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PREFACE

For me, some of the most exciting and glorious
moments in teaching gross anatomy of the domestic
animals have occurred during days shared with
open-minded students surrounded by steel tables
full of pregnant uteri and fetuses in the dissection
room. To examine those fetal specimens is to open
an anatomy book; a book in which each organ and
structure is perfectly defined and its developmental
history is perfectly retained - truly the optimal situ-
ation for memorable anatomical “Aha-Erlebnishen”
for students and teachers alike!

Embryology has always been a prerequisite for a
real understanding of gross anatomy and of the tera-
tology that results from development going awry.
Today, however, it is that and much more besides;
contemporary biomedical research requires embry-
ology (or, rather, developmental biology) to play a
central role in its progress - a role with important
societal implications. Assisted reproduction tech-
nologies, for example, are as much applied to
domestic animals as to humans in which vitro fer-
tilization has become a common step ex soma to
bridge one generation of mankind to the next. In
the domestic animals, techniques such as cloning by
somatic cell nuclear transfer have made possible
genetic modifications that offer the prospects of
modifying animals so that they produce valuable
proteins, serve as models of human diseases, or
provide organs for xenotransplantation in the future.
All of these prospects depend upon a thorough
knowledge of embryology and many of them are
contentious. They put the discipline in an ethical

spotlight that, in my view, obliges contemporary
embryologists to participate in scientifically based
societal debates.

For a while, ever more sophisticated assisted
reproduction technologies moved the “cutting edge”
of embryological research out of the body and into
the in-vitro environment. However, the expansion
of this field to encompass embryonic stem cells has
refocused us on the embryo per se; the control of
stem cell differentiation in vitro will depend abso-
lutely on fundamental knowledge of the molecular
regulation of developmental processes in vivo. The
embryo itself has become the key to success - the
circle is closed!

“Cutting edges” are these days fashioned from an
amalgam of conventional embryology, genomics,
transcriptomics and epigenomics applied to the
investigation of the molecular mechanisms of
developmental biology. Information is growing
exponentially, and to combine in-depth molecular
understanding with overall holistic embryology is a
challenge - a challenge that becomes crystal clear
when writing a textbook on the essentials of domes-
tic animal embryology! For years, teaching the
subject has been hampered by the lack of such a
textbook and medical embryology textbooks were
used as a poor compromise. By 2006, when McGaedy
et al published their welcome textbook on veteri-
nary embryology, we had already embarked on the
present book with the goal of making our own
research material, collected over several decades,
palatable and stimulating for students. Working
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towards this goal has been a great experience for us
and we hope that you the reader will find that we
have accomplished at least part of what we intended.
Future improvements, of course, will depend largely
on feedback and I would much appreciate receiving
constructive criticism.

In the meantime, it is my sincere wish that
reading this book may lead you into at least one

“Aha-Erlebnis” in the
embryology!

wondrous world of

Poul Hyttel
Vidiekjaer
Valby, Denmark
June 3, 2009

My painting (2003) of the open horizon of Skagen, Denmark, where | grew up and was ‘imprinted’. | see embryology in the
same light: a vista with infinite potentials that are just waiting to be realized.



FOREWORD

Over the last 20 years, modern life science research
efforts have rapidly advanced our knowledge of the
normal and abnormal processes of domestic animal
development. As our depth of understanding of the
cellular and molecular mechanisms has grown, so
too has the recognition of the potential for, and
successful application of, this knowledge to enhance
animal-based food and fiber production. It is during
embryo and fetal development, from the formation
of competent gametes to parturition, that powerful
advancements in molecular genetic manipulation
and assisted reproductive technologies are employed,
and these efforts have had profound impact on
animal production worldwide. As a result of these
advances, there remains an unmet need for a con-
temporaneous text of domestic animal development
to support education and training of today’s veteri-
narians, animal scientists and developmental biolo-
gists. Essentials of Domestic Animal Embryology fulfills
this need by providing the student, the instructor
and the veterinary practitioner with an in depth
presentation of the elaborate, chronological proc-
esses that culminate in formation of functional
embryonic structures from the development of
gametes through the peri-partum period. As our
understanding of the precisely orchestrated proc-
esses of animal development advances, and animal
genomes are further unveiled and analyzed, the
importance of animal development becomes central
to understanding and enhancing animal growth,
sustaining health and determining the underlying
causes of disease.

Although there continues to be available a
number of quality texts of human embryology (for
example Langman’s Medical Embryology), focus on a
single species remains a serious limitation for vet-
erinary and animal science audiences and prevents
a thorough view of the wide and distinct variations
that exist among domestic animal species, with
particular reference to processes of blastogenesis,
implantation and placentation. Certainly, Bradley

Patton’s 1927 benchmark publication in English,
Embryology of the Pig, provided a wonderfully illus-
trated, descriptive account of this often utilized
example of mammalian embryonic development.
A concise descriptive publication of development
in the pig The Embryonic Pig: A Chronological
Account, was later published by A.W. Marrable in
1971. In 1984, Drew Noden and Alexander de
Lahunta, similarly recognizing the lack of an ade-
quate text on domestic species embryology that
would be useful for veterinary students, published
The Embryology of Domestic Animals: Developmental
Mechanisms and Malformations. An important con-
tribution to veterinary curricula for many years to
follow, this book presented traditional system-by-
system descriptive material on the developmental
anatomy of domestic species including birds, and
the authors also included many relevant experimen-
tal and clinical case references throughout the book.
Unfortunately, a revised edition was not forthcom-
ing, and is not currently available. More recently,
the finely detailed German text, Lehrbuch der
Embryologie der Haustiere (1991), was published by
Imogen Russe and Fred Sinowatz (current co-
author). Excellent illustrations and micrographs
characterize this comprehensive embryology refer-
ence text of domestic species. Printed only in
German, broad international adoption has been
limited. In 2006, McGaedy and colleagues pub-
lished Veterinary Embryology, a text targeting the
particular needs of the veterinary student. Accord-
ingly, the publication of Essentials of Domestic
Animal Embryology is particularly timely as it fills a
resource void for those students keen to study and
understand the fundamental processes of animal
development, be they students, instructors, research
scientists or veterinary practitioners.

On reflection, this book project was conceived
following from a discussion Poul and I had during
a scientific meeting in 2000. As we shared and com-
pared our experiences teaching animal embryology
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and anatomy to veterinary students, there was
mutual recognition that a modern text in domestic
animal development was sorely needed to contrib-
ute to the essential academic underpinnings for 21*
century veterinary and animal science curricula. To
appeal to a more global audience, contributions
were solicited from established co-authors recog-
nized internationally as experts in the field. Their
chapters have been seamlessly woven into a very
readable and informative text book. Of particular
note are the inclusion of Chapters 1, 2, 20 and 21,
each of which provides a distinguishing topic per-
spective, and include a historical account of the
study of animal embryology, a discussion of current
cell and molecular-based regulatory mechanisms
that govern key developmental processes, compara-
tive embryology of the chicken and mouse, and a
succinct summary of the advent, development and
broad application assisted reproductive technolo-
gies (ARTs) to enhance production of domestic
animals, respectively.

Lead author, professor Poul Hyttel is recognized
internationally as a distinguished research scientist,
and a passionate educator and student mentor of
animal reproduction and cell biology at the Royal
Veterinary and Agricultural University, and most
recently the University of Copenhagen. He has
directed both the veterinary anatomy and histology/
cell biology courses for many years in Copenhagen,

and has received formal awards and recognition, as
well as continuous accolades from students for his
passion and dedicated commitment to teaching.
Under his direction, Poul has assembled a distin-
guished international group of contributing co-
authors including professor Fred Sinowatz (Munich)
and Dr. Morten Vejlsted (Copenhagen), among
others. Keith Betteridge, distinguished professor of
animal reproduction at the University of Guelph,
has provided thorough editorial review of the text,
This first edition presents a logical, contemporane-
ous and comprehensive view of the current state of
knowledge in the field. The format provides succinct
text information that is well supported by quality
illustrations, photographs and micrographs. 1
believe that the student, instructor and practitioner
alike will embrace this text as it will prove to be an
invaluable resource to further both their education
and their knowledge in the field of domestic animal
embryology.
May 2009 Worcester, Massachusetts, USA
Eric W. Overstrom, Ph.D.

Professor and Head

Department of Biology & Biotechnology

Director, Life Sciences & Bioengineering Center
Worcester Polytechnic Institute

Worcester, Massachusetts
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Poul Hyttel and Gabor Vajta

History of embryology

Embryology, the study of development from fertili-
zation to birth, has always intrigued philosophers
and scientists. Universal fascination with the way in
which ‘life’ unfolds has led to spirited discussion of
the complexities of the process amongst embryo-
logists over the years. In 1899, Ernst Haeckel
(1834-1919) considered that ‘Ontogeny is a short
recapitulation of phylogeny’. In other words, ontog-
eny (the development of an organism from the fer-
tilized egg to its mature form) reflects, in a matter
of days or months, the origin and evolution of a
species (phylogeny), a continuing process that is
measured in millions of years. Although this is not
entirely true, one has only to look at a 19-day-old
sheep embryo to understand Haeckel’s viewpoint;
the gill-like pharyngeal arches and the somites, for
example (Fig. 1-1) are common to embryos of all
chordates. Although trained as a physician, Haeckel
abandoned his practice after reading The Origin of
Species by Charles Robert Darwin (1809-1882)
published in 1859 (and available at that time for
fifteen shillings!). Always suspicious of teleological
and mystical explanations of life, Haeckel used
Darwin’s theories as ammunition for attacking
entrenched religious dogma on the one hand and
elaborating his own views on the other. However,
in projecting phylogeny into ontogeny, Haeckel
made one mistake: his mechanism of change
required that formation of new characters, diagnos-
tic of new species, occur through their addition to a
basic developmental scheme. For example, because
most metazoans pass through a developmental
stage called a gastrula (a ball of cells with an infold-
ing that later forms the gut) Haeckel thought that at
one time an organism called a ‘gastraea’ must have

existed, looking much like the gastrula stage of
ontogeny. This hypothesized ancestral metazoan, he
thought, gave rise to all multi-celled animals. Such
a ‘single straight line’ conception of phylogeny, with
all creatures standing on the shoulders of predeces-
sors in one trajectory, has now been abandoned;
phylogeny divides into a multitude of lines.

Many of the ancient Greek philosophers were
interested in embryology. According to Democritus
(ca. 455-370 BC), the sex of an individual is deter-
mined by the origin of the sperm: males arising
from the right testicle (of course!) and females from
the left. This hypothesis was somewhat modified by
Pythagoras, Hippocrates and Galen. However,
gender bias was always evident, for science was the
privilege of men; philosophers mostly positioned
females between man and animals, so males were
supposed to originate from the stronger sperm of
the right testicle.

The first real embryologist that we know about
was the Greek philosopher Aristotle (384-322 BC).
In The Generation of Animals (ca. 350 BC) he
described the different ways that animals are born:
from eggs (oviparity, as in birds, frogs and most
invertebrates), by live birth (viviparity, as in placen-
tal animals and some fish) or by production of an
egg that hatches inside the body (ovoviviparity,
which occurs in certain reptiles and sharks). It was
Aristotle who also noted the two major patterns of
cell division in early development: holoblastic
cleavage in which the entire egg is divided into pro-
gressively smaller cells (as in frogs and mammals)
and the meroblastic pattern in which only that
part of the egg destined to become the embryo
proper divides, with the remainder serving nutritive
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purposes (as in birds). The fetal membranes and the
umbilical cord in cattle were described by Aristotle
and he recognized their importance for fetal nutri-
tion. By sequential studies of fertilized chick eggs,
Aristotle made the very important observation that
the embryo develops its organ systems gradually -
they are not preformed. This concept of de novo
formation of embryonic structures, which is referred
to as epigenesis, remained enormously controver-
sial for more than 2000 years before becoming fully
accepted; Aristotle was way ahead of his time. The
enigma of sexual reproduction also intrigued Aris-
totle. He realized that both sexes are needed for
conception but felt that the male’s semen did not
contribute to conception physically, but by provid-
ing an unknown form-giving force that interacts
with menstrual blood in the womb of the female to
materialize as an embryo. In this case Aristotle was
wrong. Ironically, in contrast to the non-acceptance
of his correct views on epigenesis, his error about
conception prevailed for about 2000 years, and it
took a battle of almost a hundred years to correct it!

During those 2000 years, the science of embryo-
logy developed very slowly along descriptive ana-

Fig. 1-1: Sheep embryo at Day 19 of
development.

tomical lines. One of the first anatomical descriptions
of the pregnant uterus of the pig was by Kopho
(years of birth and death unknown) in the early 13™
century in his work Anatomio Porci. Kopho worked
at the famous medical school of Salerno using pigs
as models because human cadavers could not be
dissected for religious reasons. During the early
Renaissance, the famous and incomparably artistic
anatomical studies of Leonardo da Vinci (1452-
1519) included investigation of the pregnant uterus
of a cow. His drawings of a pregnant bicornuate
uterus and of the fetus and fetal membranes released
from the uterus are reproduced in Fig. 1-2. In an
accompanying drawing, Leonardo depicted a human
uterus cut open to ‘reveal’, not a human placenta
but a multiplex, villous, ruminant placenta (see
Chapter 9)! Clearly it had not been possible for him
to actually study a human pregnancy. The structures
are described in the characteristic mirrored writing
of Leonardo, who worked mostly in Florence.

The Renaissance, from the 13" to the 15" century,
was a great time for anatomical studies and, happily,
coincided with the invention of book printing by
Johann Gutenberg. Thus, the first major publication



History of embryology - 1

‘90BHNS SNoj|iA S) Bulke|dsip

uoneouubew Jaybiy e 18 umelp UOPSIA100 ojbuls B ‘doy 1yBu 8yl 1B ‘pue SnJsin 8yl JO [[lem 1Nd 8y} U0 Umelp sewoiusdeld [eienas yum adAl xsidiynw
JUBUIWLNI BU} JO S| EJUSOE|d BY} Ty} 910N "PJOO [BDlIquun 8y} Yum snidy 8yl Buimoys uewny Jo sniein xajduwis pausdo

10 SUOP8IA100 By} BUIMOUS SeueIquUBU [B18) pUB SNia4 :WO0N0og "MOO 8y} JO snuein alenuloolq jueubeld v :do| v

g (B Je1deyn 9os) eusoe|d sy
‘JOUIA Bp OpJeuoa Jo sbumelq :g-1 “Bi4




- Essentials of Domestic Animal Embryology

on comparative embryology was De Formato Foetu
in 1600 by the Italian anatomist Hieronymus
Fabricius of Acquapendente (1533-1619). Fabri-
cius described and illustrated the gross anatomy of
embryos and their membranes in that book, but was
not actually the first to do so; another Italian anato-
mist, Bartolomeo Eustachius (1514-1574), had
previously published illustrations of dog and sheep
embryos in 1552. We now recognize the names of
Fabricius, in the term bursa Fabricii (the immuno-
logically competent portion of the bird gut), and of
Eustachius in the Eustachian tube.

The work of Eustachius, Fabricius and others gave
insight into how organs develop from their imma-
ture to mature forms, but left unanswered the basic
enigma of how and where the mammalian embryo
originates. However, the development of the micro-
scope by Zacharias Janssen, a Dutch eyeglass maker,
in 1590 ushered in a new era of embryological
science to tackle that 2000-year-old question. The
Dutch dominance in the optical field at that time
may not be just a coincidence; the naval ambitions
of their new empire required excellent telescopes
and lens systems. Janssen’s microscope in its origi-
nal form, however, was not really appropriate for
cell and tissue research; it was approximately 2
metres long, achieved only 10 to 20 times magnifi-
cation, and its principal use was to attract an audi-
ence at country fairs! In 1672, the Italian medical
doctor Marcello Malpighi (1628-1694) published
the first microscopic account of chick development,
identifying the neural groove, the somites, and cir-
culation of blood in the arteries and veins to and
from the yolk. Malpighi also observed that even the
unincubated chick egg is considerably structured,
leading him to think that a preformed version of the
chicken resided in the egg. Later (in 1722), the
French ophthalmologist Antoine Maitre-Jan (1650~
1730) pointed out that although the egg examined
by Malpighi was technically ‘unincubated’, it had
been left sitting in the Bolognese sun in August and
so was certainly not ‘unheated’ Nevertheless, Mal-
pighi’s notion of a preformed chicken initiated one
of the great debates in embryology that was to last
throughout the 17" and 18" centuries. The question
was: are the organs of the embryo formed de novo

(epigenesis), or they are already present in a mini-
ature form in the egg (or the sperm when this cell
was discovered), a concept referred to as preforma-
tion. We will return to this debate in a moment.

The new microscopic techniques also prompted
a vigorous search for the mammalian gametes. The
chicken egg and its initial transformation into a
chick were obvious, as Aristotle had described, but
what mediated the formation of the embryo in
mammals? Where was the mammalian egg to be
found?

One of the earliest and most influential names in
the fascinating story of the discovery of the mam-
malian egg was that of William Harvey (1578-
1657), personal physician to the English kings
James I and Charles I, and famous for his descrip-
tion of the circulation of the blood. In 1651, Harvey
published De Generatione Animalium (Disputations
touching the Generation of Animals) with a famous
frontispiece showing Zeus freeing all creation from
an egg bearing the inscription Ex ovo omnia (All
things come from the egg). However, it should be
realized that, far from advancing 17" century knowl-
edge of reproduction and embryology, Harvey's
observations in some ways impeded progress. From
having studied with Fabricius, Harvey was imbued
with Aristotle’s view that the semen provided a force
that interacted with the menstrual blood to materi-
alize as an embryo. Harvey set out to understand
this process by looking for the earliest products of
conception in female deer killed during the breed-
ing season in the course of King Charles I's hunts in
his Royal forests and parks over a 12-year period. In
the red and fallow deer that he studied, the male’s
rut begins in mid-September and so Harvey dis-
sected uteri throughout the months of September to
December. Believing, wrongly, that copulation coin-
cides with the onset of the rut, Harvey was mystified
to find nothing that he recognized as an embryo
until mid-November, some two months later. This
forced him to the erroneous, but entirely logical
conclusion that ‘nothing after coition is to be found
in [the] uterus for many days together. When he
did find a conceptus, that, for Harvey, was the egg:
‘Aristotle’s definition of an egg applies to it, namely,
an egg is that out of a part of which an animal is



begotten and the remainder is the food for that
which is begotten’

Three factors of veterinary interest had led this
brilliant man astray. First, he did not appreciate that
the females did not come into oestrus until early
October and so his estimates of breeding dates were
wrong. Second, he dismissed the ovaries (‘female
testicles”) as making no contribution to conception
because they failed to swell up as the testes of males
do during rut. Third, expecting to find an egg-shaped
conceptus, he failed to recognize the ‘purulent
matter ... friable ... and inclining to yellow’, which
he observed much earlier after mating and describes
quite vividly, as being the filamentous blastocyst so
characteristic of ruminants. Had Harvey used a lens,
or conducted his studies on species (like rabbits or
horses) with spherical early conceptuses, discovery
of the real egg might have been advanced
considerably!

It is easy to be critical with hindsight of course,
and we should remember that Harvey made impor-
tant contributions to embryology: his descriptions
of early development were impeccable; he was the
first to observe the blastoderm of the chick embryo
(the small region of the egg containing the yolk-free
cytoplasm that gives rise to the embryo proper) and
to indicate that blood islands form before the heart
does; and he was aware of the gradual development
of the embryo, subscribing to the school of epi-
genesis as did Aristotle.

The observations by Harvey and the search for the
mammalian egg were extended by Regnier de Graaf
(1641-1673) who performed detailed studies of the
female reproductive organs, especially the ovary. De
Graaf, like his friend Leeuwenhoek, worked in Delft.
From a comparison of mammalian ovaries with
those of chicken, de Graaf considered mammalian
antral ovarian follicles to be the eggs; an assumption
he confirmed by tasting! His contribution to science
was later acknowledged by the German medical
doctor Theodor Ludwig Wilhelm Bischoff (1807~
1882) who introduced the nomenclature ‘Graafian
follicle. De Graaf also noted some connection
between follicular maturation and the development
of oocytes but, without an appropriate microscope,
he could not substantiate this and his observations
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were for a long time forgotten. Had he lived a little
longer (he died tragically early, at the age of 32), the
discovery of the mammalian egg could probably
have avoided a delay of about 150 years!

As it was, the first scientist to actually see the
mammalian egg (which everyone believed to exist,
but no one had seen) was the Estonian medical
doctor Karl Ernst von Baer (1792-1876). He
opened the ‘Graafian egg’, as the follicle was known
at that time, and saw with his naked eye a small
yellow point which he released and examined under
the microscope (Baer, 1827). There, upon a first
glance, Baer was stunned and could hardly believe
that he had found what so many famous scientists
including Harvey, de Graaf, Purkinje and others had
failed to find. He was so overcome that he had to
work up courage to look into the microscope a
second time. The mammalian egg had been
identified.

How about the spermatozoa? Anton van Leeu-
wenhoek (1632-1723), a Dutch tradesman and
scientist from Delft, was the first to report having
seen moving spermatozoa. He constructed a single
lens microscope that magnified up to about 300
times. Technically, this microscope was an amazing
achievement - no bigger than a small postage stamp
and resembling a primitive micromanipulator. It
was used close to the eye like a magnifying glass.
Using this, Leeuwenhoek drew spermatozoa from
different species. Initially, Leeuwenhoek was reluc-
tant to study sperm and he questioned the propriety
of writing about semen and intercourse. When he
first focused his microscope on semen, Leeuwen-
hoek discovered what he then took to be globules.
However, he so disliked the prospect of having to
discuss his findings that he quickly turned to other
matters. Three or four years later, however, in 1677,
a student from the medical school at Leiden brought
him a specimen of semen in which he had found
small animals with tails, which Leeuwenhoek now
observed as well. Consequently, Leeuwenhoek
resumed his own observations and, in his own
semen (acquired, he stressed, not by sinfully defiling
himself but as a natural consequence of conjugal
coitus), observed a multitude of ‘animalcules, less
than a millionth the size of a coarse grain of sand



- Essentials of Domestic Animal Embryology

and with thin, undulating, transparent tails. A
month later, Leeuwenhoek described these observa-
tions in a brief letter to Lord Brouncker, president
of the Royal Society in London. Still uneasy about
the subject matter, he begged Brouncker not to
publish it if he thought it would give offence. Leeu-
wenhoek’s observations prompted vivid discussions
and controversies on the significance of these living
objects. At first, it was commonly held that the tad-
pole-like creatures were parasites. Leeuwenhoek
may have been biased towards that view as he was
actually engaged in parallel studies of parasites and
was the first to see Giardia, a protozoan parasite that
infects the gastrointestinal tract. Giardia are flagel-
lated and may, at poor microscopical resolution,
resemble spermatozoa. Other scientists considered
that the whirling action of the objects was meant to
prevent solidification of the semen. In the preforma-
tion school, however, Leeuwenhoek’s observations
encouraged the thought that the sperm head con-
tained preformed miniatures of babies, foals, calves
etc. and so these scientists became known as the
spermists.

The two mammalian gametes had been identi-
fied. Instead of forming a common platform for
further endeavours, however, this knowledge
prompted a bitter dispute, as to whether the embryo
arose from the egg or from the sperm!

In parallel with the search for the mammalian
gametes, the combat between the schools of epigen-
esis and preformation became more and more
intense. The latter had the backing of 18™ century
science, religion and philosophy for several reasons.
First, if the body is prefigured and just needs to be
unrolled, no extra mysterious force is needed to
initiate embryonic development. This was a reli-
giously convenient point of view, paying proper
respect to God’s creation of mankind. Second, if the
body is prefigured in the germ cells, a further genera-
tion will already exist prefigured in the germ cells of
the next, rather like Russian nested Matryoshka
dolls. This concept was also convenient, ensuring
that the forms of species would remain constant.
The fact that at a certain point Matryoshka dolls
cannot get any smaller would seem like an obvious
objection to the concept today. However, there was

no biological size scale at the time of these argu-
ments because the cell theory of Theodor Schwann
(1810-1882) was not proposed until 1847. Thus
preformationists could claim, as formulated in 1764
by the Swiss naturalist and philosophical writer
Charles Bonnet (1720-1793), that ‘Nature works as
small as it wishes" Basically, preformation was a
conservative theory, and it was unable to answer
some of the questions raised by the limited knowl-
edge of genetic variation at that time. It was, for
example, known that matings between black and
white parents resulted in babies of intermediate
colour, an outcome incompatible with preforma-
tion in either gamete.

In the late 18" century, Caspar Friedrich Wolff
(1734-1794), a German embryologist working in
St. Petersburg, made detailed observations on chick
embryos that resulted in the first strong case for
epigenesis. He demonstrated how the gut arises
from the folding of an originally indifferent flat
tissue and interpreted his findings as evidence of
epigenesis when, in 1767, he wrote that ‘When the
formation of the intestine in this manner has been
duly weighed, almost no doubt can remain, I
believe, of the truth of epigenesis. Wolff’s name
lives on in the term ‘Wolffian duct’ for the mesone-
phric duct.

In spite of Wolff's contribution, the preformation
theory persisted until the 1820s when new tech-
niques for tissue staining and microscopy allowed a
further advance in the science of embryology. Three
friends, Christian Pander (1794-1865), Karl Ernst
von Baer, and Martin Heinrich Rathke (1793-
1860), all of whom came from the Baltic region and
studied in Germany, formulated concepts of great
relevance for contemporary embryology. Pander
expanded the observations made by Wolff and also,
despite studying the chick embryo for only some 15
months before becoming a palaeontologist, discov-
ered the germ layers (Pander, 1817). The overall
term ‘germ layers’ is derived from the Latin germen
(‘bud’ or ‘sprout’) whereas the three individual
layers are of Greek origin: ectoderm from ectos
(‘outside’) and derma (‘skin’), mesoderm from mesos
(‘middle’), and endoderm from endon (‘within’).
Pander also noted that organs were not formed from



a single germ layer. A remarkable feature of Pander’s
book from 1817 is the quality of the illustrations
drawn by the German anatomist and artist Eduard
Joseph d’Alton (1772-1840); they beautifully
depict details that had not yet been defined (Fig.
1-3). This classical work underlines the necessity for
precise observational skills in embryology.

Rathke studied comparative embryology in frogs,
salamanders, fish, birds, and mammals and pointed
out the similarities in development among all these
vertebrate groups. He described for the first time the

Fig. 1-3: Drawing of a Day 2 chick embryo by Eduard
Joseph d’Alton displayed in Pander (1817).
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pharyngeal arches common to the development of
these animals. ‘Rathke’s pouch’ - the ectodermal
contribution to the pituitary gland - commemorates
him.

In addition to identifying the mammalian ovum,
von Baer extended Pander’s observations on chick
embryos and described the notochord for the first
time. Moreover, von Baer again appreciated the
common principles that direct initial embryological
development regardless of species; in 1828 he wrote
‘I have two small embryos preserved in alcohol that
I forgot to label. At present I am unable to determine
the genus to which they belong. They may be lizards,
small birds, or even mammals’.

Staining and microscopy techniques continued
to improve during the 19" century and allowed for
more detailed observations on the initial cleavage
stages by the German biologist Theodor Ludwig
Wilhelm von Bischoff (1807-1882) in the rabbit,
and by the Swiss anatomist and physiologist
Rudolph Albert von Koélliker (1817-1905) in man
and various domestic animals. Kolliker also pub-
lished the first textbook on embryology in man and
higher animals in 1861.

Thanks to the contributions of Pander, von Baer
and Rathke, the preformation school in its radical
form ceased in the 1820s. However, the concept
survived for another 80 years in the sense that a
certain group of scientists regarded the cells of the
early cleavage stage embryo to represent right and
left halves of the body as it took form. This implied
that the information for building the body is segre-
gated regionally in the egg. In 1893, August Weis-
mann (1834-1914) proposed his germ cell plasm
theory as an extension of this idea. Based on the
sparse knowledge of fertilization available at that
time, he was far-sighted enough to propose that the
egg and the sperm provided equal chromosomal
contributions, both quantitatively and qualitatively,
to the new organism. Moreover, he postulated that
chromosomes carried the inherited potentials of
this new organism, which was remarkable at that
time considering that the chromosomes had not yet
been identified as the carriers of inherited matter.
However, Weismann thought that not all informa-
tion on the chromosomes passed into every cell of
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the embryo. Rather, different parts of information
went to different cells, explaining their differentia-
tion. Weismann clearly understood the principle of
how traits are inherited through fertilization, but he
was wrong about the mechanisms of differentiation.
Weismann’s differentiation theory was put to the
test practically by the German embryologist Wilhelm
Roux (1850-1924) who had already, in 1888, pub-
lished the results of experiments in which individual
cells of 2- and 4-cell frog embryos were destroyed
by a hot needle. As predicted by Weismann's theory,
Roux observed the formation of embryos in which
only one side developed normally. These results
inspired another German embryologist, Hans Adolf
Eduard Driesch (1867-1941) to perform experi-
ments using cell separation instead of Roux’s cell
destruction technique. To his enormous surprise,
Driesch obtained results that were quite different
from those of Roux. Using separated cells from early
cleavage stage sea urchin embryos he demonstrated
that each of the cells was able to develop into a
small but complete embryo and larva (Driesch,
1892). He repeated the same experiment with 4-cell
embryos and obtained similar results; the larvae
were smaller but otherwise looked completely
normal.

The final evidence against the Roux-Weismann
theory was provided by the elegant experiments
published by yet another German embryologist,
Hans Spemann (1869-1941). Originally, just like
Driesch, he had set out to support the theory with
his experiments on salamanders. However, by sepa-
rating the cells of early cleavage stage embryos with
a ligature (a hair taken from his newborn son’s
head), he soon found that the separated cells were
each able to form a small embryo - they were
totipotent. In 1928, Spemann conducted the first
nuclear transfer experiment, transferring the nucleus
of a salamander embryo cell into a cell without a
nucleus. Using a hair as a noose, as he had done in
his 1902 splitting of the salamander embryo,
Spemann tightened the noose around a newly ferti-
lized egg cell, forcing the nucleus to one side and
cytoplasm to the other. Next, he waited as the side
with the nucleus divided and grew into a 16-cell
embryo. Then he loosened the noose, and allowed

the nucleus from one of the embryo cells to slip over
into the egg cytoplasm on the other side. Spemann
then promptly tightened the noose completely,
physically breaking the ball of cytoplasm and its
new nucleus away from the remains of the 16-cell
embryo. From this single cell grew a normal sala-
mander embryo, proving that the nucleus from an
early embryonic cell was able to direct the complete
growth of a salamander. Spemann had created the
first clone by nuclear transfer. Spemann published
his results in his 1938 book ‘Embryonic Develop-
ment and Induction’ in which he called for the ‘fan-
tastical experiment’ of cloning from differentiated or
adult cells and theoretically paved the way for the
cloning by somatic cell nuclear transfer that we
know today. Unfortunately, Spemann saw no practi-
cal way of realizing such an experiment at that time.
Spemann was awarded the Nobel Prize for Physiol-
ogy or Medicine in 1935 for his discovery of the
effect now known as embryonic induction - the
influence exercised by various parts of the embryo
that directs the development of groups of cells into
particular tissues and organs. The works of Driesch
and Spemann finally put an end to the concept that
inherited information is divided among the cells of
the developing embryo.

The whereabouts of inherited materials had still
not been determined in the late 19" and early 20"
century when a group of American embryologists set
out to discover whether inheritance resided in the
cytoplasm or the nucleus of the fertilized egg.
Edmund Beecher Wilson (1856-1939) was of the
opinion that the nucleus is the carrier while Thomas
Hunt Morgan (1866-1945) thought the cytoplasm
to be responsible. Wilson allied himself with the
German biologist Theodor Heinrich Boveri (1862-
1915) working at the Naples Zoological Station.
Boveri had produced major support for the chromo-
somal hypothesis of inheritance by fertilizing sea
urchin eggs with two spermatozoa. At first cleavage,
such eggs produced four mitotic poles and divided
into four cells instead of two. Subsequently, Boveri
separated the cells and demonstrated that they
developed abnormally, each in its own particular
way, due to the fact that they carried different chro-
mosomes. Hence, Boveri claimed that each chromo-



some is distinct and controls different vital processes.
Wilson and Nettie Maria Stevens (1861-1912), one
of the first American women to be recognized for
her contribution to science, extended the work of
Boveri. They demonstrated the relationship between
chromosomes and sex: XO or XY embryos devel-
oped into males and XX embryos into females
(Wilson, 1905; Stevens, 1905a,b). For the first time
a particular phenotypical characteristic was clearly
correlated with a property of the nucleus. Eventu-
ally, Morgan found mutations that correlated with
sex and with the X chromosome. This persuaded
him that his earlier view that inheritance was
through the cytoplasm was wrong and that genes are
physically linked to one another on the chromo-
somes. Consequently, a group of embryologists had
laid a cornerstone to the discovery that the chromo-
somes in the cell nucleus are responsible for the
development of inherited characteristics.

In the early 20" century, embryology and genetics
were not considered separate sciences. They diverged
in the 1920s when Morgan redefined genetics as the
science studying the transmission of inherited traits,
distinguishing it from embryology, the science stud-
ying the expression of those traits. This division did
not occur without hostility; geneticists considered
the embryologists old-fashioned while embryolo-
gists looked upon geneticists as being uninformed
about how organisms actually develop! Fortunately,
we nowadays see a rapprochement of genetics and
embryology in a very fruitful symbiosis. Two of the
scientists who advocated synergism between embry-
ology and genetics in the early days were Salome
Gluecksohn-Schoenheimer (now Gluecksohn-
Waelsch; 1907-2007) and Conrad Hal Waddington
(1905-1975). Gluecksohn-Schoenheimer received
her doctorate in Spemann’s laboratory, but fled Hit-
ler's Germany for the United States. Her far-sighted
research demonstrated that mutations in the Brachy-
ury gene of the mouse caused aberrant development
of the posterior portion of the embryo, and she
localized the defect to the notochord (Gluecksohn-
Schoenheimer, 1938, 1940), providing another
example of the close link between embryology and
genetics. Interestingly, it took 50 years for her results
to be confirmed by DNA hybridization after cloning
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of the Brachyury gene (Wilkinson et al., 1990). Wad-
dington, on the other hand, addressed the causal
link between embryology and genetics by isolating
several genes that caused wing malformations in
fruit flies. Moreover, his interpretation and visual
conception of ‘the epigenetic landscape’ affecting
initial cell differentiation in the embryo still surfaces
during contemporary presentations on embryonic
stem cells and their differentiation (Waddington,
1957, Fig. 1-4).

Fig. 1-4: Top: CH Waddington’s depiction of the epigenetic
landscape with the ball representing a cell and the valleys
representing different avenues of differentiation. Bottom:

A less commonly depicted view behind the epigenetic
landscape illustrating how the tension of different genes
control the fate of the ball. From Waddington (1957)
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The question of totipotency, initially addressed
by Driesch and Spemann, was later revisited at a
finer level. Thus, whereas Driesch and Spemann had
proved the totipotency of the cells of the early cleav-
age stage embryo, experiments in the 1950s by
Robert Briggs (1911-1983) and Thomas King
(1921-2000) tested the totipotency of the nucleus or
rather the genome. Their nuclear transfer model was
an exact realization of the ‘fantastic experiment’ pro-
posed by Hans Spemann, although they had never
heard about his suggestion. To accomplish their
objective they had to develop methods by which
they could remove the genome of an egg without
destroying it (enucleation), pick up a donor nucleus
of another cell, and transfer that nucleus to the enu-
cleated egg. As their approach was extremely unor-
thodox, their first grant application to the National
Cancer Institute was refused as a ‘hare-brained’ idea.
However, they eventually obtained some support,
and after months of experimentation they produced
the first blastocyst from nuclear transfer. Their initial
success was short-lived. In their enthusiasm, they
gathered the complete staff of the institute to show
them the blastocyst. After numerous looks into the
microscope, followed by applause and congratula-
tions, they re-checked the dish and found only a
completely destroyed embryo. Fortunately, although
the first embryo died, the nuclear transfer system
worked; in 1952, Briggs and King successfully dem-
onstrated that donor nuclei from frog blastula stages
could direct the development of complete tadpoles
when transferred into enucleated eggs. This research
further paved the way for the somatic cell nuclear
transfer that is nowadays used for cloning of
mammals. Briggs and King also discovered that
when cells from later stages (tailbud-stage tadpoles
for example), were used as nuclear donors, normal
development did not occur unless the nuclei came
from the germ cells. Thus, somatic cells appeared to
lose their ability to direct development as their
degree of differentiation increased. This point was
later pursued by John B. Gurdon who worked with
another frog species, Xenopus, rather than Briggs and
King's Rana. Gurdon et al. (1975) found that when
nuclei of cultured skin cells from adult frogs were
transferred into enucleated eggs, development of the

clones never progressed beyond the formation of
the neural tube. However, when serial nuclear trans-
fers were made from the cloned embryos to other
enucleated eggs, it was possible to generate numer-
ous tadpoles; the genomic totipotency of somatic
cells had been proven. It should be noted though
that the frog experiments never managed to close
the developmental circle by producing an adult
organism by transferring a somatic cell nucleus from
another adult organism.

Closing the circle did not happen until the nuclear
transfer technique was transposed to mammals by
the Danish veterinarian Steen Malte Willadsen
working in Cambridge during the 1980s. Willadsen
(1986) succeeded in transferring not just the nucleus,
but the entire cell from sheep morula-stage embryos
to enucleated eggs by electrical cell fusion. His work
resulted in the first mammal to be born after cloning
by nuclear transfer. In 1996, this technology was
taken one step further by Keith H Campbell,
working at the Roslin Institute in Scotland in a
research group headed by Ian Wilmut. Campbell et
al. (1996) succeeded in producing lambs following
transfer of nuclei of cultured cells, harvested from
the inner cell mass, to enucleated eggs. Key to this
success was Campbell’s meticulous cell cycle experi-
mentation that demonstrated the need for a certain
degree of synchrony of cell cycle between the donor
nucleus and the recipient cytoplasm. The ability to
clone mammals from cultured cells represented a
major breakthrough in biomedical science, facilitat-
ing genetic manipulation of the cells prior to nuclear
transfer and opening an avenue for production of
transgenic animals (animals in which a foreign gene,
the transgene, has been added). Consequently,
Angelika Schnieke, working in the same group of
researchers, was able to announce the birth of the
transgenic sheep Polly, a lamb cloned from cultured
fetal sheep fibroblasts into which the gene for human
clotting factor IX had been inserted with a promoter
that would allow for expression of the transgene in
the mammary gland (Schnieke et al., 1997). It was
from that event that the concept of ‘biopharming’
(production of valuable proteins in transgenic
animals) emerged. The report on Polly, however,
was preceded by another from the Roslin group; a



publication that stunned not only the scientific com-
munity, but all layers of society, world-wide. That
was the report of the birth of the cloned lamb Dolly
(Wilmut et al. 1997). Dolly was created by Wilmut
and his group by transferring cultured mammary
gland cells from a 6-year-old ewe into enucleated
eggs. Again, the success depended on control of the
cell cycle; the mammary gland nuclear donor cells
were kept under culture conditions that suppressed
their mitotic activity, provoked a state of cellular
senescence, and locked them at the G1 state of the
cell cycle, or GO. Research since then has resulted in
the cloning of many animals of many species
(including cattle, mice, goats, pigs, cats, rabbits,
horses, dogs, and rats) and has also demonstrated
that bringing the nuclear donor cells into quiescence
is not a necessity.

In its combination with genetics, embryology is
an exponentially developing science; how it will
continue to develop, only time can tell. As a subject,
embryology made its way into the curriculum of
veterinary medicine in the mid 19" century when it
became incorporated into the teaching of anatomy.
In 1924, the first textbook on veterinary embryology
was published by Zeitzschmann and others (though
not many) have appeared since. Embryology of the Pig
by Bradley M Patten deserves special mention as it
has been an admirable resource and inspiration for
the authors of this book. Likewise, the ‘bible’ of
comparative embryology Developmental Biology by
Scott F. Gilbert we have found admirable for its
breadth of coverage and for its inimitable style.

Because embryology was originally based upon
the anatomical descriptive tradition and also entered
the curricula of medicine and veterinary medicine
as part of anatomy, its nomenclature is Latin- and
Greek-based. For ease of reading, however, we have
anglicized some terms rather than use their strict
Latin or Greek forms.
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CHAPTER

Morten Vejlsted

2

Cellular and molecular mechanisms in
embryonic development

INITIAL EMBRYONIC DEVELOPMENT
AND GESTATIONAL PERIODS

Embryonic development encompasses all the proc-
esses whereby a single cell - the fertilized egg or
zygote — gives rise to first an embryo, then a fetus
which at birth has the capacity to adapt to post-natal
life. These processes occur as a continuum but, for
convenience, they may be arbitrarily divided into
successive periods. Thus, intra-uterine development
is often divided into an embryonic period, where
all major organ systems are established, and a fetal
period, which consists primarily of growth and
organ refinement (see Chapter 18). Development of
the organism does not stop with birth, however;
organs continue to grow and mature at least until
puberty and many tissues need continuous replen-
ishment throughout life. Aging and death may
therefore also be included the natural developmen-
tal process of the organism.

The embryonic period is initiated at fertilization
when the oocyte, covered by the zona pellucida, is
penetrated by the fertilizing spermatozoon resulting
in the formation of the one-celled zygote, in which
a maternal pronucleus (from the oocyte) and a
paternal pronucleus (from the spermatozoon)
develop (Fig. 2-1; see Chapter 5). At the first post-
fertilization mitosis the zygote develops into the
2-cell embryo. These two, and subsequent early
embryonic cells, are for a period referred to as
blastomeres. During the initial mitotic divisions of
blastomeres, the increase in the number is not
accompanied by any increase in the volume; the
overall volume of the embryo remains constant as

the size of the blastomeres halves with each divi-
sion. Such unique cell divisions are referred to as
cleavages (Chapter 6). Then, coincident with the
cells having reached a certain minimal size through
cleavage divisions, a phase of cell growth is intro-
duced into the cell cycles, with daughter cells
growing to approximately the size of the mother
cell. This more constant cell size, together with
abundant cell proliferation and deposition of extra-
cellular material, then leads to an increase in the size
of the embryo as a whole. Both cell proliferation
and cell growth are principles of general cell biology
and will not be dealt with in further detail in this
book.

The blastomeres eventually form a small mul-
berry-like cluster of cells referred to as the morula
(Fig. 2-1; see Chapter 6). Initially, the morula is
characterized by bulging individual blastomeres;
later, outer cells will adhere tightly to each other and
form a more uniform surface of the morula. This
process is referred to as compaction. The outer cells
develop into the trophectoderm. Subsequently,
during the process of blastulation, a fluid-filled
cavity, the blastocyst cavity, develops inside the tro-
phectoderm, and the inner cells, forming the inner
cell mass (ICM), gather at one pole of the embryo
which is now known as a blastocyst. The trophec-
toderm will participate in placenta formation
(see Chapter 9) while the ICM gives rise to the
embryo proper. The blastocyst expands, hatches
from the zona pellucida, and later, towards the end
of blastulation, the ICM forms an internal and exter-
nal cell layer, referred to as the hypoblast and epi-
blast, respectively, to establish the bilaminar
embryonic disc. Formation of the disc is, in
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Fig. 2-1: Initial development of the mammalian embryo. A:
Zygote; B: 2-cell embryo; C: 4-cell embryo; D: Early morula;
E: Compact morula; F: Blastocyst; G: Expanded blastocyst;
H: Blastocyst in the process of hatching from the zona
pellucida; I: Ovoid blastocyst with embryonic disc; J:
Elongated blastocyst; K: Embryonic disc in the process of
gastrulation. 1: Inner cell mass; 2: Trophectoderm; 3:
Epiblast; 4: Hypoblast; 5: Embryonic disc; 6: Amniotic folds;
7: Ectoderm; 8: Mesoderm; 9: Endoderm.

domestic animal species, associated with the removal
of the trophectoderm covering the epiblast (see
Chapter 6). Along with this, the overall shape of the
embryo changes from spherical to ovoid and further
to tubular and filamentous except in the horse. The
time period from fertilization to completion of blas-
tulation lasts about 10 to12 days in pigs, sheep, goat,
and cat, 14 days in cattle and horses, and 16 days in
the dog.

During the subsequent phase of the embryonic
period, the bilaminar embryonic disc is transformed
into a trilaminar embryonic disc, through the
process of gastrulation (Fig. 2-1; see Chapter 7).
Gastrulation leads to formation of the three somatic
germ layers, ectoderm, mesoderm and endoderm,
and formation of the primordial germ cells, the
progenitors of the germ cell lineage. Early during the
process of gastrulation, a portion of the trophecto-
derm located around the embryonic disc, together
with its underlying extra-embryonic mesoderm,
forms amniotic folds that finally fuse and enclose
the disc in the amniotic cavity.

Following gastrulation, the three somatic germ
layers further differentiate into various cell types
and finally form the outline of most organ systems,
thereby defining the end of the embryonic period
(Fig. 2-2). The increasing number of cell types
derived from the initial three somatic cell lineages
formed during the process of gastrulation obviously
requires intricate regulation of cell behaviour and
organization of cells in order to create a complete
organism with its many different, but interdepend-
ent, tissues and organs. Different mechanisms
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Fig. 2-2: Differentiation of the derivatives of the zygote into the tissues of the body.
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regulating embryonic development should not be
looked at in isolation but, again for convenience,
the concomitant processes of differentiation, pat-
terning and morphogenesis will be outlined sepa-
rately below.

The embryonic period is followed by the fetal
period, lasting until term, with growth, maturation
and remodelling of the organ systems. The develop-
ment of each organ system, collectively referred to
as ‘special embryology’, will be covered in subse-
quent chapters. In general, most embryonic loss
occurs early in the embryonic period. This is also
the time when the embryo is most susceptible to
teratogens (see Chapter 19).

DIFFERENTIATION

The adult mammalian body is composed of more
than 230 different cell types, all originating from a
single cell, the fertilized egg or zygote. The process
whereby specialized cell types develop from less spe-
cialized is known as cell differentiation. In general,
an event preceding cell differentiation is cell com-
mitment which, in turn, may be divided into a
labile, reversible phase referred to as cell specifica-
tion followed by an irreversible one called cell
determination. Once a cell is ‘determined’, its fate
is fixed and it will irrevocably differentiate.

Cell differentiation is ultimately regulated
through differential gene expression. Like a stream
running down the side of a mountain with its flow
branching many times before it reaches the bottom,
so do embryonic cells differentiate from common
origins to gradually form specialized cell types (Figs.
1-4, 2-2). And just as a leaf dropped onto the stream
follows one path only, so does a particular cell
follow a single line of differentiation. However, for
both the leaf and the cell, numerous decisions are
taken along the way to the final destination. Hence,
cell differentiation during embryonic development
involves many branch points where lineages divide
and sequential decisions on differentiation are
taken. As outlined above, these decisions are at first
reversible (cell specification), but later become irre-
versible (cell determination).

Induction

Within the embryo, cells are often induced to dif-
ferentiate through cell-to-cell signalling. Interaction
at close range between two or more cells is termed
proximate interaction or induction. During devel-
opment, induction between cells within a tissue, or
within different tissues, is pivotal for the organiza-
tion of differentiating cells into their respective
tissues and organs. In order for induction to occur,
however, cells to be induced (the potential respond-
ers) have to be competent or receptive to the induc-
tive signals. Competence, manifested through
expression of cell-surface receptors for example, is
often present only during a certain critical period. If
not induced within this critical period, a competent
cell may undergo programmed cell death, apopto-
sis, instead of differentiation. Apoptosis is to be
regarded as a normal mechanism of embryonic
development.

The first embryologist to investigate induction
was Hans Spemann (see Chapter 1). In amphibian
embryos, he noted that lens formation in the surface
ectoderm was achieved only when a close interac-
tion between the optic vesicle from the developing
brain and the surface ectoderm was allowed to occur
(Fig. 2-3; see Chapter 11). Spemann was able to
remove the optic vesicle before this interaction
occurred and show that, as a consequence, no lens-
formation was seen in the overlying ectoderm. Inter-
estingly, if the optic vesicle was placed beneath the
trunk surface ectoderm, it was not possible to induce
lens formation in the overlying ectoderm. In other
words, the trunk surface ectoderm was not compe-
tent for lens induction.

Another example of induction is the generation
of the nervous system through the induction of neu-
roectoderm (Fig. 2-4, see Chapter 8). Early ectoder-
mal cells may either differentiate into surface
ectoderm (and thence the epidermis), or neuroecto-
derm (thence forming the nervous system). Initially,
early ectodermal cells are uncommitted (or naive)
and competent to differentiate in either direction.
However, signals from the notochord (an important
midline structure in vertebrate species appearing
during gastrulation; see Chapter 7) induce overlying
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Fig. 2-3: Induction of lens formation as studied by Hans Spemann. Under normal circumstances, the neural ectoderm of the
optic vesicle induces lens formation in the competent surface ectoderm of the head (1). An ectopically placed optic vesicle
cannot induce lens formation in incompetent ectoderm of the trunk (2). If the optic vesicle is removed, no lens formation is
induced (3). Other tissues transplanted beneath the competent surface ectoderm of the head do not induce lens formation (4).

ectodermal cells to differentiate into neuroecto-
derm. In particular the signalling molecule known
as Sonic hedgehog (Shh) is pivotal in this process.
Ectodermal cells outside the embryonic midline
receive no inductive signals and form surface ecto-
derm by default. Experiments have shown that: if
the notochord is removed, only surface ectoderm
will form; placing notochordal tissue outside the
embryonic midline will induce the formation of
neuroectoderm instead of surface ectoderm; and
midline ectoderm removed from the influence of
underlying notochord will form surface ectoderm.
This example illustrates the fact that during cell
specification the fate of cell differentiation can be
altered by changing the position of the cell within
the embryo. Once cell determination has occurred,
this plasticity is lost.

Signalling molecules, such as Sonic hedgehog,
that act between cells within a close range are
referred to as paracrine factors or morphogens.
Many of these, involved in induction, are also

involved in embryonic cell patterning (see below).
Four major families of these signalling molecules
are particularly important:

® The Fibroblast Growth Factor (FGF) family,
which includes more than 20 related proteins.

® The Hedgehog family, including proteins
encoded by the Sonic hedgehog (Shh), Desert
hedgehog (Dhh), and Indian hedgehog (Ihh)
genes.

® The Wingless (Wnt) family, containing at least
15 members, all of which interact with
transmembrane receptors known as Frizzled
proteins.

¢ The Transforming Growth Factor-f (TGF-f)
superfamily, which includes at least 30 molecules
with members such as the TGF-B, Activin, and
Bone Morphogenetic Protein (BMP) families as
well as the proteins Nodal, Glial-Derived
Neurotrophic Factor (GDNF), Inhibin, and
Miillerian Inhibitory Substance (MIS).
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Fig. 2-4: The initial development of the nervous system as an example of differentiation, patterning, and morphogenesis.
Differentiation: Sonic hedgehog (Shh) secreted from the notochord induces formation of the overlying neuroectoderm.
Already during induction, a gradient of this molecule is involved in determining the structure of the neural tube by a rough
patterning into dorso-ventral zones by expression of the transcription factors Pax 6 (ventrally) and Pax 3 and 7 (dorsally).
Patterning: Shh from the notochord (as already mentioned) and TGF- from the surface ectoderm is involved in the rough
dorso-ventral patterning of the neural tube resulting in further generations of transcription factors controlling the finer patterning
of different layers of afferent (dorsal) and efferent (ventral) neurons. Morphogenesis: The change in shape from the flat neural
plate into a neural tube is caused by the formation of hinge points where cells become apically constricted and proliferation of
the surface ectoderm at the margins of the neural plate pushes the sides together. Neural crest cells leave the neural tube at
the hinge point to form other structures. Modified from Strachan and Read (2004).
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Cellular and genomic potency

The zygote and the first few generations of blast-
omeres have equal developmental potential, or
potency. In fact, each of these cells is individually
able to give rise to all cells of the embryo proper as
well as the cells forming extra-embryonic mem-
branes and the embryonic part of the placenta. This
cell characteristic is referred to as cellular totipo-
tency. In domestic animal species, cellular totipo-
tency was first shown in sheep by the Danish
scientist, Steen Willadsen. He isolated blastomeres
of early cleavage stage ovine embryos and from
them was able to produce twins and quadruplets
upon transfer to surrogate mothers. In a figurative
sense, cellular totipotency corresponds to the begin-
ning of the stream in Fig. 1-4. Soon, however,
branching begins and the embryonic cells become
more and more restricted in their developmental
potential (i.e. they lose potency). As described
earlier in this chapter, subpopulations of embryonic
cells, i.e. the ICM and the epiblast, retain the ability
to form all tissues of the embryo proper, but lose
the competence to form extra-embryonic tissues.
This restricted characteristic is referred to as pluripo-
tency. Embryonic stem (ES) cell experiments,
though, have challenged this concept by indicating
that ES cells, which are in vitro descendants of the
ICM, can actually form trophectoderm.

The production by Wilmut and colleagues in
1996 of the cloned sheep, Dolly, by introduction of
a differentiated mammary gland cell into an oocyte
from which the genome had been removed, dem-
onstrated that even a differentiated cell possesses
some kind of totipotency (see Chapter 21). In this
context it is important to distinguish between cel-
lular totipotency and genomic totipotency. Thus,
the zygote and the early blastomeres possess cellu-
lar totipotency because they are each able in them-
selves to give rise to both the embryo proper and
all extra-embryonic tissues. The mammary gland
cell, on the other hand, possessed genomic totipo-
tency; the cell could form all the tissues but only
with the aid of the cytoplasmic apparatus and
genomic reprogramming provided by the oocyte

cytoplasm.

Following gastrulation (see Chapter 7), pluripo-
tency remains in the germ line only, as the remain-
ing embryonic cells differentiate into one of the
three principal germ layers: the ectoderm, meso-
derm or endoderm. Cells within each of these
somatic germ layers are considered multipotent
and, in general, have different developmental poten-
tials. Eventually, cells within each germ layer give
rise to unipotent tissue-specific progenitor or pre-
cursor cells (in classical histology known by the
suffix: -blasts) capable of producing single types of
differentiated cells only. The male germ line, at least
in mice, may, however, harbour pluripotent stem
cells as long as spermatogenesis continues. In
general, though, the cells within a given lineage
eventually reach a stage of differentiation where
they have fully matured and no longer divide; they
are terminally differentiated. In order to maintain
some regenerative capacity in organs and tissues,
however, a few cells have been found to stay plastic,
forming a pool of unipotent (or even multipotent)
somatic stem cells from which cells can be recruited.
The haematopoietic stem cells and the mesenchy-
mal stem cells in adult bone marrow provide exam-
ples of somatic stem cells.

Molecular control of differentiation

At the molecular level, many complex pathways are
involved in the decisions taken during cell differen-
tiation. A couple of the key components operating
during the process are:

* Epigenetic (chromatin) changes. Epigenetic
changes result in stable (i.e. heritable) patterns
of gene expression within descendant cells of
any given lineage. As mentioned above, the
genetic make-up (i.e. the combination of DNA
sequences) is not changed during
differentiation; all descendants of the zygote
arise through mitotic divisions and are therefore
expected to carry the same genomic
information. One exception is development of
lymphocytes where genetic rearrangements
occur. However, several epigenetic mechanisms
rigidly, and in a well-orchestrated manner,
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control how genes are sequentially expressed
during embryonic development in order to
control the differentiation pathways. The three
most important mechanisms are: DNA
methylation, by which the chromatin of some
genome regions becomes highly condensed and
transcriptionally inactive (see below); histone
modifications including acetylation of histone
proteins generally inducing a more open
chromatin conformation allowing for
transcription; and Polycomb-trithorax gene
regulation (operating, for example, on the Hox
genes described below), changing the chromatin
structure into transcriptionally repressed
(Polycomb) or active (trithorax) conformations.
At least the processes of DNA methylation and
histone modifications are linked, providing a
powerful mechanism for long-term gene
silencing.

® Transcription factors. The presence of a new,
stable transcription factor activates expression of
developmentally important genes. Throughout
most of this book, some of the major
transcription factors operating in various aspects
of embryonic development are presented in
molecular boxes. These include the master Hox
genes described below.

PATTERNING

Patterning is the process whereby embryonic cells
organize into tissues and organs. While differentia-
tion gives rise to cells with specialized structure and
function, this process alone does not form an organ-
ism; the differentiated cells need to be spatially
organized in three dimensions and in well-defined
relationships to each other. All mammalian embryos
tend to follow basic body plans providing cranio-
caudal, dorso-ventral and proximo-distal axes. The
dorso-ventral axis is already present in the blastocyst
with the ICM being positioned at one pole (see
Chapter 6). Formation of the cranio-caudal axis
comes with gastrulation (see Chapter 7), whereas
the proximo-distal axis is delayed until limb forma-
tion (see Chapter 16).

Patterning is the consequence of regional gene
expression which may be installed through the
action of gradients of signalling molecules. Target
cells closer to the signalling source receive signals in
a higher concentration than do those located more
distally. Signalling molecules working in this way
are known as morphogens. At least the embryonic
cranio-caudal and proximo-distal body axes are pat-
terned using more or less known morphogenetic
fields.

An example of patterning by regional gene expres-
sion controlled by gradients of signalling molecules
is the formation of the neural tube (Fig. 2-4). Thus,
Sonic hedgehog from the notochord (which is also
active during the induction of the neuroectoderm)
and TGF-B from the surface ectoderm are involved
in a rough dorso-ventral patterning of the neural
tube resulting in sequential generations of trans-
cription factors controlling the finer patterning of
different layers of afferent (dorsal) and efferent
(ventral) neurons.

Homeobox genes

Another good example of regional gene expression
resulting in patterning is provided by fruit fly home-
otic genes, known as the Homeobox (or Hox)
genes in mammals. In the fruit fly, Drosophila mela-
nogaster, these genes were originally shown to
provide cells a positional identity along the cranio-
caudal axis. Artificially manipulating these genes
resulted in altered development of whole body seg-
ments. In the Antennapedia mutant, for example,
legs instead of antennae were observed to grow out
of the head. Thus, homeotic genes were acting as
high-level executives in the differentiation of cells
within a whole region or segment. Analysing Dro-
sophila mutants revealed two clusters of homeotic
genes located on one chromosome encoding what
are now known as homeodomain (referring to the
DNA-binding motif) transcription factors. These
genes were found to be expressed along the cranio-
caudal axis, dividing the body into discrete zones
(Fig. 2-5). Similar genes are found in mammals. In
the mouse and humans, these Hox genes are grouped
in four clusters, known as Hox-A, Hox-B, Hox-C, and
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Fig. 2-5: Arrangement of the homeotic genes in Drosophila and the Hox genes in the mouse. Homology between the
Drosophila genes and those in each cluster of the mouse is indicated by the colour code. A gradient of retinoic acid (RA) is
involved in the definition of the ‘Hox code’. Modified from Sadler (2006).

Hox-D, each located on its particular chromosome.
It has turned out, in mice at least, that the Hox genes
located in the 3" end of each cluster are expressed
first during development and control patterning of
the anterior body parts, whereas genes located
towards the 5" end are expressed later and control
formation of more posterior body parts. The earliest
expression of Hox genes in mammals occurs during
gastrulation starting with 3” genes. Thus, in time and

space, Hox genes appear to control the segmental
development of the embryo from anterior to poste-
rior. In contrast to what happens in Drosophila, the
Hox genes in mammals are expressed in an overlap-
ping pattern. Importantly, though, a particular com-
bination of Hox genes from the four clusters
expressed within each region along the body axis
provides cells with a specific positional identity. This
identity is known as the ‘Hox code’
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The ‘Hox code’ appears to be inducible by the
exposure of pluri- or multipotent cells to a gradient
of signalling molecules. A gradient of retinoic acid,
or some of its immediate down-stream products, is
likely involved in this process. During the process
of gastrulation, involution of cells forming the mes-
oderm and endoderm occurs through organizer
regions within the primitive streak extending
forward from the posterior end of the epiblast (see
Chapter 7). Each such organizer region imposes a
‘Hox code’ on the involuting cells. In the mouse,
three organizer regions have been identified: the
early-gastrula, mid-gastrula, and late-gastrula organ-
izer regions. The late organizer region is also known
as the primitive node. Together with an anterior
signalling centre, the anterior visceral endoderm
(AVE), the gastrula organizers form anterior-poste-
rior gradients of signalling molecules. These gradi-
ents induce certain expressions of the Hox genes
defining the ‘Hox code’.

