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Preface

A few years ago we started teaching a new course at the University of Edinburgh aiming to stimulate undergraduates in the middle years of their studies to think about the challenges and excitement of trying to understand how nervous systems are built. We did not set out to cover all possible topics equally. Instead, we selected areas that we thought provided the best understood or the most intriguing examples of how developmental events are controlled by genetic instructions combined with information from other cells and from the developing organism’s environment. We used examples taken from all stages of neural development from its earliest beginnings in the embryo to its refinement as a mature functioning structure. We selected research on vertebrates and invertebrates to illustrate key findings that provide the greatest insight into developmental mechanisms and that can be extrapolated to many or even all species of animal. One of our main reasons for writing this book was to gather together the material that we teach into a single text that might appeal to students taking similar courses elsewhere.

We also teach a variety of other students about these topics: some are in their final undergraduate year, some are in the middle year of a medical degree and some are taking courses that are components of a postgraduate degree. Although these students are at more advanced levels, many of them have received little or no training in one or more of several crucial subjects such as embryology, neuroscience, genetics and molecular biology. Increasingly, many students enter developmental neurobiology with backgrounds in mathematics, physics or computer science. We have, therefore, to teach our topics without assuming a great level of biological knowledge, and so another of our reasons for writing this book was to provide an accessible but rigorous introduction to mechanisms of neural development for students with little or no prior knowledge in this or related fields.

A third reason for writing this book was to provide students with many memorable, colourful illustrations of developmental mechanisms and the experiments that have led to their discovery. Neural development is a highly visual branch of biology: experiments are often made on structures that can be seen without great technical difficulty. The real problem with neural development, as pointed out by one of our students, is the need to understand genetics, molecular biology, biochemistry and physiology, and then apply it all in four dimensions. In this book we have tried to tackle this admittedly daunting task by depicting the essential three-dimensional anatomy of developing embryos early in the book, and then using this information to help orient the reader throughout the remaining chapters.

Most of all, we hope that the reader will find our book clear and interesting, and we hope that it succeeds in conveying some of the enthusiasm we feel for this subject. If the reader is inspired to go deeper, for example by reading one of the more detailed books on neural development that are available (some suggestions are made at the end), then one of our major aims is achieved.

We thank the many people who helped us. A number of reviewers, some anonymous, made very constructive comments: in particular, we thank Patricia Gaspar, Frank Sengpiel, Ian Thompson, Tom Pratt, Alex Crocker-Buque, Valentin Nagerl and David Willshaw. We thank our undergraduate students who gave us invaluable feedback. We thank Gillian Kidd, Julie Robinson, Anna Price and Natasha Price for help with the illustrations; Gillian’s expert work on the cover illustration is greatly appreciated. We thank Sian Jarman for her help and insight and Nicky McGirr and our publishers for their patience and support.

Finally, we would like to hear what you think works well and what could be improved so talk to us on the Building Brains page on Facebook.

David Price

Andrew Jarman

John Mason

Peter Kind

August 2010





Conventions and Commonly used Abbreviations

Naming conventions for genes and proteins

The conventions for naming genes and their protein products are complicated and vary from species to species. We have taken the following pragmatic approach. We hope that in most (if not all) places where a gene or protein name is used, the context will provide all the information that the reader needs, but just in case . . .

Genes

In many cases this will be roman non-italic if the gene is named after its protein (e.g. the follistatin gene). Cases where the gene was named before the protein are usually italicized, for example reeler.

Gene abbreviations

These are italicized and have an initial capital, for example Pax6, Hoxb4. This is the convention for the mouse. Frog, chick and zebrafish have a variety of conventions for gene abbreviations, but here we have mostly followed the mouse.

Names of gene families do not necessarily follow these rules, and we follow the prevailing conventions in each field, for example Hox genes and SMAD genes, but Sox genes.

Species-specic exceptions

Human

The same as above, except gene abbreviations are italic, all capitals, for example PAX6.

Drosophila

Genes and gene abbreviations are italicized.

If mutation of the gene is recessive, for example hedgehog (hh), then all the letters are lower case.

If mutation is dominant (e.g. Krüppel  (Kr)) – or if the gene is secondarily named after the protein (e.g. Dscam) – then the initial letter is a capital.

