such cysts re-
flect a normal variation of the intracranial anatomy.
An aneurysm of the vein of Galen is a rare vascular
malformation of the choroid plexus within the roof
of the third ventricle. Arteriovenous fistulas from the
choroidal, anterior cerebral and other arteries to the
vein of Galen lead to the aneurysmal dilatation of
the vein (Fig. 3.12f). On ultrasound, a large midline
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Fig.3.10 Normal and abnormal ultrasound scans: a trans-
vaginal ultrasound of 11-week-old fetal spine; b sagittal view
of second-trimester normal fetal spine; ¢ coronal view of
second-trimester normal fetal spine; d spina bifida with

cystic structure above the thalamus can be seen. With
colour Doppler investigation a turbulent blood flow
can be demonstated (Gerards et al. 2003).

Three-Dimensional Ultrasound
Three-dimensional ultrasound can be used for sur-
face reconstruction, multiplanar image analysis and
volume calculation (Blaas 1999; Pooh et al. 2003). The
surface mode shows not only fetal head anomalies
such as acrania but also the normal structure of cra-

meningocele (arrow) in lumbosacral region; e cavity of the
rhombencephalon (arrow) in a 6-week-old embryo; f normal
choroid plexuses (arrows) in an 11-week-old fetus (b, ¢ cour-
tesy Monique Haak; d courtesy Mireille Bekker, Amsterdam)

nial bones and sutures. Rotation of brain volume im-
age and multiplanar analysis enable tomographic
visualization as MRI. The planes obtained are com-
parable to sections obtained by CT or MRI (Mont-
teagudo et al. 2000). Three-dimensional ultrasound
provides the ability to simultaneously view a brain
volume in all three scanning planes. In spinal defects,
the three orthogonal planes proved to be most help-
ful in delineating the exact nature and level of the
defect.



3.3 Prenatal Diagnosis

Fig.3.11 Normal and abnormal ultrasound scans: a trans-
verse plane with view of normal brain parenchyma in a sec-
ond-trimester fetus; b transverse plane with view of the cere-
bellum; c fetus with anencephaly; d first-trimester fetus with
exencephaly (arrows); e frontal denting:‘lemon’ sign (arrows)

Magnetic Resonance Imaging
Ultrasonography is the method of choice for prenatal
scanning of fetal anomalies; however, there remain
circumstances in which ultrasound data obtained are
limited or technically difficult, for example in mater-
nal obesity, oligohydramnios and unfavourable posi-
tion of the fetus. Moreover, ultrasound examination
of the fetal CNS is limited because of the non-specif-
ic appearance of some abnormalities and ossification
of the fetal skull. Some subtle parenchymal abnor-

in fetus with spina bifida in the lumbosacral region; f Chiarill
malformation:‘banana’sign (arrows) in fetus with spina bifida
(a,b courtesy Monique Haak, Amsterdam; e, f courtesy
Mireille Bekker, Amsterdam)

malities cannot be seen on ultrasound (Poutamo et
al. 1999). MRI may be a useful adjuvant when ultra-
sound examination is indeterminate. Fetal MRI is
hindered by fetal motion and long acquisition times,
but ultrafast MRI with scan times of less then 1s
greatly decreases motion artefacts. MRI has proved to
be especially useful in the evaluation of the fetal CNS
(Levine et al. 1999; Garel 2004; Chap. 1).

MRI is especially useful in cases in which fetal ven-
triculomegaly (Fig.3.13a) is associated with other
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Fig. 3.12 Normal and abnormal ultrasound scans:a 12-week-
old fetus with encephalocele (arrow); b second-trimester fetus
with ventriculomegaly (arrows); ¢ fetus with alobar form of
holoprosencephaly; d Dandy-Walker malformation (arrows;

CNS malformations and anomalies outside the CNS
(Wagenvoort et al. 2000). Agenesis of the corpus
callosum is also such an anomaly easily missed on
ultrasound examination, although it is often suspect-
ed by ind