MORPHOGENESIS

Morphogenesis is the mechanism by which tissues
and organs are shaped. Hence, whereas patterning
results in the gathering of cells into regions for for-
mation of organs, morphogenesis results in the
overall and internal shaping of the organs. Thus,
during morphogenesis, structures like tubes, sheets,
and dense clumps of cells are formed in response to
differential rates of cell proliferation, changes in cell
size and/or shape, cell fusions and/or changes in cell
adhesion properties, for example. The formation of
the neural tube during neurulation is one example
where local changes in cell shape and cell prolifera-
tion bring groups of distant cells together to form a
new structure (Fig. 2-4; see Chapter 8). The change
from a flat neural plate to a closed neural tube is
caused by both formation of hinge points, where
cells become apically constricted due to changes in
cell shape, and by cell proliferation in the margins
pushing the sides together. Another example of
morphogenesis is found within the epiblast during
the process of gastrulation: a single sheet of cells is
converted into the three somatic germ layers and the

germ cell line through cell involution (see Chapter
7). A final example of morphogenesis is the pro-
grammed cell death (apoptosis) in the hand- and
foot-plates creating gaps between the digits (see
Chapter 16).

EPIGENETIC MODIFICATIONS
AND LIFE CYCLES

DNA methylation is probably the best characterized
epigenetic mechanism operating during animal
development (Fig. 2-6). In general, DNA methyla-
tion is related to inhibited gene expression. In the
newly formed primordial germ cells, DNA is highly
methylated as it is in their epiblast progenitors.
However, by the time the primordial germ cells have
entered the genital ridge, DNA has become largely
devoid of methylation. During subsequent game-
togenesis, when oocytes and spermatozoa are
formed from the primordial germ cell derivatives,
de novo methylation of DNA occurs. This genome-
wide demethylation and remethylation represents
the first round of the so-called epigenetic repro-
gramming preparing for the development of the
next generation. Importantly, sex-specific DNA
methylation of particular loci occurs (later leading
to monoallelic expression of particular genes during
embryonic development), forming the basis of
genomic imprinting. Apparently, the male gamete’s
genome becomes more methylated than does its
female counterpart.

The second round of epigenetic reprogramming
occurs following fertilization. In species such as the
mouse, rat, pig and cattle, the paternal genome
appears to be more labile than the maternal one and
starts its active genome-wide DNA demethylation as
early as in the zygote. Apparently, this does not
apply to the sheep and rabbit. However, around the
morula and early blastocyst stage, both parental
genomes have become equally demethylated. Inter-
estingly, and of importance for embryonic develop-
ment, the methylated imprinted genes appear to
escape this round of demethylation and remain
methylated. Imprints are only erased and redefined
during gametogenesis. The fact that the methylated
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Fig. 2-6: Overall DNA methylation pattern. A first round of DNA demethylation and remethylation is seen during the
development of gametes from the primordial germ cells in the embryo including the imprinted genes. A second round of
demethylation and remethylation is seen after fertilization when the paternal genome is actively demethylated. At this second
round of epigenetic reprogramming, the methylated imprinted genes escape demethylation. By the time of blastocyst
development, the genome is remethylated. Modified from Dean et al. (2003).

imprinted genes maintain their sex-specific methyla-
tion allows for sex-specific monoallelic expression
of these genes, which is of great significance for
embryonic and, in particular, placental develop-
ment. The second round of demethylation is soon
followed by de novo methylation coinciding roughly
with the blastomeres’ differentiating into trophecto-
derm and the ICM. Curiously, the extent of methyla-
tion is, at least in some species, more pronounced
in the pluripotent cells forming the ICM (and later
the epiblast) than it is in those forming
trophectoderm.

X-chromosome inactivation denotes the selec-
tive inactivation of alleles on one of the two X-chro-
mosomes in females providing a mechanism for
dosage compensation or functional hemizygosity
for X-linked genes. Inactivated X-chromosomes may
be visible as Barr bodies, condensed chromatin lying
along the inside of the nuclear envelope in female
mammals. The silencing process appears to be initi-
ated by a single gene, XIST, being expressed on the

inactivated X-chromosome only. XIST is one of the
few known imprinted X-linked genes. The inactiva-
tion process starts during the period of de novo
methylation in the second round of epigenetic repro-
gramming at the blastocyst stage. Within the ICM,
inactivation of either the paternally- or maternally-
derived X-chromosome occurs at random. However,
in the trophectoderm the maternally-inherited allele
of the XIST gene is preferentially repressed leading to
inactivation of the paternal X-chromosome. This
illustrates a general phenomenon known as the
parental genome conflict or ‘the battle of the sexes”:
there is a preference for expression of paternal genes
in the trophectoderm and other extra-embryonic
tissues and a preference for expression of maternal
genes in the embryo-forming cells.

In primordial germ cells, which pass genes on to
the next generation, genomic imprints have to be
erased and inactivated X-chromosomes have to be
reactivated to allow for activated X-chromosomes to
be passed on to all gametes.
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SUMMARY

Gestation includes embryonic and fetal periods.
During the embryonic period, the zygote is pro-
duced at fertilization and cleavages result in the for-
mation of the morula. Subsequently, the outer
trophectoderm and the inner cell mass (ICM) are
formed in the blastocyst. The ICM gives rise to the
hypoblast and epiblast that establish the bilayered
embryonic disc after hatching from the zona
pellucida. The epiblast then embarks on the process
of gastrulation resulting in the formation of the
trilaminar disc with the three somatic germ layers
(ectoderm, mesoderm, and endoderm) and the
primordial germ cells. The germ layers combine in
formation of organs. During the fetal period, which
lasts until term, the organ systems grow, mature and
become remodelled. Development is a gradual
process regulated by several different processes
including the general principles of cell proliferation
and growth as well as the more developmentally-
specific processes of cell differentiation, patterning
and morphogenesis. Cell differentiation may be
envisioned as involving sequential lineage decisions
guiding the cells through reversible specification to
irreversible determination. Cells may be induced to
differentiate through cell-cell contact or through sig-
nalling molecules, morphogens. The differentiated
cells are brought together in a three-dimensional
interaction to form tissues and organs through the
process of patterning. During patterning, morpho-
gens may act in a more complex manner, producing
gradients that result in differentiation of function-
ally different zones. Patterning operates through the
activation of regional gene expression of which the
mammalian Hox genes defining the cranio-caudal
axis of the embryo is a good example. Final changes

in overall form of tissues and organs are accom-
plished through morphogenesis.
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Comparative reproduction

This chapter provides an introduction to the regula-
tory systems involved in reproduction, with a par-
ticular focus on the female and on the hormones
of pregnancy that have such a direct bearing on
embryology. For further details on more general
reproductive physiology, especially in the male,
readers are referred to textbooks listed at the end of
the chapter.

PUBERTY AND THE OESTROUS
CYCLE

The endocrine and nervous systems play interwo-
ven roles in the cascade of events leading to the
formation of mature gametes, fertilization, estab-
lishment and maintenance of pregnancy, birth and,
finally, rearing of offspring. These processes begin at
puberty. In the female, puberty is marked by the
onset of regular cyclic activity in the ovary affecting
behaviour and the entire genital system: the oestrous
cycle in domestic animals.

The female reproductive system consists of the
paired ovaries, in which the oocytes develop, and
the tubular genital tract comprising the oviducts,
uterus, vagina, and vestibulum (Fig. 3-1). The
oviduct is divided into a wide funnel-shaped
portion, the infundibulum, that receives the
oocyte(s) at ovulation, a wide tubular portion, the
ampulla, and a longer thin portion, the isthmus,
connecting to the uterine horn. Fertilization is
thought to occur at the transition between the
ampulla and isthmus. The ovary, except in the mare,
is found in the ovarian bursa - a cavity formed
mainly by the mesosalpinx. In domestic animals

the uterus is bicornuate, comprising two uterine
horns, the uterine body, and the uterine cervix. The
uterine body is short in most species but relatively
long in the mare. The cervix presents an internal
orifice (or o0s) to the uterine body and an external
orifice (0s) to the vagina. The external orifice forms
a prominent portio vaginalis in the ruminants and
the mare. The cervical canal is bordered with longi-
tudinal folds. Additional circular folds are found in
ruminants and protrusions, the pulvini cervicales,
lock into each other in the cervix of the sow. The
opening of the urethra marks the transition between
the vagina and the vestibulum, which is demarcated
externally by the vulva. In the adult cow and mare,
the ovaries and the uterus can easily be manipulated
by rectal palpation, a method widely used for assess-
ment of the reproductive status of the ovaries, par-
ticularly in cattle. In the mare, and to a lesser extent
in other species, ovarian status and initiation of
pregnancy can be readily assessed using transrectal
ultrasound scanning.

Before puberty, the initial development of the
female gametes, the oocytes, enclosed in their
ovarian follicles, is regulated more or less autono-
mously. However, as will be explained in Chapter
4, such pre-pubertal oocytes never reach a stage of
development at which they are ready for fertiliza-
tion. After the onset of puberty, however, signals
provided by certain regions in the brain, including
the pineal gland, hypothalamus and the pituitary
gland, allow for production of fertilizable oocytes.
From the anterior pituitary gland, the gonadotro-
pins (i.e. hormones stimulating cells within the
gonads) FSH (follicle-stimulating hormone) and
LH (luteinizing hormone) are released. This release
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Fig. 3-1: Dorsal aspect of the genital organs of the sow. The box ‘B’ in A is presented at a higher magnification in B.
1: Uterine body; 2: Uterine horn; 3: Pulvini cervicales; 4: Ovary with antral follicles; 5: Infundibulum; 6: Ampulla; 7: Isthmus;
8: Tip of uterine horn. The wooden stick points to the abdominal opening of the oviduct.

is controlled by GnRHs (gonadotropin-releasing
hormones) that are secreted from the hypothalamus
and conveyed to the anterior pituitary gland through
the hypothalamo-hypophyseal portal blood circula-
tion. Secretion of GnRHs, and thus of FSH and LH,
is influenced by visual, olfactory, auditory and
tactile stimuli from the environment and also by
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homeostatic feedback systems within the animal. It
is not until puberty that the central nervous system
has matured sufficiently to allow the complex inte-
gration of all these inputs.

The onset of puberty precedes the development
of physical maturity. Therefore, although the puber-
tal female is fertile (sexually mature and able to



Table 3-1: Age at puberty in common domestic
animal species
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Table 3-2: Characteristics of the different phases of
the oestrous cycle and anoestrus.

Species Age at puberty Phase’ Characteristics

Cattle 8-18 months Prooestrus The phase immediately preceding

Horse 10-24 months oestrus. The main hormones being

Swine 6-8 months 5 ir:oducgd in the ovary arle oest.r(.)gens.

Sheep 6-15 months estrus e period (under natura condltlops)
of acceptance of the male. Ovulation

Goat 4-8 months occurs during this phase in all

Dog 6-20 months domestic species, with the exception

Cat 5-12 months of the cow where it'oocurs shortly .
afterwards. The main hormones being
produced in the ovary, in response to

. . FSH and LH, ar trogens.

reproduce), her fecundity has not yet reached its SH and are O?S ogens

maximum. Factors influencing the onset of puberty Metoestrus The phas.e succeeding oestrus when

. . .. . the male is no longer accepted.

include age, body weight, breed, nutrition, disease ) :

d i . f th d Period of corpus luteum formation.
and, I some species, season o € year an The main hormone being produced in
proximity of a male. The ages at which the the ovary is progesterone.
common domestic species reach puberty are listed . . .
in Table 3-1 Dioestrus The period of the mature, functional
e fable 5= 1. L. corpus luteum. The main hormone

FSH released from.thelpltult:.iry gland reaches th-e being produced in the ovary is
ovary by the systemic circulation. In the ovary, it progesterone.
stimulates a pool of growing follicles to develop Anoestrus The prolonged phase of sexual rest

further (see Chapter 4). Oestrogens, which are pro-
duced in the granulosa and theca cells lining the
follicle and surrounding the oocyte, exert a positive
feedback on the hypothalamic GnRH secretion.
Another principal effect of the oestrogens is to
induce oestrous symptoms, and so puberty is often
signalled by the occurrence of the first period of
oestrus or heat (sexual receptivity). After puberty,
the animal enters a phase of life characterized by
repeated oestrous cycles. The oestrous cycle is sub-
divided into prooestrus, oestrus, metoestrus, and
dioestrus (Tables 3-2, 3-3).

In most species, the increasing levels of oestro-
gens produced in the ovarian follicles during prooe-
strus reach a certain threshold level that leads to a
major surge of GnRH being secreted by the hypotha-
lamus during oestrus. On reaching the anterior
pituitary gland, the GnRH stimulates a secretory
surge of mainly LH (Fig. 3-2; Table 3-4). In the
ovary, LH is needed to bring about the final

interrupting oestrous cyclicity in some
species. The reproductive system is
mainly quiescent.

"The phases of prooestrus and oestrus may collectively be
referred to as the follicular phase and the phases of metoestrus
and dioestrus may be referred to as the luteal phase.

maturation of the oocyte(s) (see Chapter 4) and
their release through the process of ovulation.
Among the domestic animal species, the cat (and
the camel) is unique in that the GnRH surge leading
to ovulation is induced by copulation. Furthermore,
the queen may continue displaying oestrous behav-
iour and accept the male even after having entered
metoestrus (see below).

Following ovulation, the cells that lined the fol-
licle before its rupture become transformed into a
corpus luteum (plur. corpora lutea), under the
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Table 3-3: Characteristics of the oestrous cycle and time of ovulation in domestic animal species.

Species Cycle length Duration of oestrus Time of ovulation

Cattle 21 (18-24) days' 4-24 hours 12 (10-15) hours after end of oestrus
Horse 21 (18-24) days? 3-9 days 24-48 hours before end of oestrus
Swine 21 (18-24) days' 2-3 days 38-48 hours after onset of oestrus
Sheep 17 (14-19) days? 18-72 hours 18-20 hours after onset of oestrus
Goat 19-21 days?® 22-60 hours Near the end of oestrus

Dog Monocyclic (up to 2 months) 9 days 1-2 days after onset of oestrus

Cat 14-21 days?® 4-10 days® Induced ovulation

'Non-seasonal polycyclic; *seasonally polycyclic; °4 days if ovulation is induced.

continued influence of LH, during metoestrus. The
development of the corpus luteum (or corpora
lutea) begins gradually a few hours before ovulation
and is marked by the synthesis of progesterone,
instead of oestrogens, by the follicular cells. The
corpus luteum formed by these cells after ovulation
is a well-defined, sometimes slightly cavitated,
spherical structure, named for its yellowish colour
in cattle. During dioestrus, the production of pro-
gesterone by the corpus luteum reaches its maximum.
The principal roles of progesterone are: first, to exert
a negative feedback on the hypothalamus, inhibit-
ing GnRH release and, therefore, new recruitment of
oocytes for ovulation; and, second, to prepare the
endometrium for pregnancy. If insemination and
conception occur, progesterone is the principal
hormone responsible for the maintenance of preg-
nancy. In the non-pregnant animal (excluding the
cat and the dog) the life span of the corpus luteum
is relatively short; in the absence of an embryo
within the wuterus, the endometrium releases
prostaglandin-F,, leading to luteolysis (regression
of corpus luteum). The consequent decline in pro-
gesterone results in removal of the progesterone
block on the hypothalamic GnRH secretion and
allows for resumption of the oestrous cycle.
Inthepregnantuterus, endometrial prostaglandin-
F,, release into the blood stream is blocked, leading
to persistence of the corpus luteum. This inhibition

of prostaglandin release is a component of ‘mater-
nal recognition of pregnancy’ which depends on
species-specific signals produced by the embryo(s)
and recognized by the endometrium (Table 3-5; see
Chapter 9). In the dog and cat, the uterus appears
to have no effect on the lifespan of corpus luteum
and the mechanisms leading to its regression in
these species are not yet elucidated. In the dog, the
corpus luteum may remain functional for up to two
months. Later in pregnancy, progesterone is also
produced in the placenta (see Chapter 9), rendering
the corpus luteum more or less superfluous in some
species.

The domestic breeds of pigs and cattle are non-
seasonal polycyclic animals, meaning that sows
and cows experience recurring cyclic activity
throughout the year, interrupted only by pregnancy,
lactation or pathological conditions.

In contrast, the mare, ewe, doe and queen are
seasonally polycyclic; their cyclicity is profoundly
influenced by the amount and timing of light. Per-
ception of altering daylight is mediated by the pineal
gland which, through the synthesis of melatonin
and other hormones, influences hypothalamic
GnRH release. The mare is a ‘long-day’ breeder,
meaning that the period with the highest cyclic
activity is from spring to autumn in most individu-
als. During the winter, the mare will normally
become anoestrous. Likewise, the queen is
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Fig. 3-2: Ovarian events and blood plasma concentrations of reproductive hormones through the oestrous cycle in the cow.
During oestrus (E), the production of oestrogens from the developing follicles result in the release of a surge of LH and, to a
minor extent, FSH from the pituitary gland which stimulate ovulation of the oocyte (1). The non-ovulated follicles undergo
atresia (2) whereas the follicle cells of the ovulated follicle develop into the corpus luteum (3) secreting progesterone. A new
wave of follicles develops (4), but undergoes atresia (5). Yet another wave of follicles produces the ovulatory follicle (6) for the
next oestrus. If the ovulated oocyte does not result in pregnancy, prostaglandin released from the endometrium causes
regression of the corpus luteum and eventual formation of a corpus albicans (7). The oestrous cycle is divided into oestrus (E),

metoestrus (ME), dioestrus (DE), and prooestrus (PE).

anoestrous in the autumn and begins her cyclic
activity with increasing daylight. Small ruminants,
on the other hand, are ‘short-day’ breeders, exhibit-
ing cyclic activity during autumn and early winter,
followed by a period of anoestrus.

The bitch is monocyclic and experiences long
periods of anoestrus between single periods of
oestrus. Normally, one or two (sometimes three)
oestrous periods are seen per year separated by
longer anoestrous periods with no obvious
seasonality.

HORMONAL MAINTENANCE
OF PREGNANCY

The source of progesterone, the main hormone
responsible for maintenance of pregnancy, varies
between the species. In cattle the main source is the
corpus luteum during the first half of gestation, but
the placenta from around Day 120-150 up to Day
250. In the horse, several accessory corpora lutea
form during the second month of pregnancy and,

29
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Table 3-4: Important reproductive hormones, their origin and main function

Hormone Origin Main function

Melatonin Pineal gland Responsible for seasonality in the horse, sheep, goat and cat.

GnRH Hypothalamus Stimulates FSH and LH release from the anterior pituitary gland.

FSH Anterior pituitary gland Stimulates development of the follicles within the ovary.

LH Anterior pituitary gland Stimulates development and maturation of the follicles and
oocytes, induces ovulation, and sustains formation and
maintenance of corpus luteum within the ovary. Induces
oestrous symptoms.

Oestrogen Ovarian follicle Stimulates the GnRH secretion of the hypothalamus and the
number of GnRH receptors in the anterior pituitary gland.

Progesterone Corpus luteum Prepares the endometrium for pregnancy, maintains pregnancy,

and decreases GnRH release from the hypothalamus.

Prostaglandin Fy,, Uterus

Induces regression of corpus luteum.

Table 3-5: Gestational length, time of maternal recognition of pregnancy, and average number of offspring in

domestic animal species

Species Gestational length Time of maternal Average number
recognition of pregnancy of offspring

Cattle 9 months (279-290 days) Days 16-17 1

Horse 11 months (310-365 days) Days 6-17 1

Swine 115 days Day 12 8-16

Sheep 5 months (144-152 days) Days 12-13 1-3

Goat 5 months (144-151 days) Day 17 1-3

Dog 63 (58-68 days) ! 3-12

Cat 62 (58-65 days) ! 3-6

'Mechanisms underlying maternal recognition of pregnancy in the dog and cat are poorly understood, but probably do not depend on

signals from the conceptus.

together with the original or ‘primary’ corpus
luteum, produce progesterone until the end of the
third month. Thereafter, the placenta takes over
until term. In the ewe, corpora lutea are the major
source during the first one-third of pregnancy, but
are replaced by the placenta thereafter. In pigs, goats,
dogs and cats, corpora lutea are the major source of
progesterone throughout gestation.

Production of progesterone by the corpus luteum
in the absence of pregnancy is most pronounced
in the queen and the bitch where, as explained
above, the non-pregnant uterus does not induce
prostaglandin-mediated luteolysis. Most bitches
experience pseudopregnancy with (overt) or without
(covert) clinical signs during the metoestrous and
dioestrous periods. Another pituitary gland



hormone, prolactin, is probably responsible for this
phenomenon. In the queen, corpora lutea also
persist for a prolonged period in the absence of
pregnancy. However, during the season of cyclic
activity, the queen returns to oestrus. Mechanisms
regulating the lifetime of the corpora lutea in the
dog and cat are not clear.

SUMMARY

The female genital organs comprise the ovaries,
oviducts, uterus (subdivided into horns, body and
cervix), vagina and vestibulum. At puberty the
female enters the oestrous cycle consisting of
prooestrus, oestrus, metoestrus and dioestrus. The
cow and the sow are non-seasonal polycyclic, the
mare, ewe, doe, and queen are seasonal polycyclic,
and the bitch is monocyclic. In seasonal polycyclic
and monocyclic species, the cyclicity is interrupted
by longer periods of anoestrus. In prooestrus, devel-
oping antral follicles synthesize oestrogens that
stimulate release of a preovulatory surge of LH
(luteinizing hormone) and to some degree FSH (fol-
licle stimulating hormone) during the subsequent
oestrus, which is characterized by acceptance of the
male. The LH surge stimulates maturation of the
oocyte and follicle, culminating in one or several
ovulations, depending on the species. During the
subsequent metoestrus, the ovulated follicle(s)
develop into one or more corpora lutea that syn-
thesize progesterone, the hormone responsible for
preparing the uterus for pregnancy. Progesterone
production reaches its maximum during dioestrus.
If pregnancy is established, the corpus luteum/
corpora lutea remain(s) functional, but if

Comparative reproduction -

conception fails, release of prostaglandin-F,, from
the endometrium causes regression of the corpus
luteum/corpora lutea (luteolysis) and a return to
prooestrus.
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Gametogenesis

At fertilization, the maternal and paternal genomes
are united in the one-cell fertilized ovum, forming
the zygote. In order to carry the two genomes to
the site of unification in the oviduct, specialized
cells known as the gametes have developed. The
maternal gamete, the oocyte, is the largest cell of
the body and has an inherent competence to
initiate embryonic development once it has under-
gone a process known as activation, described
under fertilization in Chapter 5. This particular
ability of the oocyte is used biotechnologically,
especially in cloning by nuclear transfer. Cloning
involves removing the oocyte’s own genome
and then having its remaining cytoplasm initiate
embryonic development based on the genome of
a nuclear donor cell fused to the oocyte (see
Chapter 21).

The paternal gamete, the spermatozoon, on the
other hand, has developed an ability for motion and
penetration of the oocyte’s investments; it is these
dynamic qualities of the spermatozoon that enable
it to transport the paternal genome from the male
to the female.

In the following we will focus on how these spe-
cialized gametes develop, how their genome is pre-
pared for fertilization, and how the particular
architecture of the cells is achieved. The first phase
in this process involves the population of the devel-
oping gonad by primordial germ cells from which
the germ cells develop. The subsequent process, by
which the maternal and paternal gametes are pro-
duced from the primordial germ cells, is referred
to as gametogenesis. Gametogenesis includes
meiosis, to allow for recombination of genetic
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material and for reduction of the number of chro-
mosomes from the diploid to the haploid comple-
ment, and cytodifferentiation, to achieve the
cellular structure characteristic of the female or
male gamete.

PRIMORDIAL GERM CELLS

The primordial germ cells are the predecessors of
the female and male gametes. When the embryo
differentiates into the somatic germ layers (ecto-
derm, mesoderm and endoderm) during the
process of gastrulation (see Chapter 7), most cells
lose their pluripotency (the ability to develop into
all cell types of the mammalian body). However,
one set of cells remains pluripotent. These are the
primordial germ cells which, at least in the pig,
first become recognizable in the posterior rim of
the embryonic disc at gastrulation. From here they
move into the newly formed mesoderm and endo-
derm (Fig. 4-1). A few days later, the primordial
germ cells are found in the visceral mesoderm sur-
rounding the yolk sac and the allantois outside the
embryo proper. Presumably, the primordial germ
cells are brought to this location outside the
forming embryo in order to ‘rescue’ them from the
differentiation signals driving gastrulation within
the embryo proper. By the time the first somites are
formed, the primordial germ cells can be found in
the mesoderm of both the yolk sac and the allan-
tois, but also in the mesoderm of the incipient
genital ridge where they are ready to populate the
developing gonad (Figs 4-2, 4-3, 4-4). Thus, actively
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Fig. 4-1: Positioning of primordial germ cells in the endoderm. A: Embryonic disc of pig embryo at Day 14 of development.
Note the primitive streak (1). The line ‘B’ indicates plane of section for Fig. 4-1B. B: Transverse section of the embryonic disc
stained for Oct4. Note the individual Oct4 stained nuclei in the endoderm (1) identifying the primordial germ cells (arrows).

2: Mesoderm; 3: Ectoderm;.

Fig. 4-2: Migration of the primordial germ
cells (red) from the yolk sac (1) along the
yolk sac stalk (2) into the mesentery (4) of
the primitive gut (3) and into the gonadal
ridge (5) located medial to the
mesonephros (6). 7: Allantois; 8: Urachus
(allantois stalk). Courtesy Sinowatz and
Risse (2007).
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Fig. 4-3: Porcine embryo at Day 21 of development stained for OCT4. Note the primordial germ cells (small dark dots) in the
stalk of the yolk sac (arrow) where they are returning to the embryo proper.

or passively, the primordial germ cells are brought
along the caudal aspect of the yolk sac and the
allantois into the primitive mesentery and then
into the still undifferentiated, but developing,
gonad. During their relocation, the primordial
germ cells can be recognized by their relatively large
size and by the use of special staining techniques
such as those for alkaline phosphatase activity or
the transcription factor OCT4 which is involved in
maintaining cellular pluripotency (Figs 4-3, 4-4).
During and after their migration, the primordial
germ cells proliferate by mitoses. The female (XX)
and male (XY) primordial germ cells become
engaged in sex-specific differentiation of the gonads
and become surrounded by somatic cells (see
Chapter 15). They are now referred to as oogonia
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and spermatogonia, respectively. These cells
undergo further proliferation before they enter
gametogenesis and, thus, meiosis.

THE CHROMOSOMES,
MITOSIS AND MEIOSIS

The traits of a new individual are determined by
specific genes identified as nucleotide sequences on
the deoxyribonucleic acid (DNA). It is important to
keep in mind that it is not the gene sequences them-
selves, but the balanced and controlled expression
of genes controlled by epigenetic regulation that is
crucial for the behaviour of the cells and, thus, for
the development of the conceptus. Together with
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;!{"
Fig. 4-4: Sagittal section of a porcine embryo at Day 16 of development (A). The section is stained for Oct4. The boxes ‘B’
and ‘C’ are enlarged. B: The nucleus of two primordial germ cells (arrows) located in the region of the developing gonadal
ridge. C: The nuclei of three primordial germ cells (arrows) in the wall of the allantois (1). 2: Yolk sac; 3: Primitive gut; 4:
Amniotic cavity; 5: Heart. Modified from Vejlsted et al. (2006). Reprinted with permission of John Wiley & Sons, Inc.
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numerous proteins, DNA makes up the chromo-
somes. The chromosomes of an individual are
inherited from the mother and the father. In
humans, where the genes have been extensively
mapped through the Human Genome Project
(HUGO), it is estimated that there are about 25000
genes on the 46 chromosomes. The number of func-
tional genes in the domestic animals is probably
similar.

In somatic cells, chromosomes appear as homol-
ogous pairs to form the diploid chromosome com-
plement. The diploid chromosome number is
designated 2n as it includes a maternal and a pater-
nal copy of each chromosome. The diploid chromo-
some numbers in the domestic animals are listed in
Table 4-1. One pair of chromosomes comprises the
sex chromosomes, while the others are referred to
as autosomes. If the sex chromosome pair is XX, the
individual is genetically a female; if XY, genetically
a male. One chromosome of each pair is inherited
from the mother through the oocyte and the other

from the father through the spermatozoon. Thus, in
order to result in a normal diploid chromosome
complement at fertilization, the gametes must
contain only one chromosome from each pair,
referred to as the haploid chromosome comple-
ment and designated 1n. Gametes, then, contain
only half the number of chromosomes present in
somatic cells.

Divisions of somatic cells occur through mitosis
which transfers a copy of the full chromosome
complement to each of the daughter cells. During
gametogenesis, however, the special mechanisms of
meiosis are responsible for producing the haploid
chromosome complement in the germ cells.

Mitosis

Mitosis is the process whereby a cell divides its chro-
mosome complement evenly between its daughter
cells; karyokinesis describes the complete process,
including mitosis, through which the nucleus of a

Table 4.1: Chromosome numbers in various animal species (Russe and Sinowatz, 1998)

Species Chromosome Species Chromosome
number number

Dog (Canis familiaris) 78 Sheep (Ovis ammon aries) 54

Wolf (Canis lupus) 78 Gorilla (Gorilla gorilla) 48

Hen (Gallus gallus) 78 Man (Homo sapiens) 46

Camel (Camelus 74 Rabbit (Oryctolagus cuniculus) 44

bactrianus)

Lama (Lama glama) 74 Rat (Rattus rattus) 42

Reindeer (Rangifer 70 Rhesus monkey (Macca rhesus 42

tarandus) mulatta)

Wild horse (Equus 66 Mouse (Mus musculus) 40

przewalskii przewalskij)

Domestic horse 64 Pig (Sus scrofa domesticus) 38

(Equus caballus)

Donkey (Equus asinus) 62 Cat (Felis catus domesticus) 38

Domestic cattle (Bos 60 European wild boar (Sus scrofa) 36

primigenius taurus)

Bison (Bison bison) 60 Pigeon (Columba livia) 16

Goat (Capra hircus) 60




cell gives rise to a nucleus in each of its daughter
cells. Normally, karyokinesis is accompanied by
cytokinesis, the division of the cytoplasm (includ-
ing organelles and inclusions) between the daughter
cells. Thus, karyokinesis and cytokinesis in combi-
nation give rise to two daughter cells that in princi-
ple are genetically identical to the parent cell, each
receiving the complete diploid chromosomal com-
plement (Fig. 4-5). Mitosis is one phase of the
somatic cell cycle, the other phase being interphase.
Interphase is subdivided into a gap phase 1 (G1), a
DNA-synthetic phase (S) and a gap phase 2 (G2).
During the S-phase, each chromosome replicates its
DNA to produce two chromatids. As already men-
tioned, the diploid chromosome complement is
referred to as 2n. Before the S-phase, each chromo-
some consists of a single DNA strand, and so each
gene is present in two copies (2c), one of maternal
and one of paternal origin. After the S-phase, because
each chromosome now consists of two chromatids,
each gene will be present in four copies (4c) although
the chromosome number is maintained at 2n.
During the G1-, S- and G2-phases the chromosomes
are extremely long, spread through the nucleus in
particular domains, and cannot be recognized with
the light microscope.

Mitosis can be subdivided into pro-, meta-, ana-
and telo- phases. When the cell moves from G2 of
the interphase into the prophase of mitosis, the
chromosomes coil, contract, condense and thicken
(Fig. 4-5 B). They become visible with the light
microscope and each can be seen to consist of two
chromatids, joined at a narrow region known as the
centromere. Also during the prophase, the centriole
pair duplicates in the cytoplasm adjacent to the
nucleus and the resultant two pairs become arranged
at opposite poles of the nucleus. As the cell moves
from pro- towards metaphase (a stage often referred
to as pro-metaphase), microtubules starts to form
from the two pairs of centrioles and the nuclear
envelope begins to dismantle (Fig. 4-5 C). Some of
the microtubules from each centriole pair then
attach to structures on the chromatids, the kineto-
chors, that are found in the centromere of each
chromosome. This establishes the mitotic spindle
with a centriole pair at each pole. Other microtu-
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Fig. 4-5: Phases of mitosis: A: G2 of interphase; B:
Prophase; C: Pro-metaphase; D: Metaphase; E: Anaphase;
F: Telophase; G: Daughter cells in G1 of interphase.
Courtesy Sinowatz and Russe (2007).

bules pass continuously from one centriole pair to
the other without attaching to the chromosomes. As
the spindle forms, the chromosomes line up in its
equatorial plane, defining the metaphase of the cell
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division (Fig. 4-5 D). Subsequently, the centromere
of each chromosome divides, the two chromatids
separate and, pulled by the microtubules, they start
to migrate towards the spindle poles during ana-
phase (Fig. 4-5 E). By this stage, each chromatid has
transformed into a new chromosome. Arrangement
of the chromosomes into two groups, one at each
spindle pole, establishes the telophase of the divi-
sion (Fig. 4-5 F). Further into telophase, the chro-
mosomes uncoil and lengthen, and a nuclear
envelope re-forms in each of the nascent daughter
cells (Fig. 4-5 G). This event completes the division
of the nucleus and its DNA (karyokinesis) into two
daughter nuclei that contain the same DNA
sequences and the same number of chromosomes
as the initial parental nucleus (2n, 2c). Karyokinesis
is followed by cytokinesis to divide the cytoplasm
equally between the daughter cells.

Meiosis

Meiosis is a process involving two specialized cell
divisions (meiosis I and II) that take place in the
germ cells in order to generate haploid maternal
and paternal gametes, the oocyte and the spermato-
zoon. Each of the two meiotic divisions includes
the same phases as are in mitosis: pro-, meta-, ana-
and telophase except for the lack of prophase in
meiosis II. Besides producing gametes with the
haploid complement of chromosomes, a second,
and equally important, function of meiosis is to
allow for genetic recombination; the process that
ensures that the genome of the next generation will
be a unique combination of parental genomes. The
most complex processes occur during meiosis I,
which is characterized by a particularly long
prophase that can be subdivided into leptotene,
zygotene, pachytene and diplotene stages, and dia-
kinesis. It is beyond the scope of this text to address
each of these substages beyond saying that they take
their names from the morphological appearance of
the chromosomes. As soon as the germ cell has
initiated meiosis I the maternal one is referred to as
a primary oocyte while the paternal equivalent is a
primary spermatocyte. In the female, meiosis is ini-

tiated during fetal life, then becomes arrested at the
diplotene stage of meiosis I until after puberty, and
is only resumed shortly before ovulation. This pro-
longed duration of the diplotene stage is also
known as the dictyate stage. In the male, on the
other hand, meiosis is not initiated until after
puberty but it then becomes a continuous process.

Crossover and genetic recombination

As in mitosis, maternal and paternal germ cells
(oogonia and spermatogonia) undergo an S-phase
before initiating meiosis. This forms two chromatids
in each chromosome (2n, 4c) as in mitosis. This is
the status of the germ cell when it enters the lepto-
tene stage of the prophase of meiosis I (Fig. 4-6). In
contrast to mitosis, however, the homologous chro-
mosomes align in pairs during the prophase of
meiosis I. Each chromosome pair therefore consists
of four chromatids (4c) and is therefore referred to
as a tetrad.

In the tetrad, each maternal chromatid becomes
bound to its paternal counterpart over its full length
by the synaptonemal complex. The chromatids
match perfectly, point for point, in the female; so
they do in the male, except for the XY-combination
where the smaller Y-chromosome does not match
the X-chromosome. This chromosome pairing
allows for interchange of chromatid segments
through a crossover process. The chromatids twist,
or crossover, at certain points (the chiasmata) to
form an X-like structure. Later during the prophase,
the synaptonemal complex is gradually broken
down, the DNA breaks in the chiasmata, and the
free ends of the counterparts join up, thereby
exchanging segments of DNA between maternal and
paternal chromatids. This chromatin exchange,
together with the random segregation of maternal
and paternal chromosomes during meiosis II (see
later), provide the molecular background for the
genetic recombination that is characteristic of sexual
reproduction.

During diakinesis, the homologous chromo-
somes are gradually released from each other. With
the transition from diakinesis to metaphase of
meiosis I, the nuclear envelope disappears and
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meiotic spindles are formed. In the male germ cell,
the poles of the meiotic spindle are constituted
by centriole pairs as during mitosis. However, in at
least the large domestic species and in contrast to
those of mice, the oocyte lacks centrioles and the
spindle poles are made up by unknown material
ultrastructurally recognizable as small clusters of
vesicles. The microtubules of the spindle attach to
each homologous chromosome in a tetrad in
meiosis I instead of to the chromatids as they do in
mitosis. During the metaphase of meiosis I the chro-
mosomes align in the equatorial plane but, during
anaphase, it is the homologous chromosomes, not
their chromatids, that are pulled apart to become
grouped at the poles of the spindle during
telophase. Thus, in contrast to mitosis, meiosis I
separates homologous chromosomes rather than
chromatids. Upon completion of meiosis I, the
germ cell is haploid, containing only one chromo-
some (1n) from each chromosome pair. It must
be underlined, however, that the DNA content of
the germ cell at this stage is still 2c because each
chromosome consists of two chromatids.

Spermatocytes, spermatids,
oocytes and polar bodies

At the end of telophase of meiosis I, the primary
spermatocyte divides into two secondary spermato-
cytes by cytokinesis (Fig. 4-6). In the oocyte,
however, the spindle is located at the periphery of
the large spherical cell, and telophase is associated
with a very uneven cytokinesis resulting in one of
the two daughter cells being much larger than the
other. The larger daughter cell is now referred to as
a secondary oocyte while the small daughter cell,
which is almost devoid of organelles, is the first
polar body.

Immediately after completion of meiosis I, sec-
ondary oocytes and secondary spermatocytes initi-
ate meiosis II without an interphase. Consequently,
there is no S-phase, no DNA replication, and the
chromosomes remain with the same amount of
DNA (2c). The chromosomes also remain con-
tracted, ready to progress directly through meta-,
ana- and telophase of meiosis II without needing to

go through a prophase. By telophase of meiosis II,
the two chromatids of each chromosome have sepa-
rated, and so each gamete receives only a single
chromosome from each homologous pair (1n) con-
taining a single DNA strand (1c). The secondary
spermatocyte divides into two spermatids. The
oocyte, on the other hand, again divides unequally
giving rise to a large daughter cell, the precursor of
the zygote and embryo, and a small second polar
body. Moreover, in the oocyte, meiosis II becomes
arrested in metaphase, the stage (M II) at which the
oocyte is ovulated. Exceptions to this rule are found
in the dog and the fox where the oocyte is ovulated
in the prophase of meiosis I. In the large domestic
species at least, the first and second polar bodies
degenerate without dividing.

CYTODIFFERENTIATION OF
THE GAMETES

While meiosis equips the gametes with the haploid
chromosome number and allows for genetic
recombination, there is a parallel need to construct
the specialized cellular architecture that character-
izes the two gametes. This cytodifferentiation
forms oocytes from oogonia through oogenesis
and spermatozoa from spermatogonia through
spermatogenesis.

Oogenesis
Development of primordial follicles

After arriving and proliferating in the developing
female gonad, the primordial germ cells become
surrounded by follicular cells - flat somatic cells
derived from the surface epithelium of the develop-
ing ovary (Fig. 4-7). This turns the primordial germ
cells into oogonia that continue to proliferate, but
without completing cytokinesis, leaving them
attached to each other by narrow cytoplasmic
bridges. The resultant clusters of oogonia derived
from individual primordial germ cells can be identi-
fied in the embryo at stages of development that
vary with species (Table 4-2).
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Fig. 4-7: The development of the primordial follicle. A: Primordial germ cell (1) surrounded by pre-follicle cells (2). B: Cluster of
oogonia (3) and oocytes (4) associated with pre-follicle cells. C: Multiplication of pre-follicle cells (5). D: Development of the
pre-follicle cells into follicle cells (6) surrounded by a basal lamina (7) and associated with individual oocytes. E: The final

isolated primordial follicle. Courtesy Sinowatz and Russe (2007).

Most oogonia continue their mitotic prolifera-
tion but some differentiate into much larger primary
oocytes. The latter immediately enter the S-phase of
the cell cycle and then the prophase of meiosis 1.
Oogonia proliferate rapidly and in some species
(notably the cow and human) are counted in mil-
lions (Table 4-3). However, this proliferation is fol-
lowed by apoptosis which leads to most oogonia
and primary oocytes being lost with only a small
population near the surface of the developing ovary
surviving. All surviving primary oocytes have entered
the prophase of meiosis I when they become
arrested at the diplotene stage, still with an intact
nucleus. Covered by flat follicular cells, these oocytes

form primordial follicles (Figs 4-8, 4-9, 4-10). The
follicular cells rest on a basement membrane that
separates them from the surrounding stromal cells.
The primordial follicles constitute the pool of qui-
escent follicles from which the female will recruit
follicles for growth and ovulation for the rest of her
reproductive life. The numbers of primordial germ
cells, oogonia and oocytes in various animal species
and man are listed in Table 4-3.

Follicular and oocyte growth

Follicular growth occurs when follicles are recruited
from the primordial pool and develop into
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Table 4-2: Chronology of events during the differentiation of the gonad in various species (Russe and

Sinowatz, 1998)

Species Cattle Sheep Pig Horse Dog Cat

'PGCs in the 9-10 mm 8 mm 9-10 mm 12 mm Day 28 10 mm
gonadal ridge Days 30-32 Day 20 Day 21

Differentiation 25 mm 20 mm Day 26 - - -

of male gonad Day 40 Day 31

Development 55 mm 46 mm Day 28 - 29 mm -

of oogonia Day 57 Day 43

Onset of 125 mm 110 mm Days 40-48 96 mm At birth Days 40-50
meiosis Day 82 Day 55 Day 73

First primordial 160 mm 150 mm 97 mm 305 mm 3 weeks 11 days
follicles Day 90 Day 66 Day 64 after birth after birth
Last mitoses Day 160 Day 82 Day 100 - 15-17 days 8 days after
of oogonia after birth birth

First primary 325 mm 255 mm - - - -

follicles Day 140 Day 95

First secondary 650 mm 320 mm - - 2 months -

follicles Day 210 Day 103 after birth

First tertiary 740 mm 500 mm - At birth 6 months -

follicles Day 230 Day 150 after birth

Birth Day 280 Day 150 Day 115 Day 336 Day 62 Day 63

'Primordial germ cells.

primary, secondary and tertiary follicles. It should
be emphasized that the vast majority of follicles that
enter a growth phase fail to complete it; most degen-
erate through a process referred to as atresia with
only a minority completing their growth to the
point of ovulation. At least in the large domestic
species follicular growth is initiated during fetal
life (Table 4-2). However, none of the oocytes
enclosed in the follicles (except, perhaps, for some
in atretic follicles) resume meiosis until puberty is
reached.

Upon activation of the primordial follicle, the
follicular cells start to proliferate and form a cuboi-
dal monolayer around the oocyte to establish the
primary follicle (Figs 4-8, 4-9, 4-10). The follicular
cells are now referred to as granulosa cells. With
this activation, a phase of oocyte growth is initiated
in which the oocyte of the domestic species grows

from less than 30 um to more than 120 um in
diameter. During this growth, the oocyte undergoes
many morphological changes including the devel-
opment of cortical granules (see below) in the cyto-
plasm. Furthermore, it becomes competent to both
resume meiosis and sustain embryonic develop-
ment after fertilization.

Granulosa cells proliferate to form several layers
around the oocyte in what becomes known as the
secondary follicle (Figs 4-8, 4-9, 4-10). The oocyte
and the surrounding granulosa cells synthesize
certain glycoproteins that are deposited between
itself and the surrounding granulosa cells as the
zona pellucida. This structure is traversed by numer-
ous projections from the innermost granulosa cells
which thereby maintain contact with the oocyte
through gap junctions. The stromal cells surround-
ing the granulosa cells differentiate into an inner



Table 4-3: Numbers of oogonia and oocytes at
various ages in different species (Russe and
Sinowatz, 2000)

Species Numbers of oogonia and/or oocytes
Cattle Day 50: 16000
Day 110: 2700000
Sheep At birth: 54000-1 000000
Goat 6 months after birth: 24000

3 years after birth: 12000

Pig Day 110: 491000
10 days after birth: 60000-509 000
9 months after birth: 50000
2-10 years after birth: 16000

Dog At birth: 700000
5 years after birth: 35000
10 years after birth: 500
Man Day 60: 600000
Day 150: 6800000
At birth: 400000-500000
7 years after birth: 13000

theca interna, a layer of steroid-producing cells, and
the outer theca externa, made up of concentric
layers of cells that have supportive functions. The
steroidogenic cells of the theca interna and the gran-
ulosa cells are, together, responsible for the synthesis
of estradiol in the follicle through a ‘two-cell’ system;
the cells of the theca interna produce androgens that
are transported to the granulosa cells where they are
aromatized into oestrogens.

As development continues, fluid-filled spaces
appear between the granulosa cells and coalesce
into a single cavity, the antrum, characterizing the
tertiary follicle (Figs 4-8, 4-9, 4-10). Such follicles
are also referred to as antral follicles. In parallel with
the expansion of the antrum, the oocyte becomes
located in a protrusion of granulosa cells, the
cumulus oophorus, extending into the antrum.
The granulosa cells of the cumulus oophorus are
referred to as cumulus cells. As the follicle develops,
so does the oocyte until it achieves its characteristic
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Fig. 4-8: Follicular development in the bovine ovary from the
primordial (1) through the primary (2) and secondary (3) to
the tertiary follicle (4). In the oviduct, the mature oocyte at
the metaphase Il (5), the fertilized zygote (6) presenting two
pronuclei, the 2- (7), 4- (8), and 8-cell stage (9) are seen,
and in tip of the uterine horn, the morula (10) and the
blastocyst (11) are shown.

structure. The process of ovulation is triggered by the
preovulatory LH surge, but some evidence suggests
that even before this stimulus the oocyte undergoes
changes in the developing antral follicle that build
up its competence to be fertilized and to support
initial embryonic development. This process may be
referred to as oocyte capacitation.
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Fig. 4-9: Follicular development in cattle. A: Primordial follicle. The oocyte (1) is surrounded by flat follicular cells (2) resting on
a basement membrane (3). 4: Stromal cell; 5: Arteriole. B: Primary follicle. The oocyte (1) is surrounded by cuboidal granulosa
cells (2). C: Early secondary follicle in which polarization of the granulosa cell compartment has become evident (arrows). The
insert shows a detail from the oocyte-granulosa cell interface with oocyte microvilli (1), granulosa cell projections (2). 3: Oocyte
mitochondrion. D: Secondary follicle. The oocyte (1) is surrounded by a multilayered granulosa cell compartment (2), and the
stromal cells have initiated the formation of the theca layers (3). The insert shows a detail from the oocyte-granulosa cell
interface with granulosa cells projections (4) penetrating the developing zona pellucida (5). The granulosa cell projections form
gap junctional contact with the oocyte (6). 7: Oocyte Golgi complex. E: Small tertiary follicle presenting the antrum (1) and the
oocyte located in the cumulus oophorus (2). F: Large tertiary follicle presenting the oocyte in the cumulus oophorus (1) and
the granulosa cell layer (2) surrounding the antrum. Theca interna (3) and externa (4) have differentiated and are separated
from the granulosa cells by the basement membrane (6). Courtesy Sinowatz and Russe (2007).
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Fig. 4-10: Follicular development in cattle. A: Primordial follicle presenting flat follicular cells (1), and the oocyte (2) with its
nucleus (arrow). B: Primary follicle presenting cuboidal granulosa cells (3). 2: Oocyte; Arrow: Oocyte nucleus. C: Secondary
follicle presenting a multilayered granulosa cell layer (3). 2: Oocyte; Arrow: Oocyte nucleus. D: Tertiary follicle presenting the
granulosa cell layer (3) and cumulus cells (5) enclosing the oocyte (2). The theca cell layers (7) have started to form. 2: Oocyte;
4: Antrum; 6: Zona pellucida.

Follicular and oocyte maturation

The tertiary follicle continues its development and,
if selected for ovulation, enters a final phase of fol-
licular and oocyte maturation stimulated by the
preovulatory LH surge. The period from the onset
of the LH surge to ovulation is species-specific and
varies from less than 12 h to more than 40 h. During

the preovulatory maturation of the follicle, steroid
synthesis switches from oestradiol to progesterone
production and the wall of the follicle prepares for
rupturing to release the oocyte. The preovulatory
maturation of the oocyte has nuclear as well as
cytoplasmic components (Figs 4-11, 4-12). Nuclear
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Fig. 4-11: Final oocyte maturation after the peak of the LH surge in cattle. Before the LH peak, the oocyte is in the diplotene
stage and is characterized by a peripherally located nucleus (red) and a peripheral location of the organelles. At the
ultrastructural level, the oocyte presents well developed smooth endoplasmic reticulum (SER; green), associated with lipid
droplets (large black spheres) and mitochondria (blue), Golgi complexes (red), and clusters of cortical granules (small black
spheres). The oocyte communicates through gap junctions with projections from the cumulus cells (arrows). At about 10 h
after the LH peak, the oocyte has resumed meiosis and the nuclear envelope is dissolved into SER causing the nucleus, i.e.
the germinal vesicle, to break down, and microtubules (black lines) appear adjacent to the condensing chromosomes (black in
red nucleus). The perivitelline space between the oocyte and the zona pellucida develops, and in the oocyte the mitochondria
tend to arrange around the lipid droplets and the Golgi complexes have decreased in size. The gap junctions between the
oocyte and the cumulus cell projections are partially lost. At about 15 h after the LH peak, the oocyte has reached metaphase
of the first meiotic division (metaphase I). The number and size of the lipid droplets have increased, mitochondria have
assembled around the droplets, and these conglomerates have attained a more even distribution throughout the cytoplasm.
Numerous ribosomes (black dots) have appeared, especially around the chromosomes, and the size of the Golgi complexes
has decreased further. The gap junctions between the oocyte and the cumulus cell projections have been broken down. At
about 24 h after the LH peak, the oocyte has reached the metaphase of the second meiotic division (metaphase Il) and the
first polar body has been abstricted. The bulk of the cortical granules are distributed at solitary positions along the plasma
membrane. The lipid droplets and mitochondria have attained a more central location in the cytoplasm leaving a rather
organelle-free peripheral zone in which the most prominent features are large clusters of SER. Golgi complexes are practically
absent. Ovulation occurs around 24 h after the peak of the LH surge.
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Fig. 4-12: Sections of bovine oocytes. A: Bovine oocyte at the diplotene stage. Arrow: Nucleus. 1: Zona pellucida;
2: Cumulus cells. B: Bovine oocyte at the metaphase of the second meiotic division (metaphase Il). Arrow: Metaphase Il plate
with first polar body adjacent to it; 1: Zona pellucida; 2: Cumulus cells.

oocyte maturation refers to the process of meiosis
which is resumed from the diplotene stage of
meiosis I and continues to the metaphase of meiosis
II when (except in the dog and fox) the oocyte is
ovulated. The nucleus of the primary oocyte is often
referred to as the germinal vesicle, and resumption
of meiosis is morphologically evidenced by the
breakdown of this structure (Fig. 4-11). Cytoplas-
mic oocyte maturation involves the restructuring
and modulation of many of the organelles of the
oocyte. It is particularly conspicuous in cattle
where the cortical granules (which, before the
LH-surge, are found in large clusters) migrate to

solitary positions adjacent to the plasma membrane
in preparation for exocytosis at fertilization (Fig.
4-11).

Spermatogenesis

Development of spermatogonia and
seminiferous tubules

After arriving and proliferating in the male develop-
ing gonad, the primordial germ cells become local-
ized in solid cords of primitive sustentacular cells,
the progenitors of the Sertoli cells, developed from
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the surface epithelium of the gonad. Shortly before
puberty the cell cords acquire a lumen and develop
into the seminiferous tubules of the testis. In paral-
lel, the sustentacular cells gradually assume the
characteristics of Sertoli cells and the primordial
germ cells develop into spermatogonia (Figs 4-13,
4-14).

Spermatogenesis includes all the events by which
the spermatogonia are transformed into spermato-
zoa. This process can be subdivided into sperma-
cytogenesis (the development of spermatocytes
from spermatogonia), meiosis (the two meiotic
divisions of the spermatocytes), and spermiogen-
esis (the cellular re-structuring of the spermatids to
spermatozoa without any cell divisions). Meiosis
has already been described so the emphasis here will
be on spermacytogenesis and spermiogenesis.
There is a close cellular relationship between the
spermatogenic cells and the Sertoli cells during sper-
matogenesis; Sertoli cells are required for both phys-
ical support and paracrine regulation of
spermatogenesis, and also form the blood-testis
barrier by sealing off the seminiferous tubules with
tight junctions.

Spermacytogenesis

Spermatogonia are located peripherally in the sem-
iniferous tubules adjacent to the basal lamina and
outside (i.e. on the blood side) of the blood-testis
barrier. Three types can be identified: Type A, inter-
mediate, and type B spermatogonia. Type A, sper-
matogonia are the stem cells for spermatogenesis.
Thus, the first mitoses in a type A; spermatogonium
will result in a new type A, stem cell and a second-
generation type A, spermatogonium with the ability
to progress through spermatogenesis (Fig. 4-15).
This ensures a perpetual population of stem cells for
spermatogenesis. The type A, spermatogonium will,
at least in ruminants, give rise to another subse-
quent generation of type A; spermatogonia, which
finally divide into intermediate spermatogonia
sharing morphological characteristics with both
type A and type B spermatogonia. The intermediate
spermatogonia give rise to type B spermatogonia of

which there are two generations, at least in

ruminants.

Meiosis

The last mitotic division of type B spermatogonia
results in the formation of primary spermatocytes.
These cells enter meiosis I, with its characteristically
prolonged prophase. In contrast to the oocyte, the
spermatocyte is not arrested at the diplotene stage
in the prophase. The spermatocytes re-locate
through the blood-testis barrier to the luminal
compartment of the seminiferous tubules. This is
brought about by a zipper-like mechanism involv-
ing tight junctions; junctions are formed behind
(basal to) the spermatocytes before the junctions
ahead of them (on their luminal side) are dissolved
to let the cells through. Completion of meiosis I
results in the formation of two secondary sperma-
tocytes that each divide into two spermatids
through meiosis II. Throughout this series of divi-
sions, from the second generation type A spermato-
gonia to the spermatids, cytokinesis is incomplete,
leaving all cells within a generation still connected
through thin cytoplasmic bridges.

Spermiogenesis

Spermatids are transformed into spermatozoa by
spermiogenesis, which comprises four phases: the
Golgi, cap, acrosome, and maturation phases.
During the Golgi phase, the Golgi complex pro-
duces acrosomal granules which fuse to form a
single large acrosomal granule that becomes local-
ized adjacent to the nucleus (Fig. 4-16). The centri-
ole pair of the spermatid re-locate to the opposite
pole of the nucleus where the proximal centriole
becomes attached to the nucleus. At the same time
an axoneme, consisting of two central microtubules
surrounded by nine doublets, develops from the
distal centriole.

During the cap phase, the acrosomal granule flat-
tens and covers a larger portion of the spermatid
nucleus. During the acrosomal phase, the chroma-
tin in the nucleus condenses as histones are
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Fig. 4-13: Sertoli cell and spermatogenic cells in the seminiferous tubules of the testis. 1: Sertoli cell; 2: Spermatid —
maturation phase; 3: Spermatid — cap phase; 4: Spermatid — acrosomal phase; 5: Spermatid — Golgi phase; 6: Primary
spermatocytes connected by cytoplasmic bridges; 7: Blood-testis barrier; 8: Spermatogonium; 9: Basal lamina; 10: Sertoli cell
nucleus. Modified from Liebich (2004).
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Fig. 4-14: Sections of the testis of a boar (A) and a ram (B). A: Seminiferous tubules (1) of the boar testis with Leydig cells (2)
between them. B: Seminiferous tubule of the ram with Sertoli cells (3), spermatogonia (4), spermatocytes (5) and spermatids

©).

exchanged with protamines. The acrosomal granule
is restructured into the acrosome, which contains
enzymes of importance for the spermatozoon’s pen-
etration of the investments of the oocyte at fertiliza-
tion. Eventually, the acrosome covers about
two-thirds of the condensed nucleus of the sperma-
tid, the cytoplasm is allocated to the development
of the sperm tail, and the mitochondria are arranged
around the growing axoneme. As these changes
proceed, the spermatid rotates so that the acrosome
faces the basal lamina of the seminiferous tubule
and the developing tail faces the lumen.

During the maturation phase, the species-specific
architecture of the sperm head and tail is developed.
The major portion of the cytoplasm, including most
of the organelles, is abstricted as the residual body
(which is phagocytosed by the Sertoli cell) and the
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spermatids are disconnected from each other.
Finally, the spermatozoa are released from the Sertoli
cells into the lumen of the seminiferous tubules.

Spermatozoa

The length of the spermatozoon at the time of
release varies with species, but ranges from
approximately 60 um in the boar to 75 pm in
the bull. At the light microscopical level, the
spermatozoa appear to consist of two structures:
the head and the tail. However, with the electron
microscope, the tail can be subdivided into a neck,
middle piece, principal piece, and end piece (Figs.
4-17).

The head of the spermatozoon contains the
nucleus, which determines the shape of the head.
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Fig. 4-15: Spermatogenesis in the bull. The encircled A; stem spermatogonium divides into an A, spermatogonium, which
enters differentiation into spermatozoa, and an A, spermatogonium, which ensures the continuous supply of spermatogenic

stem cells in the seminiferous tubules.

The anterior portion of the nucleus is covered by the
acrosome delineated by an outer and inner acro-
somal membrane. The acrosome contains hydro-
lytic enzymes that are released during fertilization
as a result of the acrosome reaction (see Chapter 5).
The posterior region of the acrosome is narrow, and
this region of the sperm head is referred to as the
equatorial region, which continues posteriorly into
the postacrosomal region. The nucleus of the
spermatozoon has a cytoskeletal coat known as the

I— Spermatids

L Residual bodies

perinuclear theca which contains oocyte activating
factors.

The neck is short and is connected to the head
by a basal plate. It contains a proximal centriole
and a distal centriole which continues into the
axoneme of the tail. The centrioles are surrounded
by nine peripheral coarse fibres, which are contin-
ued in the coarse fibres of the tail.

The middle piece of the tail has the charac-
teristic structure of a flagellum, containing a central
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Fig. 4-16: The development of the spermatids through the Golgi-phase, cap phase, acrosomal phase and maturation phase.

Modified from Liebich (2004).

axonema consisting of two central microtubules
and nine peripheral doublets. The axoneme is
surrounded by the nine coarse fibres, which, in
turn, are surrounded by a helix of elongated mito-
chondria. In ruminants, the mitochondrial helix
includes about 40 turns. A ring-shaped thickening
of the plasma membrane of the middle piece,
the annulus, marks the boundary between the
middle piece and the principal piece of the tail.

The principal piece of the tail is the longest
portion. It contains the axoneme surrounded by the
nine coarse fibres. The mitochondrial helix is no
longer present, and the coarse fibres are instead sur-
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rounded by semicircular ribs of structural proteins
that have fused with two of the coarse fibres to form
the fibrous sheath.