C. elegans

Gene abbreviations are lower-case italic and include a hyphen, for example ced-7.

Proteins (all species)

Proteins are generally in lower-case roman, for example follistatin and reelin, but may have an initial capital letter in cases that might otherwise be ambiguous or odd in a sentence, for example Dishevelled, Sonic hedgehog.

Proteins named after a gene abbreviation are given the gene name in roman letters, all capitals, for example PAX6, SOX1, HOXB4 and SMADs.

Commonly used abbreviations

We have tried to minimize the use of abbreviations. We have defined abbreviations where they are first used and in some cases repeatedly in multiple locations where we thought it would be helpful to remind the reader. Here is a list of some of the more commonly used abbreviations.



	
AMPA

	
α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate




	
AP

	
anteroposterior




	
BDNF

	
brain-derived neurotrophic factor




	
bHLH

	
basic helix–loop–helix




	
BMP

	
bone morphogenetic protein




	
BrdU

	
bromodeoxyuridine




	
CAM

	
cell adhesion molecule




	
cDNA

	
complementary DNA




	
CNS

	
central nervous system




	
CP

	
cortical plate




	
CR cells

	
Cajal–Retzius cells




	
CSPG

	
chondroitin sulphate proteoglycan




	
Dil

	
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate




	
dLGN

	
dorsal lateral geniculate nucleus




	
DNA

	
deoxyribonucleic acid




	
DV

	
dorsoventral




	
ECM

	
extracellular matrix




	
EGL

	
external granule layer




	
EPSP

	
excitatory postsynaptic potential




	
ES cells

	
embryonic stem cells




	
FGF

	
fibroblast growth factor




	
G protein

	
guanine nucleotide binding protein




	
GABA

	
γ-amino butyric acid




	
GAP

	
GTPase activating protein




	
GDNF

	
glial cell derived neurotrophic factor




	
GEF

	
guanine-nucleotide exchange factor




	
GFP

	
green fluorescent protein




	
GMC

	
ganglion mother cell




	
HES

	
hairy/enhancer of split




	
HSN

	
hermaphrodite specific neuron




	
HSPG

	
heparan sulphate proteoglycan




	
IPSP

	
inhibitory postsynaptic potential




	
ISO

	
isthmic organizer




	
LGE

	
lateral ganglionic eminence




	
LTD

	
long-term depression




	
LTP

	
long-term potentiation




	
MAP

	
microtubule-associated protein




	
MAPK

	
mitogen-activated protein kinase




	
MD

	
monocular deprivation




	
mEPSP

	
miniature excitatory postsynaptic potential




	
mIPSP

	
miniature inhibitory postsynaptic potential




	
ML

	
mediolateral




	
mRNA

	
messenger RNA




	
MZ

	
mantle zone




	
NCAM

	
neural cell adhesion molecule




	
NGF

	
nerve growth factor




	
NMDA

	
N-methyl-D-aspartic acid




	
NMJ

	
neuromuscular junction




	
OD

	
ocular dominance




	
PIP3

	
phosphatidylinositol (3,4,5)-trisphosphate




	
PKA

	
protein kinase A




	
pMN

	
progenitor domain of the motor neurons




	
PNS

	
peripheral nervous system




	
PSD

	
postsynaptic density




	
rl–8

	
rhombomeres 1–8




	
RA

	
retinoic acid




	
RGC

	
retinal ganglion cell




	
RNA

	
ribonucleic acid




	
SOP

	
sense organ precursor




	
SVZ

	
subventricular zone




	
TCA

	
thalamocortical axon




	
TTX

	
tetrodotoxin




	
UAS

	
upstream activating sequence




	
Vp0

	
progenitor domain of the V0 interneurons




	
VZ

	
ventricular zone




	
ZLI

	
zona limitans intrathalamica





Significance of bold and blue bold terms

All terms that are shown using a blue bold typeface are defined in the margin close to their appearance in the text and also in the Glossary section at the end of the book. All terms that are shown using bold lettering are defined in the Glossary. The terms are not shown as bold every time they appear, just the first time or in other places where their emphasis might be helpful. The Glossary also contains some additional terms that are not given a bold type face in the text but whose definition might be helpful.