The transition between the principal piece and
the end piece of the tail is marked by the end of the
fibrous sheath. Proximally, the end piece still con-
tains the axoneme, but distally the peripheral micro-
tubule doublets are reduced into singlets which
terminate at various levels.

The spermatozoa are transported by peristaltic
contractions of the seminiferous tubules and subse-
quent ducts and, in the epididymal duct, they
acquire motility and fertilizing capabilities.



Gametogenesis - 4 -

9um

tum -

12um +

50um 4

Fig. 4-17: The structure of the bull spermatozoon. The head (l) is connected to the middle piece (lll) by the neck (ll). The
middle piece is continued in the principal piece (IV) and the end piece (V). The head presents a nucleus (1) with tightly packed
chromatin, and the anterior portion of the nucleus is covered by the acrosome (2) with inner and outer acrosomal membranes
located inside the plasma membrane (3). A basal plate (4) connects the head to the neck, which contains a proximal centriole
(5) and a distal centriole extending into the axoneme located centrally in the middle piece and the principal piece of the tail
consisting of two central (6) and 9 peripheral doublets (7) of microtubules. The middle piece presents 9 coarse fibres (8)
surrounded by a mitochondrial helix (9). In the end piece, the axoneme is gradually lost. 10: Equatorial segment of the head;
11: Fibrous sheath. Courtesy Sinowatz and Russe (2007).
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Box 4-1 Molecular regulation of germ line development

As for the three principal germ layers, specification
of the germ line occurs during the process of
gastrulation. At least in mice, specification is
initiated by local signals originating outside the
embryo proper. These include the Bone
Morphogenetic Proteins (BMP) 4 and 8b acting
through the Smad pathway. Responding epiblast
cells then initiate expression of fragilis/Ifitm3 and
from this population of specified epiblast cells,
germ line-restricted precursor cells are recruited. A
key transcriptional regulator during this process is
Blimp1/Prdm1. Functions related to Blimp1
include repression of the incipient somatic
programs within the gastrulating epiblast cells, a
hallmark being down-regulation of Hox gene
expression. Other genes related to germ line
specification include Stella and c-kit, the latter
serving as a receptor for the stem cell factor/kit
ligand being expressed in cells lining the path of
germ cell transport to the developing gonad.
Coupled to repression of somatic cell fate, germ
line precursors maintain expression of pluripotency-
associated genes including Oct4, Sox2 and
Nanog and show substantial epigenetic
modifications. The latter include global DNA
demethylation as the germ cells populate the
genital ridge followed by de novo methylation and
acquisition of sex-specific imprints during
subsequent gametogenesis (see Chapter 2,

Fig. 2-3).

SUMMARY

Primordial germ cells migrate from the wall of the
yolk sac to the developing indifferent gonad where
they proliferate by mitoses. The primordial germ
cells associate with somatic cells and develop into
oogonia and spermatogonia. Subsequently, they
initiate gametogenesis which includes meiosis and
cytodifferentiation of the gametes. Meiosis provides
the gametes with the haploid chromosome number
(half of the diploid) and with recombination,
while cytodifferentiation results in cellular re-

In the female embryo, germ cells enter meiosis
early during ovarian development. Molecular
markers expressed during this developmental
period include Stra8 and SCP3, the latter a
synaptonemal complex protein involved in pairing of
homologue chromosomes. Apparently, entry into
meiosis triggers loss of pluripotency in the germ
cells. Oocytes guide early gonadal development.
Folliculogenesis is initiated through expression of
the transcription factor Figa, a factor specific for
female germ cells, and essential for production of
zona pellucida proteins for example. Further
follicular development relies on a wealth of both
endocrine and locally produced factors. In contrast
to the situation in the female embryo, the presence
of germ cells is apparently not necessary for testis
development. Instead, differentiation of the gonad is
controlled by the Sertoli cell lineage being induced
by expression of the Y-linked Sry gene (Sex-
determining region of the Y chromosome) in the
somatic cells of the genital ridge. Sox9, Fgf9, and
Dax1 are among the genes expressed after initial
Sry expression. On arrival in the genital ridge, male
germ cells are prevented from entering meiosis.
Instead they enter a state of mitotic arrest when
they have reached a species-specific appropriate
number.

structuring into the characteristic forms of the two
gametes, the oocyte and the spermatozoon. In the
female, the oogonia form primary oocytes that
enter meiosis I but become arrested at the diplotene
stage of prophase. A primary oocyte surrounded by
its somatic cells (follicular cells) makes up a primor-
dial follicle, and this follicle type constitutes the
resting pool of follicles from which follicles are
recruited for growth through the primary, second-
ary and tertiary stages. The primary oocyte does not
resume meiosis and progress through its nuclear
maturation to the metaphase of meiosis II until
after puberty, shortly before ovulation. In parallel,



the oocyte completes a cytoplasmic maturation. In
the male, the spermatogonia are associated with
somatic cells in solid cell cords that are the progeni-
tors of the seminiferous tubules. Spermatogenesis
begins after puberty and includes spermacytogene-
sis, meiosis and spermiogenesis. Spermacytogene-
sisincludesseveral mitoticdivisions of spermatogonia
that divide into primary spermatocytes. By the two
divisions of meiosis, primary spermatocytes produce
haploid secondary spermatocytes and then sper-
matids. Spermiogenesis is the process of re-struc-
turing spermatids into spermatozoa.
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Fred Sinowatz

Fertilization

Sexual reproduction occurs through fertilization,
during which two haploid gametes fuse to produce a
genetically unique individual. Fertilization, the
process by which the spermatozoon and the egg
unite, occurs in the ampullary region of the oviduct
(see Chapter 3). The mammalian egg complex,
which is ovulated and enters the oviduct via the
infundibulum, consists of three components: (1) the
oocyte, arrested at metaphase of meiosis II in most
domestic mammals (with the exception of dogs,
where the final maturation to metaphase II occurs in
the oviduct), (2) the zona pellucida, an extracellular
matrix surrounding the oocyte, consisting of glyco-
proteins that are synthesized by both the oocyte and
the surrounding cumulus cells in domestic animals,
and (3) the cumulus cells, consisting of several
layers of cells from the cuamulus oophorus embedded
in an extracellular matrix, composed mainly of
hyaluronic acid. It has become common to consider
the zona pellucida and the oocyte as one, leading
the ovulated egg complex to be described as the
cumulus-oocyte complex (COC) particularly in
the context of biotechnological procedures (Fig. 5-1).

SPERM TRANSPORT IN THE FEMALE
GENITAL TRACT

The duration of copulation varies among different
domestic animals (see Chapter 3). It takes less than
a minute for ruminants to copulate, somewhat
longer in horses, several minutes in pigs, and in
dogs five to 30 minutes may be necessary. In several
mammalian species (cows, sheep, rabbit, dog, cat
and primates) the semen is deposited into the
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cranial vagina. In others (pigs, horses and camelids)
the semen is either ejaculated directly into the cervix
(pig) or, via the processus urethralis, into both the
cervix and uterus.

In ruminants, the ejaculate is small in volume (in
general only 3 to 4 ml) but contains an enormous
concentration of spermatozoa. It was assumed for a
long time that, after being deposited in the uterus
by artificial insemination, most spermatozoa ascend
towards the oviducts. However, recent studies have
clearly demonstrated that a high proportion of these
spermatozoa are lost by retrograde transport; over
60% of spermatozoa deposited in the uterus are lost
to the exterior within 12 hours after artificial insemi-
nation. This loss may be much higher if spermato-
zoa are deposited into the cervix and this can result
in fertility being compromised.

In the boar, the volume of the ejaculate is large
(200 to 400 ml) with a comparatively low concen-
tration of spermatozoa. Due to its large volume,
most of the ejaculate flows from the cervix into the
uterus. The boar ejaculates a series of seminal frac-
tions with different characteristics. The first fraction
contains few spermatozoa and consists mainly of
secretions from the accessory sex glands. The second
fraction is rich in spermatozoa. Most of the final
fraction originates from the bulbourethral glands,
forming a coagulum that reduces retrograde sperm
loss.

The stallion ejaculates in a series of ‘jets’, of
which the first usually contains the fraction rich in
spermatozoa. The seminal plasma of the later jets is
highly viscous and, as in the pig, may serve to mini-
mize retrograde sperm loss from the female’s genital
tract.



Fertilization - 5 -

Fig. 5-1: Cumulus-oocyte-complex (1) in the ampulla of the sheep oviduct, where fertilization occurs. 2: Mucosal folds of the

oviduct. Courtesy Sinowatz and Risse (2007).

In the dog, the first of the three fractions of the
ejaculate originates from the prostate, the only
accessory sex gland in this species. The volume of
this clear and acellular so-called presperm fraction
ranges from 0.5 to 5 ml, depending on the breed.
The second fraction, opalescent in colour, is rich in
spermatozoa. Its volume varies between 1 and 4 ml
and it contains between 300 million and two billion
spermatozoa. The last fraction is also contributed by
the prostate. Its volume may vary over a broad
range, from 1 to even 80 ml, depending on the
breed. Ejaculated in surges, this last fraction of pro-
static fluid may force the sperm-rich fraction crani-
ally into the uterus. In the cat the ejaculate volume
is small (0.2 to 0.3 ml) and it is unclear whether it
comprises multiple fractions.

Retrograde loss of spermatozoa from the female
genital tract depends on several factors. The more
important are volume and physical nature of the
ejaculate and the site of its deposition within the
female genital tract. As already mentioned, in some
species, like the pig, proteins from the seminal
plasma form a conspicuous vaginal plug that pre-
vents spermatozoa from being lost to the exterior.

In some laboratory rodents the solid vaginal plug
that is formed after copulation can be seen from
outside and is used to determine the time of mating
(see Chapter 20).

Transport of spermatozoa to the ampulla of the
oviduct is primarily the result of elevated tone and
motility of the tunica muscularis of the female
genital tract. It can be divided into two phases, a
rapid and a sustained transport phase. Within a
few minutes after mating, spermatozoa have already
reached the oviduct. Although male gametes are
close to the oocyte after a very short period, these
spermatozoa are not viable and do not play a role
in fertilization; it is the sustained phase of sperm
transport that is important for successful fertiliza-
tion. In the sustained phase, spermatozoa are trans-
ported to the oviducts from presumed reservoirs in
the uterotubal junction or the cervix over an
extended time period, delivering them in a more
uniform manner.

A major barrier for spermatozoal transport is
the cervix uteri that can also serve as a reservoir of
spermatozoa in several species. In ruminants, and
to a lesser degree in the mare, the cervix possesses a

57




- Essentials of Domestic Animal Embryology

convoluted system of folds and grooves. As in other
domestic species, the epithelium of the ruminant
cervix produces a highly viscous mucus that prohib-
its the penetration of spermatozoa through the cer-
vical canal during most times of the oestrous cycle.
It is only during oestrus that the mucus changes its
viscosity, when a low viscosity mucus rich in sialo-
mucins is produced in the basal regions of the cervi-
cal crypts. A second type of mucus, containing
mainly sulphomucins and much more viscous, is
secreted by the apical portions of the epithelium
covering the tips of the cervical folds. These two
different types of secretion create two different com-
partments within the cervical canal, one basal with
low viscosity and one more central with high viscos-
ity. The low viscosity environment in the basal
regions of the folds offers a ‘privileged pathway’
through which spermatozoa can quite easily move
towards the uterus. The ability of spermatozoa to
use this privileged pathway depends on their ability
to swim through the crypts of the cervix; non-motile
spermatozoa cannot progress and are eliminated.
Consequently, the cervix acts as a filter for removing
non-viable spermatozoa.

i

CAPACITATION

Spermatozoa are not able to fertilize the oocyte
immediately after arrival in the female genital tract;
to acquire fertility they must reside there for a certain
period of time (Fig. 5-2). The changes that occur
during this period constitute capacitation of sper-
matozoa. The site where capacitation takes place
varies to some extent among species. In species in
which spermatozoa are delivered into the mid-cer-
vix (sow), or into the caudal cervix and immediately
enter the corpus uteri, capacitation probably begins
in the uterus and ends in the isthmus of the oviduct.
In species with intravaginal semen deposition,
capacitation is probably initiated during the passage
of the spermatozoa through the cervix. Not all sper-
matozoa are capacitated at the same time and, as the
process usually extends over several hours, individ-
ual spermatozoa can show a different degree of
capacitation depending on their location within the
female genital tract.

Capacitation encompasses a number of complex
processes. It has been clearly shown that the plasma
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Fig. 5-2: Bovine oviduct. Spermatozoa can be temporarily bound to the epithelium of the isthmus in the oviduct by binding
mechanisms mediated by sugars (for instance fucose). 1: spermatozoon; 2: kinocilia; 3 microvilli. Courtesy Sinowatz and

Risse (2007).
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membrane of the spermatozoon (particularly of the
head) undergoes marked changes during capacita-
tion. Important processes during capacitation are:
removal of the glycoprotein coat and seminal
plasma proteins (adsorbed during epididymal
storage and ejaculation) from the spermatozoal
surface; the functional coupling of the signal-trans-
ducing pathways that regulate the initiation of the
acrosome reaction by the zona pellucida glycopro-
teins; alterations in the flagellar motility that are
necessary to penetrate the zona pellucida; and,
finally, development of the capacity to fuse with the
plasma membrane of the oocyte. These processes are
accompanied by changes in metabolism, the bio-
physical properties of the plasma membrane, and
protein phosphorylation, together with elevation of
intracellular calcium levels and pH, and hyperpo-
larization of membrane potential.

Capacitation can be reversed by returning already
capacitated spermatozoa to seminal plasma. Once
decapacitated in this way, they require additional
capacitation before they can regain their fertility.

Much of our understanding of the capacitation
process has been gained from studies in vitro.
Several factors cause capacitation in vitro. First, cho-
lesterol efflux from the sperm membrane is medi-
ated by sterol-binding proteins and initiates many
aspects of capacitation. The reorganization of the
sperm membrane after cholesterol depletion is con-
sidered an early step in capacitation. Second, several
sperm plasma membrane proteins are tyrosine
phosphorylated through a cAMP-dependent mecha-
nism. Spermatozoa express a bicarbonate-sensitive,
soluble form of adenyl cyclase that may control
these phosphorylation events. Third, elevation of
the intracellular pH and bicarbonate levels may lead
to a stimulation of cAMP production. By activating
cyclic nucleotide-gated channels in the plasma
membrane of the sperm flagellum, spermatozoa
could switch to the hyperactivated motility pattern
that is characteristic of capacitated spermatozoa.

In vivo, synergistic actions of multiple factors are
likely to mediate capacitation. It has been shown
that sterol-binding proteins, such as high-density
lipoproteins, are present in the oviductal fluid and
can accelerate cholesterol efflux from spermatozoa.

Fertilization -

Additionally, progesterone, derived from the follicu-
lar fluid and from secretion by the cumulus cells
surrounding the ovulated oocyte, may be involved
in the regulation of some aspects of the process.

INTERACTIONS BETWEEN
SPERMATOZOA AND THE ZONA
PELLUCIDA

The zona pellucida (ZP) is an extracellular matrix
surrounding the oocyte and the early embryo that
exerts several important functions during fertiliza-
tion and early embryonic development. In most
mammalian species it is composed of three glyco-
proteins (ZPA, equivalent to mouse ZP2; ZPB,
equivalent to mouse ZP1; ZPC equivalent to mouse
ZP3), products of the gene families ZPA, ZPB and
ZPC that have been found to be highly homologous
within mammalian species. Most data on the struc-
ture and function of the ZP have been obtained
from studies in the mouse. New data from pigs
and other domestic animals, however, indicate that
findings in the mouse model are not always appli-
cable to other species. For example, whereas ZP3 is
the primary sperm receptor in the mouse, it is ZPA
and ZPC that possess receptor activity in the pig.
Also contrary to the mouse (in which the growing
oocyte is the only source of zona glycoproteins),
these proteins are expressed in both the oocyte and
granulosa cells in a stage-specific pattern in domes-
tic animals.

The ZP is involved in several critical stages of
fertilization: the adhesion and binding of capaci-
tated spermatozoa to the ZP; the subsequent induc-
tion of the acrosome reaction and penetration of the
ZP; and the fertilization-induced modifications of
the ZP that prevent polyspermy.

Adhesion of spermatozoa to
zona pellucida

The first contact between the spermatozoon and the
ZP, adhesion, is a loose, non-specific association
between the gametes and appears to be a disconcert-
ingly random affair (Fig. 5-3). It is followed by a
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Fig. 5-3: Acrosome reaction. Once bound to the zona pellucida, the spermatozoa undergo the acrosome reaction, during
which hydrolyzing enzymes are released from the acrosome of the sperm head. It begins when the plasma membrane of the
spermatozoon forms multiple fusion sites with the outer acrosomal membrane resulting in the formation of many small
vesicles. (a) Spermatozoon with intact acrosome. (b) Vesiculation of the plasma membrane and outer acrosomal membrane;
(c) Penetration of the zona pellucida by the spermatozoon. 1: Fusion of the plasma membrane and the outer acrosomal
membrane of the spermatozoon; 2: Zona pellucida. Courtesy Sinowatz and Russe (2007).

relatively firm binding, which is species-specific and
mediated by complementary receptors on the ZP
(sperm receptor) and on the sperm surface. In the
mouse initial sperm-zona adhesion is mediated by
ZP3, a constituent glycoprotein of the ZP that binds
to receptors on the anterior head of acrosome-intact
sperm. This adhesion to the ZP is probably based
on protein-carbohydrate recognition processes,
through the association of O-linked o-galactosyl
residues from ZP3 with a cognate receptor on the
sperm. Secondary binding is then mediated by ZP2.
Other authors, however, consider that sperm-zona
binding is a purely protein-based event.

In species other than the mouse, various carbo-
hydrates of zona proteins have been suggested to be
involved in sperm binding. Inhibition assays of
sperm-ZP binding revealed a role for D-mannose
on human and rat ZP. Pre-treatment of human sper-

matozoa with D-mannose inhibited sperm penetra-
tion through the ZP. In the rat a-methyl mannoside
and D-mannose turned out to be the most potent
inhibitors. L-Fucose and fucoidin were shown to be
involved in sperm-ZP recognition in guinea-pig,
hamster, rat and human oocytes.

Acrosome reaction

Once bound, sperm undergo the acrosome reaction
(Fig. 5-3) as a result of which hydrolytic enzymes
are released from the acrosome of the sperm head.
This permits the spermatozoon to penetrate the ZP
matrix by a combination of enzymatic digestion of
the ZP glycoproteins and vigorous propulsion by
the tail of the spermatozoon. The acrosome reac-
tion, induced by the ZP glycoproteins, consists of an
orderly fusion of the plasma membrane of the sper-
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Fig. 5-4: Bovine spermatozoa undergoing the acrosome reaction on the surface of the zona pellucida. 1: Spermatozoa
showing vesiculation of the plasma membrane and outer acrosomal membrane. 2: Zona pellucida, composed of glycoproteins

(ZPA, ZPB, ZPC).

matozoon and the outer acrosomal membrane. It
begins when the plasma membrane forms multiple
fusion sites with the outer acrosomal membrane
resulting in the formation of many small vesicles
(vesiculation). After vesiculation has occurred, the
enzymatic content of the acrosome is dispersed and
the sperm nucleus remains covered by only the
inner acrosomal membrane (Fig. 5-4). Acrosin and
hyaluronidase are enzymes released during the
acrosomal reaction. Acrosin hydrolyzes ZP proteins
and also enhances the ability of the spermatozoa to
bind to these proteins. During the process of ZP
penetration, acrosome-reacted spermatozoa are
temporarily bound and released by the ZP glycopro-
teins via secondary binding mechanisms involving
proacrosin. The sperm are also pushed forward by

the vigorously beating tail towards the perivitelline
space. Proacrosin is the inactive form of the enzyme
acrosin and has a strong affinity for the ZP. Thus,
proacrosin aids in binding to the zona as the acro-
somal reaction proceeds. As proacrosin is converted
to acrosin, the spermatozoon penetrates by using
the enzyme to digest a small hole in the zona and
passing through it.

ADHESION AND FUSION OF THE
SPERMATOZOON AND OOCYTE

After penetration of the ZP, sperm adhere to and
fuse with the plasma membrane of the oocyte. The
membrane oocyte fuses with the membrane of the



- Essentials of Domestic Animal Embryology

equatorial segment of the spermatozoon (see
Chapter 4), and the fertilizing spermatozoon,
including its tail, is engulfed by the oocyte. Strictly,
this process should be referred to as syngamy. The
membrane fusion of the male and female gametes
involves sperm fertilin-o. (also known as disintegrin
1 or ADAM1), fertilin-f (ADAM?2) and cyritestin
(ADAM3) as well as CRISP1 (cystein-rich secretory
protein 1). Integrins found on the plasma mem-
brane of the oocyte are receptors for sperm ADAMs.
The adhesion-mediating proteins on both gametes
are thought to function as multimeric complexes at
the plasma membranes. After adhesion, the sperm
plasma membrane fuses with the plasma membrane
of the oocyte. The molecular basis of this intercel-
lular fusion process is not fully understood; the tet-
raspanin CD9Y, an integrin-associated protein, is
implicated in certain types of membrane fusion, but
itis not known if it plays a significant role in gamete
fusion.

OOCYTE ACTIVATION

Immediately after entry of the spermatozoon, the
oocyte undergoes oocyte activation, which estab-
lishes a block to polyspermic fertilization, resump-
tion of meiosis, and initiation of embryonic
development. In all animals investigated, activation
involves an increase in the cytosolic calcium ion
concentration to approximately 1 mM. Depending
on the species, this increase in cytosolic calcium
concentration occurs within several seconds to a
few minutes after gamete membrane fusion, and
often occurs as a ‘wave’ that travels across the
oocyte. In mammals, a low-frequency oscillation in
cytosolic calcium concentration persists for several
hours preceding entry into the first embryonic cell
division. Besides the induction of the block to
polyspermic fertilization, the increase in cytosolic
calcium concentration terminates meiotic arrest so
that the reduction division can be completed (see
Chapter 4). Later, oocyte activation responses
include the recruitment of maternal mRNAs for
translation, and changes in protein synthesis (see
Chapter 6).

The use of intracytoplasmic sperm injection
(ICSI; see Chapter 21) to fertilize oocytes has shown
that extra-cellular sperm-egg contact is not necessary
to activate eggs. Interestingly, neither is it simply the
act of injection, nor the introduction of calcium
from the medium, that induce egg activation.
Constituents of the sperm nucleus, presumably its
perinuclear theca, have been associated with oocyte-
activating activities. Among the candidates for this
property of the sperm are oscillin (a glucosamine-6-
phosphate isomerase) and a truncated form of the
tyrosine kinase c-Kit.

Block to polyspermic fertilization

The block to polyspermic fertilization is estab-
lished through the exocytosis of a set of secretory
granules, the cortical granules, from the oocyte
(Fig. 5-5). This is referred to as the cortical reaction
(see Chapter 4). The content of the cortical granules
includes proteases, acid phosphatases, peroxidase,
mucopolysaccharides and plasminogen activator. As
a result of the release of cortical granules, the oocyte
membrane and ZP become modified. Consequently,
any further penetration of spermatozoa into the
oocyte is prevented and the so-called zona-block to
polyspermy is established.

Resumption of meiosis and
pronucleus formation

As another consequence of oocyte activation,
meiosis is resumed and the second meiotic division
is completed. The daughter cell that receives hardly
any cytoplasm is called the second polar body (see
Chapter 4). The other daughter cell is the definitive
oocyte, now referred to as the zygote. Its haploid
chromosome set becomes surrounded by layers of
smooth endoplasmic reticulum that contribute to
the formation of a nuclear envelope, and a vesicular
nucleus known as the female or maternal pronu-
cleus is formed (Fig. 5-6). The sperm nucleus under-
goes marked changes within the oocyte’s cytoplasm.
It becomes swollen (‘decondensed’), surrounded by
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Fig. 5-5: The block to polyspermic fertilization is established through exocytosis of the cortical granules (cortical reaction).
(A) shows an immature bovine oocyte with few and small cortical granules (arrow), (B) the exocytosis of peripherally located
cortical granules of a mature oocyte. 1: Mitochondria of an immature oocyte; 2: Microuvilli; 3: Mitochondrion of a mature

oocyte; 4: Zona pellucida.

Fig. 5-6: Formation of the female pronucleus. As a consequence of oocyte activation, the second meiotic division is completed
(A). One of the daughter cells (2 in Fig. 5-7 C) receives hardly any cytoplasm and is called second polar body. The other daughter
cell (B) is the definitive oocyte. Its haploid chromosome set becomes surrounded by profiles of endoplasmic reticulum and a
vesicular nucleus (3). The female pronucleus is formed.1: Haploid chromosome set; 2: Polar body; 3: Female pronucleus.
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Fig. 5-7: Formation of the male pronucleus. The spermatozoon is taken up into the oocyte by a phagocytotic process (A).
The sperm nucleus then becomes surrounded by layers of smooth endoplasmic reticulum (B) contributing to the formation of
a nuclear envelope. A vesicular (decondensed) paternal pronucleus (C) is formed. 1: Decondensing sperm nucleus; 2:
Degenerating sperm tail; 3: Endoplasmic reticulum; 4: Male pronucleus.

smooth endoplasmic reticulum contributing to a
nuclear envelope, and forms the male or paternal
pronucleus (Fig. 5-7). The decondensation of the
sperm nucleus requires the reduction of the many
disulphide cross-links. The primary reducing agent
is glutathione from the oocyte cytoplasm. Further-
more, the protamines, by which the sperm DNA is
packed, is exchanged with histones from the oocyte.
The tail of the spermatozoon detaches and degener-
ates. Male and female pronuclei approach each
other, helped by the cytoskeleton of the zygote
(Figs 5-8, 5-9). Eventually, they come into close
contact and lose their nuclear envelopes, which
apparently dissolve into smooth endoplasmic retic-
ulum. Upon dismantling of the nuclear envelopes,
the male and female haploid genomes become
united in the centre of the zygote. This mixing is
referred to as karyogamy or synkaryosis. It should
be noted that, in contrast to what occurs at fertiliza-
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Fig. 5-8: Male (1) and female (2) pronucleus of a bovine
oocyte. 3: Zona pellucida; 4: Spermatozoa penetrating the
zona pellucida.
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Fig. 5-9: Overview of mammalian fertilization (modified from RiUsse and Sinowatz, 1998). A: Anaphase of the first meiotic
division in the follicle; B: Penetration of the spermatozoon into the periviteline space; metaphase of the second meiotic division
and activation of the oocyte results in release of cortical granules; C: First sperm is taken up into the oocyte by a phagocytotic
process; anaphase of the second meiotic division; D: Formation of the male and female pronuclei, the tail of the spermatozoon
degenerates; E: Karyogamy; F: First mitotic division of the zygote. Courtesy Sinowatz and Risse (2007).

tion in some lower orders, the pronucleiin mammals  condenses to form the prophase of the first mitotic
do not actually fuse. During the migration of the  division. The subsequent cleavage is normally com-
pronuclei, the S-phase of the first post-fertilization  pleted within 24 hours after ovulation. If the oocyte
cell cycle is completed and, at the dissolution of the is not fertilized within this period of time, it loses
nuclear envelopes of the pronuclei, the chromatin  its developmental potential.
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Box 5-1 The contribution of spermatozoa

Mature spermatozoa have little cytoplasm and lack
any detectable protein synthesis. It had therefore
been assumed for a long time that sperm
contribute little other than the paternal genes to an
embryo whereas the oocyte, with its abundant
RNAs and proteins, exclusively directs the
embryo’s early development. Surprisingly, recent
studies have shown that defects in sperm can
disrupt embryo development even if the genes
carried by the male germ cells are perfectly normal.
It is now becoming clear that, besides the haploid
set of chromosomes, sperm also deliver a
complex cargo of RNA and proteins that may
be crucial for an embryo’s early development.

Contrary to earlier opinions, the entire
spermatozoon, including the midpiece and tall, is
taken into the oocyte. In many mammals, midpiece
and tail structures persist in the embryo for several
cell divisions. In most mammals (but not mice) the
spermatozoon also delivers the centrioles, a
prerequisite for the formation of the spindle
apparatus and the first mitotic division. It has also
been discovered recently that spermatozoa deliver
a molecule called PLC that triggers the waves of
calcium ions that activate a fertilized egg, and that
sperm contain several thousands of different kinds
of messenger RNA. Some of them are coding for
proteins needed for early embryo development, but
the function of most of the transferred RNA
molecules remains to be established.

SUMMARY

Spermatozoa are deposited in the female genital
tract at copulation or artificial insemination. They
are transported to the site of fertilization in the amp-
ullary region of the oviduct in successive rapid and
sustained transport phases, of which the latter
results in fertilization. During transport, the sperma-
tozoa undergo capacitation and achieve fertilizing
capability. Fertilization is a stepwise process that
includes a first series of interactions between the
spermatozoa and the zona pellucida, and a second
series of events whereby the fertilizing spermato-

zoon is incorporated into the oocyte. Spermatozoa
first adhere loosely to the zona pellucida, and this
process is followed by a more firm receptor-medi-
ated binding. Contact with the zona pellucida trig-
gers the acrosome reaction in the spermatozoon,
resulting in release of enzymes aiding the penetra-
tion of the zona pellucida. Subsequently, the plasma
membrane of the equatorial segment of the fertiliz-
ing spermatozoon fuses with the oocyte and is then
internalized into it. Gamete fusion induces oocyte
activation including the cortical reaction in the
oocyte, by which the content of the cortical gran-
ules is released and induces the zona-block to
polyspermy. Oocyte activation also leads to com-
pletion of meiosis II and initiation of initial embry-
onic development. In the oocyte, the maternal
haploid chromosome compartment is surrounded
by a nuclear envelope forming the maternal pronu-
cleus, and, after a decondensation of the chromatin
in the sperm, its haploid chromosome component
also becomes surrounded by a nuclear envelope to
form the paternal pronucleus. The pronuclei then
move towards each other in the centre of the zygote,
their nuclear envelopes dissolve, and the chromatin
condenses to enter prophase of the first mitotic
division. First cleavage is normally seen within 24
hours after ovulation.
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CHAPTER

6

Embryo cleavage and blastulation

Upon fertilization, meiosis is completed and cell
cyclicity returns to the mitotic pattern. The unique
embryonic genome has been established through
the mixing of the maternal and paternal chromo-
somes by dissolution of the two pronuclei. This
equips the zygote with the full genetic make-up for
building the embryo. The cytoplasm of the zygote,
inherited from the oocyte, contains the complete
molecular and structural composition necessary to
initiate the first cleavages and, later, activate the
embryonic genome for de novo embryonic tran-
scription. Hence, the initial phase of development
is driven by information stored in the oocyte and
passed on to the zygote and the early embryo.

CLEAVAGES AND GENOME
ACTIVATION

In the zygote, an S-phase is completed during the
first post-fertilization cell cycle. Thus, when the
zygote cleaves to the 2-cell embryo at the first
mitosis, each of the two cells, referred to as blast-
omeres, obtains its full copy of the embryonic
genome (Figs. 2-1, 6-1). The embryo is still sur-
rounded by the zona pellucida and remains so for
some days. A number of mitotic divisions follow.
During this phase of development, the mitotic divi-
sions are special in that they occur almost without
cellular growth; the cells become smaller and
smaller as the original cytoplasm of the zygote is
divided into smaller and smaller portions. These cell
divisions are referred to as cleavages. The blast-
omeres may be of unequal sizes because of asyn-
chrony in cleavage. This asynchrony becomes

apparent from the outset; even between the 2- and
the 4-cell stages, it results in temporary 3-cell
embryos. At least in the mouse, the point of sperm
entry may position the plane of the first cleavage
division. Furthermore, the 2-cell-stage blastomere
inheriting the sperm entry site tends to divide earlier
than the other and is more likely to give rise to cells
that become positioned internally in the growing
ball of cells.

Cleavages begin during the transport of the
embryo through the oviduct but, at a species-spe-
cific stage of development, the embryo enters the
uterus (Table 6-1). The mare is very unusual with
regard to passage through the oviduct; only embryos
are allowed to enter the uterus while unfertilized
oocytes, by an unknown mechanism, are retained in
the oviduct.

During the growth of the oocyte, transcripts and
proteins are stored in this specialized cell for later
use (Fig. 6-2). At the end of the growth phase tran-
scription diminishes. However, by then the oocyte
is more or less loaded with the transcripts and pro-
teins required for driving initial embryonic develop-
ment and these govern at least the first cleavage. The
transcripts and proteins are gradually degraded after
fertilization and, at a certain stage of development,
activity of the embryonic genome is required. The
embryonic genome is activated gradually; transcrip-
tion is very limited initially but increases later, at
species-specific stages, in two phases - those of
minor and major activation of the embryonic
genome (Table 6-2).

After a few cell divisions, the embryo takes the
shape of a small ball of cells referred to as a morula
after the Latin name for mulberry.
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Fig. 6-1: Sections of a bovine zygote (A) with two pronuclei (arrows) and of a 2-cell embryo (B) with nuclei (arrows)

Table 6-1: Times of passage of the embryo from the oviduct into the uterus, and of blastocyst formation, in

different species

Species Passage into the uterus Time of blastocyst formation
i (days after ovulation)
Days after ovulation Stage of development
Pig 2 4-8 cell 5-6
Cattle 3-3% 8-16 cell 7-8
Sheep 3 8-16 cell 67
Horse 5-6 Morula 6
Dog 8 Blastocyst 8
COMPACTION

Individual cells of the morula all look identical to
start with, their spherical shapes giving the morula
its typical mulberry-like appearance. Later, however,
the outer cells differentiate into an epithelium,
attach firmly to each other, and give the embryo a
smoother surface. This process is referred to as com-

paction (Fig. 6-3). The outer cells constitute the
trophectoderm or trophoblast. In the present
book, the term trophectoderm will be used before
placentation and the term trophoblast when these
cells become engaged in placental formation. The
firm attachment between neighbouring cells of
the trophectoderm results from specialized intercel-
lular junctions including tight junctions and
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A Accumulation of transcripts and proteins
in the oocyte

Proteins
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4-cell stage in pig and the 8-cell stage in cattle.
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Fig. 6-2: Maternal versus embryonic control of initial embryonic development. During the oocyte growth phase in the follicles,
transcripts and proteins are accumulated in the oocyte. With development, these components are gradually used and
degraded. In parallel, the embryonic genome undergoes first a minor and later a major activation. The latter occurs at the

Table 6-2: Timing of the minor and major activation of the embryonic genome in different species

Species Minor genome activation Major genome activation

Mouse G2 of first cell cycle (zygote) Second cell cycle (2-cell embryo)

Pig Unknown Third cell cycle (4-cell embryo)

Cattle First cell cycle (zygote) Fourth cell cycle (8-cell embryo)

Dog Unknown Fourth cell cycle (8-cell embryo)

Horse Unknown Fourth to fifth cell cycle (8-16-cell embryo)
Sheep Unknown Fourth to fifth cell cycle (8-16-cell embryo)

desmosomes. Hence, a typical epithelium with
apical and basolateral cell compartments is formed.
There are some species differences in the timing of
compaction: in the pig it occurs very early in devel-
opment, around the 8-cell stage, whereas in cattle it
happens later, around the 16- to 32-cell stage.

At the molecular level, differentiation of outer
blastomeres, at least in the mouse, appears to rely on
down-regulation of the transcription factor Oct4, fol-
lowed by an up-regulation of other transcription
factors such as Cdx2 and Eomesodermin (Fig. 6-4).
The inner cells, meanwhile, retain expression of Oct4.
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Fig. 6-3: Sections of pig embryos. A: 4-cell embryo presenting three blastomeres and one nucleus (arrow) in the section.
1: Zona pellucida. B: Morula in the process of compaction. Note the close connections (arrow) between the outer cells.
1: Zona pellucida. C: Blastocyst. 1: Zona pellucida; 2: Trophectoderm; 3: ICM. D: Expanded blastocyst. 1: Zona pellucida;

2: Trophectoderm; 3: ICM.

BLASTULATION

Compaction of the morula is a prerequisite for sub-
sequent blastulation - the formation of a central
fluid-filled cavity, the blastocyst cavity, within the
early embryo. Blastulation transforms the embryo

into a blastocyst, usually within the uterine lumen
during the first week of development (Fig. 6-5).
Blastulation is brought about mainly by the trop-
hectoderm and its control of fluid transport into
the blastocyst cavity. Eventually, the inner blast-
omeres become positioned at one pole of the
embryo forming the inner cell mass (ICM).

7
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Fig. 6-4: The sequential action of the transcription factors
Oct4, Nanog, Cdx2, and GATA-6 during initial cell
differentiation in the mouse embryo. At compaction two cell
lineages are derived from the totipotent blastomeres: the
pluripotent inner cell mass (ICM) and the trophectoderm. The
epiblast later differentiates into hypoblast and epiblast.

TRESNE b LI O

Fig. 6-5: Pig blastocyst at Day 6 of development as seen
through the stereo microscope. 1: Zona pellucida;

2: Trophectoderm; 3: Blastocyst cavity; 4: Inner cell mass
(ICM).

72

Descendants of the ICM will form the embryo
proper; cells of the trophectoderm will give rise to
the embryonic part of the placenta (see Chapter 9).
The ratio of cells in the ICM to those in the troph-
ectoderm is around 1:3. The portion of the troph-
ectoderm covering the ICM is referred to as the
polar trophectoderm whereas the rest is known as
the mural trophectoderm (Fig. 6-6).

With the osmotic pressure inside the blastocyst
cavity rising, the blastocyst gradually expands. Upon
flushing of a blastocyst from the uterus (for embryo
transfer for example), it is common to see the blas-
tocyst collapse and re-expand several times. Whether
this is an in vitro artefact or a normal physiological
phenomenon also occurring in the uterus is
unknown. Eventually, expansion of the blastocyst
leads to rupture of the covering zona pellucida (Fig.
6-7) which allows the blastocyst to escape through
the opening. In some species, this process, which is
known as hatching, is aided by proteolytic enzymes
released from the endometrium acting upon the
glycoproteins forming the zona pellucida. In the
horse, a ‘compensatory’ capsule forms between the
trophectoderm and the overlying zona pellucida
before the zona is shed. The capsule plays an impor-
tant role in the maintenance of early pregnancy (see
Chapter 9).

Around the time of hatching, the ICM differenti-
ates into two cell populations: those facing the blas-
tocyst cavity become flattened and delaminate,
forming an inner cell sheet referred to as the hypo-
blast (Fig. 6-8); the remaining cells form the multi-
layered epiblast. Small intercellular cavitations may
arise in the epiblast. The hypoblast, like the troph-
ectoderm, is epithelial in character. Gradually, it
forms a complete inner lining beneath not only the
epiblast, but also the trophectoderm. In the horse,
the hypoblast first forms separate ‘colonies’ before
coalescing into an internal closed compartment. In
either case, a cavity, referred to as the primitive yolk
sac, is formed. At the molecular level, the expression
of the transcription factor Nanog is essential for the
cells forming the epiblast at least in mice (Fig. 6-4)
while the transcription factor GATA-6 is a key regu-
lator of hypoblast formation. The epiblast will later
form the embryo proper whereas the hypoblast will
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Fig. 6-6: Bovine blastocyst at Day 6 of development. The box (B) is seen at the ultrastructural level in ‘B’. A: Light
microscopical section. Note that flat hypoblast cells (arrows) have started to form from the ICM. 1: ICM; 2: Mural
trophectoderm; 3: Polar trophectoderm; 4: Zona pellucida. B: Transmission electron micrograph of two adjacent
trophectoderm cells. 5: Tight junction; 6: Desmosome; 7: Microvilli; 8: Zona pellucida.

form the inner epithelium of the yolk sac which,
depending on the species, may become engaged in
placentation (see Chapter 9). However, at least in
the mouse and rabbit, the hypoblast has also been
shown to play a significant role in regulating the
survival, proliferation and differentiation of the
overlying epiblast. This regulation is, in part, medi-
ated through formation of a basement membrane
between the hypoblast and epiblast.

In the domestic species, the polar trophectoderm
covering the epiblast (known as Rauber’s layer)
gradually disintegrates and is lost, exposing the epi-
blast to the uterine environment. However, before
the shedding of Rauber’s layer, tight junctions are
formed between the outermost epiblast cells to seal
the embryo despite the loss of the polar trophecto-
derm. After the loss of Rauber’s layer, the epiblast is
clearly discernable as a lucent structure, circular at
first but becoming oval. Together with its underlying

Fig. 6-7: Hatching of the pig blastocyst. The nuclei are
stained with the fluorescent dye Hoechst 33342 and . . .
supernumerary spermatozoa are seen embedded in the hypoblast this structure is known as the embryonic

zona pellucida (arrow). (Photo: Wouter Hazeleger.) disc (Figs 6-9, 6-10).
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Fig. 6-8: Bovine blastocysts at Days 10 (A) and 12 (B) of development. 1: Epiblast; 2: Trophectoderm; 3: Hypoblast. Note
that Rauber’s layer is in the process of degenerating in B (arrow).

Fig. 6-9: Pig blastocyst at Day 10 of development. The embryonic disc in the box (B) is seen at a higher magnification in B.

the trophectoderm with its underlying hypoblast
BLASTOCYST ELONGATION becomes reshaped and the embryo becomes ovoid

(Fig. 6-10). In the ruminants and pig, the process of
During the formation of the embryonic disc, the  elongation continues, and the embryo becomes first
blastocyst is still expanding. Once the discis formed,  tubular and later filamentous (Fig. 6-11). The total
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0.1 mm

Fig. 6-10: The embryonic disc in a bovine embryo. A: Ovoid embryo at Day 14 of development faintly presenting the
embryonic disc (arrow). The line (B) indicates the section displayed in B. B: Section through the embryonic disc (1). 2: Epiblast;
3: Trophectoderm presenting microvilli; 4: Hypoblast; 5: Primitive yolk sac.

Fig. 6-11: Elongation of the pig embryo. A: A spherical (1) and a tubular (2) embryo at Day 11 of development. The tubular
embryo is a bit folded. B: Intermingled filamentous embryos at Day 13 of development. Note the embryonic disc (3) and the
dilated ends of the embryo (4).
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mass of the embryo does not increase at the same
rate as its length and so the embryo becomes thread-
like and tremendously long. This phenomenon is
particularly pronounced in the pig where the embryo
develops from a sphere, about 1 cm in diameter, on
Day 10 of development to a filamentous structure
about one metre long on Day 13. Elongation is
particularly dramatic on Days 12 and 13 (30-45 mm
per hour!). This increase cannot be explained by
mitoses alone; it involves restructuring of cells’
cytoskeletons and shape as well. In ruminants,
embryo elongation is less pronounced; in cattle the
length increases by up to 35 cm between Days 12
and 21 (Fig. 6-12).

—__

Fig. 6-12: Elongation of bovine embryos around Days 16
(A), 18 (B), 22 (C), and 27 (D) of development. Courtesy
Sinowatz and Russe (2007).

In contrast to the ruminants and the pig,
in the horse the embryo does not elongate
but stays spherical during this period of
development.

SUMMARY

In the zygote, meiosis is completed and the unique
embryonic genome is assembled. Having com-
pleted the S-phase of the first post-fertilization cell
cycle, the zygote enters the mitotic cell cycle and
cleaves to the 2-cell stage. This cleavage, and several
subsequent ones, occur without cellular growth
and so the cells get smaller and smaller. At a species-
specific stage of development, a major activation of
the embryonic genome occurs. After a certain
number of cleavages, the embryo enters the uterus
from the oviduct and its cells form a mulberry-like
cell cluster referred to as a morula. During the
process of compaction, the outer cells of the morula
adhere to each other and develop into the trophec-
toderm. A fluid-filled cavity, the blastocyst cavity,
develops inside the trophectoderm, the inner cells
gather at one pole of the embryo to form the inner
cell mass (ICM), and the embryo becomes a blasto-
cyst. At a species-specific stage of development, the
blastocyst escapes from the zona pellucida by hatch-
ing. Around the time of hatching, the internal cells
of the ICM delaminate and form an epithelium, the
hypoblast, inside the blastocyst. The cavity enclosed
by the hypoblast may be referred to as the primitive
yolk sac. The external cells of the ICM form the
epiblast, which will later give rise to the embryo
itself. The trophectoderm covering the epiblast, Rau-
ber’s layer, is subsequently lost, and the epiblast is
exposed to the uterine environment and becomes
confluent with the trophectoderm. At this stage, the
epiblast and the hypoblast have established the
embryonic disc. After hatching, the blastocyst
retains its spherical shape at first but, in pigs and
ruminants (but not horses), becomes ovoid and,
with further elongation, successively tubular and
filamentous.
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Box 6-1 Molecular regulation of blastulation

Around the morula stage, the blastomeres have lost
totipotency and two distinct cell lineages become
apparent: inner cells, forming the ICM, and outer
cells forming the trophectoderm. Formation of ICM
and trophectoderm constitutes the first
differentiation process during embryonic
development. At the molecular level, however,
recent findings in mice have shown that the
molecular background for this differentiation is laid
down as early as at the 4-cell stage. As mentioned
in Chapter 2, cell differentiation and embryonic
development are epigenetically controlled since all
cells (with a few exceptions, e.g. the lymphocyte
lineage) descended from the zygote share the same
DNA sequences. Histone modification is one such
epigenetic control mechanism. In the mouse,
depending on the spatial arrangement of individual
4-cell blastomeres and the order in which they are
generated, some blastomeres apparently end up
with more methylation of arginine residues at
histone H3 than do others. The more methylated
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Gastrulation, body folding and

coelom formation

As was described in the previous chapter, blastula-
tion results in the formation of the ICM, trophecto-
derm, epiblast, and hypoblast. The hypoblast and
trophectoderm are extra-embryonic cell lineages
that will participate in fetal membrane formation
(see Chapter 9) whereas derivatives of the epiblast
will found all of the embryonic cell lineages. Ini-
tially, this occurs through formation of three somatic
germ layers from the epiblast: ectoderm, mesoderm
and endoderm. A prominent derivative of the endo-
derm is the primitive gut, the formation of which
lends its name to the entire process of germ layer
formation - gastrulation, from the Greek term gas-
trula meaning small stomach. Besides the three
germ layers, gastrulation also establishes the germ
line, in the form of the primordial germ cells. Only
the initial establishment of the germ line is covered
in this chapter; further development of the primor-
dial germ cells within the genital ridges is described
in Chapters 4 and 15.

While gastrulation proceeds, the embryonic disc
gradually becomes covered by extra-embryonic
membranes to form the amniotic cavity. In domes-
tic species, amnion formation results from an ‘up-
folding’ of the trophectoderm with its underlying
extra-embryonic mesoderm, as will be described
first, followed by focus on the events occurring in
the disc itself.

DEVELOPMENT OF THE AMNION

During the early phases of gastrulation, the troph-
ectoderm is lined by a thin layer of extra-embryonic
mesoderm (see below), the two layers together con-

stituting the chorion. During gastrulation, the
chorion forms folds - chorioamniotic folds - that
surround the embryonic disc (Fig. 7-1). Gradually,
the folds extend upwards to meet and fuse above
the embryonic disc thereby enclosing the disc in a
sealed amniotic cavity. The term amnion is gener-
ally used collectively for the cavity and its wall. The
inner epithelium of the amnion originates from the
trophectoderm and so, at the embryonic disc, it is
continuous with the epiblast and later the embry-
onic surface ectoderm (see below). The outside cov-
ering of the amnion is composed of extra-embryonic
mesoderm. Later, the amnion will become sur-
rounded by yet another cavity, the allantois (see
below and Chapter 9).

The site where the chorioamniotic folds meet and
fuse is known as the mesamnion (Fig. 7-2). In the
horse and carnivores, the mesamnion disappears
leaving no connection between the amnion and
chorion. As a result, foals, pups and kittens are born
covered by an intact amnion which can be suffocat-
ing if not removed by the mother or an attendant.
In contrast, in the pig and ruminants, the mesam-
nion persists; as a result, the amnion gets torn
during parturition and offspring are generally born
without covering membranes.

EARLY PHASES OF GASTRULATION

The onset of gastrulation has traditionally been
linked to the morphological appearance of the
primitive streak, an elongated accumulation of cells
at the caudal pole of the future embryo proper. This
structure is formed by epiblast cells accumulating
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Fig. 7-1: Formation of the amnion from chorioamniotic folds in the pig at Days 13 to 15 of development. 1: Trophectoderm;
2: Epiblast; 3: Primitive streak; 4: Mes-endodermal precursor cells; 5: Intra-embryonic mesoderm; 6: Chorioamniotic fold;
7: Chorion; 8: Extra-embryonic mesoderm; 9: Endoderm; 10: Hypoblast; 11: Coelom; 12: Surface ectoderm; 13: Mesoderm;

14: Neural groove; 15: Notochord; 16: Amniotic cavity.

Fig. 7-2: A sheep embryo at Day 17 of development. When
embryos are flushed from the uterus, the chorion is usually
pinched off, leaving the mesamnion looking like an antenna
on the amnion. 1: Mesamnion; 2: Amnion; 3: Yolk sac; 4:
Allantois.

posteriorly and gradually establishing a crescent-
shaped thickening of the embryonic disc - the ear-
liest morphological sign of the onset of gastrulation
yet identified, at least in pigs and cattle (Figs 7-3,
7-4). The caudal crescentic thickening appears
around Days 10 to 11 of gestation in the pig and
around Days 14 to 15 in cattle. When the crescent-
shaped thickening is established, ingression of epi-
blast cells to the space between the epiblast and
hypoblast is initiated (Fig. 7-5). In laboratory
animals, these early morphological signs of gastrula-
tion in the epiblast are preceded by morphological
and molecular changes in the hypoblast underlying
the anterior pole of the epiblast (see Box 7-1 on
molecular regulation).

The epiblast cells constituting the posterior cres-
cent soon gather in the embryonic disc midline to
form the primitive streak (Fig. 7-3). In the streak,
cells start to involute from the epiblast through its
basement membrane to establish mes-endodermal
precursors, i.e. cells capable of forming either
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Fig. 7-3: Accumulation of epiblast cells in the posterior portion of the embryonic disc results in the formation of the primitive
streak (1).

Fig. 7-4: Embryonic disc of a pig embryo at Day 10 of development showing the gathering of epiblast cells forming a
posterior crescent. A: The embryonic disc with the posterior crescent (arrows). The line (B) indicates the plane of section
shown in ‘B’. B: Median section through the embryonic disc presenting a posterior thickening (arrow) of the epiblast (1).
2: Hypoblast; 3: Primitive yolk sac.
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Fig. 7-5: Embryonic disc of a bovine embryo at Day 14 of development showing the ingression of cells from the caudal
crescent of the epiblast to the space between epiblast and hypoblast. A: Tubular embryo presenting the embryonic disc
(arrow). The line (B) indicates where the embryo was cut in order to produce the image in B. B: Internal view of the embryonic
disc displaying the posterior crescent (arrows). The line (C) indicates the plane of section shown in C. C: Median section
through the embryonic disc with the epiblast (1) from which cells ingress (2). 3: Hypoblast; 4: Primitive yolk sac.

mesoderm or endoderm. This is the first example
of epithelio-mesenchymal transition during
embryonic development, the process whereby cells
change their characteristics from those of an epithe-
lium (having strong intercellular connections) to
become more loosely organized and, therefore,
capable of migration. The term mesenchyme refers
to loosely organized embryonic tissue regardless of
germ layer origin. Interestingly, just as the initiation
of gastrulation is marked by this epithelio-mesen-
chymal transition, so the cessation of this phase of
development is marked by a suppression of this
process.

82

INITIAL FORMATION OF THE
MESODERM AND ENDODERM

The mes-endodermal precursor cells give rise to
endoderm and mesoderm. The endoderm-forming
cells integrate into, and displace, the hypoblast
immediately beneath the epiblast, forming endo-
derm (Fig. 7-6). Other cells remain positioned under
the epiblast and trophectoderm forming intra- and
extra-embryonic mesoderm, respectively. The endo-
derm enlarges to form the upper lining of the primi-
tive yolk sac under the epiblast and, at the margin
of the embryonic disc, is continuous with the hypo-
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Fig. 7-6: Two different phases in the ingression (arrows) of
cells through the primitive streak and node. A: The
embryonic disc seen from above. The line (B) indicates the
section presented in the oblique view in ‘B’. 1:
Buccopharyngeal membrane; 2: Cut edge of trophectoderm
and hypoblast; 3: Mesoderm cells forming the notochord;
4; Primitive node; 5: Primitive streak; 6: Cloacal membrane.
B: Oblique section through the primitive streak. 7: Epiblast;
8: Primitive node; 9: Primitive streak; 10: Trophectoderm;
11: Mes-endoderm cells (orange); 12: Mesoderm cells (red);
13: Endoderm cells (yellow); 14: Hypoblast cells (green).

C: Oblique section some hours later. 15: Somatic
mesoderm; 16: Visceral mesoderm; 17: Transition between
endoderm and hypoblast; 18: Primitive yolk sac;

19: Coelom; 20: Chorion; 21: Yolk sac wall.

blast (Figs 7-6, 7-7). The endodermally lined portion
of the primitive yolk sac will later become enclosed
within the embryo proper and develop into the
primitive gut, whereas the hypoblast-lined portion
of the cavity will be displaced extra-embryonically
to form the definitive yolk sac (Fig. 7-8).

The development of the intra-embryonic meso-
derm parallels that of the endoderm. It arises from
a portion of the presumptive mes-endodermal cells
that ingressed through the primitive streak but now
remain in the space between the epiblast and the
hypoblast. Formation of mesoderm is not limited
to the area of the embryonic disc, however; meso-
dermal cells migrate far beyond the disc as the
extra-embryonic mesoderm (Figs 7-6, 7-7). Intra-
and extra-embryonic mesoderm each split into two
sheets: one associating with the epiblast and tro-
phectoderm to form the somatic or parietal meso-
derm, the other associating with the endoderm and
hypoblast as the visceral or splanchnic mesoderm
(Figs 7-6, 7-7). Together, the trophectoderm and
the extra-embryonic somatic mesoderm will form
the outer layers of the embryonic part of the pla-
centa, the chorion (see Chapter 9). The cavity
forming between the somatic and visceral meso-
derm is referred to as the coelom. Initially, the
coelom is only located outside the embryonic disc
and is therefore referred to as the extra-embryonic
coelom or exocoelom. Soon, however, the split
between the somatic and visceral mesoderm also
involves intra-embryonic mesoderm portions,
establishing an intra-embryonic coelom which,
with the cranio-caudal and lateral foldings of the
embryo, will later give rise to the body cavities (Fig.
7-8). When this happens, the somatic mesoderm
gives rise to the parietal portions of the peritoneum
and pleura, whereas the visceral mesoderm gives
rise to the visceral portions of these serous
membranes.

The intra-embryonic mesoderm is established in
a posterior to anterior direction, in part progressing
in parallel with the growing primitive streak. After
involution, cells spread both laterally, forming the
extra-embryonic mesoderm, and cranially, forming
intra-embryonic mesoderm. Soon, the rate of growth
of the entire embryonic disc overtakes that of the
primitive streak, and the disc is lengthened into an
initially oval, later pear-shaped, structure (Fig. 7-9).
From extending well over half the length of the
embryonic disc, the primitive streak gradually
becomes more and more posteriorly located as a
result of this differential growth.
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Fig. 7-7: Gastrulation in a sheep embryo at Day 13 of development. A: Tubular sheep embryo. The box (B) is enlarged in ‘B’.
B: The embryonic disc (1) surrounded by chorioamniotic folds (2). C: Longitudinal section through B. 1: Embryonic disc;
3: Epiblast; 4: Trophectoderm; 5: Mesoderm; 6: Endoderm; 7: Somatic mesoderm; 8: Visceral mesoderm; 9: Coelom;

10: Primitive yolk sac.

Along with the relative posterior withdrawal of
the primitive streak, a midline structure, the noto-
chord, is laid down - a pivotal step in the establish-
ment of the anterior-posterior embryonic axis (Figs
7-1, 7-6). The notochord is formed by epiblast cells
ingressing through the primitive node, a specialized
population of epiblast cells located at the anterior
end of the primitive streak. The first cells that ingress
through the primitive node form the prechordal
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plate, a mesodermal structure located just anterior
to the tip of the notochord.

During the process of gastrulation, involution
of cells forming the mesoderm and endoderm
occurs through different organizer regions within
the primitive streak. In the mouse, three such
organizer regions have been identified: an early-
gastrula organizer, contributing mainly to forma-
tion of extra-embryonic mesoderm; a mid-gastrula
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Fig. 7-8: Formation of the coelomic cavities. A, D, and G: Median sections of embryos at different stages of the cranio-
caudal folding. Arrows indicate the direction of folding. B, C, E, F, and H: Cross sections of embryos at different stages of
lateral folding. Arrows indicate the direction of folding. The section plane B is indicated in A, the section plane E is indicated in
D, and the section plane H is indicated in G. 1: Ectoderm; 2: Mesoderm; 3: Endoderm; 4: Amniotic cavity; 5: Primitive yolk
sac; 6: Extra-embryonic coelom; 7: Neural groove; 8: Paraxial mesoderm; 9: Intermediate mesoderm; 10: Lateral plate
mesoderm; 11: Intra-embryonic coelom; 12: Hindgut; 13: Yolk sac; 14: Allantois; 15: Mesamnion; 16: Somatopleura; 17:
Splanchnopleura. Modified from Sadler (2004).
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Fig. 7-9: Pear-shaped embryonic disc in a pig embryo at Day 12 of development. The primitive streak (arrows) and node (1)

are faintly visible.

organizer, contributing mainly to endoderm and
intra-embryonic mesoderm formation; and a late-
gastrula organizer region giving rise to the pre-
chordal plate and notochord. The late organizer
region is the primitive node.

Anteriorly, the notochord is delimited by the pre-
chordal plate, and anterior to this the epiblast is so
tightly adherent to the newly formed endoderm that
there is no space for intervening mesoderm (Fig.
7-6). This apposed epiblast and endoderm develops
into the buccopharyngeal membrane which for a
time seals the future opening between the oral cavity
and the pharynx (see Chapter 14). Posteriorly, the
notochord is delimited by a similar structure, the
cloacal membrane, which for a time seals the
common openings of the gut, urinary organs, and
reproductive tract into the cloaca (see Chapter 14).
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THE ECTODERM AND
ITS EARLY DERIVATIVES

The notochord’s signalling molecules, including
Sonic hedgehog (Shh), induce the overlying epiblast
to differentiate into neuroectoderm (see Chapter 8).
Hence, for a while, both the primitive streak (pos-
teriorly) and the nascent neural ectoderm (anteri-
orly) are visible on the surface of the embryonic disc
(Fig. 7-10).

Neuroectoderm

In the embryonic disc region anterior to the
primitive node, epiblast cells are induced to differ-
entiate into neuroectoderm, in part by the recently



Gastrulation, body folding and coelom formation - 7 -

established notochord. This is first recognized by the
formation of the neural plate (Fig. 7-10). Soon, the
lateral edges of the neural plate become elevated,
forming the neural folds that enclose a midline
depression known as the neural groove. The neural
folds gradually fuse over the neural groove to com-
plete the neural tube. Fusion is initiated in the
future embryonic cervical region and proceeds from
there in both anterior and posterior directions like
a double zipper. Hence, the neural tube initially
opens into the amniotic cavity anteriorly and poste-
riorly through the anterior and posterior neuro-
pores (Fig. 7-11). These pores eventually close, the
anterior one first and then the posterior. This process
represents the foundation of the first embryonic
organ system, the central nervous system (see
Chapters 8 and 10).

(A

®

Fig. 7-10: The embryonic disc seen from above

displaying the gradual development (B through D) of the
neuroectoderm in relation to the relative withdrawal of the
primitive streak. 1: Primitive node; 2: Primitive streak; 3: Cut
edge of trophectoderm and hypoblast; 4: Neural plate;

5: Neural groove; 6: Somite.

100 pm

Fig. 7-11: Formation of the neural groove and tube in a bovine embryo at Day 21 of development. The chorion has been
pinched off during collection of the embryo and so the extra-embryonic coelom is not delineated. A: The section planes (B, C)
indicate the location of the cross sections in ‘B’ and ‘C’. 1: Somite; 2: Inner epithelium of amniotic wall; 3: Mesoderm;

4: Rostral neuropore; 5: Surface ectoderm; 6: Notochord; 7: Endoderm; 8: Primitive yolk sac; 9: Neural tube; 10: Extra-

embryonic coelom.
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Along with the elevation and fusion of the neural
folds, certain cells at the lateral border or crest of the
neural folds become detached. This cell population,
known as the neural crest cells, will not participate
in formation of the neural tube; instead they migrate
widely and participate in the formation of many
other tissues, such as the integument (melanocytes),
other parts of the nervous system (including neurons
for the central, sympathetic and enteric nervous
system) and large parts of the craniofacial mesen-
chymal derivatives (see Chapter 8).

The mechanism whereby the neural crest cells
detach from the neural folds is comparable with that
occurring during ingression of epiblast cells in the
primitive streak and node - a second example of
epithelio-mesenchymal transition. As mentioned
above, the term mesenchyme refers to loosely
organized embryonic tissue regardless of germ layer
origin. Thus, both neuroectoderm (through the
neural crest cells) and mesoderm may give rise to
mesenchyme.

Surface ectoderm

After having allocated cells for endoderm, meso-
derm, the germ line and neuroectoderm, most of the
remaining more laterally located epiblast will dif-
ferentiate into surface ectoderm. Once the anterior
and posterior neuropores have closed, two bilateral
thickenings of the surface ectoderm, the otic placode
and the lens placode, are established in the embry-
onic cephalic ectoderm (Fig. 7-12). The otic placode
invaginates to form the otic vesicle, which will
develop into the inner ear for hearing and balance
(see Chapter 11), while the lens placode invaginates
and forms the lens of the eye (see Chapter 11). The
remaining surface ectoderm gives rise to the epider-
mis and associated glands of the skin (see Chapter
17), as well as the epithelium covering the oral and
nasal cavities (see Chapter 14) and the caudal
portion of the anal canal (see Chapter 14). The epi-
thelium covering the oral cavity gives rise to the
enamel of the teeth (see Chapter 14) and also part
of the pituitary gland, the adenohypophysis (see
Chapter 10).

THE MESODERM AND
ITS EARLY DERIVATIVES

Formation of the notochord provides an embryonic
midline axis as a template for the axial skeleton.
Initially, cells of the mesoderm form a thin sheet of
loosely woven mesenchyme on either side of the
notochord. Soon, however, starting in the occipital
region of the embryo, the mesoderm closest to the
notochord (the paraxial mesoderm) proliferates
and forms pairs of segmental thickened structures
known as somitomeres. In the head region, the
somitomeres, together with lateral plate mesoderm
and neural crest cells differentiate further into con-
nective tissue, bone, and cartilage. In the body
region they form somites from which dermis, skel-
etal muscle and vertebrae develop (Figs 7-8, 7-10,
7-11). In large animal species, somites are formed
at a rate of, on average, about six pairs a day. The
number of somites formed during this phase of
development therefore forms a basis for estimating
embryonic age.

More laterally, the mesoderm remains thin and
is therefore referred to as the lateral plate meso-
derm. The lateral plate mesoderm is continuous
with the extra-embryonic mesoderm. As described
above, formation of the extra-embryonic coelom
divides this part of the mesoderm into somatic and
visceral mesoderm (Fig. 7-8). With the continued
development of the coelom, an intra-embryonic
coelom similarly divides the lateral plate mesoderm.
Within the embryo, the somatic mesoderm associ-
ates with the surface ectoderm to constitute the
somatopleura while the visceral mesoderm associ-
ates with the endoderm to form the splanchno-
pleura (Fig. 7-8). Between the paraxial and lateral
plate mesoderm, the intermediate mesoderm is
established.

Paraxial mesoderm

As a general rule, development proceeds in an ante-
rior to posterior direction (one exception to this was
the development of the primitive streak). Accord-
ingly, formation of somites progresses from the
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Fig. 7-12: Pig embryo at Day 18 of development presenting the optic (1) and otic (2) placodes.

occipital region posteriorly. In the head region, the
somitomeres, together with a similar segmentation
of the neural plate, form neuromeres (see Chapters
9, 10). From the occipital region and posteriorly, the
somitomeres gradually organize into somites. Each
somite subsequently differentiates into three com-
ponents (Fig. 7-13). The ventro-medial part of the
somite associates with the notochord establishing
the sclerotome which patterns formation of the ver-
tebral column (see Chapter 16). The dorso-lateral
part of each somite forms regionalized precursors of
both dermal and muscle tissue, the dermamyo-
tome. From this structure, dorso-medially and
ventromedially located cell populations forms the
myotome and a dorso-laterally located group
becomes the dermatome. The myotome of each

somite contributes to muscles of the back and limbs
(see Chapter 16), while the dermatome disperses
and forms the dermis and subcutis of the skin (see
Chapter 17).

Later, each myotome and dermatome will receive
its own segmental nerve component (see Chapter
10). Clinically speaking, it is important to appreci-
ate that this innervation from the segment of origin
is retained throughout life.

Intermediate mesoderm

The intermediate mesoderm, which connects parax-
ial and lateral plate mesoderm, differentiates into
structures of both the urinary system and the gonads,
together referred to as the urogenital system (see
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Fig. 7-13: Cross sections of embryos showing the gradual (A, B, C through D) differentiation of the somites. 1: Neural groove;
2: Somite; 3: Notochord; 4: Sclerotome; 5: Dermamyotome; 6: Neural tube; 7: Dorsal aorta; 8: Dermatome; 9: Myotome.

Modified from Sadler (2004).

Chapter 15). Analogously to processes described for
the paraxial mesoderm, the intermediate mesoderm
in the cervical and cranial thoracic regions forms
segmental cell clusters known as nephrotomeres.
However, more caudally an unsegmented mass of
tissue is formed. This is the nephrogenic cord
forming a temporary kidney, the mesonephros, on
the medial aspect of which the gonads start to form
at a relatively early stage of development in order to
receive the primordial germ cells. The primordial
germ cells initially escape from the epiblast during
formation of the somatic germ layers, but later
return to populate the developing gonad (see
Chapters 4 and 15).

Lateral plate mesoderm and
body folding

During a series of anterior-posterior and lateral
foldings, the subdivision of the coelom into intra-
and extra-embryonic cavities becomes progressively
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better defined and the embryonic body gradually
assumes the shape of a closed tube enclosing
another tube, the primitive gut (Fig. 7-8). The
somatopleura will form the lateral and ventral
body wall of which the somatic mesoderm will
provide the inner lining (giving rise to the peri-
toneum and pleura) and the ectoderm the outer
lining (the epidermis). The splanchnopleura will
form the wall of the primitive gut and its deriva-
tives in which the endoderm will provide the inner
lining (the lamina epithelialis of the tunica
mucosa). The visceral mesoderm will provide all
other components of the gut and its derivatives.
Soon, the intra-embryonic coelom will be divided
into the peritoneal, pleural and pericardial cavities.
Thus the serous membranes lining the parietal sur-
faces of each of these cavities are derived from
the somatic mesoderm, whereas the serous mem-
branes lining the visceral surfaces (and hence cover-
ing the organs) are derived from the visceral
mesoderm.
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Blood and blood vessel formation

Both blood and blood vessels appear to arise from
common mesoderm precursor cells, the haeman-
gioblasts. These differentiate into haematopoietic
stem cells (forming blood cells) and angioblasts
that form endothelial cells which coalesce to form
blood vessels (see Chapter 12).

The first sign of blood and blood vessel forma-
tion is seen in the visceral mesoderm of the splanch-
nopleura covering the extra-embryonic yolk sac.
However, this appears to be only a transient phe-
nomenon; later, haematopoiesis moves first to the
liver and spleen and then to the bone marrow (see
Chapter 12).

THE ENDODERM AND
ITS EARLY DERIVATIVES

The inner epithelial lining of the gastrointestinal
tract and its derivatives is the main component
derived from the endoderm (Fig. 7-8). Initially, the
epithelium of the roof of the primitive yolk sac is
formed by the endoderm, which is continuous with,
and displaces, the hypoblast. With the anterior-pos-
terior and lateral foldings of the embryo, the endo-
derm-enclosed portion of the primitive yolk sac is
enclosed within the embryo forming the primitive
gut, whereas the hypoblast-enclosed portion
becomes localized outside the embryo to form the
definitive yolk sac. The term yolk sac may be confus-
ing, as the cavity may seem to share very little simi-
larity with the yolk sac of the fowl. As will be
described in Chapter 9, the yolk sac plays only a
transient role in the pig and ruminants. However, in
both the horse and carnivores it is essential during at
least the initial establishment of the placenta. Thus,
the yolk sac of domestic animals is somewhat analo-
gous to the structure in the fowl, in that it has a nutri-
tive function during embryonic development.

The primitive gut comprises cranial (foregut),
middle (midgut) and caudal (hindgut) parts. The
midgut communicates with the yolk sac through the
vitelline duct (Fig. 7-8). This duct is wide initially
but, as development proceeds, becomes long and

narrow and is eventually incorporated into the
umbilical cord (see Chapter 9). The endoderm
forms the epithelium of the gastro-pulmonary
system and the parenchyma of its derivatives. Endo-
derm of the foregut gives rise to the pharynx and
its derivatives, including the middle ear, the paren-
chyma of the thyroid gland, the parathyroid glands,
the liver and the pancreas, and the reticulated stroma
of the tonsils and thymus, as well as the oesopha-
gus, stomach, liver and pancreas (see Chapter 14).
At its anterior end, the foregut is temporarily closed
by an ectodermal-endodermal membrane, the buc-
copharyngeal membrane. At a certain stage of
development, this membrane ruptures and open
communication between the amniotic cavity and
the primitive gut is established. The midgut gives
rise to most of the small and the large intestine
down to the transverse colon whereas the hindgut
gives rise to the transverse and descending colon as
well as the rectum and part of the anal canal. At its
caudal end, the hindgut temporarily dilates to form
the cloaca, a cavity transiently common to both the
developing gastrointestinal and urogenital systems
(see Chapters 14 and 15). The cloaca is separated
from the amniotic cavity by the cloacal membrane,
composed of closely apposed ectoderm and endo-
derm, like the buccopharyngeal membrane. After
separation of the gastrointestinal and urinary
systems, the cloacal membrane breaks down,
opening the two systems into the amniotic cavity via
the anus and urogenital sinus respectively.

Formation of the allantois

During the second or third week of development,
depending on the species, the allantois is formed as
an outgrowth from the hindgut into the extra-
embryonic coelom (Fig. 7-8). In ruminants and the
pig, the allantois assumes a T-shaped appearance
with the top bar of the T being located as a trans-
verse cavity just caudal to the embryo proper and
the stem of the T connected with the hindgut
(Fig. 7-2). Like the vitelline duct, the allantoic duct,
connecting the allantoic cavity and the hindgut,
becomes incorporated into the umbilical cord as
a consequence of embryonic foldings. Since the
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allantois is diverticulum of the hindgut, its wall is
composed of an inner epithelial lining of endoder-
mal origin and an outer layer derived from the vis-
ceral mesoderm. As the allantois enlarges, the
visceral mesodermal part of its wall fuses with the
somatic mesoderm of the chorion and, finally, more
or less covers the amnion. The fusion of the allan-
toic and chorionic walls forms the embryonic part
of the allantochorionic placenta found in the
domestic animals (Fig. 7-8; see Chapter 9). The
intra-embryonic proximal portion of the allantoic
duct, extending from the hindgut to the umbilicus,
is referred to as the urachus and gives rise to the
urinary bladder (see Chapter 15). Through initial
gestation, the allantoic cavity serves as a repository
of the wastes excreted through the embryo’s devel-
oping urinary system.

THE PRIMORDIAL GERM CELLS

During formation of the mesoderm and endoderm,
a certain population of epiblast cells is set aside for
formation of the future germ line. These primordial
germ cells are not well described in the domestic
animals but, at least in pigs and cattle, they seem to
become recognizable for the first time in the poste-
rior rim of the embryonic disc during gastrulation.
As the somatic germ layers form, the primordial
germ cells are displaced from the embryonic disc
area to the wall of the definitive yolk sac and, to
some degree, of the allantois (see Chapter 4). How
this comes about is not known, but probably
involves passive carriage with the endoderm. The
primordial germ cells multiply in the yolk sac wall
and then, by active or passive means, relocate into
the area of the genital ridges as the ridges develop
from the intermediate mesoderm (see Chapter 4).
The relocation pathway, in the pig at least, passes
through the visceral mesoderm connecting the stalks
of both the yolk sac and the allantois to the hindgut.
On arrival in the genital ridge, the primordial germ
cells continue to multiply for a while (the time
varying with species) until they either initiate
meiosis (female embryo) or enter mitotic arrest
until puberty (male embryo; see Chapter 4).

SUMMARY

During the gastrulation, the epiblast forms the
primitive streak through which cells involute to
form the endoderm and mesoderm and the pri-
mordial germ cells. The remaining epiblast gives
rise to the ectoderm.

The first organ to form in the developing embryo
is the central nervous system, derived from the
ectoderm. During neurulation, neuroectoderm is
formed and establishes the neural tube that eventu-
ally differentiates into brain vesicles and spinal cord.
Before closure of the neural tube a population of
neural crest cells is detached. This specialized cell
population participates in the formation of many
tissues including components of the central,
enteric and peripheral nervous systems. After dif-
ferentiation of the neuroectoderm, the remaining
part of the ectodermal germ layer forms surface
ectoderm giving rise to the epidermis including
hair, horn, claws, hooves and subcutaneous
glands.

The endoderm gives rise to the gastrointestinal
tract, respiratory tract, parts of the urinary system,
parts of the middle ear, the parenchyma of the
thyroid gland, the parathyroid glands, the liver and
the pancreas, and the reticular stroma of the tonsils
and thymus.

The mesoderm is partitioned into paraxial, inter-
mediate and lateral plate mesoderm. In the cranial
region, the paraxial mesoderm forms paired somito-
meres that will later participate in head formation.
More caudally, the somitomeres form somites. Each
somite gives rise to a sclerotome, a myotome and a
dermatome. The sclerotome forms the basis of the
axial skeleton (the vertebral column). From the
myotome comes the body wall, limb and epaxial
musculature. The dermatome gives rise to the dermis
and subcutis of the skin. The urogenital system is
derived from the intermediary mesoderm. Essential
to the genital system are the primordial germ cells;
formed early during gastrulation, these cells are allo-
cated to the yolk sac and allantois during germ layer
formation, and are finally incorporated into the
genital ridges derived from the intermediate meso-
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derm. The lateral plate mesoderm splits into somatic
and visceral sheets thereby forming the intra-embry-
onic coelom. The somatic mesoderm associates
with the trophectoderm, forming the chorion, and
with the surface ectoderm to form the somato-
pleura. Likewise, the visceral mesoderm associates
with the endoderm forming the splanchnopleura.

The somatopleura gives rise to the parietal serous
membranes of the body cavities including the peri-
toneum, pleura and pericardium, whereas the
splanchnopleura gives rise to the serous membranes
covering internal organs. Blood and blood vessels,
the cortical portion of the adrenals and the spleen
are also mesodermal derivatives.

Box 7-1 Molecular regulation: establishment of the body axes

The dorso-ventral embryonic axis is established
during blastulation when the ICM becomes
positioned at one pole of the blastocyst with its
external cells facing the overlying trophectoderm
and its internal cells facing the blastocyst cavity
(see Chapter 6). With differentiation, the internal
ICM cells delaminate and form the hypoblast while
the epiblast is provided a dorso-ventral axis with its
dorsal cells facing the trophectoderm, i.e. Rauber’s
layer. The anterior-posterior (future cranial-caudal)
embryonic axis is apparently not established until
gastrulation. In laboratory species, an anterior-
posterior axis is first evident when the anterior
embryonic pole becomes marked by an area of
hypoblast cells expressing a range of factors with
neural-inducing properties. These include
transcription factors such as Otx2 and Hesx1, and
signalling molecules such as Dickkopf 1 (Dkk1) and
Cerberus-like 1 (Cer-l). This area of the hypoblast is
known as the anterior visceral endoderm (AVE)
in the mouse, and as the anterior marginal crest
(AMC) in the rabbit. At least in these species, the
AVE or AMC hypoblast induces the overlying
epiblast to start differentiating in a neural direction,
thereby establishing the future embryonic head
region. Interestingly, this occurs even before
formation of the primitive streak at the posterior
pole of the embryonic disc. Later, signalling
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CHAPTER

Fred Sinowatz

Neurulation

Neurulation is a fundamental event of embryogen-
esis. It leads to the formation of the neural tube, the
precursor of the central nervous system including
the brain and spinal cord. This organ system is the
first to initiate its development; functionally,
however, it is overtaken by the development of the
vascular system, which is the first organ system to
gain function.

FORMATION OF THE NEURAL TUBE:
PRIMARY AND SECONDARY
NEURULATION

During neurulation, which is conventionally divided
into primary and secondary phases, the epiblast is
induced to form neural ectoderm (Fig. 8-1). The
first morphological sign of primary neurulation is
a dorsal thickening in the anterior ectoderm con-
comitant with regression of the primitive streak.
This elliptical region of specialized thickened ecto-
derm is referred to as the neural plate. Subsequently,
the neural plate undergoes a shaping which con-
verts it into a more elongated key-hole-shaped struc-
ture with broad anterior and narrow posterior
regions. The main driving force of neural plate
shaping seems to come from convergent extensions
that cause a net medially directed movement of cells
with intercalation in the midline. This leads to
lengthening and narrowing of the neural plate.
Neural plate shaping is followed by the develop-
ment of two lateral elevations, the neural folds, on
either side of a depressed midregion referred to as
the neural groove. In pigs and cattle the neural folds
become clear during the third week of development.
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Development of the anterior neural folds seems to
be highly dependent on the underlying mesen-
chyme which proliferates and expands markedly,
with a notable increase in its extracellular spaces, as
the elevation of the folds begins. In the spinal part
of the neural tube, expansion of the paraxial neural
fold elevation is not accompanied by elevation of
mesenchyme.

The neural folds continue to elevate, appose in
the midline, and, eventually, fuse to create the
neural tube which becomes covered by the surface
ectoderm that will develop into the future epider-
mis. This process is facilitated by the cytoskeleton
(microfilaments and microtubuli) of neural plate
cells, and by extrinsic forces from underlying
paraxial and notochordal tissues. This primary
neurulation creates the brain and most of the
spinal cord.

In the tail bud, the neural tube is formed by sec-
ondary neurulation. This is a different mechanism,
without neural folding, in which the spinal cord
initially forms as a solid mass of epithelial cells, and
a central lumen develops secondarily by cavitation.
The transition from primary to secondary neurula-
tion occurs at the future upper sacral level.

Bending of the neural plate and
apposition of neural folds

The bending of the neural plate, which is observed
during primary neurulation, occurs at three princi-
pal sites: the median hinge point (MHP), overlying
the notochord, and the paired dorsolateral hinge
points (DLHP) at the points of attachment of the
surface ectoderm to the outside of each neural fold.
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Fig. 8-1: Development of the neural tube and the neural crest. The lateral edges of the neural plate are elevated and become
the neural folds. The depressed midregion of the neural plate is called the neural groove. The neural folds continue to rise,
appose in the midline and fuse to create the neural tube, which becomes covered by future epidermal ectoderm. As the
neural folds rise and fuse, cells at the lateral border of the neuroectoderm (neural crest cells) begin to dissociate from their
neighbours, undergo an epithelio-mesenchymal transition, and leave the neuroectoderm. 1: Surface ectoderm; 2: Neural plate;
3: Neural groove; 4: Neural crest; 5: Neural tube; 6: Spinal ganglion; 7: Anterior neuropore; 8: Posterior neuropore;

9: Notochord; 10: Primitive node; 11: Primitive streak; 12: Somites.

The MHP is induced by signals from the notochord
and is the sole site of bending in the upper spinal
neural plate.

Gradually, the neural folds approach each other
in the midline, where they eventually fuse. The actin
microfilaments of the neuroepithelial cells play a
significant role in anterior neurulation. This has
become apparent from mouse mutant data and
from studies using cytochalasin (a drug that disas-
sembles actin microfilaments) which, in several
species, have shown that neural tube closure, espe-
cially in the anterior part, is highly dependent on
the actin cytoskeleton. Spinal neurulation, on the
other hand, is more resistant to the disruption of
actin microfilaments.
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Cellular protrusions extend from apical cells of
the neural folds as they approach one another in the
dorsal midline and interdigitate as the folds come
into contact. This allows a first cell-cell recognition
and provides an initial adhesion pending later
establishment of permanent cell contacts.

Fusion of neural folds

Fusion begins in the cervical region and proceeds
anteriorly and posteriorly from there. This fusion is
mediated by cell-surface glycoconjugates. As a result
of these processes, the neural tube is formed and
separated from the overlying ectodermal sheet.
Until fusion is complete, the anterior and posterior



ends of the neural tube communicate with the
amniotic cavity via two openings, the anterior and
posterior neuropores. Closure of the anterior neu-
ropore occurs in the bovine embryo at approxi-
mately Day 24 (18 to 20 somite stage), whereas the
posterior neuropore closes two days later (25 somite
stage). Neurulation is then complete. The central
nervous system is represented at this time by a
closed tubular structure with a narrow posterior
portion, the anlage of the spinal cord, and a much
broader cephalic portion, the primordium of the
encephalon. During neurulation, the neuroepithe-
lium is entirely proliferative; cells do not begin to
exit the cell cycle and start neuronal differentiation
until after the neural tube closure is complete.

Apoptosis during neurulation

During neurulation, cell proliferation is also accom-
panied by some degree of apoptosis in the neu-
roepithelium. The rate of apoptosis appears to be
finely tuned and it seems to be equally detrimental
if the intensity of apoptosis is increased or decreased.
Excessive apoptosis disturbs anterior neurulation by
leaving too few normally functioning cells for mor-
phogenesis, but there are also data indicating that
reduced cell death from too little apoptosis can lead
to neural tube closure defects.

Apoptosis at the tips of the neural folds may serve
a special function. After opposing neural folds have
made contact and adhered to each other, midline
epithelial remodelling by apoptosis breaks the con-
tinuity between the neuroepithelium and surface
ectoderm. Inhibition of apoptosis produces spinal
neural tube defects, probably by preventing this
dorsal midline remodelling.

NEURAL CREST

Formation of neural crest

As the neural folds elevate, cells of the lateral border
or crest of the neuroepithelium, the neural crest,
undergo an epithelio-mesenchymal transition as
they leave the neuroectoderm by active migration
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into the underlying mesoderm (Fig. 8-1). Induction
of neural crest cells requires interactions between
neural and overlying surface ectoderm. Neural crest
cells are specified as the result of an inductive
instruction by the surface ectoderm. The instruction
is possibly mediated by a gradient of bone morpho-
genetic protein 4 (BMP4), BMP7, and Wnt. Bone
morphogenetic proteins secreted by surface ecto-
derm initiate this process. Thus stimulated, neural
crest cells express slug, a transcription factor of the
zinc finger family that characterizes cells that break
away from an embryonic cell layer to migrate as
mesenchymal cells.

Neural crest cell migration and neurulation are
temporally and spatially related in the anterior parts
of the neural tube, but in the midbrain and hind-
brain, neural crest cells begin to detach from the
apices of the neural folds and start to migrate well
in advance of neural tube closure. In contrast, in the
spinal cord region, migration of neural crest cells
does not begin until several hours after spinal neural
tube closure is complete.

Migration of neural crest cells

The pathway by which the neural crest cells leave
the neural tube depends on the region. Migrating
crest cells give rise to a heterogeneous array of cells
and tissues. Neural crest cells that leave the anterior
parts of the neural folds, before closure of the neural
tube in this region, contribute to the craniofacial
skeleton and other mesenchymal derivatives, but
can also differentiate into several other cell types
including neurons of the cranial ganglia, Schwann
cells and melanocytes Table 8-1.

Neural crest cells break free from the neural plate
or neural tube by changing their shape and other
properties from those of typical neuroepithelial cells
to those of mesenchymal cells. In the head region,
incipient neural crest cells send out processes that
penetrate the basal lamina underlying the neural
epithelium. After the basal lamina is further
degraded, the neural crest cells, by this time mesen-
chymal in appearance, pass through the remnants
of the basal lamina and migrate into the surround-
ing mesenchyme.
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Table 8-1: Major derivatives of the cranial and circumpharyngeal neural crest

Sensory nervous system

Ganglia of trigeminal nerve (V), facial nerve (Vll), glossopharyngeal

nerve (superior ganglion), vagus nerve (jugular ganglion)

Autonomic nervous system

Parasympathetic ganglia: ciliary, ethmoidal, sphenopalatine,

submandibular, visceral
Satellite cells of sensory ganglia, Schwann cells of peripheral nerves,
leptomeninges of prosencephalon and part of mesencephalon

Endocrine cells

Carotid body, parafollicular cells of thyroid

Pigment cells

Melanocytes

Mesectodermal cells

Cranial vault (squamosum and part of os frontale), nasal and orbital

bones, part of the otic capsule, palate, maxilla, visceral cartilage,
part of external ear cartilage

Connective tissue

Dermis and adipocytes of the skin, cornea of the eye, odontoblasts,

stroma of glands (thyroid, parathyroid, thymus, salivary, lachrymal),
outflow tract of heart, cardiac semilunar valves, walls of aorta and
aortic-arch derived arteries

Muscle

Ciliary muscle; dermal smooth muscles, vascular smooth muscle

A significant change accompanying the epithe-
lial-mesenchymal transition of the neural crest cells
is their loss of cell adhesiveness due to loss of adhe-
sion molecules (CAMs) characteristic of the neural
tube (e.g. N-CAM, and N-cadherin).

After leaving the neuroepithelium, the neural
crest cells encounter an environment relatively
poor in cells but rich in extracellular-matrix mol-
ecules. In this specialized environment, neural crest
cells migrate along several well-defined pathways
to extents that are influenced by both intrinsic
properties of the cells and the environment they
encounter.

Migration is supported by components of the
extracellular matrix: molecules found in the basal
lamina, such as fibronectin, laminin and type IV
collagen. Attachment to, and migration over, these
substrate molecules is mediated by integrins (a
family of attachment molecules) on the migrating
cells. Balancing the process, other molecules of the
extracellular matrix, such as chondroitin sulphate
proteoglycans, inhibit the migration of neural crest
cells.

Fig. 8-2: Migratory paths of neural crest cells in the head
region (modified after Sadler, 2006). Cells leaving the neural
crest migrate and form structures in the face and neck. 1-6:
Pharyngeal arches; V, VII, IX and X: Epibranchial placodes.
Reproduced with permission from Lippincott Williams &
Wilkins.

Anterior neural crest

Neural crest cells in the developing head (Fig. 8-2)
and trunk follow different migration pathways.
The anterior neural crest is a major component of
the developing cephalic end of the embryo. Com-
parative anatomical and developmental research



suggests that the anterior neural crest is the major
morphological substrate for the evolution of the
vertebrate head. Leaving the nascent neurotube well
before fusion of the neural folds, the anterior neural
crest cells migrate in diffuse streams throughout the
anterior mesenchyme to reach their final destina-
tions in the developing head, their paths controlled
by local differences in the extracellular matrix.

The origins of the neural crest in the anterior
rhombencephalon significantly influence their ulti-
mate destination within the pharyngeal arches (see
Chapter 14), and the expression of certain gene
products. Neural crest cells from rhombomeres 1
and 2 migrate into the first pharyngeal arch and
form the bulk of its mesenchyme. Neural crest cells
of rhombomere 4 migrate into the second arch,
and those of rhombomeres 6 and 7 into the third
arch. A close correlation can be demonstrated
between migration pattern of the rhombomeric
neural crest cells and the expression of products of
the HoxB gene complex (see Chapter 14). Products
of the HoxB-2, HoxB-3, and HoxB-4 genes are
expressed in a regular sequence in both the neural
tube and the neural-crest-derived mesenchyme of
the second, third, and fourth pharyngeal arches, but
not in thombomere 2 nor in the first pharyngeal
arch mesenchyme. After the pharyngeal arches have
become populated with neural crest cells, the ecto-
derm overlying the arches also expresses a similar
pattern of HoxB gene products. These interactions
between the neural crest cells and the surface ecto-
derm of the pharyngeal arches may influence how
the ectoderm of the arches differentiates.

It was assumed for a long time that, in contrast
to trunk neural crest cells, cells from the anterior
neural crest are pre-programmed, having already
been imprinted with distinct morphogenetic instruc-
tions before they left the neural tube. However,
recent experiments have shown that environmental
factors play a decisive role in determining the fate
of the anterior neural crest cells: many of the regional
influences on their differentiation are now recog-
nized to result from interactions encountered during
migration.

Anterior neural crest cells differentiate into a
wide variety of cell and tissue types (Table 8-2; see
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Table 8-2: Major derivatives of the trunk neural
crest

Sensory nervous
system

Spinal ganglia

Autonomic nervous
system

Ganglia of the sympathetic
chain, coeliac and
mesenteric ganglia,
visceral and pelvic
plexuses, Schwann cells
of peripheral nerves
Satellite cells of sensory
ganglia, enteric glial cells

Endocrine cells Adrenal medulla,
neurosecretory cells of

heart and lung

Pigment cells Melanocytes
Mesectodermal cells None
Connective tissue None
Muscle None

Chapters 14 and 16) including connective tissue
and skeletal tissues of the head.

Circumpharyngeal neural crest

The circumpharyngeal neural crest arises in the
posterior rhombencephalic region, and in the lower
part of the pharynx. Cells from this region migrate
towards the gut (parasympathetic vagal neural crest
cells, originating from the levels of somites 1 to 7)
and the heart (cardiac neural crest cells, originating
from the anterior rhombenecephalon to the level of
somite 5), where they significantly contribute to the
cardiac outflow tract (see Chapter 12). Vagal neural
crest cells migrate into the developing gut as precur-
sors of the parasympathetic neurons of the digestive
tract. They migrate posteriorly until, together with
neural crest cells from the sacral region, they popu-
late the entire length of the gut. These cells form the
submucosal and myenteric plexuses.

The cardiac neural crest cells contribute mas-
sively to the truncoconal folds that separate the
outflow tract of the heart into aortic and pulmonary
segments, to the leaflets of the semilunar valves at
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the base of the outflow tract, and to the walls of the
proximal coronary arteries near their attachment to
the ascending aorta (see Chapter 12). They may also
modify the signals leading to the normal differentia-
tion of myocardial cells. The cardiac neural crest
cells can also differentiate into Schwann cells of the
cranial nerves.

A significant fraction of the cardiac neural crest
population becomes associated with other organs,
including the thymus, parathyroid, and thyroid
glands. Several severe abnormalities of these organs
result from deficiencies of the cardiac neural crest.
One such is the DiGeorge syndrome, caused by a
deletion on chromosome 22 in humans. This syn-
drome is characterized by hypoplasia and reduced
function of the thymus, thyroid, and parathyroid
glands, as well as cardiovascular defects, such as
persistent truncus arteriosus and abnormalities of
the aortic arches.

Circumpharyngeal neural crest cells also migrate
ventrally to the pharynx. There, they accompany the
somite-derived myoblasts that are migrating anteri-
orly to form the intrinsic muscles of the tongue and
the hypopharyngeal muscles, and also contribute to
the connective tissue of these muscles. A disturbance
in this region of cardiac neural crest cells can result
in cardiac septal defects (aorticopulmonary sep-
tum), as well as glandular and craniofacial
malformations.

Trunk neural crest

The trunk neural crest extends from the sixth somite
to the most posterior somites. Within the trunk,
three main migratory pathways of neural crest cells
can be discerned. One is a dorsolateral pathway
between the ectoderm and the somites. The cells
that take this pathway disperse beneath the ecto-
derm and ultimately enter it as pigment cells
(melanocytes). In the second ventromedial
pathway, neural crest cells initially move into the
space between the somites and the neural tube in
the anterior half of the embryo. The pathway con-
tinues just under the ventromedial surface of the
somites, leading the migrating cells to the dorsal
aorta. Cells that use this branch belong to the

sympathoadrenal lineage and contribute to the
sympathetic nervous system and to the adrenal
medulla. A third ventrolateral pathway goes into
the anterior halves of the somites. Cells that follow
this pathway form the segmentally arranged sensory
or spinal ganglia.

The sympathoadrenal lineage is derived from
committed sympathoadrenal progenitor cells that
have already passed a number of restriction points
so that they can no longer form sensory neurons,
glia, or melanocytes. These progenitor cells give rise
to four types of cellular progeny: (1) adrenal chro-
maffin cells, (2) small, intensely fluorescent cells
found in the sympathetic ganglia, (3) adrenergic
sympathetic neurons, and (4) a small population
of cholinergic sympathetic neurons.

Somewhat further down this cellular lineage, a
bipotential progenitor cell that can give rise to either
adrenal chromaffin cells or sympathetic neurons is
found. The bipotential progenitor cells already
possess some neuronal traits, but final differentia-
tion depends on their environment. In the presence
of fibroblast growth factor (FGF) and nerve growth
factor (NGF) in early sympathetic ganglia, these pre-
cursors differentiate into definitive sympathetic
neurons. If, on the other hand, precursor cells in the
developing adrenal medulla encounter glucocorti-
coids secreted by adrenal cortical cells, they lose
their neuronal properties and differentiate into
adrenal chromaffin cells. This choice, however, is
not absolute; chromaffin cells can be stimulated
after birth to transdifferentiate into neurons if they
are exposed to NGF in vitro.

The entire length of the gut is populated by neu-
ral-crest-derived parasympathetic neurons and asso-
ciated cells, the enteric glia. These arise from neural
crest cells at the cervical (vagal) and sacral levels
which, under the influence of glial-derived neuro-
trophic factor (GDNF), migrate extensively along
the developing gut. Sacral neural crest cells colonize
the hindgut, but even there they form only a minor-
ity of the enteric neurons; the majority are derived
from vagal neural crest cells. Within the gut the
neural crest cells form the enteric nervous system
which, in many respects, acts like an independent
component of the nervous system. The number of



enteric neurons nearly matches the number of
neurons in the spinal cord, and most of them are
not directly connected to the brain or spinal cord.
This independence explains how the bowel can
maintain reflex activity in the absence of input from
the central nervous system.

Neural crest cells are not committed to form gut-
associated nervous tissue before leaving the spinal
cord. Experimentally, if vagal neural crest is replaced
by the neural crest of the trunk (which normally
does not give rise to gut-associated derivatives) the
gut is colonized by the transplanted trunk-level
neural crest cells. Evidence that the pathways of
migration affect differentiation is seen in the neuro-
transmitters produced by these transplanted crest
cells. Hence, the parasympathetic neurons, differen-
tiated from ectopically transplanted trunk neural
crest cells, produce serotonin, not catecholamines,
in the gut. Had they differentiated in their normal
sites in the trunk, these neurons would have pro-
duced catecholamines and not serotonin.

Despite the strong influence of the environment
of the gut on the differentiation of neural crest cells,
the cells retain a surprising degree of developmental
flexibility. If crest-derived cells already in the gut of
avian embryos are re-transplanted into the trunk
region of younger embryos, they seem to lose the
memory of their former association with the gut.
They enter the pathways common to all trunk crest
cells (with the exception of pigment cell pathways)
and differentiate accordingly.

Most neural crest precursors of gut-associated
parasympathetic neurons express the basic helix-
loop-helix transcription factor, Mash 1, which is
also expressed in the precursors of sympathetic, but
not of sensory, neurons. Expression of Mash 1,
which appears to maintain the competence of the
postmigratory cells in the gut to differentiate into
neurons, is stimulated by the growth factors BMP2
and BMP4. Other environmental factors are required
for complete commitment of these cells to form
autonomic neurons.

Compared to the anterior neural crest, the trunk
neural crest has a relatively limited range of differ-
entiation options. The derivatives of the trunk
neural crest are summarized in Table 8-2.

Neurulation -

Phylogenetic origin of the neural crest

Phylogenetically, the neural crest is a typical verte-
brate feature. Its derivatives are often regarded as
being homologous with the epidermal and visceral
nerve plexus found in non-vertebrates. Therefore, it
is assumed that the neural crest arose as a result of
the centralization of the nervous system seen in
vertebrates.

During evolution, vertebrates also developed
special sense organs and locomotor structures. To
protect and support these evolutionarily ‘new’
acquisitions, skeletal structures also developed.
Therefore, it can be assumed that the neural crest of
vertebrates evolved as a result of changes of the
nervous system and in the need to protect structures
for the special sense organs and muscles. With this
in mind, it should not be surprising that neural crest
cells have two basic developmental fates: they form
the ganglionic elements and supporting structures
of the peripheral nervous system and they can dif-
ferentiate into mesenchyme (ectomesenchyme).
Depending on the level from which neural crest cells
start to migrate, developmental fates differ: anterior
neural crest, formed anterior to somite 7, can form
neurons and ectomesenchyme. Trunk neural crest,
posterior to somite 7, forms neural structures and
somites but, under physiological conditions, no
ectomesenchyme.

SUMMARY

During primary neurulation, the neural plate is
formed in the anterior portion of the epiblast. Sub-
sequently, neural folds define the neural groove
and neural tube. The posterior portion of the
neural tube is formed by secondary neurulation
where a solid neural cord develops a lumen sec-
ondarily. The anterior and posterior ends of the
neural tube communicate with the amniotic cavity
via the anterior and posterior neuropores that
close later.

As the neural folds elevate, cells of the lateral
border or crest of the neuroepithelium, the
neural crest, undergo an epithelio-mesenchymal
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transition as they leave the neuroectoderm to enter
the underlying mesoderm by active migration. The
neural crest is now regarded as a pluripotent stem cell
population that makes vital contributions to a wide
array of both neural and non-neural organ systems.
Neural crest cells migrate to peripheral locations
throughout the body. They differentiate into many
cell types, such as neurons, glial cells of the periph-
eral nervous system, melanocytes, and adrenal med-
ullary cells. Cranial and circumpharyngeal neural
crest cells also differentiate into cartilage, bone,

dentin, dermal fibroblasts, smooth muscle cells,
stroma of pharyngeal glands and several structures of
the heart and great vessels. Neural crest cells in the
trunk take three main paths for their migration: a
dorsolateral pathway for melanocytes, a ventral
pathway for cells of the sympatho-adrenal lineage,
and a ventrolateral pathway running through the
anterior halves of the somites for cells forming
sensory ganglia. In contrast to cranial and circum-
pharyngeal neural crest cells, neural crest cells in the
trunk cannot differentiate into skeletal elements.

Box 8-1 Formation of the neural crest and migration of neural crest cells

The formation of the neural crest is induced by
interactions of the neural plate with paraxial
mesoderm or non-neural ectoderm. Several
signalling pathways converge at the border
between neural and non-neural ectoderm where
the neural crest is established. Among the
molecules identified in this process are members of
the BMP, Wnt, FGF and Notch signalling pathway
families. The concerted action of these signals and
their downstream targets will define the identity of
the neural crest. Although the neural crest is a
vertebrate innovation, comparative genomic results
suggest that its migratory properties evolved by
utilizing programs that are already present in the
common vertebrate-invertebrate ancestor. Various
mechanisms control neural crest cell migration in
different regions of the body. In the trunk, cell-cell
interactions predominate and the mesodermal
somites control the rostro-caudal patterning of
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9

Comparative placentation

Upon entering the uterine cavity, the embryo is ini-
tially nourished by secretions from the uterine
glands. Collectively, these products are known as
histotrophe or ‘uterine milk’. However, with devel-
opment this arrangement rapidly becomes inade-
quate. To counteract the insufficiency, a close
relationship has to be established between extra-
embryonic tissues, which are vascularized from the
embryo proper, and the maternal circulatory
system. This allows the embryo to import blood-
borne maternal nutrients, the haemotrophe, and to
export its own waste products. Together, histotro-
phe and haemotrophe are referred to as embryo-
trophe. To accomplish exchange between the
mother and her embryo a temporary organ, the
placenta, is formed by contributions of both extra-
embryonic and maternal tissues. As will be
explained below, formation of the placenta (pla-
centation) necessitates close synchrony between
the state of uterine receptivity and the stage of
embryonic development.

In rodents and primates, the newly hatched blas-
tocyst attaches to the endometrial epithelium and,
due to the invasive nature of the trophectoderm in
these species, the embryo actually penetrates the
epithelium and invades the endometrial connective
tissue in which it becomes completely embedded.
This process, whereby the embryo leaves the uterine
lumen, is known as implantation. In domestic
animals, however, the embryo remains attached to
the internal endometrial surface throughout gesta-
tion and, except in carnivores, placentation is
non-invasive.

PERI-IMPLANTATION CONCEPTUS
DEVELOPMENT

In most domestic species, the embryo reaches the
uterine cavity prior to blastulation (see Chapter 6).
At the end of blastulation, the embryo consists of a
sphere of trophectoderm surrounding the inner
cell mass and the blastocyst cavity (Fig. 9-1). When
engaged in placental formation, the trophectoderm
is referred to as trophoblast. As is true of most of the
extra-embryonic tissues, the trophoblast is essential
during intra-uterine life but it is expelled at parturi-
tion as part of the afterbirth.

At about the time of hatching from the zona pel-
lucida, the inner cell mass differentiates into the
epiblast and hypoblast (Fig. 9-1). The hypoblast
gradually forms an inner lining of the epiblast and
trophectoderm. When complete, the enclosed cavity
may be referred to as the primitive yolk sac, analo-
gous to the yolk sac found in avian embryos. The
process of gastrulation results in establishment of
the three germ layers: endoderm, mesoderm and
ectoderm (see Chapter 7). During this process, the
endoderm gradually displaces the hypoblast
beneath the epiblast. Meanwhile the extra-embry-
onic mesoderm is split into somatic (or parietal)
and visceral (or splanchnic) sheets lining the extra-
embryonic coelom. The extra-embryonic somatic
mesoderm associates with the overlying trophecto-
derm to give rise to the chorion, whereas the vis-
ceral mesoderm together with the hypoblast and
endoderm forms the splanchnopleura. Eventually,
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Fig. 9-1: Development of the extra-embryonic membranes presented as longitudinal sections through progressively older
embryos (A to F). 1: Inner cell mass; 2: Trophectoderm; 3: Blastocyst cavity; 4: Epiblast; 5: Hypoblast; 6: Intra-embryonic
mesoderm; 7: Endoderm; 8: Somatic extra-embryonic mesoderm; 9: Visceral extra-embryonic mesoderm; 10: Primitive yolk
sac; 11: Primitive gut; 12: Allantois; 13: Definitive yolk sac; 14: Extra-embryonic coelom; 15: Chorion; 16: Splanchnopleura;
17: Fusion between yolk sac wall and chorion allowing for formation of choriovitelline placenta; 18: Amniotic cavity; 19:
Mesamnion; 20: Chorioallantois allowing for formation of chorioallantoic placenta. G: In cattle and pigs, the chorion and the
dorsal portion of the amniotic wall remain fused in the mesamnion. H: In horse and dog, the allantois surrounds the amnion
completely.
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the body foldings of the embryo proper result in the
formation of the primitive gut and the definitive
yolk sac from the primitive yolk sac (see Chapter
7). The definitive yolk sac wall fuses with the chorion
in some species to establish a choriovitelline
placenta.

The allantois develops as an evagination from
the hindgut (Fig. 9-1). The evagination occurs after
formation of the definitive yolk sac and, due to its
origin from the hindgut, its wall is made up of
endoderm on the inside with a covering of visceral
mesoderm on the outside, the two layers together
forming the splanchnopleura. The visceral meso-
derm of the yolk sac is the area where blood and
blood vessel formation is first seen, and this devel-
opment is later followed by vascularization of the
visceral mesoderm associated with the allantois (see
Chapter 12). In contrast, the somatic mesoderm,
including that of the chorion, remains avascular
initially. As the embryo grows, the allantois gradu-
ally expands into the extra-embryonic coelom,
eventually occupying most of this cavity. Where the
allantoic wall and the chorion meet, they fuse,
forming the chorioallantois which gradually
becomes vascularized from vessels in the allantoic
visceral mesoderm and gives rise to the chorioal-
lantoic placenta.

CHANGES IN THE ENDOMETRIUM
AND MATERNAL RECOGNITION
OF PREGNANCY

During the period when the embryo is still moving
freely in the uterine cavity, the uterus prepares for
placentation. Oestrogens and progesterone are the
principal hormones produced within the ovary (see
Chapter 3). High levels of oestrogens are secreted
into the bloodstream during prooestrus and oestrus
(the follicular phase of the oestrous cycle); proges-
terone predominates during the following periods
of metoestrus and dioestrus (the luteal phase) when
the early embryo moves from the oviduct into the
uterus. It is these cyclic phases of hormone produc-
tion in the ovary that stimulate marked changes in
the endometrium, the lining of the uterus.

During prooestrus and oestrus, rising oestrogen
levels induce proliferation of uterine glands and
simultaneous engorgement of the stroma with
blood (as a result of hyperaemia and congestion)
and extracellular fluid (oedema). The external geni-
talia, notably the vulva, become oedematous, which
can help the diagnosis of oestrus. During metoe-
strus, the endometrial oedema decreases and some
of the congested blood vessels break down. This
phenomenon, referred to as metorrhagia, may lead
to the presence of blood in the vulvar discharge; a
sign, in the cow, that oestrus has passed.

Proliferation of the endometrial glands continues
during metoestrus, and during the following dioe-
strus the glands reach a stage of maximal secretory
activity. Hence, uterine gland secretion is greatest
during the first 11 days of dioestrus, providing his-
totrophe for potential embryos. If pregnancy does
not occur, endometrial involution follows, reflect-
ing the regression of the corpus luteum or corpora
lutea.

Luteolysis must be prevented if pregnancy is to
continue. The maintenance of the corpus luteum or
corpora lutea is based upon maternal recognition
of pregnancy, a series of events depending upon
synchronous development of the embryo on the one
hand and of a receptive endometrium on the other.
By signalling its presence in the uterus, the embryo
prevents luteolysis while apposing, and then adher-
ing to, the endometrium. The effectiveness of the
signalling depends upon the degree of contact
between the trophoblast and endometrium, ensured
by elongation of the conceptus in ruminants and
pigs but by intrauterine migration in horses.

In ruminants, the corpus luteum produces oxy-
tocin as well as progesterone. Oxytocin stimulates
the endometrium to synthesize prostaglandins
(PGF20,; see Chapter 3) which have been identified
as the main cause of luteolysis in ruminants (as well
as in pigs and horses). In ruminants, interferon-tau
(IFN-t) is produced by the trophectoderm, inhibit-
ing formation of endometrial oxytocin receptors.
Thus, in the presence of an embryo, oxytocin cannot
stimulate synthesis of PGF2o. and luteolysis is pre-
vented. In addition, IFN-t stimulates production of
histotrophe from the endometrial glands.



Pigs employ another strategy to interrupt the
luteolytic pathway. Although oxytocin is also pro-
duced by the corpora lutea in the pig, and promotes
synthesis of endometrial PGF20, pig embryos
prevent luteolysis differently. Oestradiol is pro-
duced from their trophectoderm around Days 11 to
12 of development causing PGF2a to be secreted
into the uterine lumen instead of into the maternal
blood stream. In the lumen, PGF2a is quickly
degraded. In addition to changing the secretion of
PGF20. from endocrine (into the maternal circula-
tion) to exocrine (into the uterine lumen), oestra-
diol is also believed to stimulate myometrial
contraction facilitating distribution of embryos
within the very long uterine horns. It has been
shown that at least four embryos must be present in
order to prevent luteolysis in the pig.

Yet another strategy for maintenance of early
pregnancy is seen in the mare. Here, direct cell-to-
cell contact between the trophoblast and
endometrium is prevented until about Day 21 by
the capsule (see below) and is slow to be established
even after that. It is the capsule that enables the
spherical horse conceptus to migrate over the entire
endometrial surface between 12 to 14 times per day
during Days 6 to 17 of pregnancy in order to prevent
luteolysis. This migration has been shown to be
essential for pregnancy maintenance but the nature
and roles of signals exchanged with the mare in the
process are still not fully identified or understood.
Considering that the mare ‘recognizes’ a difference
between embryos and unfertilized oocytes even in
the oviduct (‘allowing’ only embryos to pass into
the uterus), it may be inappropriate to apply the
term ‘recognition of pregnancy’ to horses in the
sense used in ruminants and pigs. Perhaps more
likely is the concept that a continuum of dialogue,
rather than specific signals at ‘critical’ junctures, is
essential to pregnancy maintenance in the mare.

In carnivores, too, a signal for maternal recogni-
tion of pregnancy has not been identified. The
canine met- and dioestrous periods are long. Under
normal conditions these phases of the oestrous cycle
may last 20 to 30 days and, in many cases, the non-
pregnant bitch develops a syndrome referred to as
pseudopregnancy in which the corpora lutea main-
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tain their progesterone production for even longer
periods. In most cases this condition reverses by
itself but it may sometimes require treatment. Due
to the long lifespan of the corpus luteum, early
embryonic signals for recognition of pregnancy may
be less important or even unnecessary in dogs.
Hence, rising levels of the luteotrophic pituitary
hormone, prolactin, appears to be responsible for
maintenance of the corpora lutea later in canine

pregnancy.

CLASSIFICATION OF PLACENTA

There are enormous differences among species with
respect to how placentation is initiated and, accord-
ingly, how its final architecture develops. Many dif-
ferent classification schemes for the placenta, based
on a variety of criteria, have been proposed over the
years. One scheme is based on nature of the extra-
embryonic tissue that contributes to the placenta,
leading to placentae being classified as either chori-
ovitelline or chorioallantoic. In the choriovitelline
placenta, the yolk sac wall combines locally with
the chorion to form an area for exchange (Fig. 9-1).
In domestic animals a functional choriovitelline
placenta is seen only in carnivores and horses. The
chorioallantoic placenta, which is the primary
functional placenta in all domestic species, is estab-
lished by fusion between the allantoic wall and
chorion establishing the chorioallantois. In pigs and
ruminants, the yolk sac involutes 3 to 4 weeks after
conception and never forms a functional placenta.
Another classification scheme is based on the
structure of the chorioallantoic surface and its inter-
action with the endometrium. Areas where the cho-
rioallantois interacts with the endometrium and
engages in placental formation are referred to as
chorion frondosum. In contrast, areas where the
chorioallantois is free, not engaged in placental for-
mation, and therefore has a smooth surface, are
known as chorion laeve. In pigs and horses, chorion
frondosum is diffusely distributed over the entire
chorioallantoic surface and so the placenta is catego-
rized as being diffuse. The porcine chorioallantoic
surface area is increased by foldings, revealed as
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primary plicae and secondary rugae, and is thus
referred to as being folded. In the horse, because
chorionic villi are gathered in numerous specialized
‘microzones’, known as microcotyledons, and
extending into crypts of the endometrium, the
equine placenta is also referred to as being villous.

In ruminants, chorion frondosum is organized as
arborizing chorionic villi assembled into larger macro-
scopically visible tufts called cotyledons. Hence, the
ruminant placenta is known as cotyledonary or
multiplex and villous. The cotyledons combine
with endometrial prominences known as caruncles,
forming placentomes in which the chorioallantoic
villi of the cotyledon extend into crypts of the caruncle.
A chorion laeve is present between the cotyledons.

In carnivores, the chorion frondosum is organ-
ized into a broad belt extending around the longi-
tudinal axis of the embryo where it forms lamellae.
This type of placenta is consequently referred to as
being zonary and lamellar.

A third classification scheme is based on the
number of tissue layers separating the fetal and
maternal circulations, thereby forming the placental
barrier (Fig. 9-2). There are always three fetal extra-
embryonic layers in the chorioallantoic placenta:

the endothelium lining the allantoic blood vessels;
chorioallantoic mesenchyme, originating from the
fused somatic (chorionic) and visceral (allantoic)
mesoderm; and the chorionic epithelium, i.e. the
trophoblast. However, the numbers of layers retained
in the maternal portion of the placenta varies with
species. Before placentation, the endometrium
presents three layers that could contribute to the
placental barrier: the endometrial epithelium, con-
nective tissue, and vascular endothelium.

In domestic animals, the number of maternal
layers in the placental barrier results in two main
placental classes: the epitheliochorial and the
endotheliochorial placentae. The former is seen in
the pig, horse and ruminants. Here, the chorionic
and endometrial epithelia are apposed, and there is
no loss of maternal tissue. The epitheliochorial
placenta in ruminants is modified as particular
trophoblast cells cross into, and fuse with, some of
the endometrial epithelial cells. Hence, the placenta
is referred to as synepitheliochorial. In carnivores,
on the other hand, the placenta is endotheliochor-
ial, because endometrial epithelium and connective
tissue are lost during placentation, leaving the tro-
phoblast in direct contact with maternal vascular

Fig. 9-2: The placental barrier. A: The epitheliochorial placenta in the sow. B: The synepitheliochorial placenta of the cow.
C: The endotheliochorial placenta of the dog. D: The haemochorial placenta of the mouse. F: Fetal components of the
placenta; M: Maternal components of the placenta; 1: Endometrial epithelium; 2: Fetal vessels; 3: Fetal endothelium;

4: Trophoblast; 5: Mesenchyme; 6: Maternal vessels; 7: Binucleate cell; 8: Red blood cells. The placental barrier is indicated
by the double arrow.



endothelium. In rodents and humans, the reduction
of the maternal placental barrier is complete, leaving
the trophoblast in direct contact with the blood in
a haemochorial placenta. The number of tissue
layers separating the fetal and maternal circulations
has important implications for the transfer of immu-
noglobulins and other maternal proteins to the fetus
and, therefore, for the development of the immune
system in utero (see Chapter 13).

In carnivores, the endotheliochorial placenta
results in a tight adherence between the fetal and
maternal components of the placenta. As a result, a
portion of the endometrium is shed when the fetal
membranes and the placenta are expelled as the
afterbirth. The shed portion of the endometrium is
referred to as the decidua, and this type of placenta
as deciduate. The placenta in rodents and humans
is also deciduate. In contrast, the placenta in rumi-
nants, pigs and horses is adeciduate.

SPECIES DIFFERENCES

Pig

The pig embryo enters the uterus at the 4-cell stage,
approximately 2 days after ovulation. The hatched
blastocyst undergoes a phase of extreme elongation
during Days 10 to 14 of development coincident
with spacing of embryos within the long uterine
horns. Oestradiol secreted by the trophoblast brings
about maternal recognition of pregnancy around
Days 11 to 12 and implantation is initiated around
Days 13 to 14 along the mesometrial side of the
uterus.

A yolk sac is transiently present, but involutes
around Day 20 without forming a functional chori-
ovitelline placenta. Thus, the placenta is formed by
the chorioallantois and is diffuse, folded, epithe-
liochorial and adeciduate. The placental exchange
area is increased by foldings in the form of primary
(macroscopic) plicae and secondary (microscopic)
rugae (Figs 9-3, 9-4). At the extremities of the fetal
membranes, the allantois does not extend to the end
of the chorion which forms necrotic tips. The diffuse
placenta covers the entire endometrial surface
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Fig. 9-3: The diffuse placenta in the sow. 1: Chorioallantois;
2: Mesamnion; 3: Endometrium; 4: Amnion; 5: Allantois; 6:
Chorioallantoic plicae with secondary rugae; 7: Myometrium.

including the openings of the endometrial glands.
Therefore, to allow for the glandular secretions of
histotrophe to escape, the chorioallantois forms
rosette-like cavities, areolae, over the openings of
the glands (Fig. 9-5).

Formation of the amnion is followed by a persist-
ent mesamnion (see Chapter 7). Thus, piglets are,
in general, born without being covered in fetal
membranes. The allantois begins to form about
Day 15 and, due to involution of the yolk sac,
occupies the entire extra-embryonic coelom except
for the area of the mesamnion.
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Fig. 9-4: Sow placenta at low (A) and high magnification (B). 1: Allantois; 2: Endodermal epithelium of allantois; 3:
Mesenchyme; 4: Chorioallantoic plica; 5: Endometrium; 6: Myometrium; 7: Perimetrium; 8: Chorioallantoic rugae; 9: Uterine
glands; 10: Fetal vessels; 11: Maternal vessels.

Fig. 9-5: Areola in the pig placenta. 1: Mesenchyme; 2: Chorioallantoic rugae; 3: Areola; 4: Endometrium; 5: Uterine glands.
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Ruminants

In general, the ruminant embryo enters the uterus
at the 8- to 16-cell stage, 3 to 4 days after ovulation.
The blastocyst rapidly elongates after hatching from
the zona pellucida. In cattle, the conceptus extends
equally into both horns around Day 22 (see Chapter
6). More embryos seem to locate to the right horn,
reflecting the facts that ovulation is more common
from the right ovary and that embryo migration is
not as pronounced as in the pig and horse. Maternal
recognition of pregnancy occurs around Day 12 to
13 (sheep) and 16 to 17 (cattle), as a result of IFN-t
secretion by the trophoblast, and is followed by

Convex
(cow, giraffe)

Comparative placentation - 9 -

implantation beginning at Days 15 to 20 (sheep)
and 16 to 18 (cattle).

A yolk sac is present only transiently, degenerat-
ing shortly after implantation has begun. Thus, a
chorioallantoic placenta is formed and is cotyle-
donary or multiplex, villous, synepitheliochorial,
and adeciduate.

Placentation occurs by chorioallantoic villi devel-
oping opposite the prominent endometrial carun-
cles and forming the button-like cotyledons,
corresponding to the shape of the caruncle. The
caruncle and cotyledon together form a placentome
(Figs 9-6, 9-7). In cows, 75 to 120 caruncles are
present; in sheep around 80 to 100.

Concave
(sheep, goat)

Fig. 9-6: The cotyledonary placenta of the ruminants. 1: Chorioallantois (cotyledon) forming villi; 2: Caruncle with crypts

enclosing the villi; 3: Myometrium.
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Fig. 9-7: Cow placentome at low (A) and high magnification (B). 1: Allantois; 2: Endodermal epithelium of allantois;
3: Placentome; 4: Endometrium; 5: Myometrium; 6: Mesenchyme; 7: Branching villus from chorioallantois.

In cattle, the placentomes are convex, in sheep
they are concave, and in goats they are flat. The
trophoblast covering the cotyledons gives rise to a
unique population of hormone-producing giant
binucleate cells that cross into, and fuse with, the
endometrial epithelial cells (Fig. 9-2). In the small
ruminants this fusion phenomenon, giving rise
to the synepitheliochorial placenta, is even more
pronounced resulting in a syncytium replacing the
maternal epithelium.

The caruncles do not possess openings of uterine
glands and, because the chorion laeve between the
cotyledons is not attached to the endometrium,
areolae do not form. Amniotic plaques, which are
stratified glycogen-rich epithelial elevations on the
inner epithelium of the amnion, and allantoic
calculi, whitish or brownish masses of cellular
debris surrounded by mucoproteins and minerals
probably originating from the fetal hindgut and
developing urinary system, are common findings in
cattle and sheep. As in the pig, a mesamnion per-
sists and so the calf is born without membranes
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covering it. The fetal membranes are normally
expelled within 6 to 12 hours, but retained after-
birth - retention of the membranes for longer
periods - is not uncommon.

During a clinically normal gestation, the amount
of fluid present in the amniotic and allantoic cavi-
ties is tightly regulated. However, excessive amounts
of fluid can sometimes accumulate in either cavity,
especially in cattle, resulting in hydramnion or
hydrallantois. Thus, whereas the normal fluid
volumes in the amnion and allantois in cattle are
around 15 and 10 litres, respectively, in cases of
hydrallantois (the more common condition of the
two) a total of 100 to 200 litres may accumulate in
the allantois. Reasons for this condition include vas-
cular disturbances in the placenta often associated
with twinning and embryonic malformations. Inter-
estingly, placental abnormalities, including hydral-
lantois, are seen at an increased frequency in
pregnancies resulting from transfer of cloned
embryos produced by somatic cell nuclear transfer
(see Chapter 21).