1

Models and Methods for Studying Neural Development

1.1 What is neural development?

Neural development is the process by which the nervous system grows from its first beginnings in the embryo to its completion as a mature functioning system. The mature nervous system contains two classes of specialized and closely interacting cells: neurons and glia. Neurons transmit signals to, from and within the brain: their axons transmit electrical signals and they communicate with other cells via synapses. There are many types of neuron with specialized shapes and functions, with cell bodies that vary in diameter from only a few micrometers to around 100 micrometers and with axons whose lengths vary from a few micrometers to more than 1 meter. There are also different types of glial cell. The interactions between neurons and glia are very precise and they allow the nervous system to function efficiently. Fig. 1.1 shows a beautiful example of the complex structures created by interacting neurons and glia, in this case a microscopic view of a labelled node of Ranvier, which allows rapid signalling in the nervous system.

The great molecular, structural and functional diversity of neurons and glia are acquired in an organized way through processes that build on differences between the relatively small numbers of cells in the early embryo. As more and more cells are generated in a growing organism, new cells diversify in specific ways as a result of interactions with pre-existing cells, continually adding to the organism’s complexity in a highly regulated manner. The development of an organism is a bit like human history, during which growth in population size and sophistication have emerged hand-in-hand, each stage building on what went before – with one obvious difference that development repeats over and over again in the same way in each species. To understand how organisms develop we need to know how cells in each part of the embryo develop in specific and reproducible ways as a result of their own internal mechanisms interacting with an expanding array of stimuli from outside the cell. Many laboratories around the world are researching this area.

Fig. 1.1 A node of Ranvier: these highly organized structures, formed as a result of interactions between axons and glia, are essential for speeding up the transmission of electrical signals along axons. In this single fibre from the mouse spinal cord, sodium channels (blue) are sandwiched between the regions where axons and glia form junctions (called axoglial junctions) (green), which are, in turn, flanked by potassium channels (red). This picture is courtesy of Peter Brophy and Anne Desmazieres, University of Edinburgh, UK.
[image: c01_image001.jpg]

1.2 Why research neural development?

1.2.1 The uncertainty of current understanding

One reason for researching neural development is that we still know relatively little about it. In this book we shall try to explain some of the main events that occur during neural development and, in particular, the mechanisms by which those events are brought about, in so far as we understand them. It is important, however, to appreciate that much of what we present, particularly our understanding of molecular mechanisms, is best thought of as continually evolving hypotheses rather than established facts. The biologist Konrad Lorenz once stated that ‘truth in science can be defined as the working hypothesis best suited to open the way to the next better one’; this is highly appropriate in developmental neurobiology.

Some of our understanding is incomplete or may be shown by future experiments to be inaccurate. We have tried to highlight issues of particular uncertainty or controversy and to indicate where the limits of our knowledge are, since it is at least as important and interesting to acknowledge what we don’t know as it is to learn what we do know. Much of the excitement of developmental neurobiology arises from the mystery that surrounds Nature’s remarkable ability to create efficiently and reproducibly neural structures of great power.

One reason that we still know relatively little about the mechanisms of neural development is the sheer size and complexity of the finished product in higher animals. During the development of the human brain, for example, about 100 000 000 000 cells are generated with about 100 000 000 000 000 connections between them; if this number of connections is hard to visualize then consider that it might roughly equal the number of grains of sand on a small beach. Although cells and connections with similar properties can be grouped together, there is still great variation in their molecular make-ups, morphologies and functions throughout the nervous system. In reading this book you will see that many of our hypotheses about neural development are formulated at the level of tissues or populations of cells rather than individual cells and their connections, particularly in higher mammals. Only in very simple organisms containing a few hundred neurons (e.g. in some worms) do we fully understand where each cell of the adult nervous system comes from and even then we don’t know for sure what mechanisms determine how each cell and its connections develop. We still have a long way to go to gain a profound understanding of the molecular and cellular rules that govern the emergence of cells of the right types in the right numbers at the right places with the right connections between them functioning in the right ways.