Horse

The equine embryo enters the uterus approximately
6 days after ovulation, at the morula or blastocyst
stage. Only embryos enter the uterine cavity; unfer-
tilized oocytes are retained in the uterine tubes for
reasons that are not yet fully clarified. Hatching
from the zona pellucida occurs around Days 7 to 8
of development. However, even before hatching the
blastocyst becomes surrounded by a tough elastic
glycoprotein capsule, produced in large part by the
trophectoderm, inside the zona pellucida. In con-
trast to other species, the conceptus, due to the pres-
ence of the capsule, remains spherical during
gastrulation until around Day 21 when the capsule
is lost. The capsule allows the spherical embryo to
traverse the entire uterine lumen during Days 6 to
17, providing the signal(s) essential for pregnancy
maintenance. This extended mobility is terminated
by fixation - an increased uterine tone fixing the
embryo at the base of one of the uterine horns. It is
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at the time of fixation that the equine conceptus has
to become properly positioned (orientated) in the
uterus, with the embryo proper facing the antimes-
ometrial wall, or ‘downward’ as seen by transrectal
ultrasonography. However, placentation is not initi-
ated before about Day 40.

In the horse, the yolk sac is a prominent structure
forming a first choriovitelline placenta providing
the basis for fetal-maternal exchange until around
Day 42 when it gradually involutes, and a chorioal-
lantoic placenta takes over the function for the rest
of pregnancy. The involuted yolk sac persists to term
and, partly due to this, the umbilical cord is long in
the horse, measuring 50 to 100 cm at birth.

Initiation of placentation is preceded by forma-
tion of the chorionic girdle at the junction between
the developing chorioallantois and the yolk sac at
about Day 34 (Figs 9-8, 9-9). This structure consists
of a thickened band of trophoblast cells that invade
the endometrium, traverse the placental barrier and
form endometrial cups in the endometrium. These

Fig. 9-8: Horse embryo during the presence of the chorionic girdle. A: View of the vascular ramifications. B: Section through
the embryo. 1: Yolk sac; 2: Sinus terminalis; 3: Chorionic girdle; 4: Allantois; 5: Amnion; 6: Mesoderm with vessels;
7: Extra-embryonic coelom. Courtesy Sinowatz and Russe (2007).
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Fig. 9-9: Horse embryo at Day 25 of gestation, before
formation of the chorionic girdle. 1: Sinus terminalis; 2: Site
of future girdle formation; 3: Chorioallantois covering the
allantoic cavity. Photo: Keith Betteridge.

cell clusters produce the hormone equine chorionic
gonadotropin (eCG), formerly known as pregnant
mare’s serum gonadotropin (PMSG). eCG acts as a
luteotropin stimulating both maintenance of the
primary corpus luteum and formation of supple-
mentary (accessory) corpora lutea (see Chapter 3).

The development of the amnion is completed
around Day 21. There is no persistence of a mes-
amnion. Therefore, foals may be born covered by
the amnion, potentially risking suffocation if this
membrane is not quickly removed. From Day 21 to
Day 40, the allantois expands into the extra-embry-
onic coelom (Figs 9-8, 9-9). Where the chorioallan-
tois forms, it gradually develops diffusely distributed
tufts of chorioallantoic villi, microcotyledons, pro-
jecting into endometrial indentations, the crypts.
The entire process of placentation may not be com-
pleted until Day 120. Fetal microcotyledons and
maternal crypts together may be described as micro-
placentomes, resembling the somewhat similar, but
much larger, arrangement in ruminants. As in the
pig, there is no loss of maternal endometrium at
birth in the horse. Hence, the horse placenta is

diffuse, villous, epitheliochorial, and adeciduate.
Numerous areolae are scattered between the micro-
cotyledons, facilitating uptake of histotrophe (Figs
9-10, 9-11).

When a mare conceives twins, there is a reduc-
tion in the endometrial area available to each
embryo for placentation. This poses a problem, and
the expansion of one twin’s placenta is often
restricted by growth of the other’s, potentially resul-
ting in death of one or both twins. Therefore, an
early diagnosis of pregnancy is often sought in order
to be able to remove one of the twins by embryo
reduction (manual rupture transrectally).

As in ruminants, allantoic calculi are commonly
found floating in the allantoic cavity. In the horse
they are particularly big and are referred to as hip-
pomanes. Amniotic plaques or pustules are also
quite commonly observed in the amnion.

Carnivores

It is difficult to time the events of gestation precisely
in the bitch both because mating may take place
before ovulation, and because sperm remain viable
for a long time in the female genital tract (see
Chapter 3). In the queen, on the contrary, the time
of fertilization can be estimated very accurately
because ovulation is induced by coitus. For both
species, the embryos seem to enter the uterus at the
blastocyst stage, around 6-8 days post-mating. Car-
nivore embryos do not emerge from their coverings
in the same way that expanding ruminant and pig
blastocysts so clearly ‘hatch’ from the still-obvious
zona pellucida. Instead, the blastocyst of the cat, for
example, remains enveloped in an extremely
attenuated membrane, strongly resembling the
equine embryonic capsule, until sometime between
Days 12 and 15 after coitus. Whether this covering
is much-modified zona pellucida, or a replacement
for it, remains to be established. The covering is
likely to aid the extensive migration of blastocysts
within the uterine horns that allows for proper
embryo spacing.

Maternal recognition of pregnancy in these
species is probably not required for preventing
regression of the corpora lutea. Placentation is initi-



Fig. 9-10: The diffuse placenta in the mare.

1: Chorioallantois; 2: Endometrium; 3: Amnion; 4: Allantois;
5: Yolk sac; 6: Chorioallantoic microcotyledons with villi;

7: Endometrial cups; 8: Endometrium with crypts enclosing
the villi. 9: Myometrium.
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ated around Days 17 to 18 of development in the
bitch and Days 12 to 14 in the queen.

The yolk sac initially forms a broad choriovitel-
line placenta. Later, the central areas of the chori-
ovitelline placenta degenerate leaving a transient
choriovitelline placenta in the periphery of the
initial structure. The chorioallantoic placenta,
however, soon provides the major basis for fetal-
maternal exchange. Due to the belt-shaped appear-
ance of the chorion frondosum, the chorioallantoic
placenta in carnivores is referred to as being zonary
(Fig. 9-12). In the chorion frondosum, the trophob-
last gives rise to two different cell populations:
basally located cytotrophoblast cells and superfi-
cially located syncytiotrophoblast cells, which are
formed by fusion of many trophoblast cells. The
syncytiotrophoblast is highly invasive and destroys
both apposing endometrial epithelium and under-
lying connective tissue. This brings the trophoblast
into close contact with the maternal endothelium,
making the carnivore placenta endotheliochorial
(Fig. 9-2). Furthermore, since maternal tissue is lost
at parturition, the placenta is classified as deciduate.
As in the pig, the surface area of the chorion fron-
dosum is increased by straight foldings referred to
as lamellae. These structures may, depending on the
species of carnivore, be more or less branched and
twisted, resulting in the formation of a labyrinth.
The placental zone is organized into an interior
lamellar zone with chorioallantoic lamellae, an
intermediate junctional zone containing the termi-
nal parts of the lamellae, maternal vessels, cell
debris, and glandular secretions, and an exterior
glandular zone containing the dilated upper parts
of the uterine glands (Fig. 9-13). In summary, the
carnivore placenta is zonary, lamellar or labyrin-
thine, endotheliochorial and deciduate.

In the margins of the placental zone, some of the
maternal endothelium degenerates. In the dog and
mink, the resulting local bleeding and haematoma
formation is compartmentalized into so-called mar-
ginal haematomas. In the cat, haematomas are
more irregularly positioned. In both species, the
blood contained in the haematomas is thought
to serve as a source of iron for the embryo.
Due to differences in haemoglobin breakdown, the
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Fig. 9-11: Mare placenta at low (A) and high magnification (B). 1: Allantois; 2: Microcotyledons; 3: Endometrium; 4: Uterine
glands; 5: Endodermal epithelium of allantois; 6: Fetal vessels.

haematomas are green in the dog and brown in the
cat. Areas peripheral to the placental zone, known
as the paraplacenta, are considered non-functional.
Areolae do not occur in carnivores. As in the horse,
a mesamnion does not persist and so the young
are usually born covered by the amnion.

Rodents and primates

The rodent and primate placentae will be briefly
described for comparative reasons. In these species,
the trophectoderm is highly invasive and so the
blastocyst penetrates the endometrial epithelium
and becomes located in the endometrial connective
tissue. Hence, the term implantation is well suited
in these species. Along with the development of the

V 6 v embryo, the trophoblast differentiates into an inner

cytotrophoblast and an outer syncytiotrophoblast.
—_— T The allantois never develops and there is therefore
no chorioallantois to give rise to a placenta.
Fig. 9-12: The zonary placenta of the bitch. 1: Perimetrium; However, the migrating visceral mesoderm results
2:IgE.ndom.etrium and?n?ometrium; 3: Chorio.allzlantois; 4: ‘ in ample vascularization of the placenta, which

Allantois; 5: Yolk sac; 6: Chorioallantois forming lamellae in takes the shape of a disc, making the placenta
the placental zone; 7: Marginal haematoma. discoid (Fig. 9-14). It is from the resemblance of

7
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Fig. 9-13: Mink placenta. A: The boxed area in A is enlarged in ‘B’. 1: Allantois; 2: Lamellar zone; 3: Junctional zone;
4: Endometrium; 5: Marginal haematoma; 6: Glandular zone; 7: Individual lamellae of the lamellar zone.

this spongy disc to a cake (placenta = flat cake in
Latin) that we take the term ‘placenta’

In the disc, the trophoblast forms villi with a core
of cytotrophoblast and an outer layer of syncytiotro-
phoblast. Later, the core is invaded by mesoderm
carrying blood vessels. Due to the invasive nature of
the syncytiotrophoblast, the maternal connective
tissue and endothelium are removed and the tro-
phoblast-covered fetal villi are directly surrounded
by maternal blood contained in intervillous spaces.
Hence, the placenta is haemochorial (Fig. 9-2). At
birth, the discoid placenta and decidua are expelled
as the afterbirth. Thus, the rodent and primate pla-
centae are discoid, villous, haemochorial, and
deciduate.

ECTOPIC PREGNANCY

Pregnancies occurring elsewhere than in the uterine
cavity are termed ectopic. This rare, but life-threat-

ening, condition occurs mainly in the oviducts or
in the abdomen. Oviductal pregnancies may account
for more than 95% of all ectopic pregnancies in
humans; in contrast, this type does not occur in
domestic animals. One may speculate whether this
is due to species-specific oviduct environments not
being conducive to further embryonic development,
or to interruptions of the pathways leading to mater-
nal recognition of pregnancy. The abdominal type
of ectopic pregnancy may occur either as a result of
a zygote entering the abdominal cavity and attach-
ing to the mesentery or abdominal viscera (primary
abdominal form) or, more commonly, by rupture
of the oviduct or uterus followed by expulsion of
the embryo/fetus (secondary abdominal form). In
most cases, the embryo/fetus becomes calcified and
is often found by chance. However, in both sheep
and cats, live offspring resulting from the secondary
form have been recovered at caesarean section,
showing that full-term development is in fact pos-
sible outside the uterine cavity.
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Fig. 9-14: The discoid primate placenta. 1: Perimetrium; 2:
Endometrium and myometrium; 3: Amnion; 4: Uterine cavity;
5: Intervillous space with maternal blood; 6: Endometrium; 7:
Myometrium.

SUMMARY

Upon entering the uterus, the embryo is initially
nourished by histotrophe from the uterine glands.
Placentation establishes the basis for an uptake of
blood-borne nutrients, the haemotrophe. An
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important pre-implantation event is the maternal
recognition of pregnancy mediated through signals
produced from the embryo. Around the time of
implantation, the embryo develops multiple mem-
branes and cavities. The outer covering of the
embryo consists of the trophectoderm with an inter-
nal lining of the somatic extra-embryonic meso-
derm, together making up the chorion. Folding of
the chorion results in formation of the amnion
enveloping the embryo proper. The hypoblast,
covered with the visceral extra-embryonic meso-
derm on the outside, encloses a cavity referred to as
the primitive yolk sac. The extra-embryonic coelom
is found between the somatic and visceral extra-
embryonic mesoderm. The endoderm is inserted
into the embryonic portion of the hypoblast sac
and, with the anterior-posterior and lateral foldings
of the embryo, the endoderm-lined portion of the
primitive yolk sac becomes internalized into the
embryo proper, forming the primitive gut, whereas
the hypoblast-lined portion forms the definitive
yolk sac. Finally, the allantois develops as an endo-
derm-lined outgrowth from the hindgut and comes
to occupy most of the extra-embryonic coelom.
With time, the allantois more or less surrounds the
amnion. However, in cattle and pigs, a mesamnion,
where the amnion and the chorion are attached,
persists.

A temporary choriovitelline placenta is formed
by interaction of the fused yolk sac and chorion
with the endometrium in the horse and dog. The
permanent chorioallantoic placenta is formed by
interaction between the fused allantois and chorion
and the endometrium. The placenta is classified
according to its gross anatomical appearance
(diffuse, multiplex, zonary or discoid), its surface-
enlarging characteristics (villi, folds, lamellae/laby-
rinth), and the thickness of the placental barrier
(epitheliochorial, synepitheliochorial, endothelio-
chorial, or haemochorial). In the pig, the placenta
is diffuse, folded, epitheliochorial and adeciduate.
In ruminants, the placenta is cotyledonary or mul-
tiplex, villous, synepitheliochorial, and adecidu-
ate. In the horse, the placenta is diffuse, villous,
epitheliochorial, and adeciduate. In carnivores,
the placenta is zonary; lamellar or labyrinthine,



endotheliochorial and deciduate. In rodents and
primates, the placenta is discoid, villous, haemo-
chorial, and deciduate.
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Development of the central and
peripheral nervous system

The central nervous system (CNS) develops from
the ectoderm once the latter has become specified
into surface ectoderm and neuroectoderm. Some
of the early features of nervous system development
have already been addressed in relation to neurula-
tion (see Chapter 8) and will be briefly recapitulated
here in discussing the development of the CNS
more specifically. The peripheral nervous system
(PNS) develops in association with the CNS as the
communication system between the CNS and the
rest of the body.

NEURAL PLATE

The development of the neural plate, a thickening
of the ectoderm that represents the primordium of
the nervous system, is induced by the notochord
(see Chapter 8) a major axial signalling centre of the
trunk of the early embryo. Subsequently, the neural
plate folds and forms the neural tube. Some of the
molecular mechanisms underlying these processes
have been clarified recently in mice. The notochord,
which is in close proximity to the midline neural
plate during this stage, releases sonic hedgehog
(Shh). Much of the surface ectoderm of an embryo
during gastrulation produces Bone Morphogenetic
Protein-4 (BMP4). This signalling protein prevents
the dorsal ectoderm from forming neural tissue.
Under the influence of Hepatic Nuclear Factor-3beta
(HNF-3beta), cells of the developing notochord
secrete noggin and chordin. These two molecules
are potent neural inducers that block the inhibitory
influence of BMP4 and thus allow the ectoderm
dorsal to the notochord to form neural tissue.

NEURAL TUBE

The neural tube is a prominent structure that domi-
nates the anterior (future cephalic) end of the embryo.
In the following we will see how the early neural
tube develops into the major morphological and
functional components of the mature nervous system
(Fig. 10-1). Before neurogenesis, the neural plate
and the neural tube are composed of a single layer of
neuroepithelial cells (neuroepithelium). Neuroepi-
thelial cells are highly polarized along their apical-
basal axis. This is reflected, for example, in the
organization of their plasma membranes: certain
transmembrane proteins such as prominin-1 (CD133)
are found selectively in the apical plasma membrane.

Shortly after induction, the epithelium of the
neural plate and early neural tube organizes into a
pseudostratified epithelium in which the nuclei
appear to be located in several separate layers
because they are at different heights within the elon-
gated neuroepithelial cells. The nuclei shift exten-
sively within the cytoplasm as the cell cycle
progresses (Fig. 10-2). DNA synthesis (the S-phase)
occurs in nuclei located near the external limiting
membrane (the basal lamina surrounding the neural
tube). As these nuclei prepare to go into mitosis,
they migrate within the cytoplasm towards the
lumen of the neural tube where mitosis is com-
pleted. The orientation of the mitotic spindle
during this division is important for the fate of the
daughter cells. If the cleavage plane is perpendicular
to the apical (inner) surface of the neural tube, the
two daughter cells slowly migrate towards the
periphery of the neural tube, where they prepare for
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another round of DNA synthesis. If, on the other
hand, the cleavage plane runs parallel to the inner
surface of the neural tube, the two daughter cells
have completely different fates. The daughter cell
that is closer to the inner surface migrates away

Fig. 10-1: Formation of the neural tube and the neural
crests. The boxed areas in A-C are enlarged to the right
(modified after Risse and Sinowatz, 1998). A: 1: Notochord;
2: Surface ectoderm: B: 1: Notochord; 2: Surface ectoderm;
3: Neural groove; 4: Neural plate. C: 1: Notochord; 2:
Epithelium of the neural groove; numerous mitoses occur in
the neural epithelium; 3: Neural groove; 4: Neural crest; D: 1:
Notochord; 2: Surface ectoderm; 3: Neural tube; 4: Neural
crest, which at this stage is still a continuous sheet of cells. E:
1: Notochord; 2: Surface ectoderm; 3: Neural tube; 4 Neural
crests, which are segmented into groups of cells giving rise to
different cell types. E: Ependymal cells; VZ; Ventricular zone;
MZ: Marginal zone. Courtesy Sinowatz and Russe (2007).
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Fig. 10-2: Interkinetic nuclear migration within the neural
tube. Within the pseudostratified epithelium of the neural
tube, nuclei that synthesize DNA (S-phase) are located near
the external limiting membrane (ELM) but then move toward
the inner margin of the neural tube, where mitosis occurs.
Courtesy Sinowatz and Russe (2007).

very slowly and remains a proliferative progenitor
cell that is still capable of mitosis. The daughter cell
that is closer to the basal surface (external limiting
membrane) inherits a high concentration of the
Notch receptor on its surface and can now be called
a neuroblast. The neuroblasts are the precursor cells
of neurons and begin to produce cell processes that
ultimately become axons and dendrites.
Interkinetic nuclear migration in the neuroepithe-
lium is accompanied by a change in nuclear mor-
phology: the nucleus adopts an elongated shape
along the apical-basal axis when migration begins
and rounds up when migration stops. This is consist-
ent with the idea that the nucleus is pulled by some
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cytoskeletal machinery. Early work on interkinetic
nuclear migration indicated the involvement of
microtubules, an idea that is supported by the obser-
vation that nuclear positioning is a microtubule-
dependent process in many cell types. Recent studies
of the lissencephaly 1 (LIS1) gene also support this
idea. Mutations in the human LIS1 gene are respon-
sible for the type I form of lissencephaly (smooth
brain), a severe genetically caused malformation of
the brain. The LIS1 protein forms a complex with
cytoplasmic dynein and dynactin which binds to
microtubules and disturbs microtubule dynamics.
Mice with reduced LIS1 expression show defects in
the interkinetic nuclear migration in neuroepithelial
cells and abnormal neuronal migration.

Neuroepithelium

Tanycyte _ ﬂ/

Neuron

Protoplasmic astrocyte

Ependymal cells

In addition to microtubules, actin and myosin
filaments are also probably involved in the interki-
netic nuclear migration in neuroepithelial cells.
Cytochalasin B, a drug that inhibits actin polymeri-
zation, blocks the process, and ablation of non-
muscle myosin heavy chain II-B results in disordered
nuclear migration in the cells.

CELL LINEAGES OF THE CENTRAL
NERVOUS SYSTEM

During development, neural stem cells give rise to
all the neurons of the mammalian CNS (Figs 10-3,
10-4, 10-5) and also the two types of macroglial

Mesenchymal cell

vl

Microglia

Fibrous astrocyte

Fig. 10-3: Cell lineages in the developing central nervous system. Courtesy Sinowatz and Russe (2007).
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Fig. 10-5: A: During its early development, the epithelium of the neural tube consists of the ventricular zone (VZ), where neural
epithelial cells undergo mitoses, and the marginal zone (MZ), which contains elongated processes of the cells. B: Section
through the neural tube at a slightly more advanced stage than A. Neuroepithelial cells, which have left the mitotic cycle,
migrate away from the lumen of the neural tube and form an intermediate cell layer (IZ: intermediate zone).

cell, the astrocytes and oligodendrocytes. Usually,
two criteria are applied to define a cell as a stem
cell: self-renewal and pluripotency (or at least
multipotency). Self-renewal indicates that the cell is
capable of an unlimited number of divisions each
resulting in either two stem cells or a stem cell and
a committed cell. Pluripotency or multipotency
implies that the cell can give rise to numerous types
of differentiated cells - all cell types of the mam-
malian body in the case of pluripotency (see
Chapter 2). However, this concept has to be some-
what modified when applied to the CNS: ‘stem
cells’ in this context are neural cells that are self-
renewing, but not necessarily for an unlimited
number of cell divisions, and they can be multipo-
tent or unipotent.

The neuroepithelial cells that can be considered
the stem cells of the CNS first undergo symmetrical,
proliferative divisions, each generating two daugh-
ter stem cells. These divisions are followed by
numerous asymmetrical, self-renewing divisions,
each of which results in a daughter stem cell and a

more differentiated cell such as a progenitor cell.
Neural progenitor cells typically undergo symmetri-
cal, differentiating divisions that generate two post-
mitotic cells ready for terminal differentiation.

The origins of most cells found in the mature
CNS can be traced to multipotent stem cells within
the early neuroepithelium. These cells undergo
many mitotic divisions before maturing into bipo-
tent progenitor cells, which give rise to either neu-
ronal or glial progenitor cells. This developmental
bifurcation is accompanied by a significant change
in gene expression. For example, multipotent stem
cells express an intermediate filament protein called
nestin. Nestin expression is down-regulated as
descendants of bipotent progenitor cells separate
into neuronal progenitor cells, which express neu-
rofilament protein, and glial progenitor cells, which
express glial fibrillary acidic protein.

The neuronal progenitor cells give rise to a series
of neuroblasts. The earliest bipolar neuroblasts
possess two slender cytoplasmic processes that
contact both the external limiting membrane and
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the central luminal border of the neural tube. By
retracting the inner process, a bipolar neuroblast
loses contact with the inner luminal border and
becomes a unipolar neuroblast. The unipolar neu-
roblasts accumulate a large amount of rough endo-
plasmic reticulum (Nissl substance) in their
cytoplasm and then begin to send out several cyto-
plasmic processes. At this point, they are known as
multipolar neuroblasts with the principal develop-
mental activities of sending out axonal and den-
dritic processes and making connections with other
neurons or end organs.

The other major lineage stemming from the bipo-
tential progenitor cells is that of the glial progenitor
cells. Glial progenitor cells continue to undergo
mitosis, and their progeny split into several lines.
One, the O-2A progenitor cell, is a precursor to two
important lines of glial cells that ultimately form the
oligodendrocytes and type-2 astrocytes, the latter
distinguished by its antigenic phenotype from
type-1 astrocytes derived from another glial lineage.
Anatomically, the astrocytes can be divided into
protoplasmic astrocytes, found in the grey matter,
and fibrous astrocytes found in the white matter.
The origin of oligodendrocytes has long been a
matter for debate, but studies have shown that they
probably arise from progenitor cells located in the
ventral ventricular zone alongside the floor plate.
From there, they spread throughout the brain and
spinal cord and ultimately form the myelin cover-
ings around axons in the white matter of the CNS.
The formation of oligodendrocyte precursors
depends on sonic hedgehog (Shh), produced by
cells in the notochord, as an inductive signal.

A third glial lineage has a more complex history.
Radial progenitor cells give rise to radial glial cells,
which act as guide wires in the brain for the migra-
tion of young neurons. When the neurons are
migrating along the radial glial cells of the fetus
during midpregnancy, they inhibit the proliferation
of the radial glial cells. After neuronal cell migra-
tion, the radial glial cells, now free from the inhibi-
tory influence of the neurons, re-enter the mitotic
cycle and produce progeny that can transform into
a number of cell types: some can seemingly cross
lineage lines and differentiate into type-1 astrocytes;

others differentiate into various specialized glial cell
types; yet others even into ependymal cells and
neurons.

Another type of glial cell of the CNS does not
originate from the neuroepithelium. These micro-
glial cells, which act as motile macrophages after
damage to the CNS, are mesoderm-derived cells that
enter the CNS along with vascular tissue and are
therefore not found in the developing CNS until it
is penetrated by blood vessels.

Whether neural stem cells and their derivative
progenitor cells proliferate (by symmetrical divisions)
or differentiate (through asymmetrical division)
is closely linked to their epithelial characteristics,
especially their apical-basal polarity and cell-cycle
length. Generally, the period of neuron production
precedes that of gliogenesis. The time at which the
precursor of a neuron undergoes its last division is
called its birthday. Neurogenic cells in the ventral
part of the spinal cord and the hindbrain are usually
the first to stop dividing, with dorsal and intermedi-
ate neurons following. Cortical neurons in the cer-
ebrum and cerebellum are the last population to be
formed; they continue to proliferate until the third
to fourth month after birth in the dog and the third
year of life in humans. In precocial species, includ-
ing cattle and horses, most cortical neurons are
already formed by the time of birth.

HISTOLOGICAL DIFFERENTIATION OF
THE CENTRAL NERVOUS SYSTEM

Nerve cells

Neuroblasts arise by division of neuroepithelial
cells and, once formed, they lose their ability to
divide (Fig. 10-4). Initially, neuroblasts develop two
processes and extend from the the lumen of the
neural tube to the external limiting membrane.
When they start to migrate into the intermediate
layer, the central process is retracted and the neu-
roblasts appear temporarily unipolar. During further
differentiation, several small cytoplasmic processes
extend from their cell body. One of these processes
elongates rapidly, forming the primitive axon, while
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arborization of the others gives rise to the primitive
dendrites. These cells can be now called multipolar
neuroblasts that eventually become mature
multipolar neurons. Axons of neurons in the basal
plate, which leave the marginal zone on the latero-
ventral aspect of the cord, form the efferent ventral
root of the spinal cord. Axons of neurons in the alar
plate penetrate into the marginal zone of the cord
where they ascend to higher or lower levels to form
association neurons.

Glial cells

The other major cell lineage originating from bipo-
tent progenitor cells is that of the glial progenitor
cells (glioblasts), which are formed by neuroepithe-
lial cells after the production of neuroblasts ceases,
and their progeny split into several lines. One of
them, the 0-2A progenitor cell, is the precursor of
two glial cell types that ultimately differentiate into
type-2 astrocytes and oligodendrocytes. It has been
recently shown that oligodendrocytes are derived
from progenitor cells located in the ventral ventricu-
lar zone. From there they migrate throughout the
spinal cord and brain and form the myelin sheath
around neuronal processes. The formation of oli-
godendrocytes depends on the signalling molecule
sonic hedgehog (Shh) produced by cells of the noto-
chord. In contrast to the Schwann cells of the
peripheral nervous system, each of which can only
wrap itself around one axon, the flat processes of a
single oligodendroglial cell in the central nervous
system can myelinate several nerve fibres. Myelin
sheaths begin to form in the spinal cord during the
late fetal period. In general, fibre tracts become mye-
linated at about the time they become functional
(Table 10-1).

Not all glial cells of the spinal cord originate from
the neuroepithelium. Microglial cells, which appear
in the second half of fetal development, are highly
phagocytotic cells derived from the mesoderm.

When neuroepithelial cells cease to produce neu-
roblasts, they differentiate into the ependymal epi-
thelial cells lining the central canal of the spinal
cord. With the generation of neurons, the neuroepi-
thelium is transformed into an epithelium with

several cell layers. With the switch to neurogenesis,
neuroepithelial cells down-regulate certain epithe-
lial features (notably their expression of tight-junc-
tion proteins) at the same time that astroglial
hallmarks appear. In essence, after the onset of neu-
rogenesis, neuroepithelial cells give rise to a distinct,
but related, cell type: the radial glial cells which
exhibit residual neuroepithelial as well as astroglial
properties.

Radial glial cells represent more fate-restricted
progenitors than neuroepithelial cells and gradually
replace them. As a consequence, many of the
neurons in the central nervous system are derived
from radial glial cells. The neuroepithelial proper-
ties that are maintained by radial glial cells include
the expression of neuroepithelial markers (such as
the intermediate-filament protein nestin) and the
maintenance of an apical surface and important fea-
tures of apical-basal polarity (such as an apical
localization of centrosomes and prominin-1). Like
neuroepithelial cells, radial glial cells show interki-
netic nuclear migration, with their nuclei undergo-
ing mitosis at the apical surface of the ventricular
zone and migrating basally for completion of the
S-phase of the cell cycle. However, in contrast to
neuroepithelial cells, radial glial cells show several
properties of astroglia, such as the expression of
astrocyte-specific glutamate transporter (GLAST),
Ca*-binding protein S100B, and glial fibrillary
acidic protein.

In contrast to early neuroepithelial cells, most
radial glial cells have a limited developmental
potential; usually they generate only a single cell
type, either astrocytes, or oligodendrocytes, or (most
commonly) neurons.

DEVELOPMENT OF THE SPINAL
CORD

With the beginning of cellular differentiation in the
neural tube, the neuroepithelium thickens and
appears layered (Fig. 10-6). The layer closest to the
lumen of the neural tube is called the ventricular or
neuroepithelial layer; it remains epithelial and still
shows mitotic activity. However, with further
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Table 10-1: Beginning of formation of the myelin sheath in the central and peripheral nervous systems.

Species Tissue Stage of gestation
Cat N. vestibularis Day 53 p.c.
N. cochlearis Day 57 p.c.
N. opticus Day 1-2 p.n.
Pig Spinal cord Week 8 p.c. (cervical)
Week 9 p.c. (lumbar)
Sheep N. oculomotorius Day 63 p.c.
N. trochlearis
N. vestibularis
N. hypoglossus
N. trigeminus (sens.) Day 66 p.c.
N. glossopharyngeus
N. vagus
N. accessorius
N. opticus Day 78 p.c.
N. trigeminus (mot.) Day 60 p.c.
N. facialis Day 78 p.c.
N. trochlearis
N. abducens
N. vestibularis Day 80 p.c.
Spinal cord Day 60 p.c.
Medulla oblongata
Mesencephalon
Cerebellum Day 80 p.c.
Telencephalon Day 100 p.c.
Cattle Medulla oblongata Week 21 p.c.
Spinal cord Week 16 p.c.
N. abducens Week 20 p.c.
N. intermediofacialis (mot.)
N. cochlearis
N. glossopharyngeus
N. vagus
N. hypoglossus
N. trigeminus Week 21 p.c.
N. vestibulocochlearis Week 16 p.c.
N. accessorius
N. opticus Week 24 p.c.
p.n. = post natum; p.c. = post coitum
development, the proliferating cell population in The ventricular zone is surrounded by the inter-

the neuroepithelial layer becomes largely exhausted =~ mediate or mantle layer (Figs 10-1, 10-5) which
and the remaining cells differentiate to become the  contains the cell bodies of postmitotic neuroblasts
ependyma of the central canal and the ventricular ~ and presumptive glial cells. As the spinal cord
system of the brain. matures, the intermediate layer becomes the grey
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matter, where the cell bodies of the neurons are
located. (Fig. 10-7)

As the neuroblasts continue to develop axons and
dendrites, a peripheral marginal layer (marginal
zone) is formed. It contains neural processes but not

Fig. 10-6: Four successive stages in the development of the
spinal cord. A and B: 1: Neuroepithelium; 2: Central canal;
3: Notochord; 4: Surface ectoderm; 5: Basal plate; 6: Roof
plate; 7: Floor plate; 8: Marginal zone; 9: Spinal ganglion;

10: Dorsal (sensory) horn; 11: Spinal nerve. C: 1:
Neuroepithelium; 2: Central canal; 3: Notochord; 4: Surface
ectoderm; 5: Basal plate; 6: Alar plate; 7 and 8: Intermediate
horn; 9: Marginal zone; 10: Roof plate; 11: Floor plate;

12: Spinal ganglion; 13: Dorsal root; 14: Spinal nerve;

D: 1: Ependyma; 2: Central canal; 3: Dorsal (sensory) horn;
4: Intermediate horn; 5: Ventral (motor) horn; 6: Dorsal
(sensory) root; 7: Spinal nerve. 7”: Ventral (motor) root;

8: Septum dorsale; 9: Median fissure; 10: White matter;

11: Spinal ganglion. Courtesy Sinowatz and Russe (2007).

neural cell bodies and later forms the white matter
of the spinal cord.

Continous addition of neuroblasts to the inter-
mediate layer thickens the neural tube ventrally and
dorsally on each side (Figs 10-6, 10-8). The ventral
thickenings are referred to as the basal plates. They
contain motor neurons (general somatic efferent
nerve fibers) and autonomic neurons (visceral effer-
ent nerve fibres; Table 10-2). The dorsal thickenings,
the alar plates, form the sensory area with neurons
receiving their input from the skin, joints and
muscles (general somatic afferent nerve fibres), from
the pharynx (special visceral afferent nerve fibres)
and from the viscera and heart (general visceral
afferent nerve fibres). A small longitudinal groove,
the sulcus limitans, marks the boundary between
these two areas (Fig. 10-6). The left and right alar
plates are connected dorsally over the central canal
by the thin roof plate, the two basal plates are con-
nected by the floor plate ventral to the central canal.
The roof and floor plates do not contain neurob-
lasts, their nerve fibres serving primarily to connect
one side to the other.

The mature spinal cord is organized similarly to
the embryonic pattern except that the basal and alar
plates become subdivided into somatic and visceral
components. Transformation of the embryonic into
the mature spinal cord (Fig. 10-9) results from pro-
liferation, asymmetrical cell movement of immature
neurons in the intermediate layer, and the develop-
ment of neuronal processes. In the process, the
intermediate layer becomes shaped like a butterfly,



Development of the central and peripheral nervous system - -

5
x s "
P
T I
4 >
-
- ru -
o ! T :
e Y
o e
9
3 -

o

Fig. 10-7: Porcine embryo, Day 16, transverse section. 1: Primordium of the spinal cord; 2: Notochord; 3: Dorsal aorta; 4:

Myotome; 5: Dermatome.

with prominent dorsal and ventral grey horns
arranged around the central canal. In addition to the
ventral efferent and the dorsal afferent horns, a
small lateral projection of grey matter can be
observed between the dorsal and ventral columns at
spinal levels thoracic 1 (T1) to lumbar 2 (L2). This
is the lateral horn; it contains cell bodies of sympa-
thetic autonomic (visceral efferent) neurons.

The marginal layer develops into the white matter
of the spinal cord, named because of its whitish
appearance that results from the dominance of mye-
linated axons. This outer layer contains tracts of
ascending and descending axons that are grouped
together in bundles (funiculi). The dorsal, lateral
and ventral funiculi are separated by the efferent
spinal nerve roots emerging from the cord and affer-
ent roots entering the cord (Fig. 10-9).

Dorsal root ganglia and spinal nerves

As more fully described in Chapter 8, neural crest
cells migrate from the edge of the neural folds and
give rise to sensory or spinal ganglia (dorsal root
ganglia) of the spinal nerves, as well as several other
cell types, including other types of ganglia cells
(sensory ganglia, general visceral efferent ganglia of
the sympathetic and parasympathetic system),
Schwann cells, melanocytes, odontoblasts, and
mesenchyme of the pharyngeal arches. Neuroblasts
of the spinal ganglia develop two processes, which
soon unite in a T-shaped fashion (pseudo-unipolar
neurons). Both processes of spinal ganglion cells
have the structural characteristics of axons, but the
peripheral process can be functionally classified as
a dendrite in that conduction within it is toward the
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Fig. 10-8: Cat embryo, 17 mm CRL. 1: Roof plate; 2: Central canal; 3 Ependymal zone; 4: Marginal zone; 5: Floor plate; 6

Spinal ganglion; 7: Basal plate; 8: Alar plate.

cell body. The centrally growing processes enter the
dorsal portion of the neural tube and constitute the
afferent dorsal root of the spinal cord. In the spinal
cord, they either form synapses with afferent dorsal
horn interneurons or ascend through the marginal
layers to one of the higher brain centres. The periph-
erally growing processes join the fibres of the ventral
root to form the trunk of the spinal nerve through
which they eventually terminate in sensory recep-
tors. The common trunk of the spinal nerve almost
immediately splits into a dorsal and a ventral
ramus. The dorsal rami of the spinal nerves
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innervate dorsal axial musculature, vertebral joints
and the skin of the back. Ventral primary rami inner-
vate the limbs and the ventral body wall and form
the two major nerve plexuses, the brachial and lum-
bosacral plexuses.

Positional changes of the spinal cord:
ascensus medullae spinalis

Intitially, the spinal cord runs the entire length of
the embryo with spinal nerves passing through the
intervertebral foramina at the levels of their origin.
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Table 10-2: Origin of structures in the central nervous system

Dorsal roof plate

Alar plate

Basal plate

Spinal cord

Obliterated

Most tracts and the
dorsal grey columns

Ventral grey and
intermediate columns

Metencephalon and

Rostral and caudal vela,

Afferent nuclei of cranial

Efferent nuclei of cranial

Myelencephalon tela chorioidea nerves V, VI, VI, IX and nerves V, VI, VI, IX, X,
X; cerebellum; pons Xl and XII
Mesencephalon No derivatives Corpora quadrigemina, Efferent nuclei of cranial
tectum, substantia nigra, nerves lll and IV
red nucleus, etc.
Diencephalon Pineal gland, tela Epithalamus,
choroidea of roof of metathalamus, thalamus,
ventricle Ill hypothalamus, retina
Telencephalon Corpus callosum (dorsal Cerebral cortex, basal

plate fibres grow into
the roof plate)

ganglia

Fig. 10-9: Adult dog, cross-section through the spinal cord. 1: Dorsal (sensory) horn; 2: Ventral (motor) horn; 3: Funiculus
dorsalis; 4: Funiculus ventralis; 5: Central canal; 6: Dura mater; 7: Funiculus lateralis.
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Later, however, the vertebral column and the dura
grow more rapidly than the spinal cord, leaving the
posterior end of the cord terminating at a gradually
higher level in the vertebral column (Fig. 10-10).
This phenomenon is called ascensus medullae

Fig. 10-10: Terminal end of the bovine spinal cord in
relation to the end of the vertebral column at two stages (A:
3 months gestation, B: adult) of development. 1: Segments
of the spinal cord, from cranial to caudal: 1-6: Pars lumbalis;
[-VI: Pars sacralis; 1-3: Pars coccygea; 2: Spinal nerve;

a: lumbar vertebrae; b: Os sacrum; c: Coccygeal vertebrae;
d: Cauda equina. Courtesy Sinowatz and Russe (2007).

spinalis. The disproportionate growth also forces
the spinal nerves to run obliquely from the spinal
cord to their corresponding vertebral foramina.

In adult animals the spinal cord terminates at the
level L2 to L3, depending on the species. The sur-
rounding dural sac and the subarachnoidal space
extend more posteriorly, usually to sacral 2 (S2).
From the posterior end of the spinal cord, a threadlike
glial and ependymal extension, the filum terminale,
runs posteriorly and attaches to the periosteum of
the first coccygeal vertebrae. Bundles of nerve fibres
running posteriorly within the vertebral column
collectively form the cauda equina. To collect
cerebrospinal fluid during a lumbar puncture, the
needle has to be inserted at the lower lumbar levels
to avoid hitting the lower end of the spinal cord.

DEVELOPMENT OF THE BRAIN

The anterior two-thirds of the neural tube develop
into the brain. Fusion of the neural folds in the
anterior region, and closure of the anterior neuro-
pore, result in the formation of the three primary
brain vesicles (Figs 10-11, 10-12) from which the
brain develops. An expansion at the most rostral
end of the neural tube forms the first brain vesicle,
the prosencephalon or forebrain. The optic vesicles
grow out as evaginations from each side of the pros-
encephalon. The two enlarged regions of the brain
posterior to these become the mesencephalon and
rhombencephalon (second and third primary brain
vesicles). The prosencephalon partly divides into
two vesicles, the telencephalon and diencephalon
(Figs 10-13, 10-14). The lateral walls of the telen-
cephalon soon become domed, presaging the future
cerebral hemispheres. The diencephalon remains
undivided, located in the midline and connected to
the laterally expanding optic vesicles. The rhomben-
cephalon also divides into rostral and posterior por-
tions: the metencephalon and myelencephalon,
respectively (Figs 10-14, 10-15). The metencephalon
will give rise to the pons and the corpus trapezoi-
deum ventrally and the cerebellum dorsally. The
myelencephalon forms the medulla oblongata,
which is the most posterior part of the brain stem
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Fig. 10-11: Sheep embryo with three brain vesicles. 1:
Prosencephalon; 2: Mesencephalon; 3: Rhombencephalon;
4: Otic placode; 5: Heart; 6: Mesonephros; 7: Body wall.

and connects it with the spinal cord (Figs. 10-14,
10-16).

The brain flexures

Differential growth of the five secondary brain vesi-
cles (telencephalon, diencephalon, mesencephalon,
metencephalon and myelencephalon) gives rise to
flexures (Fig. 10-12). As head folding occurs, the
mesencephalon bends ventrally to produce the mid-
brain flexure (cephalic flexure). A second more
gradual ventral bend between the hindbrain and the
spinal cord is termed the cervical flexure. In the
rhombencephalon a slight dorsal bending, the

pontine flexure, occurs. The pontine flexure is
located in the future pontine region and causes a
thinning of the roof of the hindbrain.

At first, the developing brain shows the same
basic structure as the spinal cord, but the flexures
produce considerable variations in the outline of
transverse sections at different levels of the brain
and in the relative positions of white and grey
matter. The sulcus limitans extends anteriorly only
to the junction of the mesencephalon and dien-
cephalon. Alar and basal plates, which are separated
by the sulcus limitans, are therefore only recogniz-
able posterior to this junction. In the diencephalon
and telencephalon, however, the alar plates become
accentuated and the basal plates regress.

Rhombencephalon (hindbrain)

The rhombencephalon consists of the myelen-
cephalon, the most posterior brain vesicle, and the
metencephalon, which extends from the pontine
flexure to the rhombencephalic isthmus. Posteri-
orly, the cervical flexure demarcates the myelen-
cephalon from the developing spinal cord. Later,
this junction is defined as the level of the roots of
the first cervical spinal nerve, roughly at the foramen
magnum.

Myelencephalon

The myelencephalon resembles the spinal cord both
developmentally and structurally and develops into
the medulla oblongata - the posterior part of the
brain stem. The medulla oblongata serves as a
conduit for tracts between the spinal cord and the
higher regions of the brain and also contains impor-
tant centres for the regulation of respiration and
heartbeat.

The fundamental arrangement of alar and basal
plates, which are separated by the sulcus limitans as
seen in the spinal cord, is retained almost unchanged,
but the lateral walls are everted. This causes a pro-
nounced expansion of the roof plate, closing the
central canal dorsally, and a widening of the canal
to the fourth ventricle. The roof plate of the mye-
lencephalon is reduced to a single layer of
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Fig. 10-12: Cat embryo, 10 mm CRL, longitudinal section, 3-vesicle stage of the brain. 1: Prosencephalon; 2:
Mesencephalon; 3: Rhombencephalon with pontine flexure (arrow); 4: Cephalic flexure; 5: Cervical flexure; 6: Primordium of
neurohypophysis; 7: Rathke’s pouch, primordium of adenhypophysis; 8: Primary oral cavity; 9: Tongue; 10: Heart; 11: Lung;
12: Mesonephros; 13: Intestine.
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Fig. 10-13: Development of the feline brain at Day 18 (A), Day 22 (B) and Day 25 (C).

A: 1: Prosencephalon; 2: Mesencephalon: 3: Rhombencephalon; 4: Spinal cord; 5: Optic vesicle.

B: 1: Telencephalon; 2: Diencephalon; 3: Mesencephalon; 4: Rhombencephalon; 5: Infundibulum; 6: Stalk of the optic vesicle.
C: 1: Primordium of corpus mammilare; 2: Infundibulum; 3: Hypothalamus; 4: Chiasma opticum; 5: Lamina terminalis; 6:
Commissural plate; 7: Bulbus olfactorius; 8: Cerebral hemisphere; 9: Roof of the llird ventricle; 10: Thalamus; 11: Primordium
of epiphysis; 12: Commissura caudalis; 13: Metathalamus; 14: Corpora quadrigemina; 15: Cerebellum; 16: Lamina tectoria;
17: Cervical flexure; 18: Crus cerebri; 19: Pons; 20: Medulla oblongata. Courtesy Sinowatz and Risse (2007).
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Fig. 10-14: Feline embryo, 17 mm CRL, 5-vesicle stage of
brain development, longitudinal section, from Risse and
Sinowatz, 1998. 1: Telencephalon; 2: Diencephalon;

3: Mesencephalon; 4: Metencephalon; 5: Myelencephalon;
6: Hypophysis; 7: Tongue; 8: Oesophagus. Courtesy
Sinowatz and Russe (2007).

Fig. 10-15: Pig embryo, Day 21.5,
longitudinal section through the
metencephalon and myelencephalon.

1: Roof plate of the IVth ventricle;

2: Neuromeres of the rhombencephalon;
3: Myelencephalon. Courtesy Sinowatz
and Russe (2007).



Development of the central and peripheral nervous system - -

Fig. 10-16: Development of the feline brain at day 33.

1: Bulbus olfactorius: 2: Cerebral hemisphere;

3: Epithalamus; 4: Primordium of corpora quadrigemina;

5: Colliculus caudalis; 6: Cerebellum; 7: Lamina tectoria;

8: Cervical flexure; 9: Medulla oblongata; 10: Pons; 11: Crus
cerebri; 12: N. opticus. Courtesy Sinowatz and Russe
(2007).

ependymal cells that is covered by mesenchymal
cells forming the pia mater. Active proliferation of
the vascular mesenchyme produces a number of
sac-like invaginations into the underlying fourth
ventricle. They form a choroid plexus, which pro-
duces the cerebrospinal fluid.

As a result, instead of being arranged dorsoven-
trally, the alar and basal plates come to lie in the
floor of the hindbrain like the pages of an open
book so that the efferent areas of the basal plates
become situated medially to the afferent areas of the
alar plates. The cavity of this part of the myelen-

cephalon (posterior part of the future fourth ventri-
cles) becomes rhomboid shaped.

The basal plates, as in the spinal cord, contain the
nuclei (aggregations of neuron cell bodies) of effer-
ent nerves. On each side, these nuclei are arranged
into three groups (Table 10-3). The first is the medial
general somatic efferent group, represented by
neurons of the hypoglossal (XII) and accessory (XI)
nerves, a cephalic continuation of the ventral horn of
the spinal cord. This general somatic efferent group
expands rostrally into the mesencephalon and is also
called the general somatic efferent motor column.
The second group is the intermediate special vis-
ceral efferent group, represented by neurons that
innervate muscles derived from the pharyngeal
(branchial) arches (the glossopharyngeal (IX), vagus
(X) and accessory (XI) nerves innervating the muscu-
lature of the third and fourth pharyngeal arches).
The third, lateral general visceral efferent group, is
represented by neurons of the vagus (X) and glos-
sopharyngeal (IX) nerves. The axons of the vagus
neurons supply the thoracic and abdominal viscera
and the heart while the axons of the glossopharyn-
geal neurons supply the parotid gland.

Neuroblasts of the alar plates in the myelen-
cephalon migrate into the marginal zone and form
isolated areas of grey matter, the gracile nuclei
medially and the cuneate nuclei laterally. These
nuclei are associated with the corresponding tracts
ascending from the spinal cord within the funiculus
dorsalis. Another group of neuroblasts from the alar
plates migrates ventrally and forms the olivary

Table 10-3: Functional regions in the brain and spinal cord

Alar plate (afferent or sensory)

General somatic afferent
Special visceral afferent
General visceral afferent

Input from the skin, joints, and muscles
Input from taste buds and pharynx
Input from the viscera and heart

Basal plate (Efferent motor or
autonomic)

Special visceral efferent

General somatic efferent

General visceral efferent

Autonomic links from the intermediate
horn to the viscera

Motor nerves to striated muscles of the
branchial arches

Motor nerves to the striated muscles other
than those of the branchial arch nerves
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nuclei. Yet other neuroblasts of the alar plates
cluster into nuclei that are arranged in four columns
at each side. From lateral to medial, these are: (1)
special somatic afferent, receiving impulses from
the inner ear; (2) general somatic afferent, receiv-
ing input from the surface of the head; (3) special
visceral afferent, receiving input from the taste
buds, and (4) general visceral afferent, receiving
impulses from the viscera.

Metencephalon

The metencephalon represents the anterior portion
of the rhombencephalon (Figs 10-17, 10-18). It
develops into two main parts: the pons, a transverse
structure demarcating the anterior end of the
medulla oblongata, and the cerebellum, a phyloge-
netically newer and ontogenetically later developing
structure, acting as a coordination centre for posture
and movement. In mice it has been shown that the
development of these structures depends on the
expression of the gene engrailed-1 in this area during
early development.

The metencephalon, like the myelencephalon, is
characterized by basal and alar plates, but with very
different developmental fates. As in the anterior
parts of the myelencephalon, the pontine flexure
causes a divergence of the lateral walls and so the
alar plates are, again, situated laterally to the basal
plates instead of being arranged dorsoventrally.

Each basal plate of the metencephalon contains
three groups of motor neurons: (1) the medial
general somatic efferent group, which forms the
nucleus of the abducens (VI) nerve; (2) the interme-
diate special visceral efferent group, which gives
rise to the nuclei of the trigeminal (V) and facial
(VII) nerves, innervating the musculature of the first
and second pharyngeal arches; and (3) the lateral
general visceral efferent group giving rise to the
nucleus of the facial (VII) nerve, supplying the man-
dibular and sublingual glands. Some alar plate
neurons migrate ventrally to form the pontine nuclei.
Axons from neurons in the cerebral cortex terminate
on pontine nuclei. Ventrally, the axons of these
pontine neurons form a superficial band of nerve
fibres known as the transverse fibres of the pons.

Fig. 10-17: Prenatal development of the bovine cerebrum
and cerebellum. A: Day 60; B: Day 65; C: Day 80; D: Day
120; E: Day 180. Courtesy Sinowatz and Russe (2007).

The cerebellum, an alar plate derivative, is
formed in the roof of the metencephalon and is
structurally and functionally very complex (Fig.
10-17). It arose phylogenetically as a specialization
of the vestibular system and acquired other impor-
tant functions, (such as orchestration of general
coordination, and involvement in auditory and
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Fig. 10-18: Development of the bovine metencepahlon from
Day 65 to Day 120 of gestation; median sections. A: Day
65. 1: Pons; 2: Medulla oblongata; 3: Vermis; 4: Fissura
postculminata; 5: Fissura uvulonodularis; 6: Lobus
flocculonodularis; 7: Choroid plexus of the IVth ventricle; 8:
IVth ventricle. B: Day 80. 1: Pons; 2: Medulla oblongata; 3:
Lobus rostralis; 4: Fissura postculminata; 5: Lobus caudalis;
6: Fissura postpyramidalis; 7: Fissura flocculonodularis; 8:
Lobus flocculonodularis; 9: IVth ventricle; 10: Velum
medullare rostrale; 11: Velum medullare caudale; 12:
Choroid plexus. C: Day 120. 1: Pons; 2: Medulla oblongata;
3: Trigeminal ganglion; 3”: Nucleus sensibilis pontinus n.
trigemini; 3”: Nucleus tractus mesencephali; 3””: Nucleus
tractus spinalis n. trigemini; 4: Velum medulare rostrale; 5:
Velum medullare caudale; 6: Fissura postculminata; 7:
Fissura postpyramidalis; 8: Pyramis, 9: Uvula; 10: Fissura
uvulonodularis; 11: Lobus flocculonodularis. Courtesy
Sinowatz and Russe (2007).

visual reflexes) later in evolution. Both the mor-
phology of the cerebellum and the spatial arrange-
ment of its neurons have been highly conserved
during evolution. Developmental defects of the cer-
ebellum cause abnormalities of locomotion and
posture (see Chapter 19).

The primordia of the cerebellum are the rhombic
lips, the dorsolateral regions of the alar plates of the
metencephalon. In mice it has been shown that the
rhombic lips extend between rhombomeres 1-8,
but the cerebellum proper is only derived from the
anterior thombic lip (r1). The more posterior parts
of the rhombic lips (r2-r8) give rise to migratory
precursor cells that form a variety of ventrally located
nuclei, including the olivary and pontine nuclei.

Viewed from above, the rhombic lips appear as
V-shaped structures. Thus the rhombic lips are close
together in their anterior region and further apart
posteriorly, where they merge with the myelen-
cephalon. Rostrally, the medial extensions of the
rhombic lips are fused by an isthmus. As a result of
a further deepening of the pontine flexure, the
rhombic lips compress antero-posteriorly and form
the cerebellar plate.

During the early fetal period, the developing cer-
ebellum expands dorsally forming a dumb-bell
structure with transverse fissure dividing it into a
larger anterior and a smaller posterior portion. The
medial part of the anterior region gives rise to the

vermis, and the lateral areas develop into the hemi-
spheres of the cerebellum. The anterior region
grows considerably and later becomes the dominant
component of the mature cerebellum. This enlarge-
ment is characterized by a marked folding of the
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surface, resulting in close, parallel, transverse folds
- the folia cerebelli. The posterior portion evolves
into the paired flocculo-nodular lobes. They are
regarded as the phylogenetically oldest structures of
the cerebellum and are associated with the develop-
ment of the vestibular apparatus.

Initially, the cerebellar plate consists of neuroepi-
thelial, intermediate, and marginal layers. During
the early fetal period, cells from the neuroepithe-
lium migrate through the intermediate and mar-
ginal layers to the surface of the cerebellum, where
they are arranged into a second germinal layer, the
external granular layer (Fig. 10-19). Cells of this
layer are still able to divide mitotically and later give
rise to various cell types, including granule cells,

Fig. 10-19: Histological differentiation of the cerebellum
(sagittal section). A and B: Neuroblasts migrate from the
neuroepithelium (1) to the surface of the cerebellum and
form an external granular layer (2). Cells of this layer retain
their ability to divide and form a proliferative zone on the
surface of the cerebellum. C: Later in development, the cells
of the external granular layer give rise to various cell types
which migrate inwards and pass the differentiating Purkinje
cells (3). They give rise to the granule cells of the definitive
cerebellar cortex. Basket and stellate cells are produced by
proliferating cells in the cerebellar white matter. 4: Neurons
of the nucleus dentatus. Courtesy Sinowatz and Risse
(2007).

basket cells, and stellate cells. The granule cells are
by far the largest population formed by the external
granular layer.

The remaining cells of the neuroepithelial layer
divide and form the inner germinal layer. Neurob-
lasts originating from the inner germinal layer
migrate into the cerebellar hemisphere where they
come to rest in three paired groups just above the
ependyma of the fourth ventricle as precursors of
the cerebellar nuclei (the nucleus dentatus, nucleus
interpositus, and nucleus fastigii) which are respon-
sible for relaying signals to and from the cerebellar
cortex.

Cells from the inner germinal layer also migrate
towards the external granular layer where they dif-
ferentiate into Purkinje cells. The cell bodies of
Purkinje cells become aligned in a single layer under
the external granular layer. Each of these neurons
develops a large, superficial dendritic arborization
in a single plane transverse to the longitudinal axis
of the folium. In bovine fetuses, the Purkinje cell
layer is already well developed at Day 100 of
gestation.

After their last mitotic division, the external
granule cells become immature bipolar neurons,
with their axons running in a plane parallel to the
longitudinal axis of the folium. Concomitantly, the
cell bodies of the external granule cells undergo a
second and centrally oriented migration toward the
interior of the future cerebellum. En route, these
cells pass through the layer of precursors of the
larger Purkinje cells and establish numerous syn-
apses with them (Fig. 10-19). When they have
passed the Purkinje cells they form a thick layer in
the cerebellar cortex called the granular layer, which
is thickest over the centre of each folium and thinner
around the sulci between them. From each granule
cell, a single axon runs superficially and bifurcates
at the level of the Purkinje cell dendrites. These
axons, called parallel fibres, traverse the folia cere-
belli perpendicular to the plane of the Purkinje den-
drite trees. Each Purkinje cell makes synaptic contact
with several hundred thousand parallel fibres. The
exact mechanisms controlling cell migration in the
cerebellum are largely unknown, but it is estab-
lished that a special type of glial cells (radial glial
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Fig. 10-20: Histological section through the differentiated cerebellar cortex of an adult dog. 1: Molecular layer; 2: Purkinje cell

layer; 3: Granular layer.

cells) guide the radial migration of Purkinje cells.
The inward migration of the external granule cells
depletes the outer zone of the cerebellar cortex,
which is then referred to as the molecular layer.
Thus, in its final form the cerebellar cortex shows
three clearly separated layers: an outer molecular
layer, the Purkinje cell layer and an inner granular
layer (Fig. 10-20).

How well the cerebellum is developed at birth is
closely correlated with the age at which the animal
is able to stand and walk. In carnivores, much of the
differentiation of the cerebellar cortex occurs post-
natally; kittens and puppies do not walk in a coor-
dinated manner for about 3 weeks postnatally. At
the time of birth, there is only some layering in the
intermediate layer and some in the external germi-
nal layer where cells are still actively dividing. The
other layers are formed during the first two postna-
tal weeks, as the inward migration from the external
germinal layer begins. The external germinal layer
peaks in development at about 7 days and begins to
be reduced in size by 14 days post-natally, as the
definitive granule layer becomes established. Dif-
ferentiation of the Purkinje cell layer in cats and

dogs is completed in the vermis by the end of Day
30 after birth and in the rest of the cerebellum at
about 10 weeks.

In calves and foals (precocial and able to stand
and walk within an hour of birth) the cerebellum is
much more differentiated and functional at birth. In
the bovine fetus the external germinal layer appears
around Day 57 of gestation and reaches its maximal
thickness at around Day 183. Although the external
germinal layer is still recognizable at birth in these
species, the three definitive layers of a mature cere-
bellum are already apparent. The external germinal
layer is gradually depleted of cells over the first
several months post-natally and eventually disap-
pears. During this time, the functional capacity of
the cerebellum matures, evidenced by the appear-
ance of ‘learned’ reflexes (e.g. postural reflexes) and
better coordinated locomotion.

Mesencephalon (midbrain)

The mesencephalon (midbrain) remains structur-
ally relatively simple and the fundamental relation-
ships between the basal and alar plates are essentially
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preserved. The part of the midbrain dorsal to the
aqueduct becomes the tectum and forms the corpora
quadrigemina, derived from the alar plates. Ventral
to the aqueduct the basal plates form the tegmen-
tum which contains the efferent nuclei of the ocu-
lomotor (III; general somatic efferent and general
visceral efferent) and trochlear (IV; general somatic
efferent) nerves. Their axons supply most of the
extrinsic muscles that move the eyeball. A relatively
small special visceral efferent nucleus, the Edinger-
Westphal nucleus, innervates the pupillary sphincter
muscle of the eye through the oculomotor nerve
(IIT). It is still not clear whether the red nuclei and
the substantia nigra are derived from the basal
plate, or by migration of neurons from the alar
plate.

Neurons from the intermediate layer of both
basal and alar plates contribute to the formatio
reticularis, an aggregation of nerve cells concen-
trated in nuclei around the aqueduct that extends
from the myelencephalon to the diencephalon and
is concerned with the state of consciousness of the
animal.

The marginal layer, associated with each basal
plate, enlarges considerably and forms the crus
cerebri. The crura (cerebral peduncles) serve as
pathways for axons descending from the cerebral
cortex to lower centres in the metencephalon and
spinal cord. These fibres are corticonuclear and cor-
ticospinal (pyramidal), respectively.

Neuroblasts from the alar plates migrate into the
tectum, the roof of the mesencephalon, and form
two prominent longitudinal bulges separated by a
shallow midline depression. These elevations
become separated by a transverse groove that divides
each of them into a rostral and a caudal colliculus.
The caudal colliculi are relatively simple in structure
and have auditory functions. The rostral colliculi
show a more complex layered architecture and are
an integral part of the visual system. In lower verte-
brates, the rostral colliculi act as primary integrative
centres of visual inputs. In mammals neurons of the
rostral colliculi send their axons to appropriate
motor nuclei via tectobulbar and tectospinal tracts.
The rostral colliculi are involved in subconscious
eye movements. In higher mammals, the function

of the rostral colliculi also depends on input from
the visual cortex. Cortical damage produces apparent
total blindness. In birds the optic lobe, the equiva-
lent of the rostral colliculi, provides all visual func-
tions. Connections between the rostral and caudal
colliculi coordinate visual and auditory reflexes.

Prosencephalon (forebrain)

The prosencephalon is the most anterior of the three
primitive brain vesicles. The anterior part of the
forebrain, the telencephalon, forms the cerebral
hemispheres and the olfactory bulbs. The posterior
part, the diencephalon, gives rise to the epithala-
mus including the epiphysis, thalamus, meta-
thalamus and hypothalamus as well as the
neurohypophysis and optic cups. The cavity devel-
oping within the diencephalon is the third ventri-
cle; cavities in the telencephalon form the lateral
ventricles. All forebrain structures (telencephalon
and diencephalon) are regarded as highly modified
derivatives of the alar and roof plates without sig-
nificant representation by basal plates. This is sup-
ported by the fact that the sulcus limitans, which
separates alar and basal plates in the more posterior
brain vesicles, does not extend anteriorly beyond
the mesencephalon. Interestingly, molecular studies
in the mouse have shown that sonic hedgehog
(Shh), the ventral midline marker, is expressed in
the ventral parts of the diencephalon, implying that
a basal plate may exist, at least in this species.

Patterning of the prosencephalic region

Distinct patterns of gene expression strongly influ-
ence the basic regional organisation of the prosen-
cephalon. Six so-called prosomeres extend from the
prosencephalic-mesencephalic junction to the ante-
rior tip of the prosencephalon. Prosomeres 1-3
(p1-p3, the most posterior), become incorporated
into the diencephalon with p2 and p3 contributing
significantly to the thalamus. P4 to p6 contribute to
both diencephalic and telencephalic structures. The
basal area of p4 to p6 develops into the major
regions that integrate autonomic nervous functions
and control hormone release from the pituitary. The
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alar plates of these domains develop into structures
that include the cerebral cortex, basal ganglia, and
optic vesicles.

As development advances, the p2 to p3 combina-
tion folds sharply posteriorly on top of p4 to p6. In
humans, it has been shown that an enormous out-
growth of the alar plate of p4 to p6 forms the telen-
cephalic vesicles, which envelop the other
prosomeres and later form the cerebral cortex.

Diencephalon

Development of the diencephalon is characterized
by the appearance of three pairs of swellings on the
medial aspect of the lateral wall of the diencephalon
(Fig. 10-21). They form a dorsal epithalamic, an
intermediate thalamic, and a ventral hypothalamic
primordium on each side. The largest pair of masses
is represented by the developing thalamus, which is
separated by a groove, the hypothalamic sulcus,
from the ventrally located hypothalamus (Fig.
10-22). The hypothalamic masses, originally paired,
later fuse to form a single structure that becomes a
master regulatory centre. It differentiates into a
number of nuclear areas controlling many basic
homeostatic functions such as sleep, body tempera-
ture, hunger, fluid and electrolyte balance, emo-
tional behaviour, and activity of the pituitary. Paired
subthalamic nuclei, the mamillary bodies, can be
seen as distinct protuberances on the midventral
surface of the hypothalamus.

The highly proliferative thalamic primordia grad-
ually project into the lumen of the diencephalon. In
domestic animals this expansion is often so great
that the thalamic regions from both sides fuse in the
midline, forming the interthalamic adhesion, or
massa intermedia. The central region of the verti-
cally expanded neural canal of the diencephalon
consequently becomes obliterated resulting in a
ring-shaped third ventricle (Fig. 10-22). Ventral
to the adhesion, the third ventricle forms a vertical
slit between the walls of the developing hypothala-
mus extending ventrally into the stalk of the neuro-
hypophysis. Dorsal to the interthalamic adhesion,
the third ventricle is covered by the roof plate
(reduced to a single layer of ependymal cells)

Fig. 10-21: Pig embryo, Day 21.5. 1: Diencephalon;
2: Retina; 3: Lens; 4: Pigment epithelium of the reting;
5: Stomodeum. Courtesy Sinowatz and Russe (2007).

covered by vascular mesenchyme. This combined
layer forms the choroid plexus of the third ventricle
and the lateral ventricles. In the thalamus, neural
tracts from higher brain centres synapse with those
of other regions of the brain and brainstem. Thus,
the thalamus acts as an important centre for relaying
sensory impulses (auditory, visual and tactile),
along with signals from the basal ganglia and cere-
bellum, to the corresponding areas of the cerebral
cortex.

On the dorsolateral aspect of the thalamic pri-
mordia, the metathalamus forms the lateral and
medial geniculate bodies, structures that make con-
nection with the rostral and caudal colliculi, respec-
tively, to relay visual and auditory impulses.

Epiphysis (pineal gland). The most posterior
portion of the roof plate of the diencephalon deve-
lops a small diverticulum. Within it, cellular
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Fig. 10-22: Dog embryo, 35 mm CRL, coronal section. |
and II: Lateral ventricles; Ill: Third ventricle. 1: Thalamus;
2: Hypothalamus; 3: Corpus striatum; 4: Cerebral
hemispheres; 5: Choroid plexus; 6: Eye; 7: Cavum nasi;
8: Suture of the lateral palatine processes; 9: Cavum oris;
10: Tongue; 11: Dental cups; 12: Mandible. Courtesy
Sinowatz and Russe (2007).

proliferation produces the epiphysis (including the
pineal gland) as a cone-shaped structure. The cone
remains attached to the roof of the diencephalon by
the habenulae, two thin stalks of nerve fibres also
containing some clusters of neurons (nuclei habenu-
lares). The neuroepithelial cells differentiate into
two types of cells, pinealocytes and glial cells. The
pinealocytes develop cellular processes and release
a hormone, melatonin, into the surrounding capil-
laries or into the cerebrospinal fluid of the third
ventricle. The pineal gland is involved in the control
of the circadian rhythm. In the absence of light, it
produces melatonin which has antigonadotropic
activity and inhibits the function of the pituitary-
gonadal axis in some species, such as the mare, but

has an opposite effect in other species, such as the
ewe (see Chapter 3). Production of melatonin by
the pineal gland is under the influence of the supra-
chiasmatic nucleus of the hypothalamus, which
receives information from the retina about the daily
pattern of light and darkness. Recent data in experi-
mental animals suggest that it is mainly the supra-
chiasmatic nucleus that controls the daily cycle; not
the melatonin signal, as was once postulated.

Hypophysis  (pituitary gland). The hypophysis
develops from two quite separate parts: (1) an ecto-
dermal outpocketing of the stomodeum immedi-
atly in front of the buccopharnygeal membrane,
known as Rathke’s pouch, forming the adenohypo-
physis, and (2) a ventral downgrowth of the
diencephalon, the infundibulum, forming the
neurohypophysis. When the stomodeum is first
formed, the ectoderm of its dorsal aspect is close to
the ventral neuroectoderm of the diencephalon
(Fig. 10-23). At the site of apposition, the stomodeal
ectoderm thickens and invaginates, forming
Rathke’s (or the adenohypophyseal) pouch. The
distal end of this pouch grows towards the infundib-
ular primordium, just dorsal and adjacent to
Rathke’s pouch. Once in intimate contact with the
anterior edge of the forming infundibulum, the
pouch flattens again while still attached to the sto-
modeal lining by an epithelial stalk. The connection
is lost a few days later and the epithelium at the
anterior edge of the pouch proliferates and begins
to form cords and clumps of cells. Less proliferation
is seen in the part of Rathke’s pouch that is in contact
with the developing neurohypophyis. The cellular
proliferation at the rostral edge continues to a
varying degree, depending on the species, and forms
the adenohypophysis. The cells of the adenohypo-
physis surround those of the neurohypophysis to
varying extents, very extensively in the pig.

Telencephalon

Development of the telencephalon is dominated by
the tremendous expansion of the the telecen-
cephalic vesicles, which will give rise to the two
cerebral hemispheres that completely overgrow the
anterior parts of the brain stem (Figs 10-17, 10-24).
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Fig. 10-23: Development of the feline hypophysis (boxed
areas). A: 5 mm CRL. 1: Prosencephalon;

2: Buccopharyngeal membrane; 3: Stomodeum; B: 11 mm
CRL. 1: Telencephalon; 2: Diencephalon; 3: Evagination of
the infundibulum from the diencephalon: primordium of the
neurohypophysis; 4: Rathke’s pouch: primordium of the
adenohypophysis. C: 14 mm CRL. 1: Telencephalon;

2: Diencephalon; 3: Adenohypophysis; 4: Neurohypophysis;
5: Craniopharyngeal canal; 6: Os sphenoidale.

The walls of the telencephalic vesicles surround the
expanding lateral ventricles, which are outpocket-
ings from the third ventricle, communicating with
it via the interventricular foramina.

Although the cerebral hemispheres expand greatly
during early pregnancy, their external surface
remains smooth. Later, they undergo folding at
several levels of organization and several major sulci
and fissurae begin to appear. At the end of preg-
nancy, the surface of each hemisphere becomes
folded and develops the species-specific sulci
(grooves) and gyri (elevations) characteristic of the

mature brain. The external pattern of sulci and gyri
is produced by unequal growth of the cortex and its
related white matter.

A multitude of internal cellular events determine
how the telencephalon functions. Details are beyond
the scope of this book and only general principles
will be discussed here. Generally, the functional
development of the telencephalon begins with an
early regionalization followed by the generation
and directed migration of neural precursors. The
migration is radial and its pattern is established at
very early stages of embryo development.

The neuroblasts migrate from the ventricular
layer, where they are formed, to the external surface
of the telencephalic vesicles. There are genetically
predetermined loci in the ventricular layer of the
neural tube that match particular areas on the
surface of the hemispheres; neuroblasts originating
at a given locus and developmental time will end
up at defined points in the future cortex. This match-
ing depends on special glial cells (radial glial cells)
that extend from the ventricular layer of the neural
tube to the corresponding area on the surface of the
hemisphere; the migrating neuroblasts follow the
glial processes to reach their specified destinations.

Besides the position within the neural tube, the
time of migration strongly influences the placement
of neurons in the cerebral cortex. In the mature
cortex, the first neurons to organize on the surface
will be found in the deepest layer. As more neurons
leave the ventricular layer, they must migrate
through layers of neurons already present. The last
neurons to form are found in the most superficial
layers of the cerebral cortex (inside-out layering of
the cerebral cortex).

Once the neuronal cells have reached their final
position, axonal processes (and, somewhat later,
dendritic processes) grow out from them to specific
target cells along tightly guided paths. The axons of
the pyramidal cells, for instance, pass as long fibre
bundles (the capsula interna) between the basal
ganglia and run to the general somatic efferent cells
of the spinal cord. On the ventral surface of the
medulla oblongata, they are seen as the pyramids,
which are the gross manifestation of the corticospi-
nal tracts.
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Fig. 10-24: Pig embryo, Day 21.5, sagittal section through the telencephalon. 1: Cerebral hemisphere; 2: Lateral ventricle;

3: Basal ganglia; 4: Choroid plexus.

Thus, the tangential position of a neuron in the
cerebral cortex is determined by its origin in the
ventricular layer and, in turn, the layer in which the
cell is finally located is strongly influenced by the
time at which it migrated. The genetically pre-deter-
mined neuronal migration pattern during the for-
mation of the cerebral cortex probably contributes
significantly to the development of modular organ-
ized neuron columns that comprise the functional
and organizational unit of the cerebral cortex of the
mature brain.

As the cerebral cortex develops, axons of its
neurons synapse to other neurons in the following
ways: (1) with neurons within the same hemi-
sphere, (2) with neurons of the other hemisphere,
and (3) with neurons of other regions of the brain
and spinal cord. Neurons that synapse with neurons
of the same hemisphere are called association
neurons; their processes course between adjacent
gyri (short association neurons) or more distant gyri
(long association neurons). Neurons with axons
that connect corresponding regions of the two hem-
ispheres are classified as commissural neurons.

Bl 146

Those with axons that connect the cortex with
deeper region of the CNS are referred to as projec-
tion neurons.

Based on its phylogenetic development, the
cerebral cortex can be subdivided into the evolu-
tionarily older allocortex and the newer neocortex
(Fig. 10-25). The allocortex comprises the archicor-
tex and the palaeocortex. The allocortex displays a
wide variety of histological patterns in different
regions, but is generally characterized by three his-
tological layers (molecular, pyramidal or granular,
and polymorphic layer). The neocortex, on the other
hand, presents a more complex five or six-layered
histological structure.

In carnivores, the major connections between the
hemispheres are completed by the third postnatal
week but full maturation is delayed until the sixth
week or even later, when myelination of the major
pathways has been completed. The general somatic
efferent pathways and the pathways for propriore-
ception are the last to become myelinated. Gross
anatomical and functional evidence for the postna-
tal maturation processes of the brain comes from a
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Fig. 10-25: Pig embryo, Day 21.5, coronal section through
the telencephalon. 1: Right lateral ventricle; 2: Left lateral
ventricle; 3: Neopallium; 4: Choroid plexus; 5 Archipallium.

rapid growth of the hemispheres, the increasing
prominence of the gyri, and increasingly complex
motor behaviour of the animal during the first six
postnatal weeks. In the precocial species (ruminants
and horses) the cortex has already reached func-
tional maturity by the time of birth.

Archicortex  (archipallium) (Fig. 10-25). The
archicortex consists of the genicular gyrus, supra-
callossal gyrus, parahippocampal gyrus, as well as
the hippocampal gyrus and dentate gyrus, which
are collectively called the hippocampal formation.
The primordium of the hippocampal formation
appears early in development in the dorsomedial
wall of the telecephalon, where a restricted area of
the ventricular wall bulges into the ventricular
lumen. The hippocampal formation then comes to
lie external to the choroid fissure. Further develop-
ment is delayed and the migrating phase of the
neuroblasts does not start until late in the

embryonic period. During the fetal period, when the
neocortex and the big commissure, the corpus cal-
losum, develop, the hippocampal formation retreats
posteriorly along the dorsomedial wall of the hemi-
spheres. Only small remnants, the indusium griseum
and the longitudinal striae, remain along the hip-
pocampal sulcus. The hippocampus is displaced
into the temporal lobe where it forms an eminence
that projects dorsally into the inferior horn of the
lateral ventricle. The efferent system of the hippo-
campus is the fornix, which curves over the thala-
mus to reach the mamillary bodies ventrally.

Palaeocortex (palaeopalleum). The palaeocortex is
located on the medial and basal aspects of the hemi-
spheres. It comprises the olfactory bulbs, olfactory
tracts, olfactory tubercle, and piriform lobe. Out-
growths from rostral regions of the telencephalon
form the olfactory bulbs. They receive axons from
neurons in the olfactory mucosa which, with mitral
cells of the olfactory bulb, form complicated syn-
apses called olfactory glomeruli. The axons of the
bulb neurons form the olfactory tract and synapse
with neurons of the olfactory cortex of the cerebral
hemisphere.

Neocortex (neopallium). The neocortex makes up
most of the cerebral cortex. It is distinguished from
the allocortex by having more nerve cells in six
histological layers. During its formation, cells from
the ventricular layer migrate superficially to form an
intermediate layer and later an additional subven-
tricular layer and the cortical plate. The cortical plate
is established by migration of neuroblasts formed in
the ventricular layer. Layers 2-6 of the mature neo-
cortex are derived from the cortical plate. Although
the layering of the cortex is completed during fetal
development, the cerebral cortex does not become
functional and morphologically mature until later.
This is especially evident in carnivores, but is also
true of ungulates and horses. Postnatal functional
maturation involves the arrival of afferent fibres,
myelination of important fibre tracts in the CNS and
the completion of necessary intracortical synaptic
connections.

Commissures. As the cerebral cortex develops, neu-
ronal processes synapse with neurons within the
same hemisphere, between the left and right
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hemispheres (commissures), and also between the
hemisphere and other regions of the CNS. The first
commissural fibres are found in the anterior com-
missure which consists of axons connecting the
olfactory bulb and related brain areas of one hemi-
sphere to those of the opposite side. The second
commissure to develop is the fornix or hippocam-
pal commissure. Its axons arise in the hippocampus
and converge on the lamina terminalis. The fibres
continue from there, forming an arching system
outside the choroid fissure that runs to the mamil-
lary body and the hypothalamus. The most impor-
tant commissure in adult life is the corpus callosum,
which connects the non-olfactory areas of the cortex
of the right and left cerebral hemispheres and is
essential for the coordination of activities between
the two. Initially, axons of the corpus callosum form
a small fibre bundle in the lamina terminalis. In
association with the continous expansion of the
neopallium, it extends both anteriorly and posteri-
orly, arching over the thin roof of the diencephalon.
In ungulates, the corpus callosum is well developed
at birth but in carnivores its development continues
well into the first year of life. In addition to these
three major commissures that originate in the
lamina terminalis, there are other commissural fibre
bundles. Two of them, the posterior and habenular
commissures cross just below and rostral to the
stalk of the pineal gland between the right and left
hemispheres.

Basal nuclei. In addition to populating the cere-
bral cortex, neurons originating from the interme-
diate layer of the diencephalic and telencephalic
vesicles form aggregations of cell bodies known as
the basal ganglia. The base of each telencephalic
vesicle thickens and forms a medial and lateral
eminence. The smaller medial eminence, which is
derived from the diencephalic vesicle, is involved
in the fomation of the amygdaloid body. The
globus pallidus has its origin from an adjacent
area of the diencephalon. The larger lateral emi-
nence is derived from the telencephalic vesicle and
is concerned with the formation of the caudate
nucleus and the putamen. The caudate nucleus,
putamen and other basal nuclei collectively form
the corpus striatum. The basal nuclei develop first

near the interventricular foramina but become
elongated and C-shaped as the cerebral hemi-
spheres grow posteriorly. The caudate nucleus in
particular bulges into the rostral horn and central
part of the lateral ventricle. It also courses into the
temporal lobe and eventually lies on the roof of the
inferior horn of the lateral ventricle. With the histo-
differentiation of the cerebral cortex, many nerve
fibres converge in the area of the corpus striatum,
which becomes subdivided by the internal capsule
into two major components: the lentiform nucleus
ventrolaterally, consisting of the putamen and pal-
lidum, and claustrum; and the caudate nucleus
dorsomedially. These structures, which are compo-
nents of the complex aggregation of nuclei also
referred to as the basal ganglia, are involved in the
unconscious control of muscle tone and complex
body movements.

Ventricular system of the brain

In contrast to the narrow central canal of the spinal
cord, the lumen of the neural tube expands in the
developing brain region. As certain parts of the brain
take shape, the lumen of the neural tube expands
into well-defined ventricles, connected by thinner
channels. Ventricles and channels are lined by the
ependymal epithelium, derived from the neuroepi-
thelial layer, and filled with clear cerebrospinal
fluid.

Within each telencephalic vesicle a lateral ven-
tricle develops (Figs 10-22, 10-24, 10-25). The
central cavity of the telencephalon and of the dien-
cephalon forms the third ventricle, which sur-
rounds the interthalamic adhesion. The third
ventricle is connected to each lateral ventricle
through the interventricular foramina. Posteriorly,
the third ventricle is connected via the narrow
mesencephalic aqueduct to the fourth ventricle.
The tela choroidea, from which the choroid
plexus is suspended into the ventricular lumen,
form from regions along the roof of the dien-
cephalon, in the medial wall of each lateral vesicle,
and in the roof of the third and fourth ventricle,
which are composed of ependymal cells and vas-
cular pia mater.
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The primary function of the plexus is the produc-
tion of cerebrospinal fluid, formed by filtration of
blood plasma, active transport of certain plasma
components and secretory activity of the ependymal
cells. As it is formed, the cerebrospinal fluid flows
from the lateral ventricles into the third and, ulti-
mately, the fourth ventricle. Much of the fluid
escapes through two or three small holes in the roof
of the fourth ventricle (two lateral apertures, the
foramina Magendii, and one dorsal aperture, the
foramen Luschkae) and enters the subarachnoid
space between the pia mater and the arachnoidea.
This allows cerebrospinal fluid produced by the
plexus to pass out of the lumen of the CNS and
circulate within the meninges from where it is
absorbed by veins.

Meninges

In the embryonic and early fetal period, two layers
of mesenchyme surround the brain and spinal cord.
These coverings develop into an outer ectomeninx,
derived from the axial mesoderm, and a thinner
endomeninx, considered to be a derivative of the
neural crest cells. The ectomeninx forms the tough
dura mater, composed of collagen and elastic fibres.
The endomeninx later subdivides into a thin pia
mater, which is closely apposed to the neural tissue,
and a middle arachnoidea, a delicate non-vascular
layer.

The dura mater and the arachnoidea are sepa-
rated by a very thin, fluid-filled subdural space. In
contrast to the dura mater of the spinal cord, the
dura mater of the brain is composed of two distinct
fibrous layers: the outer layer fuses with the perios-
teum of the developing bones of the cranium; the
inner layer forms a large fold, the falx cerebri, which
separates the cerebral hemispheres. Because the
outer layer of the dura mater is fused with the peri-
osteum of the cranial bones, no epidural space is
found in the cranium. In the spinal cord, the space
between the dura mater and the wall of the develop-
ing vertebral canal, the epidural space, contains
fluid, loose connective tissue, blood vessels and
adipose tissue, which gives support for the spinal
cord and the roots of the spinal nerves.

PERIPHERAL NERVOUS SYSTEM

Classification of peripheral nerves

The peripheral nervous system (PNS), which devel-
ops from various sources, consists of the cranial,
spinal, and visceral nerves and the cranial (Fig.
10-26), spinal, and autonomic ganglia. It com-
prises efferent (motor) nerve fibres that conduct
impulses away from the CNS and afferent (sensory)
fibres that conduct impulses towards the CNS.
Nerves usually contain both kinds of fibres.

Efferent as well as afferent nerves of the PNS can
also be classified as being somatic or visceral (Table
10-2). This subdivision is based on whether a
peripheral nerve terminates in tissues derived from
the splanchopleura (i.e. visceral tissue), or somato-
pleura (i.e. body wall tissue). Somatic afferent and
general somatic efferent neurons innervate volun-
tary muscles and related connective tissue and struc-
tures in which epithelia derived from ectoderm are
present (skin, mouth, and sense organs). The
general somatic efferent neurons give rise to
general somatic efferent fibres concerned with vol-
untary muscles derived from the somatopleura. The
somatic afferent neurons can give rise to special
somatic afferent fibres concerned with vision,
hearing, and balance (only in the brain region), and
general somatic afferent fibres concerned with the
remaining somatic afferent impulses. The visceral
efferent neurons control the movement of volun-
tary muscles derived from the pharyngeal arches,
involuntary muscles and glands in the pulmonary
and digestive tracts, and the cardiovascular system.
Visceral efferent neurons give rise to special vis-
ceral efferent fibres concerned with the pharyngeal
arch muscles (only in the brain region), and general
visceral efferent fibres concerned with remaining
functions. The visceral afferent neurons project
from the same tissues as well as from the taste buds
and olfactory mucosa. Again, the visceral afferent
neurons can give rise to special visceral afferent
fibres concerned with taste buds and olfactory
mucosa (only in the brain region), and general vis-
ceral afferent fibres concerned with the remaining
functions.
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Fig. 10-26: Cranial nerves and their ganglia in a pig embryo of 12 mm CRL. 1: Telencephalon; 2: Optic cup with lens; 3:
Diencephalon; 4: Mesencephalon; 5: Skin; 6: Rhombencephalon; 7: Otic vesicle. N. lll: N. oculomotorius; N. IV: N. trochlearis;
NV;: N. ophthalmicus of the N. trigeminus; NV,: N. maxillaris of the N. trigeminus; NV3z: N. mandibularis of the N. trigeminus;
GV: Ganglion trigeminale; N. VII: N. facialis with ganglion geniculi; N. VIII: N. vestibulocochlearis; N. IX: N. glossopharyngeus
with ganglion proximale and ganglion distale; N. X: N. vagus with ganglion proximale with ganglion distale; N. XI: N.
accessorius; N. Xll: N. hypoglossus. |-ll: Cervical spinal ganglia. Courtesy Sinowatz and Risse (2007).

General somatic efferent and
afferent system

Voluntary muscles in the body are derived from the
paraxial mesoderm. The neurons that innervate
these muscles are located in the ventral horn of the
grey substance of the spinal cord or within discrete
efferent (motor) nuclei in the brain stem. Their
axons, which are referred to as carrying general
somatic efferent fibres, project directly to the target
muscles.

Somatic afferent neurons transmit information
about physical and chemical stimuli impinging on
an animal. The general somatic afferent fibres
convey information of two types: exteroreceptive
fibres convey information from different receptors
in the skin, while the proprioreceptive fibres carry

information from the muscle spindles of voluntary
muscles and associated connective tissue (fascia and
tendons) or ligaments and joint capsules. The latter
provide the necessary information for the control of
posture and movement.

In the head, somatic afferent fibres also include
nerves associated with specialized receptors of the
optic, vestibular and auditory systems, and such
fibres are referred to as being special somatic affer-
ent fibres.

In the trunk, the somata of both the afferent
somatic and visceral (see later) neurons are located
in spinal ganglia (Figs 10-27, 10-28) associated
with the dorsal root of the spinal nerves. Afferent
cranial ganglia are less regular in their location
(Fig. 10-26). Most cranial ganglia are derived from
thickenings of the lateral surface ectoderm referred
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Fig. 10-27: Pig embryo, Day 21.5, cross section through
the spinal cord. 1: Spinal ganglion; 2: Floor plate; 3: Basal
plate; 4: Central canal; 5: Alar plate; 6: Roof plate;

7: Marginal zone. Courtesy Sinowatz and Russe (2007).

to as neurogenic placodes; the rest originate from
neural crest cells. For example, the vestibular and
cochlear ganglia are formed exclusively from cells
that separate from the medioventral wall of the otic
placode.

Neurons in the afferent ganglia are initially
bipolar, with a peripheral and central process
emerging from opposite sides of the soma. As the
cells mature, these two projections approach and
form a single convoluted stem that divides into a
T-shape, making the cells pseudo-unipolar neurons.
The centrally running process from neurons in the
spinal ganglia enters the spinal cord via the dorsal
root of a spinal nerve. Most of these axons synapse
with neurons in the dorsal horn. The cell body of
each afferent neuron is closely surrounded by glial
cells, the satellite cells, which are also derived from
the neural crest.

Spinal nerves

General somatic efferent (motor) nerve fibres appear
in the developing spinal cord at the end of the third
to fourth week of gestation, depending on the
species. Axons grow out from nerve cells of the basal
plate and assemble in bundles, the ventral roots.
Nerve fibres originating from spinal ganglia, on the
other hand, connect to form dorsal roots (Fig.
10-27). The central processes of the neurons in the
dorsal root ganglia grow towards the dorsal horns
of the spinal cord and establish synapses with
sensory interneurons located in the area. Distal
processes join the general somatic efferent ventral
nerve root and form a spinal nerve. This common
trunk of the spinal nerve splits almost immediately
into a dorsal and ventral ramus. The dorsal rami of
the spinal nerves innervate dorsal axial musculature,
vertebral joints, and the skin of the back. Ventral
rami innervate the limbs and ventral body wall and
form the major nerve plexuses.

The major nerve plexuses (cervical, brachial and
lumbosacral plexuses) are formed by secondary
rami of the ventral rami, joined by connecting loops
of nerve fibres. The developing plexuses supply the
muscles and skin of the limbs. As the limbs develop,
the nerves from the corresponding spinal cord seg-
ments grow into the mesenchyme, elongate, and
form neuromuscular synapses with the developing
muscle fibres. The dorsal divisions of these plexuses
supply the extensor muscles and the extensor surface
of the limbs; the ventral division supply the flexor
muscles and flexor surfaces. The skin of the develop-
ing limbs is also innervated by segmental nerves
fibres.

Origin of cranial nerves and
their composition

Although they are arranged according to the same
fundamental plan as the spinal nerves, the cranial
nerves have lost the regular segmental arrangement
and have become highly specialized. By convention,
roman numerals are used to designate the cranial
nerves, with cranial nerve 1 being the most rostral
and cranial nerve XII the most caudal. The

151




- Essentials of Domestic Animal Embryology

Fig. 10-28: Pig embryo, Day 21.5, sagittal section. 1: Spinal ganglion; 2: Spinal nerve. Courtesy Sinowatz and Russe (2007).

nomenclature of cranial nerves also uses the region
or structure that they innervate; cranial nerve I, for
example, is also called the olfactory nerve.

One of the major differences between cranial and
spinal nerves is the tendency of many cranial nerves
to be either afferent or efferent rather than mixed.
Cranial nerves can be classified into three categories
according to their embryonic origin and their future:
(1) nerves with special sensory function (special
somatic afferent or special visceral afferent fibres),
(2) mixed nerves that innervate pharyngeal arch
derivatives (special visceral efferent and afferent
fibres), and (3) nerves with exclusively general
somatic efferent fibres.

Cranial nerves I (olfactory) and II (optic) are
often regarded more as extensions of brain tracts
than as true nerves. Together with cranial nerve VIII
(vestibulocochlear) they constitute the cranial
nerves with special afferent functions. The facial
nerve (VII) might also be considered a member of
this group due to its special visceral afferent fibres

concerned with taste, but because the major task of
this nerve relates to its branchial origin, it is classi-
fied according to that function. Cranial nerves III
(oculomotor), IV (trochlear), VI (abducent), and
XII (hypoglossal) are general somatic efferent
nerves. Cranial nerves V (trigeminal), VII (facial),
IX (glossopharyngeal), X (vagus), and XI (acces-
sory) are classified as mixed nerves with both special
visceral efferent and afferent components and each
nerve supplies derivatives of a different pharyngeal
arch. At the end of the first month of development,
nuclei of all 12 cranial nerves are established. All of
them, except the olfactory (I) and optic nerves (II),
arise from the brain stem and only the oculomotor
nerve (IIT) arises outside the region of the
rhombencephalon.

In the thombencephalon, proliferation centres in
the neuroepithelium establish eight distinct seg-
ments, called rhombomeres. The establishment of
this segmental pattern appears to be directed by
mesoderm surrounding the neuroepithelium. The
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rhombomeres give rise to the efferent nuclei of
cranial nerves IV, V, VI, VII, IX, X, XI and XII.

Whereas the efferent neurons of the cranial nerves
are located within the brainstem, sensory ganglia
harbouring the afferent neurons are situated
outside of the brain. The sensory ganglia of cranial
nerves originate from ectodermal placodes or neural
crest cells. Ectodermal placodes include the nasal,
optic, otic and four epibranchial placodes, repre-
sented by ectodermal thickenings dorsal to the pha-
ryngeal arches (Table 10-4).

Cranial nerves with special
sensory function

The group of special sensory nerves comprises the
olfactory (I), optic (II), and vestibulocochlear
(VIII) nerves.

The neurons of the olfactory nerve (I) develop
from the nasal placode. Their unmyelinated axons
are collected into a number (15 to 20) of smaller
bundles around which the cribriform plate of the
ethmoid bone is formed. These nerve fibres end in
the olfactory bulb, where they form special syn-
apses (olfactory glomeruli) with the mitral cells of
the olfactory bulb.

The optic nerve (II) is formed by nerve fibres that
are derived from ganglion cells of the primitive
retina. Because the optic nerve develops from the
evaginated wall of the diencephalon, it is usually
considered as a fibre tract of the brain. The details
of the development of the optic nerve are described
in Chapter 11.

The vestibulocochlear nerve (VIII) comprises
two kinds of sensory nerve fibres running in two
bundles, the vestibular and the cochlear nerves.
The vestibular nerve takes its origin from the bipolar
neurons of the vestibular ganglion. The central proc-
esses of these cells terminate in the vestibular nuclei
in the floor of the fourth ventricle. The cochlear
nerve is formed by axons of the bipolar neurons of
the spiral ganglion. Their dendrites innervate the
organ of Corti (spiral organ), and their axons end
in the ventral and dorsal cochlear nuclei in the
medulla oblongata.

The nerves of the pharyngeal arches

The cranial trigeminal (V), facial (VII), glossopha-
ryngeal (IX), and vagus (X) nerves supply deriva-
tives of the pharyngeal arches.

The trigeminal nerve (V) innervates the first
pharyngeal arch. It is mainly general somatic affer-
ent and is the principal afferent nerve of the head.
Its large trigeminal ganglion is situated beside the
rostral end of the pons and its neurons originate
from the most anterior part of the neural crest. The
centrally running processes from this ganglion form
the large sensory root of the trigeminal nerve, which
enters the lateral portion of the pons. The peripheral
processes separate into three large divisions, the
ophthalmic, maxillary and mandibular nerves.
Their afferent fibres innervate the skin of the face as
well as the mucosa of the mouth and nose. The
efferent fibres of this cranial nerve arise from neurons
in the most anterior part of the special visceral effer-
ent column in the metencephalon and form the
special visceral efferent nucleus of the trigeminal
nerve, which lies at the midlevel of the pons. Its
axons supply the muscles of mastication and other
muscles that develop in the mandibular prominence
of the first pharyngeal arch.

The facial nerve (VII) supplies derivatives of the
second pharyngeal arch. The special visceral effer-
ent nuclei are located in the special visceral efferent
column in the caudal part of the pons. The efferent
fibres of these neurons are distributed to the muscles
of facial expression and to other muscles developing
from the mesenchyme of the second arch. A small
general visceral efferent portion (see later) of the
facial nerve ends in the peripheral autonomic
ganglia of the head. The geniculate ganglion pro-
vides the special visceral afferent fibres of the facial
nerve. The peripheral processes pass to the greater
superficial petrosal nerve and, via the chorda
tympani, to the taste buds of the anterior two-thirds
of the tongue. The central processes of the geniculate
ganglion enter the pons.

The glossopharyngeal nerve (IX) innervates the
third pharyngeal arch. It forms several rootlets
which arise from the medulla oblongata, just caudal
to the otic vesicle, the primordium of the inner ear.
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Cranial nerve Origin Distribution/Structures served Functional role of

components

Olfactory (1) Olfactory placode, Olfactory region of the nose Special visceral afferent

telencephalon (smell)

Optic (Il) Diencephalon Retina of the eye Special somatic afferent

(vision)

Oculomotor (ll) Mesencephalon Dorsal, ventral and medial rectus General visceral efferent
muscles, ventral oblique muscle, (parasympathetic, minor)
levator palpebrae muscle General somatic efferent
M. sphincter and dilator pupillae,

m. ciliaris

Trochlear (IV) Metencephalon Superior oblique ocular muscle General somatic efferent

Trigeminal (V) Metencephalon Derivatives of first branchial arch: General somatic afferent
Muscles of mastication Special visceral efferent

Abducens (V) Metencephalon Lateral rectus, retractor bulbi muscles General somatic efferent

Facialis (VII)

Metencephalic/
myelencephalic
junction

Derivatives of second branchial arch:
Muscles of facial expression, caudal
belly of m. digastricus, m. stapedius
Taste (rostral two-thirds of tongue)
Mandibular and sublingual salivary
glands; lacrymal glands

Skin of auditory meatus

General visceral afferent
Special visceral afferent
(taste)

Special visceral efferent
General visceral efferent
(parasympathetic)

Vestibulo-cochlear

(VI

Metencephalic /
myelencephalic
junction

Inner ear

Special somatic afferent
(hearing, balance)

Glossopharyngeal Myelencephalon Derivatives of third branchial arch: General visceral afferent
(IX) Stylopharyngeal muscle Special visceral afferent
Taste (caudal third of tongue) (taste)
Parotid, zygomatic glands in Special visceral efferent
carnivores General visceral efferent
Carotid sinus, pharynx (parasympathetic)
External ear
Vagus (X) Myelencephalon Derivatives of fourth branchial arch: General visceral afferent
Constrictor muscles of pharynx Special visceral efferent
Intrinsic muscles of larynx General visceral efferent
Caudal pharyngeal mucosa, mucosa (parasympathetic)
of larynx
Trachea, bronchi, heart, smooth
muscles of digestive tract
External auditory meatus
Accessory (XI) Myelencephalon, M. trapezius, M. sternocephalicus, Special visceral efferent
spinal cord M. brachiocephalicus General somatic efferent
Hypoglossal (XIl) Myelencephalon Tongue muscles General somatic efferent
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The special visceral efferent fibres arise from nuclei
in the myelencephalon and innervate muscles of the
third pharyngeal arch located in the region of the
pharynx. The general visceral efferent fibres run to
the otic ganglion. The postganglionic axons pass to
the parotid gland and to the posterior lingual glands.
Special visceral afferent fibres innervate the taste
buds of the posterior part of the tongue.

The vagus nerve (X) results from the fusion of
nerves of the fourth to sixth pharyngeal arches. Its
large general visceral efferent and general visceral
afferent components innervate the heart, the foregut
and its derivatives, and a large part of the midgut.
Special visceral efferent fibres originating from the
fourth pharyngeal nerve (cranial laryngeal nerve)
innervate the cricothyroid muscle, whereas analo-
gous fibres from the sixth arch gives rise to the recur-
rent laryngeal nerve, which supplies the remaining
intrinsic laryngeal muscles (see Chapter 12).

The cranial root of the accessory nerve (IX) is an
extension of the vagus nerve. The spinal roots arise
from the spinal cord (from the five or six most
cranial cervical segments). The special visceral
efferent fibres of the cranial root join the vagus
nerve and supply the muscles of the soft palate and
the intrinsic muscles of the larynx. The general
somatic efferent fibres of the spinal roots innervate
the sternocleidomastoideus and trapezius muscles.

The general somatic efferent cranial nerves

The trochlear (IV), abducens (VI), hypoglossal
(XII), and the greater part of the oculomotor (III)
nerves can be considered to be homologous with
the ventral roots of spinal nerves, i.e. being general
somatic efferent. The corresponding neurons are
located in general efferent (motor) nuclei of the
brain stem. Their efferent axons supply the muscles
derived from the preotic and occipital myotomes.
The oculomotor nerve (III) supplies muscles of the
eyeball that are derived from the first preotic myo-
tomes (i.e. the dorsal, ventral, and medial recti, the
ventral oblique, and medial portion of retractor
muscles). The trochlear nerve (IV) is the only
cranial nerve that leaves the brain stem dorsally and
innervates the dorsal oblique muscle. The abducens

nerve (VI) arises from nuclei in the metencephalon.
It supplies the lateral rectus and the lateral portion
of the retractor muscle of the eye, both of which are
derived from the most posterior of the three preotic
myotomes.

Autonomic nervous system

The autonomic (involuntary) nervous system regu-
lates many of the involuntary functions of the body
(Fig. 10-29). It has a central regulatory role in the
innervation of smooth muscle, cardiac muscle, exo-
crine, and several endocrine glands. Functionally,
the efferent portion of the autonomic system nerves
(the general visceral efferent fibres) can be divided
into the sympathetic nervous system, originating
from the thoracolumbar region, and the para-
sympathetic nervous system, originating from the
cranial and sacral regions. While the axons of the
general somatic efferent system project from cell
bodies located within the CNS directly to their target
muscles, the visceral efferent network involves at
least two neurons: the cell body of the first, pregan-
glionic neuron, is located in the CNS (in the lateral
horn of the grey matter of the spinal cord or equiva-
lent nuclei of the brain); the second, postganglionic
neuron, is in a peripheral ganglion. All second
neurons are derived from the neural crest and their
axons are termed postganglionic axons. In the para-
sympathetic system, the first and second neurons
utilize acetylcholine as the transmitter. In the sym-
pathetic nervous system, on the other hand, the first
and second neurons use different transmitters: pre-
ganglionic telodendria release acetylcholine whereas
most sympathetic second neurons release nore-
pinephrine at their distal terminals. The develop-
ment of the second neurons proceeds in several
steps. First, the migrating neural crest cells are com-
mitted to develop into an autonomic neuron.
Second, biochemical markers and transmitters char-
acteristic of a sympathetic or a parasympathetic
neuron appear. These initial steps are followed by a
maturation process that elevates these characteristics
to adult levels.

The autonomic nervous system also includes the
general visceral afferent neurons and interneurons
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Fig. 10-29: Sympathetic (red) and parasympathetic (blue) nervous system. Continuous lines: preganglionic fibres; dotted lines:
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(2007).
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in the brain and spinal cord. The peripheral compo-
nent of the autonomic nervous system can be further
subdivided into the sympathetic, parasympathetic,
and enteric system.

Sympathetic nervous system

Towards the end of the embryonic period, cells
originating in the neural crest of the thoracic regions
migrate on each side of the spinal cord toward the
region immediately dorsal to the aorta, where they
form aggregations. Segmentally arranged paraverte-
bral (sympathetic) ganglia develop from these
aggregations, interconnected by longitudinal nerve
fibres forming the sympathetic trunk. Although
these ganglia are initially arranged segmentally, this
arrangement is later partially lost by fusion of
ganglia, especially in the cervical region: the first
three cervical paravertebral ganglia fuse and form
the cranial cervical ganglion. The middle cervical
ganglion is formed by the aggregation of the fourth,
fifth and sixth paravertebral ganglia, and the caudal
cervical ganglion is derived by the fusion of the
seventh and eight ganglia. The aggregation of the
caudal cervical ganglia with the first two thoracic
paravertebral ganglia gives rise to the cervico-tho-
racic or stellate ganglion.

Neural crest cells that migrate close to the
branches of the aorta that supply the abdominal
viscera form preaortic ganglia, such as the coeliac
ganglion and the cranial and caudal mesenteric
ganglia.

After the sympathetic trunks have formed, axons
of sympathetic neurons, located in the lateral horn
of the thoracolumbar segments of the spinal cord,
pass via a ventral root of a spinal nerve and a
white ramus communicans to a paravertebral gan-
glion. Since the visceral efferent column extends
only from the first thoracic to the second or third
lumbar segment of the spinal cord, white rami
communicantes are found only at these levels.

The preganglionic fibres either synapse with
neurons of the paravertebral ganglion or ascend or
descend in the sympathetic trunk to synapse with
neurons of paravertebral ganglia at other levels.
Other preganglionic fibres bypass the paravertebral

ganglia without synapsing and form the splanchnic
nerves to the preaortic ganglia. Other fibres, the
grey communicating rami, run from the sympathetic
chain of ganglia to spinal nerves and from there to
peripheral blood vessels, hair, and sweat glands.
Grey communicating rami can be seen at all levels
of the spinal cord.

The postganglionic sympathetic fibres are rela-
tively long and typically release norepinephrine at
their distal terminals

Parasympathetic nervous system

The preganglionic parasympathetic fibres arise from
neurons in nuclei of the brain stem and from the
sacral region of the spinal cord. Fibres from the
cranial part of the parasympathetic nervous system
travel via the oculomotor (III), facial (VII), glos-
sopharyngeal (IX), and vagus nerves (X). The
postganglionic neurons are located in peripheral
ganglia or plexuses near or within the organ being
innervated (e.g. the pupil of the eye, salivary glands,
or viscera).

Both the location and transmitters of the para-
sympathetic second neurons differ from those of the
sympathetic neurons. The second neurons of the
parasympathetic component of the autonomous
nervous systems are located in, or close to, the
organ innervated and have short axons. Most of
them release acetylcholine at their synapses

The preganglionic neurons associated with the
vagus nerve are derived from the ventricular layer of
the neural tube in the medulla oblongata. They
migrate into the intermediate layer of the neural
tube and later form the parasympathetic nucleus of
the vagus nerve.

Enteric nervous system

The wall of the gut has a large number of neurons
(approximately 10® in large species). The neurons
are often categorized as a special group. Since only
several thousand fibres of the vagus nerve supply the
gut, very few enteric neurons receive direct input
from the CNS. Most of the neurons of the intestine
project to one another. The enteric ganglia are also
biochemically extremely heterogeneous: more than
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two dozen different transmitters have been already
identified.

Neurons from the enteric nervous system are
derived from neural crest cells that originate in the
rhombencephalic and sacral region of the neural
crest.

The enteric nervous system can be subdivided
into two interconnected components: ganglia and
axons located circumferentially between the inner
circular and outer longitudinal smooth muscle
layers of the gut wall constitute the myenteric
ganglia and plexus (Auerbach plexus); those
located in the submucosa of the gut form the sub-
mucosal ganglia and plexus (Meissner’s plexus).
The reflex pathways of the enteric nervous system
influence gastrointestinal motility (craniocaudal
peristaltic wave of contraction) and secretion. Except
in the oesophagus, the enteric nervous system can
operate as an independent system, but under physi-
ological conditions the preganglionic input coordi-
nates enteric activity with eating and digestion.

SUMMARY

The central nervous system (CNS) and peripheral
nervous system (PNS) develop from the ectoderm.
The neural plate, a thickening of the ectoderm that
represents the primordium of the nervous system, is
induced by the notochord, mediated by sonic
hedgehog (Shh) signalling. Subsequently, the neural
plate folds and forms the neural tube. Before neu-
rogenesis, the neural plate and the neural tube are
each composed of a single layer of cells, neuroepi-
thelial cells (neuroepithelium). Within the neural
tube, neuroepithelial cells undergo active mitotic
proliferation leading to the formation of a pseudos-
tratified neuroepithelium. Their daughter cells form
neuronal and glial progenitor cells.

Neural stem cells give rise to all the neurons of
the CNS. They are also the source of the two types
of macroglial cell in the CNS, the astrocytes and
oligodendrocytes. The neural stem cells undergo
many mitotic divisions before maturing into bipo-
tent progenitor cells, which give rise to either neu-
ronal or glial progenitor cell. The neuronal

progenitor cells give rise to a series of neuroblasts,
which later differentiate into numerous types of
neurons. The other major lineage stemming from
the bipotential progenitor cells is that of the glial
progenitor cells. Glial progenitor cells continue to
undergo mitosis, and their progeny split into several
lines (oligodendrocytes, type-1 astrocytes, and
type-2 astrocytes). Another glial lineage, the radial
progenitor cells, has a more complex history. They
give rise to radial glial cells, which act as guide
wires in the brain for the migration of young
neurons. Another type of glial cells of the CNS does
not originate from the neuroepithelium: microglial
cells, which function as motile macrophages after
damage to the CNS, are derived from mesoderm and
enter the CNS along with vascular tissue.

The spinal cord develops from the caudal third
of the neural tube. With the beginning of cellular
differentiation in the neural tube, the neuroepithe-
lium thickens and appears layered. The layer closest
to the lumen of the neural tube is called the ven-
tricular or neuroepithelial layer. The neuropeithe-
lial layer is surrounded by the intermediate or
mantle layer, which contains the cell bodies of
postmitotic neuroblasts and presumptive glial cells.
As the spinal cord matures, the intermediate layer
becomes the grey matter, where the cell bodies of
the neurons are located. The neuroepithelial layer,
on the other hand, becomes the ependyma of the
central canal and the ventricular system of the
brain. As the neuroblasts continue to develop axons
and dendrites, a peripheral marginal layer is formed
that contains neural processes but not neural cell
bodies. The marginal layer later forms the white
matter of the spinal cord. Continuous addition of
neuroblasts to the intermediate layer thickens each
side of the neural tube ventrally and dorsally,
forming basal plates and alar plates, respectively.
The left and right alar plates are connected dorsally
over the central canal by the thin roof plate, while
the two basal plates are connected by the floor
plate, ventral to the central canal. The roof and
floor plate do not contain neuroblasts. Finally, the
intermediate layer becomes shaped like a butterfly,
with prominent dorsal and ventral grey horns
arranged around the central canal. The marginal
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layer develops into the white matter of the spinal
cord, named because of the whitish appearance of
tissue dominated by myelinated axons. This outer
layer contains tracts of ascending and descending
axons that are grouped together in bundles
(funiculi). During the first period of embryonic
development, the spinal cord spans the entire
length of the embryo. Later, due to disproportional
growth, the termination of the posterior end of the
spinal cord gradually shifts to a higher level (ascen-
sus medullae spinalis) and the spinal nerves run
obliquely from the spinal cord to the corresponding
vertebral foramina.

The anterior two-thirds of the neural tube develop
into the brain. Much of the early brain is a highly
segmented structure. This is reflected structurally in
the rhombomeres and molecularly in the expression
of homeobox-containing genes. The newly formed
brain consists of three primary brain vesicles: the
prosencephalon, mesencephalon and rhomben-
cephalon. The prosencephalon partly divides into
two vesicles, the telencephalon and diencephalon.
The lateral walls of the telencephalon soon become
domed and represent the future cerebral hemi-
spheres. The diencephalon remains as the undi-
vided portion of the prosencephalon at the anterior
end of the brain stem. The rhombencephalon
also divides into a rostral and posterior portion,
the metencephalon and myelencephalon,
respectively.

The myelencephalon resembles the spinal cord
both developmentally and structurally and develops
into the medulla oblongata, the posterior part of
the brain stem. The medulla oblongata serves as a
conduit for tracts between the spinal cord and the
higher regions of the brain but also contains impor-
tant centres for the regulation of respiration and
heartbeat.

The metencephalon represents the anterior
portion of the rhombencephalon. It develops into
two main parts: the pons, a transverse structure
demarcating the anterior end of the medulla oblon-
gata, and the cerebellum, a phylogenetically newer
and ontogenetically later developing structure,
acting as a coordination centre for posture and
movement. The primordia of the cerebellum are the

rthombic lips, the dorsolateral regions of the alar
plates of the metencephalon. During the early fetal
period, the developing cerebellum expands dorsally
forming a dumb-bell structure. The medial part of
the anterior regions gives rise to the vermis, and the
lateral areas develop into the hemispheres of the
cerebellum.

The mesencephalon (midbrain) remains struc-
turally relatively simple and the fundamental rela-
tionships between the basal and alar plates are
essentially preserved. The part of the midbrain
dorsal to the aqueduct becomes the tectum forming
the corpora quadrigemina, which are derived from
the alar plates. Ventral to the aqueduct the basal
plates form the tegmentum.

The diencephalon is the posterior part of the
prosencephalon (forebrain), which gives rise to the
epithalamus (including the epiphysis) thalamus,
metathalamus and hypothalamus as well as the
neurohypophysis and optic cups. The cavity devel-
oping within the diencephalon is the third ventri-
cle. All forebrain structures (telencephalon and
diencephalon) are regarded as highly modified deri-
vations of the alar and roof plates without signifi-
cant representation by basal plates.

The hypophysis (pituitary gland) develops from
two quite separate parts: (1) an ectodermal outpock-
eting of the stomodeum immediately in front of the
buccopharnygeal membrane, known as Rathke’s
pouch, forming the adenohypophysis, and (2) a
ventral downgrowth of the diencephalon, the
infundibulum, forming the neurohypophysis.

The development of the telencephalon is domi-
nated by the tremendous expansion of the telecen-
cephalic vesicles, which give rise to the two cerebral
hemispheres that completely overgrow the anterior
parts of the brain stem. The walls of the telen-
cephalic vesicles surround the expanding lateral
ventricles, which are outpocketings from the third
ventricle. They communicate with the third ventricle
via the interventricular foramina. Although the
cerebral hemispheres expand greatly during early
pregnancy, their external surface remains smooth.
Later, they undergo folding at several levels of
organization and the species-specific sulci (grooves)
and gyri (elevations) develop. Like the cerebellum,
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the cerebral cortex is organized with the grey matter
in layers outside the white matter. Based on its phy-
logenetic development, it can be subdivided into
two different regions: the phylogenetically older
allocortex (archicortex and palaeocortex) and the
newer neocortex. The allocortex is the original part
of the cerebral cortex and displays a wide variety of
histological patterns in different regions, but is gen-
erally characterized by three histological layers:
molecular, pyramidal or granular, and polymorphic
layers. The neocortex, on the other hand, presents
a more complex five- or six-layered histological
structure.

In addition to populating the cerebral cortex,
neurons originating from the intermediate layer of
the diencephalic and telencephalic vesicles form
aggregations of cell bodies known as the basal ganglia.

The peripheral nervous system (PNS), which
develops from various sources, consists of the
cranial, spinal, and visceral nerves and the cranial,
spinal, and autonomic ganglia. It comprises effer-
ent (motor) nerve fibres that conduct impulses
away from the CNS and afferent (sensory) fibres
that conduct impulses towards the CNS. Spinal
nerves contain both afferent and efferent fibres. The
cranial nerves have lost their segmental patterns and
have become highly specialized. Some are purely
afferent, some are efferent, and still others are mixed,
containing autonomic nerve fibres as well. The auto-
nomic nervous system consists of two efferent com-
ponents, the sympathetic and parasympathetic
nervous system. Both components contain pregan-
glionic neurons, derived from the CNS, and post-
ganglionic neurons, of neural crest origin.

Box 10-1 Molecular regulation of the development of CNS and PNS

Molecular regulation of spinal cord
development

As early as the neural plate stage, the presumptive
spinal cord region expresses the homeobox-
containing transcription factors paired box gene 3
(Pax3), Pax7, Msx1, and Msx2. This expression
pattern is modified by Sonic hedgehog (Shh), a
transcription factor originating from the notochord
that is released even before the neural plate has
folded to become the neural tube. This local Shh
signalling stimulates the neural plate cells directly
above the notochord to transform into the floor
plate and basal plate whereupon the floor plate
starts to express Shh.

Within the basal plate, efferent neurons (alpha-
motor neurons and gamma-motor neurons) and
interneurons become arranged in a well-defined
dorso-ventral pattern. These different types of
neurons are specified by a characteristic
combination of homeodomain transcription factors,
with a pattern of expression determined by the
gradient of Shh emanating from the floor plate. As
a result, a specific combination of transcription
factors at each level of the developing spinal cord

determines each of the different types of neurons
which, in turn, show their own molecular signature.
For instance, general somatic efferent neurons are
specified by the expression of islet-1 that can be
regarded as the earliest marker of developing motor
neurons.

Shortly after the production of efferent neurons has
ceased in the basal plate, a shift in regulatory
factors stimulates the production of glial precursor
cells from the ventral neuroepithelium.

The Bone morphogenetic proteins 4 and 7
(BMP4 and BMP7), expressed in the surface
ectodermal cells at the lateral border of the neural
plate, maintain and upregulate Pax4 and Pax7 in
the dorsal half of the neural tube. These dorsalizing
inductive effects cause the formation of roof and
alar plates. After closure of the neural tube, the
BMPs influence the formation of sensory
interneurons in the alar plate of the later spinal
cord.

Ventral to the central canal, neuronal processes
cross from one side of the spinal cord to the other
through the floor plate as commissural axons.
These nerve fibres originate from neurons in the
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dorsal half of the neural tube. They are attracted to
the floor plate by specific molecules, for example
netrin 1.

Molecular regulation of mesencephalic and
rhombencephalic development

Different brain regions respond to different signals
and this helps specify regional differences.
Furthermore, expression patterns of genes
regulating the dorsoventral and anterior-posterior
patterning of the brain overlap and interact at the
borders of these regions.

The mesencephalon (midbrain) and
metencephalon (hindbrain) are specified by the
isthmic organizer, a signalling centre at the
border between the mesencephalon and
metencephalon. The principal signalling molecule is
FGF8 which is expressed in a narrow ring-shaped
area at the anterior border of the first rhombomere.
In cooperation with Wnt1, FGF8 induces the
expression of engrailed genes En-1 and En-2, two
homeobox-containing genes, as well as Pax2 and
Pax5. The expression of these genes decreases
with increasing distance from the FGF8-signalling
centre. En-1 regulates development throughout its
expression domain, including the dorsal
mesencephalon (tectum) and anterior
rhombencephalon (cerebellum). En-2 acts only in
the development of the cerebellum.

The mesencephalon is highly patterned along its
dorso-ventral axis. As in all other regions of the
CNS, ventral patterning is controlled by Shh.
Besides promoting neuronal development in the
basal plate of the mesencephalon, Shh inhibits the
ventral expression of molecules, such as Pax7, that
are characteristic of the alar plates. Anteriorly, the
mesencephalon becomes separated from the
diencephalon through a distinct set of molecular
interactions: the diencephalon is characterized by
the expression of Pax6, whereas the
mesencephalon is a domain of En-1 expression.
Mediated by the action of several negative
regulators, Pax6 inhibits En-7 expression, whereas
En-2 directly inhibits Pax6 expression, leading to a
sharp diencephalic-mesencephalic border.

The rhombencephalon consists of eight segments
(rhombomeres) that show a variable expression of a

cluster of Hox genes. Genes at the most 3’end of
a cluster have more anterior boundaries and are
also expressed earlier than those at the 5’end.
These genes, which are expressed in overlapping
spatio-temporal patterns, confer positional
information along the antero-posterior axis of the
hindbrain, determine the identity of the
rhombomeres, and specify their derivatives. Many
details of Hox-gene expression are still unclear, but
retinoic acid may play a critical role because
retinoic acid deficiency results in a small hindbrain.

The cerebellum, like the cerebrum, includes a
nuclear structure and an overlying cortical structure.
The initial molecular steps in cerebellar development
depend on inductive signalling involving FGF and
Whnt proteins produced at the mesencephalic/
metencephalic boundary. Interlocking codes of
transcription factors (mammalian homologues of
LIM homeodomain-containing proteins, basic
helix-loop-helix proteins, and three-amino-acid-
loop-containing proteins) define precursors of the
cerebellar nuclei, and both Purkinje cells and
granule neurons of the cerebellar cortex.

Molecular regulation of prosencephalic
development

Specification of the prosencephalon and
mesencephalon is also regulated by genes
containing a homeodomain. At the neural plate
stage, LIM1 is expressed in the prechordal plate,
and OTX2 in the neural plate. Both genes are
important for designating the prosencephalic and
mesencephalic areas. With the appearance of
neural folds and pharyngeal arches, additional
homeobox genes are expressed in patterns that
specify the later prosencephalic and mesencephalic
regions.

After the establishment of these boundaries, the
anterior neural ridge (ANR) becomes an
important organizing centre at the anterior junction
between the neural plate and surface ectoderm.
Cells of the ANR secrete FGF8, a key signalling
molecule that induces subsequent gene expression
important for further differentiation. FGF8-induced
expression of brain factor 1 (BF1) then regulates
the development of the cerebral hemispheres and
regional specification within the prosencephalon,

Continued
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including the basal telencephalon and retina.
Dorsoventral and mediolateral patterning also
occurs in the prosencephalic areas. Ventral
patterning is controlled, as in all other parts of the
central nervous system, by expression of Shh
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CHAPTER

Fred Sinowatz

Eye and ear

DEVELOPMENT OF THE EYE

The eye is an organ of remarkable complexity and
apparently flawless design. Eyes develop from three
sources: (1) the neuroectoderm of the forebrain, (2)
the surface ectoderm of the head, and (3) head
mesenchyme of neural crest origin between these
layers. Ectodermal outgrowth from the brain gives
rise to the retina, iris and optic nerve, the surface
ectoderm forms the lens, and the surrounding mes-
enchyme forms the vascular and fibrous coats of
the eye.

Optic cup and lens vesicle

The area of the neural plate that gives rise to the eyes
is initially a single medial region, the optic field,
near the anterior margin of the future prosen-
cephalon. Interactions of the neuroectoderm of the
optic field with underlying mesoderm lead to a sep-
aration of the single optic field into lateral eye-
forming regions. At the end of the third week of
gestation in most species, shallow grooves are
formed on the sides of the forebrain. With closure
of the neural tube, these grooves expand as outpock-
ets of the prosencephalon - the optic vesicles (Figs
11-1, 11-2). The optic vesicles remain attached to
the prosencephalon by the optic stalk. It has been
shown in the mouse that the transcription factor Rx
is expressed very early in the optic field. In its
absence, the optic vesicles fail to form.

Each optic vesicle grows laterally until it comes
into contact with the surface ectoderm, where it
induces a circumscribed thickening of the ectoderm,
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the lens placode. This placode subsequently invagi-
nates and forms a lens vesicle, which loses its
contact with the surface ectoderm. As the lens vesi-
cles develop, the optic vesicles invaginate and
become double-walled structures, the optic cups
(Figs 11-1, 11-3). The inner and outer layers of the
optic cups are at first separated by a lumen, the
intraretinal space, but it soon disappears, and the
two layers appose each other. The inner layer of
the optic cup later develops into the neural retina
with its three layers of neurons that function in
visual perception. The outer layer of the optic cup
becomes the pigmented layer of the retina (Figs
11-4, 11-5). The optic stalk connects the optic cup
with the prosencephalon and, later, the dien-
cephalon; the stalk serves to guide the growth of
neuronal axons from the retinal ganglion layer back
to the developing brain.

Retina

The retina develops from the optic cups. The outer,
thinner, layer, characterized in most species by cells
containing small pigment granules, becomes the
pigmented layer of the retina. The inner layer of the
optic cup thickens, and the epithelial cells begin a
complicated process of differentiation into neurons
and light receptor cells of the multilayered neural
retina (Figs 11-6, 11-7). The outer lips of the optic
cup undergo a quite different transformation. They
give rise to the iris and ciliary body, which control
the amounts of light that reach the retina and the
curvature of the lens, respectively.

In the adult, the neural retina is a multilayered
structure. The sensory pathway of the retina consists
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Fig. 11-1: Development of the eye. A: Evagination of the optic vesicles (1) from the prosencephalon (2); 3: Heart. B: Cross
section through the optic vesicles (1) and the prosencephalon (2); 3: lens placode; 4: Ectoderm. As a result of the contact of
the optic vesicles with the surface ectoderm, the ectoderm thickens and forms the lens placode. C: Longitudinal sections
through the developing eye, showing the invagination of the lens placode (3). 1: Inner layer of the optic cup; 2: outer layer of
the optic cup; 4: Diencephalon. D: The lens vesicle (1) loses contact with the surface ectoderm and lies in the mouth of the
optic cup. 2: Diencephalon. E and F: Differentiation of the eye-ball. 1: Eyelid; 1”: Suture of the fused eyelids; 2: Cornea; 3:
Anterior chamber of the eye; 4: Iris; 4”: Pupillary membrane; 5: Posterior chamber of the eye; 6: Lens; 7: Ciliary body with
zonular fibres; 8: Vitreous body; 9: Hyaloid artery; 9”: Central retinal artery; 10: Neural layer of the retina; 11: Pigment layer of
the retina; 12: Choroid and sclera; 13: N. opticus. Courtesy Sinowatz and Russe (2007).
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Fig. 11-2: Optic vesicles evaginating from the prosencephalon. Pig embryo of 6 mm CRL. 1: Prosencephalon;
2: Optic vesicle.

Fig. 11-3: Transformation of the optic stalk into the optic nerve. Upper series: Ventral view of the optic cup and optic stalk at
progressive stages of development. Lower series: Cross sections of the optic stalk at different levels (A, B, C). 1: Lens; 2:
Choroid fissure; 2”: Closed choroid fissure; 3: Optic stalk; 3”: N. opticus; 4: Lumen of optic vesicle; 5: Inner layer of the optic
stalk; 5”: Axons of the N. opticus; 6: Outer layer of the optic stalk; 7: Mesenchyme; 8: Central retinal artery and vein; 9: Pia
and arachnoid layer of the nerve. Courtesy Sinowatz and Russe (2007).
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Fig. 11-4: Transverse section of a 45 mm feline fetus. 1: Telencephalon; 2: Lateral ventricle; 3: Nasal cavity; 4: Mandible;
5: Tongue; 6: Pigment epithelium of the retina; 7: Nervous layer of the retina; 8: Lens; 9: Lower eyelid; 10: Cornea; 11: Upper
eyelid.
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Fig. 11-5: Section through the anterior part of the eye of a 17 mm feline embryo. 1: Anterior corneal epithelium; 2: Corneal
stroma; 3: Posterior corneal epithelium; 4: Anterior lens epithelium; 5: Lens fibres; 6: Margin of iris; 7: Neural (sensory) layer of
the retina; 8: Pigment layer of the retina; 9: Anterior chamber.
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Fig. 11-6: Section through the posterior part of the eye of a 17 mm feline embryo. 1: Mesenchyme of the choroidea; 2:
Pigment layer of the retina; 3. Neural layer of the retina; 4: Undifferentiated mesenchyme, which later forms the sclera; 5: Lens
epithelium; 6: Lens fibres.
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Fig. 11-7: Horizontal section through a pig embryo at Day 21. 1: Diencephalon; 2: Pigment layer of the retina; 3: Neural
(sensory) layer of the retina; 4: Lens primordium; 5: Statoacoustic ganglion; 6: Otic vesicle; 7: Metencephalon. Courtesy

Sinowatz and Russe (2007).

of a chain of three neurons. The first link in the
chain is a light- or photoreceptor, either a rod cell
or a cone cell. The nuclei of the photoreceptors are
located in what is referred to as the outer nuclear
layer. The rod and cone cells send processes towards
the outer plexiform layer, where they synapse with
processes of the second neurons of the chain, the
bipolar neurons, the nuclei of which occupy the
inner nuclear layer. The other process of each
bipolar neuron leads into the internal plexiform
layer and establishes synapses with the third neuron
in the chain, the ganglion cell. The bodies of the
ganglion cells are located in the ganglion cell layer.
Their long axons course through the innermost layer
of the retina, the nerve fibre layer, towards the optic
disc through which they leave the eye in order to
reach the brain as the optic nerve (II).

Even in the retina, many levels of integration of
visual signals occur: horizontal and amacrine cells
are involved in the horizontal distribution of the
signals. This facilitates the integration of simple
signals into a more complex visual pattern. Another
important cell type in the retina is the Miiller glial
cell; these cells provide mechanical support and

nutrition to the retina, a role analogous to that of
fibrous astrocytes in the central nervous system.

The normal development and differentiation of
the neural retina depends upon its close contact and
interaction with the pigmented layer, as well as
interactions between the neural and the glial ele-
ments within the neural layers. Disruptions of these
contacts result in abnormal retinal development. In
ungulates, retinal differentiation and maturation is
essentially completed at birth whereas in carnivores
they continue for up to 5 weeks after birth.

In the originally single-layered columnar inner
layer of the optic cup many mitoses occur, trans-
forming the primordium of the neural retina into a
thickened pseudostratified columnar epithelium.
The polarity of the retina also becomes fixed during
these early stages; the anterior-posterior axis first
then the dorso-ventral axis and, finally, radial
polarity.

As the number of cells in the inner layer of the
early retina increases, the differentiation of the
neurons begins. There are two major gradients of
differentiation of the retina: the first proceeds more
or less vertically from the inner to the outer layers;



the second is more horizontal, from the centre
towards the periphery. Differentiation in the hori-
zontal gradient starts with the appearance of gan-
glion cells. As the ganglion cell layer is established,
premature differentiation of neighbouring neural
precursor cells is prevented by expression of the
Notch gene. The protein coded by Notch keeps these
cells in an undifferentiated state that will be over-
come later by differentiation signals from the neigh-
bourhood of the neuroblasts. Differentiation of
amacrine and horizontal cells completes the differ-
entiation of the inner and outer nuclear layers of the
retina. These neurons send out processes that con-
tribute to the definition of the inner and outer plexi-
form layers. The last retinal cells to differentiate are
the bipolar neurons and receptor cells - the rod and
cone cells.

Optic axon guidance

At a later stage of retinal differentiation, axons from
the ganglion cells grow along the innermost layer of
the retina towards and into the optic stalk, following
molecular cues. The optic stalk connects the retina
with the diencephalon (Fig. 11-3). On its ventral
surface the stalk has a groove, the choroid fissure,
that contains the hyaloid vessels. The optic stalk
also serves as a guide directing axons from the gan-
glion cells of the retina back into the developing
brain.

Later, the choroid fissure closes and a narrow
tunnel is formed inside the optic stalk. The number
of outgrowing nerve fibres in the inner wall of the
stalk increases continuously and eventually the
inside and outside walls of the stalk fuse, transform-
ing the optic stalk into the optic nerve carrying the
central artery of the retina, a portion of the hyaloid
artery. Myelinization of the optic nerve fibres is
incomplete at birth and continues postnatally.

During the phase of axonal outgrowth from the
retina, a precise retinal map is maintained in the
organization of the optic nerve and passed on to the
visual centres of the brain. The formation of a
retino-optic map involves the establishment of an
initial, very coarse map that subsequently undergoes
large-scale remodelling to generate a refined map.

Eye and ear -

Attachment of the retina

The cleft between the inner and outer layer of the
optic cup is never completely obliterated, even into
adulthood, and so no firm attachment between the
pigment epithelium and the nervous epithelium
of the retina is established. The major factor keeping
the two layers in contact is the maintenance of
normal intraocular pressure, a major function of the
aqueous humour and vitreous body.

Iris and ciliary body

Differentiation of the iris and ciliary body occurs at
the lip of the optic cup, where the neural and
pigment layers of the retina meet. The iris develops
by the peripheral extensions of both layers of the
optic cup so that they cover the edges of the lens
vesicle. This brings the lens vesicle entirely inside
the boundary of the optic cup (Fig. 11-1). Thus the
iris consists of an inner non-pigmented epithelial
layer and an outer pigmented layer, which are con-
tinuous with the neural and pigmented layers of the
retina, respectively. The stroma of the iris is of
neural crest origin and migrates into the iris sepa-
rately. The muscles of the iris, the sphincter pupil-
lae and dilator pupillae are, interestingly, of
neuroectodermal origin; they result from a trans-
formation of the anterior epithelial layers of the iris
into smooth muscle cells. The levels and distribu-
tion of pigmentation in the iris determine eye
colour. The bluish colour of the iris seen in most
newborn animals is caused by the pigmentation of
the outer pigmented layer of the iris. Pigment cells,
however, also appear in the stroma of the iris; the
greater the density of pigment cells in the stroma,
the browner is the eye colour. Definitive pigmenta-
tion of the eye develops during the first months of
postnatal life.

The ciliary body, containing the ciliary muscle,
takes shape between the iris and the neural retina.
The neural-crest-derived ectomesenchyme of this
area proliferates unevenly and forms a series of
ridges (processus ciliaris) that are covered by a two-
layered epithelium (Fig. 11-1). The pigmented epi-
thelium of the ciliary body is derived from the outer
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layer of the optic cup and is continuous with the
retinal pigmented layer. The inner epithelial layer is
continuous with the neural layer of the retina pos-
teriorly and the epithelium of the iris anteriorly.
This inner epithelium later becomes the source of
aqueous humour. The ciliary body is connected to
the lens by a set of radial elastic fibres (zonular
fibres) forming the suspensory ligaments of the
lens. Contraction of the ciliary muscle, which is
derived from the ectomesenchyme within the ciliary
body, diminishes the tension of the zonular fibres
and results in a more spherical, relaxed shape of the
lens, critical to the focusing of the lens.

Lens

When the optic vesicles contact the surface ecto-
derm, the ectoderm thickens to form the lens pla-
codes (Fig. 11-1). These structures subsequently
invaginate and form the lens vesicles, which break
away from the surface ectoderm. Shortly after for-
mation of the lens vesicles, cells of the posterior wall
of the vesicles elongate to form primary lens fibres
which fill the hollow lens vesicle cavity and thereby
transform it into a solid lens (Fig. 11-5). Growth of
the lens is not finished at this stage; new, secondary
lens fibres are continuously added to the central
core of the lens, extending almost pole to pole. On
the posterior side of the lens, less differentiated cells
that do not elongate move to the poles of the lens,
proliferate and serve as a source for new lens fibres.
The cells of the lens secrete a basal-membrane-like,
elastic material rich in glycoproteins that covers the
surface of the lens. This lens capsule contributes to
the elastic properties of the lens, essential to its func-
tion. Zonular fibres, essentially collagenous fibres
that are formed from mesenchymal cells situated
between the ciliary body and the lens, attach to this
capsule.

Differentiation of the lens is precisely controlled
at several levels of organization. At the cellular level,
cytodifferentiation transforms mitotically dividing
anterior lens epithelial cells into elongated postmi-
totic transparent lens fibres. Most of the soluble
protein (up to 90%) of the lens fibres consists of
three crystalline proteins: o, B, and . This process is

under control of the transcription factor Sox2 and
other proteins paired with the oncogene Maf. During
cell differentiation in the lens, all cell organelles
gradually disappear, leaving lens fibres with an
intact outer membrane, an inner cytoskeleton and
transparent cytoplasm filled with crystalline pro-
teins. The crystalline proteins appear in a character-
istic sequence: first o-crystalline proteins, then,
when the cells elongate, B-crystallins; then, and
only in the terminally differentiated lens fibres,
v-crystallins

Formation of crystallin-containing lens fibres
starts with the elongation of epithelial cells from
the posterior pole of the lens vesicle. These primary
lens fibres make up the lens nucleus. The remain-
ing lens fibres originate from the elongation of the
cuboidal cells of the anterior lens epithelium. They
form concentric layers (secondary lens fibres)
around the primary fibres of the lens nucleus. Con-
sequently, the most peripheral lens fibres are the
youngest and, as long as the lens grows, new sec-
ondary lens fibres move in from the equator to the
outer cortex of the lens. The midline regions, where
secondary lens fibres from opposite points on the
equator meet, are called the anterior and posterior
lens sutures.

The development of the lens is strongly influ-
enced by the retina. Fibroblast growth factor secreted
by the retina accumulates in the vitreous humour
behind the lens and stimulates the formation of lens
fibres. During its rapid growth, the lens also requires
a rather extensive blood supply. This is established
by a vascular tunic that covers the lens, supplied
by blood vessels from two sources: the blood supply
for the front of the lens comes from the vessels of
the stroma of the iris; the posterior surface of the
lens is invested by the hyaloid artery, a branch of
the choroid vessels that passes through the optic
fissure and crosses the vitreous chamber. Branches
of the vessels from the stroma of the iris form a
vascular membrane called the pupillary membrane,
which extends across, and temporarily occludes, the
pupil. Both the pupillary membrane and the hyaloid
artery normally regress long before birth. The more
proximal part of the hyaloid arterial systems persists
as the central artery of the retina.



Vitreous body

The vitreous body arises from a loose mesenchyme
that, by way of the choroid fissure, invades the cavity
of the optic cup where it forms a loose fibrillar
mesh. The interstitial spaces of this delicate network
later fill with transparent gelatinous substance,
forming the vitreous body. During much of embry-
onic development the hyaloid artery supplies the
vitreous body. However, as development progresses,
the vitreous part of the hyaloid artery, as well as its
branches supplying the lens, regress, leaving a
hyaloid canal in the vitreous body.

Choroid, sclera, and cornea

During early development of the eye, the optic cup
is surrounded by a layer of loose mesenchyme,
largely derived from the neural crest. Under the
influence of the pigmented epithelium of the retina,
the inner layer of these cells differentiates into the
highly vascularized pigmented layer of the
choroid. The outer cells form the white, densely
collagenous sclera that provides mechanical support
for the eye and attachment for the extraocular
muscles that move the eyeball. The sclera is continu-
ous with the cornea.

Formation of the cornea results from several
sequential inductive events (Fig. 11-5) that trans-
form the surface ectoderm and the underlying mes-
enchyme into a transparent structure that allows
light to pass towards the retina. The cornea is formed
by: (1) an epithelial layer derived from the surface
ectoderm; (2) the primary stroma, originating from
mesenchyme surrounding the optic cup; and (3) an
epithelial layer, the corneal endothelium, that
borders the anterior chamber. After the corneal
endothelium has formed, its cells synthesize and
secrete large amounts of hyaluronic acid into the
primary stroma. The large water-binding capacity of
hyaluronic acid causes the primary stroma to swell
greatly, providing the proper environment for a
wave of migration of cells of neural crest origin into
the developing cornea.

Once the migrating mesenchymal cells have
settled, they are transformed into fibroblasts, estab-
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lishing the secondary stroma. The fibroblasts secrete
protocollagen that assembles outside the cells
into coarse collagen fibres. Secretions of the corneal
epithelium and corneal endothelium provide the
remaining layers of the cornea: Bowman’s mem-
brane (lamina limitans anterior; a thick basal
lamina under the corneal epithelium) and the
Descemet’s membrane (lamina limitans posterior;
basal lamina of the corneal endothelium), respec-
tively. Bowman’s membranes are especially well
developed in humans and higher primates. The fully
differentiated cornea comprises the following layers:
(1) the multilayered corneal epithelium, (2) the
lamina limitans anterior, (3) the secondary stroma,
(4) the lamina limitans posterior, and (5) the
corneal endothelium. During the final stages of
development, the transparency of the cornea is
greatly increased, allowing almost 100% transmis-
sion of light. This is accomplished by removing most
of the water from the secondary stroma, initially by
degradation of the water-binding hyaluronic acid
within it. During a second phase, thyroxin from the
maturing thyroid gland causes a further dehydration
of the cornea. Thyroxin acts on the corneal endothe-
lium to pump sodium ions from the secondary
stroma into the anterior chamber of the eye. Water
molecules follow the transport of sodium ions, thus,
effectively completing the dehydration of the cornea.
A rather late event of corneal development is a
change in its radius of curvature, bringing light rays
into focus on the retina.

The anterior chamber of the eye develops from
a cleft-like space within the mesenchyme between
the developing cornea and the lens. The posterior
chamber of the eye arises from a space that forms
in the mesenchyme posterior to the developing iris
and anterior to the developing lens. When the pupil-
lary membrane disappears, anterior and posterior
chambers of the eye can communicate with each
other through the pupil opening. The anterior and
posterior chambers are filled with aqueous humour,
which is secreted into the posterior chamber by the
epithelial cells of the ciliary body. The aqueous
humour passes through the pupil opening in the
anterior chamber, where it is removed into the
bloodstream via a trabecular meshwork of connec-
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tive tissue fibres that bring it into very close proxim-
ity to capillaries. The meshwork is located at the
junction of the cornea, iris and sclera - the irido-
corneal angle. This angle is initially obstructed by a
layer of epithelial cells that extends between the
endothelium of the cornea and the anterior surface
of the iris. As the mesenchyme in this area does not
proliferate quickly enough to keep up with the
growth of the eye, fluid-filled spaces develop, which
later becomes the spaces of the meshwork. The epi-
thelial sheet also becomes perforated by rarefaction.
The morphogenetic events forming the meshwork
of the filtration angle continue after birth.

Eyelids and lacrimal glands

Each eyelid is formed from a fold of ectoderm with
a mesenchymal core. Once their formation starts,
the eyelids grow rapidly towards each other over the
developing cornea until they meet and fuse with
one another. The temporary fusion involves only
the epithelial layer of the eyelid, resulting in a per-
sisting common epithelial lamina between them.
Separation of the eyelids occurs before birth in
humans (around the seventh month of gestation),
horses, and ruminants, and after birth in carnivores
(at about the eight and tenth days postnatally in
pups and Kkittens, respectively). Before the eyelids
reopen, eyelashes and small modified sebaceous
glands lying along the margins of the lids (the tarsal
glands) begin to differentiate from the common
epithelial lamina. Each lash also has its own modi-
fied sweat gland. In dogs, no eyelashes develop in
the lower eyelids.

The thin, transparent mucous membrane cover-
ing the inner surface of the eyelid continues over the
anterior surface of the sclera and is called the con-
junctiva. The space between the eyelids and the
front of the eyeball is known as the conjunctival
sac. In domestic animals, a fold of mesenchyme
covered by conjunctiva develops into the third
eyelid. Later, within the mesenchymal tissue, a car-
tilage forms that gives rigidity to the third eyelid.

Around the time when the eyelids fuse, the lac-
rimal glands develop from a number of solid buds
from the surface ectoderm at the dorsolateral angles

of the orbits. These buds branch and become canal-
ized to form the ducts and alveoli of the glands.
Soon after birth they produce a watery secretion that
lubricates the outer surface of the cornea. The lac-
rimal glands do not function fully at birth in
humans; newborn babies do not produce tears
when crying during the first six weeks.

EAR

The ear is a complex organ consisting of three com-
partments, the outer, middle, and inner ear, each
of different embryonic origin. The structures of the
outer and middle ear are derived from the first and
second pharyngeal arches and the intervening first
pharyngeal cleft and pharyngeal pouch (see Chapter
14). The inner ear develops from a thickened ecto-
dermal placode at the level of the hindbrain.

The external ear consists of the auricle, the exter-
nal auditory meatus, and the outer layers of the
tympanic membrane. The middle ear conducts
sound waves from the external to the inner ear. This
is achieved through a chain of three middle ear
ossicles, which connect the inner side of the tym-
panic membrane to the oval window of the middle
ear. The middle ear ossicles are located within the
tympanic, or middle ear, cavity. Other components
of the middle ear are the auditory tube (Eustachian
tube), the middle ear muscles, and the inner layer
of the tympanic membrane. The inner ear consists
of the membranous labyrinth and the vestibular
and acoustic (spiral) ganglia associated with the
vestibulocochlear nerve (VIII). The inner ear con-
tains the vestibulocochlear organ, the sensory
apparatus involved in both hearing (through the
cochlea) and balance (by means of the vestibular
apparatus). The inner ear is surrounded by the car-
tilaginous otic capsule, which becomes the ossified
petrous (and, postnatally, the tympanic bulla)
region of the os temporale.

Development of the inner ear

The primordia of the inner ear are otic placodes,
bilateral thickenings of the surface ectoderm



immediately adjacent to the middle of the myelen-
cephalon. Recent studies have shown that FGF19,
produced by the paraxial mesoderm, induces the
expression of Wnt-8¢ in the neuroepithelium of the
rhombencephalon, which in turn stimulates the
secretion of FGF3. Possibly under the influence of
FGF3, the otic placodes invaginate to form the otic
pits, which make contact with the wall of the mye-
lencephalon. After a short time, the lips of the pit
close, separating the otic vesicle from the surface
ectoderm (Figs 11-8, 11-9). The cavity of the otic
vesicles fills with a fluid called endolymph. Some
cells that break away from the ventromedial wall of
the otic epithelium later give rise to the sensory
ganglia of the vestibulocochlear nerve (VIII).
Next, a series of outpocketings from the otic
vesicle establish the primordia of the endolym-
phatic, semicircular, and cochlear ducts (Fig.
11-10). A finger-like evagination of the dorsomedial
region of the otic vesicle gives rise to the endolym-
phatic duct which, upon dilation of its terminal
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end, forms the endolymphatic sac. FGF3, secreted
by rhombomeres, appears to be necessary for this
development. The otic vesicle itself soon begins to
elongate and differentiates into two distinct parts:
the utricle dorsally, and the saccule ventrally (Fig.
11-10). The two main parts of the inner ear are
under the control of different genes: Paired box gene
2 (Pax2) for the auditory portion and Nkx5 for the
vestibular portion including the semicircular ducts.
Knockout of Pax2 specifically suppresses the devel-
opment of the cochlea and spiral ganglion.

Two flat, disc-like diverticula grow from the utri-
cular portion of the otic vesicle. One of these flat
diverticula takes a vertical position, parallel to the
median plane while the second is horizontal, at a
right angle to the first. Division of the vertical diver-
ticulum gives rise to the anterior and posterior
semicircular structures. Subsequently, the central
portions of these vanish due to apoptosis and the
two tubes remaining are termed the anterior and
posterior semicircular ducts that later become

Fig. 11-8: Section through the otic vesicle (1) and statoacoustic ganglion (2) of a 16 mm bovine embryo. Courtesy Sinowatz

and Russe (2007).
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Fig. 11-9: Transverse section through the region of the rhombencephalon showing formation of the otic vesicles. A: 1: otic
placode; 2; Neural groove; 3: Dorsal aorta; 4: Surface ectoderm; 5: Pharynx. B: 1: Otic pit; 2: Neural groove; 3: Dorsal aorta;
4: Ventral aorta; 5: Pharynx; C: 1: Otic vesicle; 2: Rhombencephalon; 3: Dorsal aorta; 4: Ventral aorta; 5: Pharynx; D: 1:
Recessus labyrinthi; 2: Anlage of the ductus cochlearis; 3: Rhombencephalon; 4: Dorsal aorta; 5: Ventral aorta; 6: Pharynx

with tubotympanic recess. Courtesy Sinowatz and Risse (2007).

orientated at 90° to each other. Similarly, the central
area of the horizontal diverticulum undergoes apop-
tosis, leaving residual tissues to form the lateral
semicircular duct. One end of each semicircular
duct enlarges at its junction with the utriculus,
forming an ampulla. In the ampullae, specialized
clusters of receptor cells develop - the cristae amp-
ullares. Together with the macula utriculi and
macula sacculi, they represent the sensory organs of
balance. Several genes guide the development of the
semicircular ducts; in the absence of Otx-1 the
lateral semicircular duct fails to develop, and the
homeobox transcription factor DIx is necessary
for the development of the anterior and posterior
semicircular ducts.

The cochlear diverticulum evaginates from the
ventral part of the saccule. The cochlear duct curls
as it elongates and forms the membranous cochlea.

The epithelial cells on one surface of the duct form
specialized hair cells and supporting cells of the
organ of Corti, or spiral organ. The connection
between the saccule and the cochlea becomes con-
stricted and forms the narrow ductus reuniens.
The embryonic vestibular and cochlear ducts are
surrounded by mesenchyme, which later forms a
cartilaginous matrix. The inner lining of the carti-
laginous capsule undergoes apoptosis, leaving a
perilymphatic space between the membranous
labyrinth and the cartilage. This becomes filled with
fluid, the perilymph. Differential reshaping of the
cochlea results in the establishment of two spaces
beside the cochlear duct, the scala tympani and the
scala vestibuli, which are separated from one
another, except at the apical tip, by the cochlear duct
(Fig. 11-11). The spiral ligament mediates the
attachment of the lateral wall of the cochlear duct
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1— Fig. 11-10: Development of the right membranous labyrinth.
£ ‘;b/--r A: 1: Saccus endolymphaticus 2: Utricular part of the
2 +—3 otocyst; 3: Ganglion vestibulare; 4: Ganglion spirale
W4 (cochleare); 5: Anlage of the anterior semicircular duct;

6: Sacculus of the otocyst. B: 1: Saccus endolymphaticus;
2: Anlage of the anterior semicircular duct; 3: Anlage of the
posterior semicircular duct; 4: Anlage of the lateral
semicircular duct; 5: N. cochlearis; 6: Ganglion vestibulare;
7: Utriculus; 8: Sacculus; 9: Anlage of the cochlea.

C: 1: Saccus and ductus endolymphaticus; 2: Ductus
semicirculares; 3: Pars cochlearis of N. vestibulo-cochlearis;
4: Pars vestibularis of N. vestibulo-cochlearis; 5: Utriculus;
6: Sacculus; 7: Cochlea. D: 1: Saccus and ductus
endolymphaticus; 2: Anterior semicircular duct; 3: Posterior
semicircular duct; 4: Lateral semicircular duct; 5: Ampullae
membranaceae; 6: Utriculus; 7: Sacculus; 8: Cochlea;

9: Pars cochlearis of N. vestibulo-cochlearis; 10: Ganglion
spirale; 11: Pars vestibularis of N. vestibulo-cochlearis;

12: Ganglion vestibulare. Courtesy Sinowatz and Russe
(2007).

to the cartilaginous capsule which serves as a tem-
plate for the later formation of the osseous
labyrinth.

The sensory neurons of the vestibulocochlear
nerve (VIII), in particular the vestibular and spiral
ganglia, originate from cells that migrate out from
the medial wall of the otic vesicle. The cochlear part
(the spiral ganglion) is formed in close association
with the sensory cells of the organ of Corti which
develops in the cochlea. Neural crest cells invade the
developing vestibular and spiral ganglia and differ-
entiate into satellite and supporting cells. The sensory
cells of the organ of Corti also originate from the
epithelium of the otic vesicle and undergo a com-
plicated pattern of differentiation. Recent studies,
based mostly on loss-of-function experiments, have
indicated that Notch signalling and basic helix-loop-
helix genes are involved in the regulation of hair-cell
fate during cochlear development.

Development of the middle ear
Tympanic cavity and auditory tube

Development of the middle ear occurs in intimate
association with the developmental changes of the
first and second pharyngeal arches (Fig. 11-12). The
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Fig. 11-11: Stages of the development of the membranous and bony labyrinth of humans (modified according to Moore,
1980). Transverse sections through the ductus cochlearis at different times of prenatal development (between week 8 and
week 20, A-D) showing the differentiation of the Corti-organ. 1: Cochlear duct; 2: Wall of the otic vesicle; 3: Mesenchyme; 4:
Vacuoles, forming later the perilymphatic space; 5: Anlage of the scala tympani; 5”: Scala tympani; 6: Anlage of the scala
vestibuli; 6”: Scala vestibuli; 7: Anlage of the Corti-organ; 7”: Corti-organ; 8: Spiral ligament; 9: Spiral ganglion; 10: Bony

labyrinth. Courtesy Sinowatz and Risse (2007).

tympanic cavity and the auditory tube (Eustachian
tube) arise from an expansion of the first pharyngeal
pouch, an endodermal outpocket of the foregut
between the first and second pharyngeal arches (see
Chapter 14). Therefore, the entire middle ear cavity
and auditory tube, through which the tympanic
cavity communicates with the nasopharynx, are
lined with an endoderm-derived epithelium. In the
Equidae, a ventral diverticulum develops from each
auditory tube and gives rise to a large mucus-secret-
ing sac, the guttural pouch. The blind end of the
first pharyngeal pouch approaches the innermost
portion of the first pharyngeal cleft, but the inner
endodermal epithelium of the wall and the ectoder-
mal lining of the pharyngeal cleft remain separated
by a layer of mesenchyme. Later, the thickness of
this mesenchymal layer decreases significantly and
the whole complex, consisting of tissue from all
three-germ layers, establishes the tympanic mem-
brane (eardrum).

Middle ear ossicles (auditory ossicles) and
middle ear muscles

Just dorsal to the first pharyngeal pouch, a conspicu-
ous condensation of mesenchyme, derived from the

neural crest, appears as the first anlage of the audi-
tory ossicles. Comparative anatomical studies have
shown that these ossicles have a dual origin: the
malleus and incus arises from neural-crest-derived
mesenchyme of the first pharyngeal arch, whereas
the stapes originates from the second pharyngeal
arch mesenchyme. The ossicles are at first composed
of condensed mesenchyme, which later becomes
cartilaginous and finally ossifies. They extend from
the inner layer of the tympanic membrane to the
oval window of the inner ear. The malleus, which
becomes anchored to the tympanic membrane,
articulates with the incus, and the latter with the
stapes.

The auditory ossicles are first embedded in loose
mesenchyme, which later becomes resorbed and
gives rise to the tympanic cavity. As the tympanic
cavity expands, its endodermal epithelium gradu-
ally envelops the middle ear ossicles, their tendons
and ligaments, and the chorda tympani nerve. At
the end of pregnancy, the processes of apoptosis
and resorption clear the middle ear cavity and, after
birth, it becomes filled with air. This clearing of
the cavity leaves the auditory ossicles suspended
within it covered by a thin epithelium. However,
even at birth, some remaining mesenchyme
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Fig. 11-12: Section through the canine ear, showing the anatomical relationships of the structures that constitute the inner,
middle and external ear. 1: Auricle; 2: External ear canal; 3: tympanic membrane; 4: Malleus; 5: Incus; 6: Stapes;

7: Membranous semicircular ducts; 8: Utriculus; 9: Sacculus; 10: Cochlea; 11: Os temporale; 12: cochlear window;

13: Tympanic cavity; 14: Pars cochlearis of the N. vestibulocochlearis; 15: Pars cochlearis of the N. vestibulocochlearis.

Courtesy Sinowatz and Russe (2007).

dampens the free movement of the auditory
ossicles.

Two middle ear muscles are involved in the mod-
ulation of the transmission of auditory stimuli
through the middle ear. The tensor tympani muscle,
which is attached to the malleus, develops from first
arch mesenchyme and is innervated by a branch of
the nerve of this arch, the trigeminal nerve (V; see
Chapter 10). The stapedius muscle is of second
pharyngeal arch origin, is associated with the stapes,
and is innervated by the facial nerve (VII, the nerve
of the second pharyngeal arch).

Development of the external ear
External auditory meatus

The external auditory meatus arises from an inward
expansion of the first pharyngeal cleft. Epithelial
cells at the blind end of the meatus proliferate and
form a solid epithelial mass, the meatal plug.
However, late in the fetal period, a channel develops
in the meatal plug, extending from the future opening
of the external auditory meatus to the level of the
tympanic membrane to form the external auditory
meatus. Sebaceous and modified sweat glands,
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which are responsible for cerumen production,
begin their development at about the middle of ges-
tation in association with hair follicles in the outer
portion of the external canal. Although they appear
anatomically mature before birth, these glands do
not reach full functional capacity until puberty.

Tympanic membrane (eardrum)

As has been already described, the tympanic mem-
brane contains tissue of three different origins: (1)
an outer ectodermal lining at the bottom of the
auditory meatus, (2) an inner endodermal lining
of the tympanic cavity, and (3) an intermediate
layer of ectomesenchyme, which is reduced signifi-
cantly during development and later forms the
fibrous stratum of the tympanic membrane. The
tympanic membrane is firmly fastened to the handle
of the malleus and separates the external auditory
meatus from the tympanic cavity.

Auricles (pinnae)

Development of the auricles is a lengthy and
complex process that extends from early embryonic
life until well into the postnatal period. The auricles
are formed from mesenchymal tissue of the first and
second pharyngeal arches that surround the first
pharyngeal cleft. Nodular masses of mesenchyme
(auricular hillocks) take shape along each side of
the first pharyngeal cleft early in development,
enlarge asymmetrically in a species-specific manner,
and ultimately fuse to form the auricle which shifts
from the base of the neck to its definitive location
as gestation advances.

SUMMARY

Development of the eye

The eyes develop from three sources: (1) the neur-
oectoderm of the forebrain, (2) surface ectoderm
of the head, and (3) head mesenchyme of neural
crest origin between these layers. The ectodermal
outgrowth from the brain gives rise to the retina,

iris and optic nerve. The surface ectoderm forms the
lens, and the surrounding mesenchyme forms the
vascular and fibrous coats of the eye. The area of
the neural plate that gives rise to the eyes is initially
a single median region, the optic field, located near
the rostral margin of the future prosencephalon. At
the end of the third week of pregnancy in most
species, shallow grooves are formed on the sides of
the forebrain. With closure of the neural tube, these
grooves expand as outpocketings of the forebrain.
These are called optic vesicles and remain attached
to the prosencephalon by the optic stalks. Each
optic vesicle grows laterally until it comes into
contact with the surface ectoderm, where it induces
a circumscribed thickening of the ectoderm, the lens
placode. As the lens vesicles are developing, the
optic vesicles invaginate and become double-walled
structures, the optic cups. The inner and outer layers
of the optic cups are initially separated by a lumen,
the intraretinal space. It soon disappears, and the
two layers appose to each other. The inner layer of
the optic cup later develops into the neural retina
with its three layers of neurons that function in
visual perception. The outer layer of the optic cup
becomes the pigmented epithelium of the retina.
The iris and ciliary body differentiate at the lip of
the optic cup, where the neural and pigment layers
of the retina meet. The iris develops by the periph-
eral extensions of both layers of the optic cup so that
they cover the edges of the lens vesicle. The stroma
of the iris is of neural crest origin.

The muscles of the iris, the sphincter pupillae
and dilator pupillae are of neuroectodermal origin.
The ciliary muscle develops between the iris and the
neural retina. The ciliary body is connected to the
lens by a set of radial elastic zonular fibres that
constitute the suspensory ligament of the lens. The
vitreous body arises from a loose mesenchyme that
invades the cavity of the optic cup by way of the
choroid fissure and forms a fibrillar mesh within the
cup. The cornea is formed by (a) an epithelial layer
derived from the surface ectoderm, (b) the primary
stroma, originating from mesenchyme surrounding
the optic cup, and (c) an epithelial layer (corneal
endothelium) that borders the anterior chamber.



The anterior chamber of the eye develops from a
cleft-like space within the mesenchyme located
between the developing cornea and lens. The pos-
terior chamber of the eye arises from a space that
forms in the mesenchyme posterior to the develop-
ing iris and anterior to the developing lens. Each
eyelid is formed from a fold of ectoderm with a
mesenchymal core. Once their formation has com-
menced, the eyelids grow rapidly towards each other
over the developing cornea until they meet and fuse
with one another. The temporary fusion involves
only the epithelial layer of the eyelid, resulting in a
persisting epithelial lamina between them. Separa-
tion of the eyelids occurs before birth in humans
(around the seventh month of gestation), horses
and ruminants and at about the eight and tenth days
(pups and kittens, respectively) after birth in carni-
vores. Around the time when the eyelids fuse, the
lacrimal glands develop from a number of solid
buds from the surface ectoderm at the dorsolateral
angles of the orbits. These buds branch and become
canalized to form the ducts and alveoli of the lac-
rimal glands.

Development of the ear

The ear is a complex organ consisting of three com-
partments, the external, middle- and inner ear,
each of which has a different embryonic origin. The
structures of the outer and external ear are derived
from the first and second pharyngeal arches and
the intervening first pharyngeal cleft (externally)
and pharyngeal pouch (internally). The primordia
of the inner ear are bilateral thickenings (otic pla-
codes) of the surface ectoderm, located immediately
adjacent of the middle of the myelencephalon. The
otic placodes invaginate to form the otic pits, which
contact the wall of the myelencephalon. After a
short time, the lips of the pit close, separating the
otic vesicle from the surface ectoderm, and a series
of outpocketings from the otic vesicle establish the
primordia of the endolymphatic, semicircular and
cochlear ducts.

The cochlear diverticulum evaginates from the
ventral part of the saccule. The cochlear duct curls
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as it elongates and forms the membranous cochlea.
The epithelial cells on one surface of the duct
form specialized hair cells and supporting cells
of the organ of Corti (spiral organ). The embry-
onic vestibular and cochlear ducts are surrounded
by mesenchyme, which later forms a cartilaginous
matrix. The inner lining of the cartilaginous capsule
undergoes apoptosis resulting in the perilymphatic
space between the membranous labyrinth and
the cartilage. This space becomes filled with
perilymph. Differential reshaping of the cochlea
results in the establishment of two spaces beside
the cochlear duct, the scala tympani and the scala
vestibuli.

The tympanic cavity and the auditory tube (Eus-
tachian tube) arise from an expansion of the first
pharyngeal pouch, an endodermal outpocketing of
the foregut between the first and second pharyngeal
arches. Malleus and incus ossicles arise from neural-
crest-derived mesenchyme of the first pharyngeal
arch, whereas the stapes originates from the second
pharyngeal arch mesenchyme. The tensor tympani
muscle, which is attached to the malleus, develops
from first-arch mesenchyme and is innervated by a
branch of the first pharyngeal nerve, the trigeminus
(V). The stapedius muscle is of second-arch origin.
It is associated with the stapes and is innervated by
the facial nerve (VII, the nerve of the second pha-
ryngeal arch). The external auditory meatus arises
from an inward expansion of the first pharyngeal
cleft. The tympanic membrane contains tissue from
all three germ layers: (a) an outer ectodermal lining
at the bottom of the auditory meatus, (b) an inner
endodermal lining of the tympanic cavity, and (c)
an intermediate layer of mesenchyme, which is
reduced significantly during development and later
forms the fibrous stratum of the tympanic mem-
brane. The auricles are formed from mesenchymal
tissue of the first and second pharyngeal arch that
surrounds the first pharyngeal cleft. Early in devel-
opment, nodular masses of mesenchyme (auricular
hillocks) take shape along each side of the first pha-
ryngeal cleft, enlarge asymmetrically in a species-
specific manner, and ultimately fuse to form the
auricle.
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Box 11-1 Molecular regulation of the eye and ear

The transcription factor Pax6 plays an leading role
in the development of the eye and has sometimes
been called the ‘master gene’ for eye development.
Mutations in Pax6 cause no-eye or small-eye
phenotypes in mammals. Pax6 appears to be
involved in a feedback loop with another
homeobox-containing gene, Six3, in this control.
Besides being a master gene for eye development,
Pax6 plays significant roles during the induction of
differentiation of the lens and retina.

Some of the molecular mechanisms of retinal
patterning have been established in several species,
especially the mouse. Dorsoventral patterning is
initiated by the expression of Bone Morphogenetic
Protein 4 (BMP4) dorsally and Sonic hedgehog
(Shh) ventrally. The presence of Shh induces the
production of Otx2 in the outer layer of the optic
vesicle and leads to its differentiation into the
pigmented layer of the retina. In the inner, neural
layer of the optic cup, Shh and the protein
ventroptin stimulate the expression of the
transcription factors Vax2 and Pax2 in the ventral
retina. Also in this area, Shh inhibits the expression
of BMP4. In the dorsal part of the developing
retina, BMP4 stimulates the expression of Thx5.

Of the many molecules that are unequally
distributed within the three dimensions of the retina,
opposing gradients of ephrins and their receptors
may have the most pronounced influence on retinal
patterning. As the number of cells in the inner layer
of the early retina increases, the differentiation of
the different neurons begins. There are two major
gradients of differentiation: the first more or less
vertically from the inner to the outer layers of the
retina; the second more horizontally from the centre
to the periphery. Differentiation in the horizontal
gradient starts with the appearance of ganglion
cells. As the ganglion cell layer is established,
neighbouring neural precursor cells of the ganglion
cells are prevented from premature differentiation
by the expression of the Notch gene. The protein
coded by Notch keeps these cells in an
undifferentiated state that will be overcome later by
differentiation signals from the neighbourhood of
the neuroblasts. Differentiation of amacrine and
horizontal cells establishes the inner and outer

nuclear layers of the retina. These neurons send
out processes which contribute to the definition of
the inner and outer plexiform layers. The bipolar
neurons and receptor cells of the retina, the rod
and cone cells, differentiate last. It has been shown
recently in the mouse that Otx2 is a key regulatory
gene for cell fate determination amongst retinal
photoreceptor cells

Recent molecular studies have revealed that
numerous guidance molecules control the
development of the visual neural pathway.
Axonal projections from the ganglion cells to the
optic disc are thought to depend on adhesion
molecules and inhibitory extracellular matrices
such as chondroitin sulphate. The formation of the
optic nerve and the optic chiasma require ligand-
receptor interactions between netrin-1 and DDC
(deleted in colorectal cancer) receptor, and Slit
proteins and Robo receptors, respectively. Netrin-1
serves as a growth cone attractor and Shh plays a
role as a signal counteracting axonal outgrowth.
The gradient distributions of ephrin ligands and
receptors are essential for correct ipsilateral
projections at the optic chiasma and the
topographic mapping of axons in the rostral
colliculi. Moreover, the axon guidance activities of
Slit and semaphorin 5A require the existence of
heparin sulphate, which binds to numerous
guidance molecules.

Mutational analyses in the mouse and studies of
the expression of diffusible growth factors have
greatly assisted the identification of many of the
genes involved in ear development. Recent
evidence suggests that key genes involved in the
development of the inner ear have been conserved
among mammals and even among vertebrates.
Three categories of genes expressed during
development of the inner ear have been
established. In the first group are genes that are
expressed in the ear and exert a general function
on the overall capacity of the ear to develop
(candidate genes for this group are Eya1, Six1,
Sox2, Gata3, Fgfr2b, and Fgf3/10 or Fgf3/8).
The second group comprises genes that exert their
effects either by affecting gene upregulation in the
ear or by coding for diffusible substances secreted



within or outside the ear. Diffusible factor genes or
modifiers of their expression are Wnt1/3a, Shh
and Gli3. Kreisler, Gbx2, Hoxa, and Hoxb cluster
genes have been shown to regulate the production
of similar diffusible factors in the brain. Genes of
the third group fine tune morphogenetic effects in
the inner ear by regulating fusion plate formation of
the circular canals and regulating the size of the
canal diameter. Examples of these genes are
BMPs, EphB2, Nor1, and Netrin.

Recent evidence suggests that Fgf19 produced in
the paraxial mesoderm induces the expression of
Whnt 8c in the rhombencephalic neuroepithelium,
which in turn stimulates the secretion of Fgf3.
Later, under the influence of Fgf3, the otic placode
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Development of the blood cells,
heart and vascular system

During the early phases of development, the embryo
is nourished through diffusion from the fluid
secreted by the uterine glands into the uterine cavity.
However, as the size and complexity of the embryo
increases, it soon needs a circulatory system to dis-
tribute nutrients and oxygen and to remove carbon
dioxide and metabolites. The circulatory system,
including the heart, arteries, veins and blood,
begins to develop as early as the third week of gesta-
tion to meet this need; it is the first functional organ
system.

The formation of blood and blood-vessels is initi-
ated from haemangioblasts in the visceral meso-
derm of the yolk-sac wall. An area of blood-forming
cavities is established in the visceral mesoderm in
the anterior part of the embryo where it forms a
horseshoe-shaped structure around the anterior and
lateral portions of the neural plate (Fig. 12-1). This
structure is referred to as the cardiogenic field, and
the intra-embryonic coelom overlying it develops
into the pericardial cavity. Gradually, the blood-
forming cavities coalesce to form a horseshoe-
shaped tube, the endocardial tube, lined by
endothelial cells. This tube becomes surrounded by
myoblasts (which develop from the mesenchyme)
to form the myocardium. On the surface of the
myocardium the visceral mesoderm of the pericar-
dial cavity forms the epicardium, thereby complet-
ing the formation of the cardiac tube.

Outside the cardiogenic field, clusters of angiob-
lasts also assemble on each side of the midline of
the embryo. These bilateral assemblies develop into
tubes lined by endothelial cells - the two dorsal
aortae. Antero-posterior folding of the embryo by
about 180 degrees at the front end of the embryonic

disc translocates the horseshoe-shaped cardiac tube,
enclosed in its pericardial cavity, from an anterior
to a ventral position (Fig. 12-2). In the process, the
posterior extensions of the horseshoe-shaped cardiac
tube are transformed into anterior extensions that
develop into the two ventral aortae defining the
future outlet of the heart (Fig. 12-3). Another result
of the antero-posterior folding is that the cardiac
tube, with the two ventral aortae extending in an
anterior direction, becomes located ventral to the
anterior portions of the dorsal aortae. This spatial
relationship allows for the dorsal and ventral aortae
on each side to become connected by aortic arches
that correspond to the pharyngeal or branchial
arches (see ‘The aortic arches’, this chapter). The
dorsal and ventral aortae, together with the aortic
arches, form the backbone of the arterial system
whereas the initially curved portion of the cardio-
genic field develops into the heart (Fig. 12-4). Along
with these processes, bilateral collecting systems,
returning blood from the arterial system to the
heart, form the basis of the venous system which
become connected to the posterior crescent of the
horseshoe-shaped cardiac tube defining the future
inlet to the heart (Fig. 12-3). In the following, the
development of the heart, the arterial and the
venous systems will be described in more detail. The
lymphatic system is described in Chapter 13.

FORMATION OF BLOOD CELLS

The formation of blood cells, haematopoiesis,
occurs in three overlapping periods. The first, or
mesoblastic period of blood-formation, occurs in



Development of the blood cells, heart and vascular system - -

Fig. 12-1: A: Dorsal view of an embryo after removal of the
amniotic folds. The cardiogenic field (1) is seen as a
horseshoe-shaped structure anteriorly. 2: Neural plate; 3:
Neural groove; 4: Cut edge of chorioamniotic fold; 5:
Primitive node; 6: Primitive streak. B: Transverse section of
embryo at the line ‘B’. 7: Neural ectoderm; 8: Mesoderm; 9:
Endoderm; 10: Intra-embryonic coelom; 11: Visceral
mesoderm; C: Median section through the embryo. 12:
Cardiogenic field; 13: Pericardial cavity.

the yolk sac. During the second, or hepato-lienal
period, the liver and the spleen become the major
blood-forming organs. This period is, in turn, over-
taken by a third, or medullary period, in which the
bone marrow takes over as the major blood-forming
organ.

The mesoblastic period

The first blood cells appear in the visceral mesoderm
of the yolk-sac wall very early in development (Fig.
12-5); in cattle, they can be seen in embryos at a
crown-rump length of 4 mm. At first, blood islands
are formed where larger spaces in the mesoderm
become occupied with clusters of haemangioblasts,
in which the outer cells differentiate into angiob-
lasts, forming endothelial cells, and the inner cells
into primitive blood cells. These blood islands coa-
lesce into larger units and the endothelial cells form
tubes establishing the first vessels. This process of
spontaneous blood-vessel formation is referred to as
vasculogenesis. Subsequently, the first generation
of vessels forms new vessels by sprouting - a process

referred to as angiogenesis. The first blood cells to
be formed are primitive nucleated erythrocytes. This
primitive erythropoiesis depends on the formation
of erythropoietic stem cells that need to be in contact
with the hypoblast covering the yolk sac in order to
maintain stem cell function. Primitive erythropoie-
sis evolves within a few days into mature erythro-
poiesis resulting in erythrocytes without nuclei. In
cattle, primitive nucleated erythrocytes constitute 90
to 100% of the erythrocyte population at a crown-
rump length of 10 to 16 mm; however, at a length
of 23 to 30 mm, their contribution has decreased to
25 to 50%. More recent studies, however, have
shown the yolk sac to have only limited haemat-
opoietic potential compared with that appearing
shortly after in the intra-embryonic aorta-gonad-
mesonephros (AGM) region. It is apparently stem
cells from this region that contribute to haemato-
poiesis in the following two periods.

Hepato-lienal period

The hepato-lienal period of haematopoiesis starts at
a crown-rump length of 8 mm in cattle. By 10 mm,
numerous erythropoietic stem cells as well as meg-
akaryocytes can be recognized, and by 12 to 13 mm
neutrophil granulocytes can be seen in the liver. The
haematopoietic activity is based upon stem cells
derived from the septum transversum and takes place
at an extravascular location; the newly formed blood
cells enter the vessels through diapedesis. The liver
becomes the most prominent haematopoietic organ
in cattle embryos from a crown-rump length of about
18 mm, and its activity persists up to a length of
about 35 cm, i.e. up to the fifth month of pregnancy.
During the sixth month, however, the liver’s blood-
forming activity declines and at birth it has ceased.
The spleen is active in haematopoiesis from the
third to the seventh month of pregnancy in cattle.

Medullary period

The bone marrow begins its haematopoietic activity
at a crown-rump length of about 18 cm during the
fourth month of pregnancy in cattle. Its haematopoi-
etic stem cells are probably derived from the liver.
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Fig. 12-2: Positioning of the developing heart. A: The trilaminar embryonic disc, composed of ectoderm (1), mesoderm (2),
and endoderm (3), bulges into the amniotic cavity (4) and delineates the primitive yolk sac (5) ventrally. The arrows indicate the
cranio-caudal folding of the embryonic disc. The cardiogenic field is seen anteriorly (6). 7: Extra-embryonic coelom. B: The
developing heart (8) is brought ventro-caudally. 9: Allantoic bud. C: The primitive gut (10) has been formed through the
cranio-caudal and lateral foldings of the embryonic disc and the developing heart (8) has been brought to a more ventral
position. 11: Yolk sac; 12: Allantois. D: The developing heart (8) has achieved its more or less final position and the allantois

has enlarged. Modified from Sadler (2004).

THE HEART

The heart develops from the horseshoe-shaped
cardiac tube after embryonic folding has reposi-
tioned it within the pericardial cavity ventral to the
embryonic disc (Fig. 12-3). The anterior extensions
of the horseshoe develop into the two ventral aortae
whereas the posterior crescent makes contact with
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the developing venous system. In parallel with the
antero-posterior folding, a lateral folding moves the
lateral aspects of the embryonic disc ventrally and
towards each other in the midline of the embryo.
This folding brings the posterior portions of the
two ventral aortae gradually closer to each other
ventral to the foregut; eventually portions of the two
aortae fuse form to a single tube which extends the
cardiac tube anteriorly (Fig. 12-3). At its anterior
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Fig. 12-3: Positioning of the heart and development of the dorsal and ventral aortae. A: Dorsal view of embryo with the
cardiogenic field (1) anteriorly. B: With the cranio-caudal folding of the embryo, the cardiac tube (2) is brought caudo-ventrally.
The developing dorsal aortae (3) approach the cardiogenic tube. C-E: The cardiogenic tube (2) is brought to a position ventral
to the dorsal aortae (3) and the vitelline veins (4) approach the cardiogenic tube. F: The caudal portion of the cardiogenic tube
fuses (5) with the cranial portion of the vitelline veins. G: The caudal portions of the dorsal aortae fuse (6) and the two sides of
the cardiac tube fuse as well (7). H: The dorsal (8) and ventral (9) aortae have formed, and the developing heart has formed
the bulbus cordis (10), ventricle (11) and atrium (12). I: Overview of the position of the developing heart and the dorsal and
ventral aortae. 13: Pericardial cavity; 14: Septum transversum; 15: Primitive gut; 16: Brain vesicles. Modified from McGaedy

et al. (2006).

end, the cardiac tube will be continuous with the
two ventral aortae, defining the outlet of the heart;
at its posterior end, the tube will be joined by the
venous system, defining the inlet of the heart. The
tube expands in diameter and begins to pump blood
out into the ventral aortae, the aortic arch system
and thence the dorsal aortae. In return it receives the
venous drainage at its posterior pole. Coordinated

embryonic heart beats begin at around Day 22 of
pregnancy in the pig, Day 23 in the dog and cattle,
and Day 24 in the horse.

At this stage of development, the heart consists of
a single tube. To develop into the four-chambered
mammalian heart that circulates blood to the body
and the lungs separately, the cardiac tube undergoes
first a loop formation and then an internal division.
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Segmentation of the cardiac tube and
loop formation

In the pericardial cavity the cardiac tube is sus-
pended in a dorsal mesocardium and anchored to a
ventral mesocardium (the latter deteriorates after
only a short time). Some portions of the cardiac
tube expand more quickly than others, resulting in
a segmented tube with dilatations separated by
indentations (Fig. 12-3). In posterior-anterior order,
the expanded portions of the cardiac tube are the
sinus venosus, where the veins open into the cardiac
tube, the atrium, the ventricle, the bulbus cordis
and the truncus arteriosus, where the outlet into
. , , the ventral aortae is found (Figs 12-6, 12-7). The
Fig. 12-4: Overview of the developing vascular system. t rteri s f df IIs of 1
1: Developing heart; 2: Aortic arches on the left side; runcus. ? €riosus 1s torme r.om cells o neu.ra
3: Dorsal aortae; 4: Ventral aortae; 5: Cranial cardinal veins; crest origin. The expanded portions of the cardiac
6: Common cardinal vein; 7: Caudal cardinal veins; tube are connected by narrower channels. Because
8: Urr_wblll_cal veins; 9: U_mblllcal arteries; 10: Vitelline arteries; the cardiac tube outgrows the pericardial cavity, and

11: Vitelline veins. Modified from Sadler (2004). . . . .
because the tube is fixed in the pericardium at both

Fig. 12-5: Pig embryo at Day 16 of development showing blood vessels developing in the wall of the yolk sac (1). The
developing heart, with its ventricle (2) and atrium (3), has folded to its ventral position.
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Ventral Left

Fig. 12-6: Ventral and left aspects of the segmentation and
loop formation of the heart at progressive stages of
development (A-D). 1: Truncus arteriosus; 2: Bulbus cordis;
3: Ventricle; 4: Atrium; 5: Pericardial cavity; 6: Sinus venosus;
7: Septum transversus; 8: Aortic arches; 9: Dorsal aortae.
Modified from McGaedy et al. (2006).

ends, the tube becomes U-shaped with the loop of
the U (the junction between the ventricle and the
bulbus cordis) pointing ventrally. The loop is prom-
inent and forms the heart bulge that is clearly seen
on the outside of the embryo and is characteristic of

this stage of development. At least in cattle, the loop
formation occurs around the 10-12 somite stage,
around Day 22 of gestation. Throughout this
process, the developing heart is beating at a thythm
set by pacemakers in the sinus venosus. At first, the
sinus venosus and the atrium are not enclosed
within the pericardial cavity, but they gradually
become enveloped by the pericardium. During this
enclosure, the atrium becomes positioned dorsal to
the ventricle, and the loop takes on the shape of
an S instead of a U. Again in cattle, this process
occurs around the 20 somite stage, i.e. around Day
23 of gestation. The tube is smooth-walled as it
begins its loop formation, but then regions on either
side of the primary interventricular foramen
(between the ventricle and the bulbus cordis)
develop trabeculae. The trabeculated portion of the
ventricle develops into the future left ventricle
whereas the trabeculated portion of the bulbus
cordis develops into the future right ventricle.

Formation of the four heart chambers

The developing heart becomes divided by complex
septa. Although this is a continuous process in
which the different septa develop in parallel, the
following description follows the individual septa
separately for the sake of simplicity. First though,
the expansion of the atrium by its incorporation of
the sinus venosus and portions of the venous system
must be considered.

Incorporation of the sinus venosus into
the atrium

The first veins to open into the sinus venosus are the
ompholomesenteric or vitelline veins (see ‘Devel-
opment of the venous system’, later in this chapter),
followed shortly by the umbilical and the cardinal
veins. The three pairs of veins are connected with
the sinus venosus in such a manner that the sinus
forms right and left sinus horns (Fig. 12-8). Gradu-
ally, the right side of the venous inlet is favoured
and the opening from the sinus venosus into the
atrium shifts to the right and becomes narrower.
During this process, a portion of the right part of
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Fig. 12-7: Heart development in pig embryos at Day 21 (A) and 31 (B) of development. A: 1: Ventricle; 2: Atrium. C: Left
aspect of hearts from Day 21 and 31 pig embryos. 1: Ventricle; 3: Bulbus cordis; 4: Truncus arteriosus; 5: Left auricle;
6: Right auricle; 7: Left ventricle; 8: Right ventricle; 9: Conus arteriosus.
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Fig. 12-8: Dorsal aspect of the development of the venous
system in the heart region. 1: Sinoatrial opening; 2: Left
sinus horn; 3: Right sinus horn; 4: Atrium; 5: Ventricle;

6: Bulbus cordis; 7: Left and right anterior cardinal veins;

8: Left and right posterior cardinal veins; 9: Left and right
umbilical veins; 10: Left and right vitelline veins; 11: Left
atrium; 12: Right atrium; 13: Left ventricle; 14: Right
ventricle; 15: Left atrium; 16: Pulmonary arteries; 17: Aorta;
18: Cranial vena cava; 19: Caudal vena cava; 20: Coronary
sinus. Modified from Sadler (2004).

the sinus venosus (the right sinus horn) merges into
the atrium (Fig. 12-9). The lateral crest-shaped bor-
derline between the incorporated sinus and the
atrium develops into the crista terminalis whereas
the medial one develops into the septum secundum
(see ‘Division of the atrium’, later in this chapter).
The anterior portion of the right sinus horn devel-
ops into the part of the cranial vena cava that opens
into the right atrium whereas the posterior portion
develops into the corresponding portion of the
caudal vena cava. The left sinus horn eventually

~\ A

Fig. 12-9: Incorporation of the right sinus horn and the
pulmonary veins into the atrium at two stages of
development (A, B). 1: Opening of right sinus homn into the
atrium; 2: Opening of the pulmonary veins into the atrium;
3: Septum primum; 4: Ostium primum; 5: Incorporated
portion of right sinus horn; 6: Incorporated portion of
pulmonary veins; 7: Right auricle; 8: Left auricle; 9: Opening
to caudal vena cava; 10: Opening to cranial vena cava;

11: Septum secundum; 12: Foramen ovale; 13: Crista
terminalis. Modified from Sadler (2004).

develops into the coronary sinus. The original right
atrium remains as the right auricle whereas the
smooth-walled portion of the atrium develops from
the incorporated sinus venosus.

While the sinus venosus is being incorporated
into the right side of the atrium, the pulmonary
veins start to open into the left side of the atrium.
At first, they do so through a single opening from
the common cavity into which four pulmonary
veins drain. Later, however, the common cavity is
incorporated into the atrium resulting in four indi-
vidual openings for the pulmonary veins (Fig. 12-9).
The original left atrium remains as the left auricle
whereas the smooth-walled portions of the atrium
are formed by the incorporated parts of the pulmo-
nary veins.
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Division of the atrioventricular channel

At the level of the atrioventricular channel, the inner
cardiac wall develops anterior and posterior thick-
enings, the endocardial cushions, which grow until
they meet and fuse in the midline of the canal to
form the septum intermedium (Fig. 12-10). This
divides the channel into right and left atrioven-
tricular channels.

Division of the atrium

To separate the blood circulations to the body and
lungs, the cardiac tube derivatives need to be divided
into right and left compartments. As the septum
from the

intermedium develops endocardial

cushions, a crescent-shaped fold, the septum
primum, develops from the dorsal aspect of the
atrium and separates it into right and left compo-
nents connected only through a minor opening, the
ostium primum (Fig. 12-11). Around this ostium,
the septum primum extends all the way to the

7

Fig. 12-10: Division of the common atrioventricular canal
into left and right canals at different stages of development
(A-B). Diagrams to the right are dorsal views of areas
indicated by broken lines. 1: Common atrioventricular canal;
2: Endocardial cushions; 3: Atrium; 4: Ventricle; 5: Bulbus
cordis; 6: Truncus arteriosus; 7: Right atrioventricular canal;
8: Left atrioventricular canal; 9: Septum intermedium. In ‘A’
the arrows indicate growth of the cushions, and in ‘B’ the
arrows indicate the direction of blood flow. Modified from
McGaedy et al. (2006).
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Fig. 12-11: Partitioning of the heart into four chambers.

1: Atrium; 2: Ventricle; 3: Bulbus cordis; 4: Cranial vena
cava; 5: Caudal vena cava; 6: Septum primum; 7: Ostium
primum; 8: Septum intermedium; 9: Left atrioventricular
canal; 10: Right atrioventricular canal; 11: Interventricular
septum; 12: Interventricular sulcus; 13: Foramen secundum;
14: Right atrium; 15: Left atrium; 16: Septum secundum;
17: Right ventricle; 18: Left ventricle; 19: Foramen ovale;
20: Cavitations in myocardium. Modified from McGaedy

et al. (2006).
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endocardial cushions, thus contributing to the
development of the septum intermedium. As the
endocardial cushions grow towards the midline,
the septum primum also grows, and when the
cushions fuse, the septum also fuses ventrally, thus
gradually closing the ostium primum. Before this
closure, however, programmed cell death in the
dorsal region of septum primum results in forma-
tion of the ostium secundum which allows contin-
ued blood flow from the developing right atrium to
the left (Fig. 12-11). In the horse, this event occurs
at a crown-rump length of 11.5-12 mm, i.e. around
Day 30-32 of gestation. Shortly thereafter, a second
crescent-shaped fold, the septum secundum, devel-
ops to the left of the septum primum. The septum
secundum grows until it has completely covered the
ostium secundum, but retains an oval opening, the
foramen ovale. The dorsal portion of the septum
secundum fuses with the septum primum whereas
the ventral portion establishes a valve regulating the
blood flow from the primitive right atrium to the
left atrium.

Division of the ventricle and
the bulbus cordis

When the U-shaped cardiac tube is formed, the
junction between the ventricle and the bulbus cordis
points ventrally. The bulbus cordis consists of a
dilated portion adjacent to the ventricle and a nar-
rower portion, the conus cordis, joining the truncus
arteriosus. The transition between the ventricle and
the bulbus cordis is marked externally by a groove
and internally by a muscular fold that develops into
the muscular part of the interventricular septum,
which grows dorsally towards the septum interme-
dium (Figs 12-11, 12-12). An interventricular
foramen persists for some time, but this opening is
gradually closed by the membranous part of the
interventricular septum which develops from the
posterior endocardial cushion. In the horse at least,
the closure of the interventricular septum occurs at
a crown-rump length of 14 to 16 mm, i.e. around
Day 35-36 of gestation. It is important to under-
stand that the membranous part of the interven-
tricular septum develops in such a way that both the

ventricle (the future left ventricle) and the dilated
portion of the bulbus cordis (the future right ven-
tricle) maintain openings into the conus cordis.
In parallel with the septum formation, the walls of
the ventricle and the bulbus cordis thicken and
develop a trabeculated pattern on the inside. Trabec-
ulation results to some degree from the formation
of cavitations in the wall which later open into the
lumen. The expansion of the ventricle and the
bulbus cordis brings their walls into apposition ven-
trally. There, the walls gradually fuse and add to the
interventricular septum (Fig. 12-6).

Division of the conus cordis and
truncus arteriosus

With the development of the septa primum and
secundum, the atrium is, except for the regulated
blood flow through the foramen ovale, divided into
a primitive right and left atrium. In parallel, the
development of the interventricular septum results
in the formation of the primitive right and left
ventricles. Formation of right and left atrio-
ventricular channels results in the primitive right
atrium draining into the corresponding right ven-
tricle (except for the blood that flows through the
foramen ovale to the primitive left atrium) while
the primitive left atrium drains into the correspond-
ing left ventricle. Each of the primitive ventricles
expels its blood into the conus cordis which for-
wards it to the ventral aortae through the truncus
arteriosus. To complete the division of the cardiac
tube into right and left halves, the bulbus cordis
and the truncus arteriosus also need to be divided
into two channels. This is accomplished by the
formation of two opposing cushions in the walls
of these compartments. The cushions in the conus
cordis fuse with those of the truncus arteriosus to
form conu-truncal cushions. These develop spirally
to direct the blood flow into the ventral aortae
(Fig. 12-13). As they grow, the cushions fuse in
the midline to form the aorticopulmonary septum
dividing the blood flow into two separate channels.
Hence, these developments result in separate
outlets from the primitive right and left ventricles
into the ventral aortae.
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Fig. 12-12: Porcine embryo at Day 21 of development presenting heart development and a haematopoietic liver. A, B: Whole
embryo (A) and sagittal section (B) presenting the developing heart ventricle (1) and atrium (2). 3: Liver; 4: Brain vesicles.

C: The developing heart presenting right (5) and left (7) ventricles separated by the interventricular septum (6). 2: Atrium;

3: Liver embedded in septum transversum. D: Developing liver cell cords (8) with numerous nucleated erythrocytes (arrow)
between them.

Development of valves

Blood in the developing heart needs to be directed
from the venous inlet towards the arterial outlet.
Two systems of valves, the atrioventricular valves
and the semilunar valves, develop to ensure this
directional flow.

The atrioventricular valves develop from the
edges of the right and left atrioventricular channels.
An important mechanism in their development is a
cavitation of the myocardium of the primitive right
and left ventricle beneath the septum intermedium
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(Fig. 12-14). This restructuring of the ventricular
wall results in the formation of valves suspended in
muscular cords. On the left side, two valves form
- the bicuspid or mitral valves; on the right, three
valves —the tricuspid valves. The parts of the mus-
cular cords that attach to the valves are replaced by
connective tissue, the chordae tendineae; the rest of
the muscular cords become the papillary muscles.
The semilunar valves develop as swellings at the
outlet of the truncus arteriosus into the ventral
aortae during the division of the truncus by the
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Fig. 12-13: Partitioning of the conus cordis and truncus
arteriosus at successive stages of development (A-C). 1
Right atrium; 2: Bulbus cordis; 3: Ventricle; 4: Conus cordis
continuing into truncus arteriosus; 5: Septum intermedium;
6: Right atrioventricular canal; 7: Left atrioventricular canal;
8: Muscular part of interventricular septum; 9: Membranous
part of interventricular septum: 10: Left conu-truncal
cushion; 11: Right conu-truncal cushion;

12: Aorticopulmonary septum; 13: Pulmonary channel;

14: Aortic channel; 15: Right ventricle; 16: Left ventricle.
Modified from Sadler (2004).

VUL

Fig. 12-14: Ventral aspect of the development of the
atrioventricular valves at successive stages of development
(A-C). 1: Lumen of the ventricle; 2: Cavities in the
myocardium; 3: Muscular cord; 4: Atrioventricular valves;
5: Papillary muscle; 6: Chordae tendineae. Modified from
Sadler (2004).

growing cushions. Upon completion of the aort-
icopulmonary septum, the swellings give rise to
three primitive valves in each of the aortic and pul-
monary outlets. The valves attain their final shape
by hollowing out on the upper surface.

Development of the conducting system

Propagation of myocardial contractions becomes
possible once the myocardial cells become con-
nected through gap junctions. Specialized myocar-
dial cells develop into a well-defined conducting
system that regulates the rate and propagation of
contraction. The first group of such specialized cells
forms the atrioventricular node which, in the
sheep, becomes recognizable as a medial subendo-
cardial thickening in the primitive right atrium at a
crown-rump-length of 11 to 12 mm. In cattle, the
node is visible at a length of 9 mm, has grown into
the septum intermedium at 13 mm, and at 23 mm
has developed the atrioventricular fasciculus that
distributes the impulses in the ventricular walls
through the Purkinje fibres. A second node, the
sinoatrial node, develops subepicardially at the
future opening of the vena cava caudalis. In the
sheep, this structure becomes recognizable at a
crown-rump-length of 10 to 11 mm.

THE ARTERIAL SYSTEM

The cranial portions of the arterial system originate
mainly from the aortic arches and the cranial parts
of the dorsal and ventral aortae. Caudal elements
of the system develop from segmental arteries
arising from the more caudal regions of the dorsal
aortae. At first, the latter extend caudally as a pair
and then, over a certain distance, they fuse to form
a single, ‘unpaired’, aorta (Fig. 12-3). The unpaired
segment of the dorsal aorta develops into the tho-
racic and abdominal aorta whereas the most caudal
portion, which remains paired, develops into the
internal and external iliac arteries and their exten-
sions. An unpaired median sacral artery continues
the unpaired aorta caudally.

The aortic arches

When the pharyngeal or branchial arches form, each
arch receives its own cranial nerve and its own
artery. This results in the formation of, in principle,
six arterial arches (aortic arches) between the dorsal
and ventral aortae on each side. The ventral aortae
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Fig. 12-15: Ventral aspect of the development of the aortic arches. A: Initial stage of development. B: Progressed, but still
species-indifferent stage of development. C: Dog. D: Cattle. E: Pig. F: Horse. The red arrows indicate where the truncus
arteriosus of the developing heart is attached to the ventral aortae. I-VI: Aortic arches 1-6; 1: Right dorsal aorta; 2: Right
ventral aorta; 3: Aorta; 4: Truncus brachiocephalicus; 5: Left subclavian artery; 5”: Right subclavian artery; 6: Common carotid
artery; 7: External carotid artery; 8: Internal carotid artery; 9: Ductus arteriosus; 10: Left pulmonary artery; 10”: Right pulmonary
artery; 11: N. Vagus; 12: N. laryngeus recurrens. Courtesy Sinowatz and Russe (2007).

are continuous with the arterial outlet from the
primitive heart, the truncus arteriosus. The ventral
aortae extend cranially from the truncus arteriosus
which is also where the aortic arches, extending to
the dorsal aortae, originate after fusion of the heart

tube in the midline (Fig. 12-15). The aortic arches
develop in parallel with the gradual increase in the
number of somites. Whereas all six aortic arches
remain functional in fishes, the first and second
arches are largely rudimentary in mammals and the
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fifth arch either remains rudimentary (as in the
horse and pig) or never develops at all (as in cattle).
Hence, only the third, fourth and sixth aortic
arches form components of the developing circula-
tory system. The aortic arches appear in a cranial to
caudal sequence and they are not all present at any
one time.

The ventral aortae, extending cranially from the
truncus arteriosus, develop into the common
carotid arteries and, in the cranial region, into the
external carotid arteries (Fig. 12-15). The cranial
portions of the dorsal aortae develop into the inter-
nal carotid arteries.

The first aortic arch largely degenerates, but a
small portion remains and forms the maxillary
artery as an extension from the external carotid
artery. Likewise, despite overall degeneration of the
second aortic arch, small portions of it do develop
into the hyoid and stapedial arteries. The third
aortic arch is prominent, but gradually becomes
smaller and displaced cranially to form the connec-
tion from the common carotid artery to the internal
carotid artery.

The parts of the dorsal aortae between the third
and fourth aortic arches regress. The fourth aortic
arch is retained as the aortic arch on the left, while
the right arch forms the right subclavian artery.

The fate of the sixth aortic arch is much different.
As explained above, two different flow channels
evolve in the truncus arteriosus: one for the lung
circulation and one for the body. The channel giving
rise to the body circulation, arising from the primi-
tive left ventricle of the heart, supplies blood to the
derivatives of the third and fourth aortic arches and
the ventral and dorsal aortae; the channel for the
lung circulation, arising from the primitive right
ventricle, supplies the sixth aortic arches. The sixth
aortic arch regresses on the right but, on the left,
develops into the pulmonary trunk. During embry-
onic and fetal development, the pulmonary trunk
remains connected to the aortic arch through a part
of the left sixth aortic arch, the ductus arteriosus.
At birth, the lumen of the ductus arteriosus is oblit-
erated, but the non-patent structure persists as the
ligamentum arteriosum. This unilateral persistence
of the sixth aortic arch may have a significance for

the function of the intrinsic muscles of the larynx,
most of which are innervated by the recurrent laryn-
geal nerve from the vagus nerve (see Chapter 14).
The recurrent laryngeal nerve hooks around the
sixth aortic arch, but regression of the arch on the
right side releases the nerve to be hooked around
the right subclavian artery, under much less tension
than its counterpart on the left (Fig. 12-15).

Growth of the embryo and fetus modifies the
structure of the arterial system that develops from
the aortic arches, the ventral aortae and the cranial
portions of the dorsal aortae. Major changes result
from the cephalic folding and elongation of the
neck that displaces the heart caudally into the tho-
racic cavity. This causes a pronounced elongation of
the common carotid arteries. Moreover, other vessels
develop from the aortic arch complex. These include
the subclavian arteries and their extensions such
as the axillary artery, important for the front
limb. Several species-specific alterations also occur
(Fig. 12-15).

The segmental arteries

The dorsal aortae that extend caudally (initially
paired, later fused into a single vessel) give rise
to dorsal, lateral and ventral segmental arteries
(Fig. 12-16).

The dorsal segmental arteries are paired and
found in each segment along the major portion of
the embryo from the most cranial somites back to
the sacral region. They run dorsally and give rise to
two rami; a dorsal branch that supplies the dorsal
body region and the neural tube and its derivatives,
and a ventral branch to the ventral body wall. The
right and left ventral rami anastomose at the ventral
midline and develop into the intercostal arteries in
the thoracic region and into lumbar arteries in the
abdominal region.

In the cervical region, seven dorsal pairs of seg-
mental arteries are formed. The six most cranial lose
their connection to the aorta but the seventh pair
remains connected (Fig. 12-17). The six discon-
nected arteries unite with the seventh on each side
to form the paired vertebral arteries. These extend
cranially where they fuse to form the single basilary
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Fig. 12-16: General organization of the segmental arteries.
1: Dorsal segmental artery; 1”: Dorsal portion of dorsal
segmental artery; 1”: Ventral portion of dorsal segmental
artery; 2: Lateral segmental artery; 3: Ventral segmental
artery. Courtesy Sinowatz and Russe (2007).

artery which, at the level of the developing mesen-
cephalon, anastomoses with the internal carotid
arteries (see Chapter 10).

The lateral segmental arteries arise from the
unpaired portion of the aorta and supply organs
developed from the intermediate mesoderm (Fig.
12-18). During the embryonic phase of develop-
ment, the mesonephric, adrenal, and genital ridge
arteries are the most prominent lateral segmental
arteries (see Chapter 15). With the further develop-
ment of the urogenital system, these arteries develop
into the ovarian, testicular and adrenal arteries,
while the renal arteries develop subsequently
in conjunction with the formation of the
metanephros.

The ventral segmental arteries are associated
with the yolk sac and the allantois. The most cranial
pair, the omphalomesenteric or vitelline arteries,
arises from the unpaired portion of aorta and supply
the yolk sac (Fig. 12-4). As the relative size of the

Fig. 12-17: Development of the segmental arteries in the
neck region. 1: Dorsal aorta; 2: Ventral aorta; 3: Ductus
arteriosus; 4: Pulmonary artery; 5: Vertebral artery;

6: Basilary artery; 7: External carotid artery; 8: Internal
carotid artery. Courtesy Sinowatz and Russe (2007).

yolk sac diminishes and the final gut takes shape,
the left vitelline artery involutes and disappears
while the right one develops into the coeliac artery
and the cranial mesenteric artery (Fig. 12-18). The
coeliac artery supplies the caudal portion of the
foregut including the stomach, the cranial portion
of the duodenum, the liver, pancreas and spleen; the
cranial mesenteric artery, through its localization in
the mesentery, supplies the midgut from the



Development of the blood cells, heart and vascular system - -

Fig. 12-18: Ventral aspect of the development of the lateral and ventral segmental arteries in the female bovine embryo (A-E).
Note that the number of segmental arteries is reduced with development. I: Mesonephros; II: Metanephros; Ill: Ureter; IV:
Adrenal gland; V: Gonadal ridge; VI: Ovary; VII: Wolffian or mesonephric duct; VIII: Mdllerian or paramesonephric duct
developing into the uterus; 1: Aorta; 2: Adrenal arteries; 3: Gonadal ridge arteries; 4: Mesonephric arteries; 5: Ventral
segmental arteries; 6: Umbilical artery; 7: Median sacral artery; 8: Coeliac artery; 9: Cranial mesenteric artery; 10: Caudal
mesenteric artery; 11: Ovarian artery; 12: Renal artery to metanephros; 13: External iliac artery; 14: Internal iliac artery.
Courtesy Sinowatz and Russe (2007).

duodenum to the transverse colon (see Chapter 14).  ventral segmental arteries gives rise to the caudal
Rotation of the gut takes place around the cranial =~ mesenteric artery supplying the hindgut from the
mesenteric artery which consequently becomes  transverse colon on. With the development of the
located in the root of the mesentery. Caudal to the  allantois, the most caudal pair of ventral segmental
cranial mesenteric artery, another, smaller pair of  arteries develops dramatically from the caudal
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portion of the unpaired aorta to form the umbilical
arteries which supply the allantois and thus the
placenta (see Chapter 9; Fig. 12-18). These arteries
course from the aorta along the allantoic duct
through the umbilicus and arborize in the placenta.
Postnatally, parts of the umbilical arteries give rise
to the internal iliac arteries, the cranial vesical
arteries as well as the obliterated ligamentum teres
vesicae.

THE VENOUS SYSTEM

The venous system, for returning blood to the heart,
forms in parallel with the arterial system. Basically,
three major veins can be distinguished: the ompha-
lomesenteric or vitelline veins carrying blood from
the yolk sac, the umbilical veins carrying blood
from the placenta, and the cardinal veins carrying
blood from the body of the developing embryo.

The omphalomesenteric or vitelline
veins and the umbilical vein

The vitelline veins course from the yolk sac to the
sinus venosus of the developing heart. Three anas-
tomoses are established between the right and left
vitelline veins: two ventral to the gut and one dorsal
to the gut (Fig. 12-19). Parts of the right and left
vitelline veins and the most cranial anastomosis
develop into an extensive capillary network that
forms the sinusoids of the liver (see Chapter 14).
Initially, the umbilical veins bypass the develop-
ing liver on their way to the heart. Gradually,
however, the proximal portion of the right umbilical
vein forms anastomoses with the developing liver
sinusoid network. Subsequently this vein involutes
and disappears between the umbilicus and the
developing liver. Thus, only the left umbilical vein
is left for transporting oxygenated blood from the
placenta to the embryo. This vein establishes an
anastomosis with the most proximal portion of the
right vitelline vein, and this anastomosis persists
more or less throughout embryonic and fetal devel-
opment as the ductus venosus which functions as
a shunt for oxygenated blood from the placenta

through the liver. The proximal portion of the right
vitelline vein, connecting the ductus venosus and
the heart, develops into the hepatocardiac portion
of the caudal vena cava. The distal portion of the
right vitelline vein, together with the two distal
anastomoses between the right and the left vitelline
veins, develop into the portal vein draining the gut
and its derivatives. The most proximal as well as the
distal portions of the left vitelline vein, on the other
hand, involute and disappear.

At least in carnivores and ruminants, the ductus
venosus includes a sphincter-like constriction that
allows regulation of the amounts of oxygenated
blood that are shunted directly through the duct
on the one hand, and distributed into the liver
sinusoids on the other. In the pig, the most caudal
portion of the ductus venosus becomes obliterated
at an early stage of development and so oxygen-
ated blood from the placenta runs through an
alternative venous plexus to the cranial portion of
the duct. In the horse, too, the ductus venosus is
more or less lost during the second half of
gestation.

At birth, the left umbilical vein is obliterated and
involutes to form the ligamentum teres hepatis. In
the embryo and fetus, the left umbilical vein is sus-
pended in the ligamentum falciforme, a peritoneal
fold extending from the umbilicus to the liver.
When the vein involutes, this falciform ligament is
withdrawn to a small vertical peritoneal fold
between the liver and diaphragm ventral to the
caudal vena cava. A more or less pronounced fatty
deposit is seen along its former line of attachment
extending from the umbilicus to the sternum.

The cardinal veins

The development of the body’s venous system par-
allels that of the arterial system and, to begin with,
is associated with the prominent mesonephros.
Bilaterally symmetrical cardinal veins, divided into
caudal and cranial portions, are formed soon after
the development of the dorsal aortae (Figs. 12-4,
12-20). The right and left caudal cardinal veins are
found dorsolateral to the mesonephros and carry
blood from the caudal portion of the body and the
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Fig. 12-19: Ventral aspect of the development of the vitelline and umbilical
veins at successive stages of gestation (A-D). I: Liver; Il: Gut; lll: Stomach;
IV: Oesophagus; V: Urachus developing into the bladder; 1: Sinus venosus;
2: Right vitelline vein; 3: Anastomoses between right and left vitelline veins;
4: Left umbilical vein; 4”: Right umbilical vein; 5: Left common cardinal vein;
5’: Right common cardinal vein; 6: Ductus venosus; 7: Vena portae;

8: Caudal vena cava. Courtesy Sinowatz and Russe (2007).
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Fig. 12-20: Ventral aspect of the development of the cardinal veins at successive stages of gestation (A-F). Black: Umbilical
veins; Light blue: Cardinal veins; Dark blue: Subcardinal veins; Stippled black: Supracardinal veins; Stippled blue: Anastomosis
between the right subcardinal vein and hepato-cardiac portion of right vitelline vein; I: Mesonephros; Il: Gonadal ridge; II’:
Gonad; lll: Metanephros; 1: Sinus venosus; 2: Vitelline vein; 3: Umbilical vein; 4: Caudal cardinal vein; 4’: Cranial cardinal vein;
4”: Common cardinal vein; 5: Left internal and external jugular veins; 5”: Right internal and external jugular veins; 6: Left
subclavian vein; 6”: Right subclavian vein; 7: Anastomosis between the cardinal veins; 8: Subcardinal vein; 9: Anastomosis
between the right subcardinal vein and hepatocardiac portion of right vitelline vein; 10: Hepatocardiac portion of right vitelline
vein; 11: Supracardinal veins; 12: Anastomosis between supracardinal veins; 13: Caudal anastomosis between cardinal veins;
14: Common iliac vein; 14’: Internal iliac vein; 14”: External iliac vein; 15: Abdominal portion of caudal vena cava; 16: Lumbar
portion of caudal vena cava; 17: Pelvic portion of caudal vena cava. Courtesy Sinowatz and Russe (2007).
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Fig. 12-21: Pig embryo at Day 18 of development displaying blood-filled portions of the venous system. The yolk sac has
been removed. 1: Heart ventricle; 2: Atrium; 3: Common cardinal vein; 4: Cranial cardinal vein; 5: Caudal cardinal vein;
6: Vitelline vein; 7: Umbilical vein; 8: Vein of third pharyngeal arch; 9: Jugular vein.

mesonephros to the heart. The right and left cranial
cardinal veins carry blood from the cranial por-
tions of the body, including the head, to the heart.
At the level of the heart, the cranial and caudal car-
dinal veins on each side fuse to form the common
cardinal veins. These initially open into the sinus
venosus (together with the vitelline and umbilical
veins) through the right and left sinus horns (Fig.
12-21).

A second venous system arises in the form of the
bilateral subcardinal veins that run medial to the
mesonephros in parallel with the caudal cardinal
veins (Fig. 12-20). Cranially, the subcardinal veins
drain into the caudal cardinal veins. During the
second month of gestation, when the mesonephros
is at its developmental peak (at least in ruminants
and pigs), the cardinal and subcardinal veins become

connected through numerous anastomoses in this
region of the embryo. Moreover, near the adrenal
glands, the right and left subcardinal veins form an
extensive network of anastomoses. Another promi-
nent anastomosis between the cranial portion of the
right subcardinal vein and the hepatocardiac portion
of the right vitelline vein later develops into a
portion of the caudal vena cava.

About two weeks after the formation of the sub-
cardinal veins, a third venous system - the bilateral
supra-cardinal veins - arises (Fig. 12-20). These
veins run along the truncus sympathicus and open
cranially into the caudal cardinal veins. The mid-
portions of the right and left caudal cardinal veins
are obliterated and the remaining caudal portions
make contact with first the subcardinal veins and
later the supracardinal veins.
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In the final venous system, the internal and
external iliac veins, as well as the common iliac
vein, arise from the caudal portions of the caudal
cardinal veins. The pelvic part of the caudal vena
cava develops from the right supracardinal vein, the
lumbar portion from the anastomoses between the
right and left subcardinal vein and from the cardi-
nal veins, the abdominal portion from the anasto-
mosis between the right subcardinal vein and the
hepatocardiac portion of the right vitelline vein.
The azygos and hemiazygos veins develop from
the cranial portions of the right and left cardinal
and supracardinal veins. An anastomosis between
the right and left supracardinal veins allows for the
formation of the hemiazygos vein (the vein from
one side draining into the equivalent vein on the
other side). In the horse and carnivores, it is the
right vena azygos and the left vena hemiazygos that
persist; the opposite is true for the ruminants and
pigs, the left vena azygos and the right vena hemi-
azygos persisting.

Cranial to the heart, the right and left cardinal
veins become connected by an anastomosis that
provides the functional drainage of the left head and
neck region because the proximal portion of the left
cranial cardinal vein disappears (Fig. 12-20). The
right and left cranial cardinal veins develop into the
right and left internal jugular veins; the external
jugular veins develop as secondary structures in
relation to the formation of the face. The right and
left subclavian veins initially drain into the ipsilat-
eral cranial cardinal veins but, with caudal displace-
ment of the heart, their drainage gradually shifts to
the right cranial cardinal vein. In the final venous
system, the right and the left cardinal veins both
drain into the right common cardinal vein, the left
through the anastomosis. In the pig and carnivores,
this anastomosis develops to the left brachio-
cephalic vein, with the left internal and external
jugular veins and the axillary vein draining into it.
The right brachiocephalic vein arises from the prox-
imal portion of the right cranial cardinal vein. The
right and left brachiocephalic veins unite to form the
cranial vena cava which opens into the right atrium.
In horses and ruminants, the jugular and subclavian
veins open directly into the cranial vena cava.

CIRCULATION BEFORE AND
AFTER BIRTH

The fetal circulation

During fetal development, the placenta is where
oxygen and nutrients are taken in and carbon
dioxide and metabolites are excreted. The oxygen-
rich blood reaches the embryo and fetus through the
umbilical veins. These veins are paired in the funic-
ulus umbilicalis but only the left one enters the fetus
(Fig. 12-22), the right one involuting between the
umbilicus and the liver as explained above. The left
umbilical vein runs towards the liver where most of
the blood flows through the ductus venosus directly
into the caudal vena cava. Only a small fraction
enters the sinusoids of the liver; a fraction that can
be regulated by the above-mentioned sphincter
mechanism in the ductus venosus. On the other
hand, the oxygenated blood in the ductus venosus
receives deoxygenated blood from the liver and
from the inactive digestive tract and its associated
organs through the portal vein.

In the caudal vena cava, the relatively oxygenated
blood mixes with the deoxygenated blood from the
caudal portion of the body before it enters the right
atrium (Fig. 12-23). Here, it is guided towards the
foramen ovale by a valve in the caudal vena cava.
The pressure in the right atrium is much greater than
in the left causing most of the relatively oxygenated
blood to pass through the foramen ovale to the left
atrium. Only a small fraction of the relatively oxy-
genated blood remains in the right atrium and is
mixed with the deoxygenated blood, entering from
the head and front portion of the body by way of
the cranial vena cava, to continue into the right
ventricle and to be pumped into the pulmonary
trunk.

In the left atrium, the relatively oxygenated blood
mixes with the minimal amount of deoxygenated
blood that arrives from the inactive lungs by way of
the pulmonary veins. Subsequently, this mixture
enters the left ventricle and thence the aorta. Since
the coronary and brachiocephalic arteries are the
first branches of the aorta, the blood received by the
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Fig. 12-22: Changes in circulation at birth. A: Fetal circulation. B: Post natal circulation. I: Heart; II: Liver; Ill: Lung; 1: Aorta;
2: Ductus arteriosus; 2”: Ligamentum arteriosum; 3: Foramen ovale; 4: Pulmonary arteries; 5: Left umbilical vein;

5’: Ligamentum teres hepatis; 6: Umbilical arteries; 6”: Ligamentum teres vesicae; 7: Ductus venosus; 8: Caudal vena cava;
9: Vena portae. Courtesy Sinowatz and Risse (2007).
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Fig. 12-23: Mixture of oxygenated and deoxygenated blood
in the fetal circulation. I: Liver; II: Lung; 1: Left umbilical vein;
2: Vena portae; 3: Caudal vena cava; 4: Ductus venosus;

5: Hepato-cardial portion of caudal vena cava; 6: Foramen
ovale; 7: Right pulmonary vein; 8: Cranial vena cava;

9: Ductus arteriosus; 10: Left pulmonary vein; 11: Pulmonary
trunk; 12: Aorta; 13: Umbilical arteries. Note that the
oxygenated blood is mixed with relatively deoxygenated
blood at five locations (A-E). Modified from Sadler (2004).

heart musculature and brain comes from this rela-
tively oxygenated source. The mixed blood in the
truncus pulmonalis is, due to the high pressure in
the fetal lung circulation, to a high degree shunted
through the ductus arteriosus into the aorta where
it mixes with the relatively oxygenated blood from
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the left ventricle. This mixture results in blood of
medium oxygen tension; it is this that supplies the
caudal portion of the fetus. This blood mixture is
also, by way of the umbilical arteries, returned
through the umbilical cord to the placenta for
oxygenation.

The changes in circulation at birth

Birth terminates the fetal-maternal association
through the placenta. As a result, carbon dioxide
tension in the newborn is increased. This stimulates
receptors in the respiratory centre in the medulla
oblongata and, thus, respiration.

The first inspiration expands the lung volume
considerably and thus stimulates pulmonary blood
circulation (Fig. 12-22). The resulting increased
blood flow through the pulmonary veins increases
the pressure in the left atrium and thereby affects
the septum between the right and left atria: higher
pressure in the left atrium compresses the thin
septum primum against the more substantial septum
secundum and closes the foramen ovale. Thus, the
blood that has been oxygenated in the lungs as a
result of the first inspiration flows into the left ven-
tricle (instead of continuing its former diversion to
the right side of the heart) and is expelled into the
aorta. The ductus arteriosus closes reflexly, pre-
venting deoxygenated blood from the pulmonary
trunk from entering the aorta. The blood flow
from the placenta to the fetus is stopped by
the contraction of the ductus venosus and left
umbilical vein. The blood flow to the placenta is
stopped by contraction of the umbilical arteries.

The obliterated ductus arteriosus persists as the
ligamentum arteriosum, the obliterated left umbili-
cal artery as the ligamentum teres hepatis, the
obliterated umbilical arteries as the ligamentum
teres vesicae, and the closed foramen ovale remains
visible as the fossa ovalis.

SUMMARY

The circulatory system is the first functional organ
system to be formed and includes the heart,
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arteries, veins, and blood. Initially, mesodermal
haemangioblasts in the wall of the yolk sac differ-
entiate into angioblasts that form endothelial cells,
and inner cells that form blood cells. This occurs in
the anterior end of the embryonic disc in the horse-
shoe-shaped cardiogenic field that develops into
the cardiac tube. The intra-embryonic coelom over-
lying this structure forms the pericardial cavity.
Other angioblasts form the paired dorsal aortae,
one on each side of the midline. With the antero-
posterior 180° folding of the embryo, the cardiac
tube is brought to a ventral position with the exten-
sions of the horseshoe that now point anteriorly
forming the paired ventral aortae. The ventral and
dorsal aortae become connected by the aortic
arches. The more posterior regions of the ventral
aortae fuse and extend the cardiac tube anteriorly.
At its anterior end, the cardiac tube is continuous
with the ventral aortae; its posterior end makes
contact with the developing venous system. The
cardiac tube later develops into a U-shaped struc-
ture, divided into the sinus venosus, where the
veins open into the cardiac tube, the atrium, the
ventricle, the bulbus cordis and the truncus arte-
riosus, where the outlet into the ventral aortae is
found. The sinus venosus becomes incorporated
into the right side of the atrium, and the pulmonary
veins become partially incorporated into the left
side of the atrium. The atrium is divided from the
ventricle by the endocardial cushions resulting in
separate left and right atrioventricular channels.
Subsequently, the cardiac tube is divided into two
parallel channels by dividing septae. The atrium is
divided by the septum primum and septum secun-
dum leaving the foramen ovale between the two
halves. The ventricle and wide posterior portion of
the bulbus cordis are divided by the interventricular
septum and form the left and the right ventricles,
respectively. Finally, the anterior narrow portion of
the bulbus cordis and the truncus arteriosus are
divided into two channels by the aorticopulmonary
septum. Hence, a four-chambered heart with two
parallel channels has been formed. Later, the valves
as well as the conducting system develop.

The third, fourth, and sixth aortic arches develop
into different portions of the final vascular system,

whereas the first, second and fifth arches fail to
develop or are obliterated. The ventral aortae
develop into the common carotid arteries and the
internal carotid artery. The third aortic arch forms
the connection between the common and internal
carotid artery. The fourth aortic arch forms the
aortic arch on the left side and the right subclavian
artery on the right. The sixth aortic arch forms the
pulmonary trunk and, on the left side, the ductus
arteriosus connecting the pulmonary trunk and the
aortic arch.

The dorsal aortae gradually fuse, and segmental
arteries arise from them. Dorsal segmental arteries
supply the neural tube and axial body components,
lateral segmental arteries supply the urogenital
system, and ventral segmental arteries supply the
gastrointestinal system and form the coeliac, cranial
mesenteric, and caudal mesenteric arteries.

The body’s venous system develops from three
major components: the vitelline veins, the umbili-
cal veins, and the cardinal veins. The vitelline veins
form the hepatocardiac portion of the caudal vena
cava, the sinusoids of the liver, and the portal vein.
The right umbilical vein is obliterated, but the left
umbilical vein has an important function during
pregnancy in transporting oxygenated blood from
the placenta to the embryo. The cardinal veins and
their two generations of successors, the subcardinal
and the supracardinal veins, form the rest of the
caudal vena cava, the internal and external iliac
veins as well as the azygos and hemiazygos veins.
In the anterior region of the embryo, the cardinal
veins form the right and left internal jugular veins
as well as the brachiocephalic veins.

The formation of blood cells, haematopoiesis, is
initiated in the yolk sac during the so-called mesob-
lastic period, is taken over by the liver and spleen
during the hepato-lienal period, and, finally,
happens primarily in the bone marrow during the
medullary period.

During fetal life, oxygenated blood from the left
umbilical vein enters the right atrium where most
of it passes through the foramen ovale to the left
atrium. From there, it enters the left ventricle and
the aorta. Blood passing from the right atrium into
the right ventricle and into the pulmonary trunk can
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be shunted into the aorta through the ductus arte-
riosus. The umbilical arteries, in turn, transport the
deoxygenated blood to the placenta. At birth, dra-
matic changes of the circulation occur: the left
umbilical vein is obliterated and is retained as the

ligamentum teres hepatis, the foramen ovale is
closed, the ductus arteriosus is obliterated and
retained as ligamentum arteriosum, and the umbil-
ical arteries are obliterated and retained as the liga-
mentum teres vesicae.

Box 12-1 Molecular regulation of the development of the vascular system

During the process of gastrulation, lateral plate
mesoderm is split into somatic (parietal) and
visceral (splanchnic) portions. Visceral mesoderm,
together with the underlying endoderm, forms the
splanchnopleura. The first haemangiogenic
mesoderm is formed in the wall of the yolk sac
giving rise to both blood and blood vessels. The
definitive haematopoietic stem cells in fish,
amphibians, birds and mammals are, however,
thought to be formed intra-embryonically, in the
visceral lateral plate mesoderm closer to the aorta.
This region has been called aorta-gonad-
mesonephric (AGM) region. Haematopoietic
stem cells within the AGM region express genes
encoding critical regulators of their formation, like
SCL, Runx-1, c-Myb and LMO-2 in addition to
genes encoding cell surface markers like CD34 and
the receptor molecule e-Kit. The proto-oncogene
c-Myb specifically affects haematopoiesis in the
para-aortic AMG region. The haematopoietic stem
cells from the AGM-region later colonize the fetal
liver and probably also the bone marrow, the major
site of blood formation throughout adult life. A
puzzling paradox, however, is that the number of
pluripotent haematopoietic stem cells in the AGM
region is very small. Recent data have shown that
the placenta is an additional early source of blood
stem cells in mammals. The murine placenta
contains haematopoietic stem cells within the
vascular labyrinth region. Pluripotent haematopoietic
stem cells appear to be generated along with the
endothelium of the placental blood vessels. This
suggests that haemangioblasts are formed in the
placenta as well as in the yolk sac. The numbers of
these cells appear large enough to account for the
population of stem cells later found in the liver. The
liver may therefore receive stem cells from both the
AGM region and the placenta, with a potential third
contribution from yolk sac haemangioblasts.

The haemangiogenic cells become specified
through BMP and FGF signalling originating from
the underlying hypoblast and endoderm. Inhibitory
signals from the neural tube (Wnt proteins) and
the notochord (Noggin and Chordin) prevent the
formation of cardiogenic fields in the posterior parts
of the embryo. In the anterior portion of the
embryo, on the contrary, hypoblast and
endodermal cells within the developing foregut
produce signalling molecules, including Cerberus,
Dickkopf and Crescent, antagonizing the neural
tube Wnt signalling. Cardiogenic mesoderm
therefore becomes specified through BMP (and
FGF) signalling in the absence of Wnt signalling.
This leads to expression of Nkx2.5, a master gene
for cardiac development.

In the chick and the mouse, it has been shown that
posterior cardiac domains (the sinus venosus and
atrium) become established through exposure to
high concentrations of retinoic acid, the local
accumulation of which is ultimately controlled by
Hox genes. Anterior cardiac domains are specified
through the action of, for example, the transcription
factor Tbx5 that later also plays an important role
in cardiac septation. Heart looping and formation of
heart chambers is dependent on the left-right
patterning proteins (Nodal, Lefty-2; see Chapter
7). Ultimately, Hand1 proteins become restricted to
the left ventricle (overlapping with Thx5 expression)
and Hand2 proteins to the right. The truncus
arteriosus is derived primarily from Pax3-expressing
neural crest cells.

Blood vessels form independently from the heart,
eventually linking up to it. In the first phase of
vasculogenesis, mesodermal cells in the
splanchnopleura form haemangioblasts under the
inhibitory control of Wnt signalling originating from
the neural tube. During the second phase of
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vasculogenesis, the haemangioblasts condense,
giving rise to blood islands in which blood
progenitor cells and endothelial cells eventually
form. Vascular endothelial growth factors (VEGFs),
a group of currently seven members (of which five
are known in mammals), are involved in the
formation of endothelial cells, their resultant
formation of primary capillary plexuses, and the
subsequent phases of angiogenesis. Three tyrosine
kinase receptors for VEGF have been identified:
VEGFR-1 (Flt1), VEGFR-2 (FIk1), and VEGFR-3.
VEFG-A, also known as vascular permeability
factor (VPF), bind to both VEGF-R1 and VEGF-R2.
VEGF-R2 is involved in formation, proliferation and
migration of endothelial cells, while VEGF-R1 is
involved in capillary tube formation. VEGF-B and
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Development of the immune system

The adult body employs multiple layers of defence
against foreign materials. These defences are derived
from all three embryonic germ layers. Physical bar-
riers, comprising intact epithelia on external and
internal body surfaces (i.e. the skin and gastrointes-
tinal tract) serve as a first layer of defence and are
derived from the ectoderm and endoderm, respec-
tively. In contrast, cells central to the second and
third layers of defence, the innate (pre-existing)
immunity and specific (induced/acquired) immu-
nity systems, are derived from the mesoderm. The
innate immunity system can act very rapidly but
lacks any form of memory; important components
of this system are the granulocytes of the myeloid
cell lineage that develop from haematopoietic stem
cells. The acquired or adaptive immunity system,
of the lymphoid cell lineage, on the other hand has
memory; cells of the lymphocyte lineage form
descendants with effector as well as memory com-
petence. Acquired immunity is dependent on micro-
bial colonization of the gut and is therefore a
postnatal phenomenon. Potential pathogen
microbes in the gut and on the external body sur-
faces exhibit high mutation rates. In essence,
acquired immunity is all about evolution of the
lymphocyte cell lineage having the ability to somati-
cally mutate surface receptors to keep up with this
continual exposure to new challenges.

During intra-uterine life, the placenta largely pro-
tects the embryo and fetus from exposure to foreign
pathogens (see Chapter 9). This results in newborn
animals being more or less immunologically naive
- equipped with the fundamentals of the acquired
immune system, but still awaiting antigen stimula-
tion for its final development. To compensate for

this, intake of antibody-laden colostrum from the
mother protects the newborn passively during
the first few weeks post partum,. Then, however,
the newborn’s own immune system has to mature
for the animal to survive. Since this is a textbook on
embryology, the focus will be on intra-uterine for-
mation of the cells and organs of the immune
system. For descriptions of the post-natal matura-
tion of the immune system and the immune
response, as well as immunological specificity and
memory, textbooks such as ‘Veterinary Immunol-
ogy: An Introduction’ by Tizard (2008) should be
consulted.

THE LYMPHOCYTES

It has been customary to begin any description of
the cells of the developing immune system with a
discussion of haematopoietic stem cell formation in
the yolk sac. Recently, however, it has been shown
that the haematopoietic potential of this yolk-sac
stem cell population is limited compared to that of
stem cells appearing in the intra-embryonic aorta-
gonad-mesonephros (AGM) region shortly after-
wards (see Chapter 12). Thus, it is now generally
accepted that first the fetal liver, then the thymus
and the spleen (during the hepato-lienal period),
and finally the bone marrow (during the medullary
period) are seeded by haematopoietic stem cells
from the AGM region, eventually giving rise to the
full complement of the lymphoid, erythroid and
myeloid cell lineages. It is the lymphoid cell lineage
that gives rise to the Natural Killer (NK) cells and
B and T lymphocytes whereas the myeloid cell
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lineage gives rise to neutrophil, eosinophil and the
basophil granulocytes.

Differentiation of lymphocytes begins in the
thymus as early as during the hepato-lienal period.
Later, gut-associated lymphoid tissue develops, fol-
lowed by the appearance of lymph nodes, tonsils,
and the spleen. With the onset of the medullary
period, the bone marrow becomes a site of both
haematopoiesis, including lymphopoiesis, and lym-
phocyte differentiation. The bone marrow, the
thymus, and also the gut-associated lymphoid tissue
comprise the primary lymphoid tissues, in which
cells of the lymphoid cell lineage differentiate and
mature. From the primary lymphoid tissues,
immune-competent lymphocytes eventually reach
secondary lymphoid tissues where immune
responses to antigens occur in the newborn animal.
Secondary lymphoid tissues include the lymph
nodes, spleen, mucosa-associated lymphoid
tissues (MALT) and skin associated lymphoid
tissues (SALT).

Differentiation of the lymphoid
cell lineages

Based on function and specific cell-surface mole-
cules, the lymphoid cell lineage may be divided
into large lymphocytes with a granular cytoplasm
and small lymphocytes with almost no cytoplasm.
The large granular lymphocytes are, together with
the granulocytes, effector cells in the innate immune
system, and are also known as Natural Killer or NK
cells. The small lymphocytes comprise several sub-
lineages, the two major ones being the T and B
lymphocytes. T and B lymphocytes differ in func-
tion, depending on their various cell-surface recep-
tors (see below). Functionally, T lymphocytes are
said to mediate a cellular immune response to
foreign macromolecules either directly (by killing
virus-infected cells, for example) or indirectly,
through activation of specialized phagocytes, includ-
ing tissue macrophages. B lymphocytes, in contrast,
are said to mediate a humoral immune response
through their differentiation into antibody-
producing plasma cells. The antibodies bind to set
areas on foreign macromolecules (antigens) known

as epitopes, which may be parts of cell-surface pro-
teins, polysaccharides, or glycosaminoglycans on
invading bacteria or viruses. The binding mediates
phagocytosis of the intruders and this mechanism is
known as opsonization. Antibodies may also acti-
vate certain serum proteins (collectively known as
the complement system) thereby mediating cell
lysis, or may bind to and neutralize bacterial toxins
or viruses.

The T lymphocyte

As outlined above, T lymphocytes differentiate from
common haematopoietic stem cells initially formed
in the AGM region. From there, a small population
seeds the Thymus (hence the name) early in fetal
development. In the thymus, progenitor T lym-
phocytes proliferate, mature and form cells each of
which is committed to recognizing a single epitope
on either self- or non-self antigens. The basis of this
specificity lies in the T cell receptor (TCR). Each
mature T lymphocyte carries only one type of TCR
on its cell surface (around 10° of that particular type
per cell). The thymus harbours a huge number of
clones, i.e. individual T lymphocyte populations,
and all T lymphocytes within a clone share the same
TCR characteristics.

In contrast to antibodies, the TCR only recognizes
epitopes associated with major histocompatibility
complex (MHC) molecules. These are special types
of cell-surface molecules and are sites for presenta-
tion of an animal’s own or foreign epitopes. There
are two classes of MHC molecules: MHC class 1
molecules, expressed by all nucleated cells except
nerve cells; and MHC class II molecules, expressed
on special antigen-presenting cells and on B lym-
phocytes. CD4 and CD8 are other types of cell-
surface molecules, defined and grouped through the
use of specific antibodies (CD is an acronym for
‘Cluster Defined’). During maturation in the thymus,
clones of T lymphocytes differentiate into either
CD4-expressing T helper lymphocytes (Th cells) or
CD8-expressing cytotoxic lymphocytes (Tc cells).
CD4-expressing Th cells only recognize epitopes
presented by MHC class II molecules. Such epitopes
are presented by antigen-presenting cells or B
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lymphocytes, which characteristically present
epitopes that are parts of exogenous peptides from
foreign particles or from pathogens that have
invaded the organism and been subjected to endo-
cytosis. CD8-expressing Tc cells, on the other hand,
only recognize epitopes presented by MHC class 1
molecules; these are characteristically endogenous,
reflecting peptides synthesized within the cell. Virus-
infected cells or tumour cells for example, in which
protein synthesis is altered, may be recognized in
this way by Tc cells through presentation of these
epitopes of ‘non-self proteins by MHC class I
molecules.

During the maturation of the T lymphocytes in
the thymus, about 98% of the cells are eliminated
through the process of apoptosis. This elimination
includes two selection rounds, the first ensuring
that only those T lymphocytes that recognize MHC
molecules survive, and the second making sure that
all T lymphocytes recognizing ‘self epitopes are
eliminated. Before their maturation, the T lym-
phocytes express neither CD4 nor CDS8. These
immature T lymphocytes are mainly located in the
subcapsular thymic areas where the surrounding
reticular cells are rich in both MHC class 1 and
MHC class IT molecules. During maturation, T lym-
phocytes move into deeper parts of the cortex,
where expression of both CD4 and CD8 is initiated.
The consequent ‘double positive’ T lymphocytes,
i.e. those expressing both CD4 and CDS8, then
undergo an initial, or positive selection in which
their TCRs are tested against the MHC molecules
on surrounding reticular cells. Only T lymphocytes
recognizing ‘self” MHC molecules will survive this
process. The positive selection forms the basis of
the MHC restriction that results in T lymphocyte
acceptance of ‘self’ MHC molecules only. The
selected T lymphocytes then move deeper into the
thymus where, upon reaching the cortico-medullary
junction, the selected ‘double positive’ T lym-
phocytes undergo the second, or negative selection
for ‘self’ reactivity. This results in the elimination
of T lymphocytes carrying TCRs recognizing
epitopes of ’‘self’ antigens. In this way, ‘self’ is
accepted, forming the basis of immunological
tolerance.

One problem inherent to these selections is that
during the positive selection, T lymphocytes recog-
nizing ‘self” MHC molecules are selected for, whereas
during the negative selection, T lymphocytes recog-
nizing ‘self’ MHC, and other, molecules are selected
against. The reason for this paradoxical process,
which would ultimately leave no surviving T lym-
phocytes, is still an enigma. One favoured hypoth-
esis to explain the contradiction is that the positive
selection results in populations of T lymphocytes
with receptors having a range of affinities, from low
to high, for ‘self’ MHC molecules. Through the neg-
ative selection, T-lymphocytes with high affinity
receptors are weeded out while those with low
affinity survive. Thus, instead of using an ‘either/or’
criterion, the second, negative selection occurs
according to ‘more or less’ guidelines.

Only T lymphocytes that have survived both pos-
itive and negative selection move into the medulla,
and then as either CD4-positive, MHC class
II-restricted T helper (Th) lymphocytes or CD8-
positive, MHC class [-restricted cytotoxic (Tc)
lymphocytes. The end result is a selection for TCRs
(on either Th or Tc cells) specifically recognizing a
combination of ‘self” MHC molecules and foreign
or altered epitopes. The T lymphocytes, however, are
functionally naive when they leave the thymus. Sub-
sequently, they circulate in the blood, lymphatic
tissues, and lymph to perform what may be termed
‘immunological surveillance. Only upon TCR
recognition of foreign or altered epitopes presented
by the MHC class I or II molecules will the T
lymphocytes undergo final differentiation, perform
their role in the cellular immune response, and
establish memory.

The B-lymphocyte

As is true of T lymphocytes, it is generally accepted
that B lymphocytes differentiate from a common
haematopoietic stem cell. In many species, B lym-
phocyte development and maturation takes place in
the Bone marrow. However, at least in the sheep,
the major site for these processes appears to be in
an ileal Peyer’s patch. This intestinal primary lym-
phoid organ appears to be a mammalian equivalent
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of the avian bursa of Fabricius. Like the thymus (see
later), it involutes around puberty and B lym-
phocytes take up residence in the bone marrow and
secondary lymphoid tissues and organs, including
other Peyer’s patches found in the intestines of the
adult animal.

Progenitor B lymphocytes, like T lymphocytes,
initially proliferate and mature to form clones of
cells individually committed to recognize only one
epitope on either ‘self’ or ‘non-self” antigens through
their B cell receptors (BCRs). The BCRs are immu-
noglobulins of the IgM type representing mem-
brane-bound antibodies. In contrast to the TCR, the
BCR is able to recognize epitopes without involving
MHC molecules. B lymphocytes express both MHC
class I and II molecules, the latter being characteris-
tic of antigen-presenting cells. B lymphocytes are
selected, like T lymphocytes, through positive and
negative selection eliminating B lymphocytes recog-
nizing ‘self epitopes. Eventually, mature, naive B
lymphocytes, like the T lymphocytes, leave their
primary lymphatic organ (either the ovine ileal
Peyer’s patch or the bone marrow), circulate in the
blood and lymph, and colonize secondary lym-
phatic tissues.

The circulation and final differentiation
of lymphocytes

The T and B lymphocytes circulate throughout the
organism once or twice a day, spending most time
in special areas of the secondary lymphoid tissues
known as the T and B dependent zones. In the
adult, these zones are where immune reactions
to foreign macromolecules most commonly take
place because the zones contain special antigen-
presenting cells, expressing MHC class II molecules.
In utero, however, such an immune reaction cannot
occur because it requires both cellular T lymphocyte-
mediated and humoral B lymphocyte-mediated ele-
ments, a combination that does not materialize
until after birth. Put simply, an immune reaction
depends on activation of CD4-positive Th cells,
which depends on the epitopes being ‘properly’ pre-
sented by the MHC class II antigen-presenting cells.
In the specialized microenvironment of the second-

ary lymphatic tissues, naive lymphocytes become
activated as a result so that they can form
lymphoblasts.

The T lymphoblasts eventually differentiate into
memory T lymphocytes and effector cells, whereas
B lymphoblasts differentiate into memory B lym-
phocytes and plasmablasts. As their names imply,
these lymphocytes carry immunological memory.
In contrast to the naive B lymphocytes, memory
B lymphocytes express, in addition to IgM, BCRs
of the IgG, IgA and IgE type directed towards the
specific epitope selected for. Plasmablasts eventu-
ally differentiate into plasma cells. In contrast to
the membrane-bound BCRs on their progenitor
plasmablasts, plasma cells will produce a specific
BCR molecule, an antibody, for secretion. Initially,
only antibodies of the IgM type will be secreted.
Later, other types of antibodies will also be
produced.

LYMPHOID ORGANS AND TISSUES

Lymphoid organs and tissues may be classified
according to their roles in the generation of lym-
phocytes, regulation of lymphocyte production,
and provision of environments for trapping foreign
antigens. Organs that regulate the initial develop-
ment and maturation of lymphocytes, including the
positive and negative selections, are called primary
lymphoid organs. T lymphocytes develop and
mature in the thymus. B lymphocytes may mature
in a variety of organs, depending on the species: in
birds, in the bursa of Fabricius associated with the
cloaca; in most mammals in the bone marrow; in
the sheep at least, in the intestinal lymphoid tissues
known as the ileal Peyer’s patch. It is important to
stress again that there is no presentation of foreign
antigens in primary lymphoid organs and, there-
fore, no immune responses related to acquired
immunity.

Thymus

The thymus is a primary lymphoid organ where T
lymphocytes mature. In ruminants, the thymus
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forms around Day 40 of gestation, in carnivores
around Day 30, and in the horse around Day 60. It
is located in the neck and thoracic inlet regions,
depending on the species. As a proportion of body
mass, its size is greatest in the newborn animal in
which the full complement of (naive) T lymphocytes
has already been produced. Around puberty, the
thymus involutes and the parenchyma is gradually
replaced by adipose tissue although it appears to
remain functional even in the adult animal.

When fully formed the thymus is a paired organ
composed of lobules of loosely packed epithelial
cells covered by a connective tissue capsule. An
abnormally thick basement membrane underlying
a continuous layer of epithelial cells surrounding
the blood vessels in the thymus forms the blood-
thymus barrier, protecting the maturing T lym-
phocytes from exposure to foreign antigens. No
lymphatic vessels leave the thymus.

The thymic reticulum develops from the ventral
endodermal part of the third pharyngeal pouches,
closely linked to the development of the parathy-
roid glands from the dorsal parts of these pouches
(Fig. 14-11). In contrast, the thymic capsule and
connective tissue septae originate from the neural-
crest-derived mesenchyme of the third branchial
arch surrounding the thymic primordium (see
Chapter 14). The fact that an epithelium forms the
reticulum of a lymphoid organ is unique for the
thymus and palatine tonsil; in other lymphoid
organs, primary and secondary, the whole frame-
work is thought to be of pure mesenchymal origin,
derived from the neural crest or the mesoderm.

The ventral portion of the third pharyngeal
pouches is hollow at first, but continued develop-
ment separates the pouch from its attachment to the
pharyngeal cavity, and a solid body of endodermal
cells is formed that expands as it migrates ventrally
and caudally (Fig. 14-11). As the heart migrates into
the thoracic cavity (see Chapter 12), parts of the
thymus are drawn caudally into the cranial medi-
astinum. Thus, the thymus as a whole forms a
Y-shaped structure, fused at its caudal end and with
its bilateral cranial end still attached to the develop-
ing pharynx. In the newborn, this overall structure

is best conserved in ruminants where an unpaired
thoracic part and left and right cervical parts can be
recognized. Both cervical and thoracic parts also
form in pigs, but to a lesser degree, and in the horse
and dog only the thoracic parts develop.

Eventually, the endoderm-derived reticulated
stroma of the thymus is infiltrated by parenchyma
consisting of T lymphocyte precursors of haemato-
poietic stem cell origin (see above) and other cells
of mesodermal origin. T lymphocyte progenitors,
initially negative for both CD4 and CD8 molecules,
seed the cortex, especially the subcapsular areas
where epithelial reticular cells are rich in molecules,
both MHC class-I and class-II molecules. These epi-
thelial cells are also known as ‘nurse cells’ because
they regulate initial T-lymphocyte proliferation and
maturation. They do so by secreting signalling mol-
ecules together known as ‘thymic hormones’, some
of which depend on zinc for their function. Thus,
zinc-deficient animals may bear progeny deficient in
T lymphocytes. The further maturation of the T lym-
phocytes and their migration into the deeper
portions of the thymus and into the blood stream
and the secondary lymphatic organs has been
described above.

Bone marrow/ileal Peyer’s patch

In newborn ruminants and pigs, lymphoid tissue is
present in the aboral portion of the small intestine.
Pre-natally, however, at least in the sheep, an ileal
Peyer’s patch exists and is regarded as a primary
lymphoid organ for B lymphocyte maturation -
functionally equivalent to the bursa of Fabricius in
birds. Whether this is true of other ruminants and
the pig is unclear. In the sheep, the size of the ileal
Peyer’s patch as a proportion of body mass is great-
est around birth. The lymphoid structures seen post-
natally in the small intestine of ruminants and pigs
are secondary lymphoid organs (part of GALI, see
below) that contain both B and T lymphocytes and
persist throughout life.

For now, in domestic species other than the
sheep, the bone marrow is to be regarded as the
primary lymphoid tissue where positive and nega-
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tive selection among B lymphocytes is thought to
occur in the outer region. In all domestic animal
species, the bone marrow later functions as a sec-
ondary lymphoid tissue.

Lymphatic vasculature, lymph nodes
and other secondary lymphoid tissues

Blood vessels originate from mesoderm-derived
endothelial cell precursors (angioblasts) that prolif-
erate and organize into primitive vascular channels
(vasculogenesis; see Chapter 12). Channels grow,
remodel and form primitive networks by endothe-
lial sprouting and splitting (angiogenesis). The lym-
phatic vasculature develops in parallel with the
blood vasculature but more slowly.

Whereas the blood vasculature forms a continu-
ous loop, with arteries and veins connected through
capillaries, the lymphatic system is an open-ended,
one-way transit system, consisting of tissue capil-
laries, collecting vessels and ducts, that finally drains
into the venous circulation through the jugular vein
or the cranial vena cava. The embryonic lymphatic
endothelial cells are gener