1.2.2 Implications for human health

Just because we don’t know much about a subject is not sufficient reason to want to invest time and resources in researching it further. However, there are many practical reasons for wanting to know more about the ways in which the nervous system develops. A better understanding should help us to tackle currently incurable diseases of the nervous system. Many congenital diseases affect neural development1 but their causes are often unknown; some examples of such diseases will be given later in this and in subsequent chapters. Numerous relatively common psychiatric and neurological diseases, such as schizophrenia, autism and epilepsy (Fig. 1.2), are now thought to have a developmental origin, but the mechanisms are poorly understood. Knowledge of how cancers form should be helped by a better understanding of normal development; the uncontrolled growth of cancer cells is often attributed to abnormalities of the same molecules and mechanisms that control growth during normal development. Turning to possible treatments, it has been suggested that brains suffering from neurodegenerative diseases might be repaired by implanting new cells into the nervous system. Such an approach would require that implanted cells recapitulate a developmental programme allowing their survival and functional integration into the nervous system and its circuitry. How this might be achieved is currently unclear.

Fig. 1.2 Schizophrenia, autism and epilepsy are neurological disorders affecting about 2–5% of people. Based on epidemiological and neurobiological evidence, schizophrenia is now believed to be a neurodevelopmental disorder with a large heritable component. Many possible susceptibility genes have been identified, but how abnormalities of these genes cause the symptoms of the disease is unknown. Similarly, autism and related autism spectrum disorders are highly heritable and many of the known genetic causes seem to regulate the formation of synapses. Malformations of cerebral cortical development are among the commonest causes of epilepsy. Some are large defects that would be obvious to the naked eye whereas others would only be seen at a microscopic level. They are a consequence of a disruption of the normal steps of cortical formation, for example defective migration, and can be environmental or genetic in origin. A large number of malformations of cortical development have been described, each with characteristic pathological and clinical features. An example of a large congenital defect causing epilepsy is shown in the scan of a patient’s brain on the right (between the arrows): for comparison, a scan of the brain of a normal person is shown on the left. This picture is courtesy of Professor John S. Duncan and the National Society for Epilepsy MRI Unit, UK.
[image: c01_image002.jpg]

1.2.3 Implications for future technologies

Another, perhaps unexpected, motivation for understanding how the brain develops comes from the drive to revolutionize computer technology. The application of current manufacturing methods to build much more complex computers than exist at present will need to overcome exponential increases in the production cost of ever smaller and faster circuits. In contrast, evolution has produced brains of enormous computing power that self-construct with great efficiency. Can lessons learned from studying the way the brain constructs itself be used to invent new, more efficient ways of generating computers by having them self-construct? Maybe this sounds like science fiction, but international organizations are taking it seriously enough to put large amounts of money into research aimed at establishing whether it might be possible.

1.3 Major breakthroughs that have contributed to understanding developmental mechanisms

The twentieth century saw breakthroughs that have added greatly to our knowledge of how the nervous system develops. Most notable were the discovery of the structure of DNA and the development of methods for manipulating the functions of genes. We assume that the reader is familiar with the structure and function of DNA; methods for manipulating gene function will be outlined later in this chapter.

Another critically important advance in the twentieth century was the realization that, although animal species differ hugely in size and structure, the mechanisms by which their development is controlled are remarkably highly conserved. Many of the genes that control the development of relatively simple invertebrates have clear homologues in higher mammals, including primates. This means that by studying the mechanisms controlling the development of simple experimentally tractable organisms we can learn much of relevance to human development, which cannot be studied extensively for practical and ethical reasons.

homologue a gene or structure that is similar in different species since it was derived from their common ancestor during evolution.

A small handful of animal species, referred to as model organisms, are used in most developmental neurobiological research because each has clear advantages for certain types of research. The following sections describe the best-studied of these and their advantages; there are many others that have been used less frequently.

1.4 Invertebrate model organisms
[image: c01_image003.jpg]
1.4.1 Fly [image: c01_image003.jpg]

One of the most famous invertebrate model organisms for developmental genetics is the fruit fly, Drosophila melanogaster (left), a small insect often found around rotting fruit. Drosophila has a life cycle of only 2 weeks and is cheap and easy to breed in large numbers. The eggs can be collected easily and embryogenesis takes only 24 hours. Much of the research that has been done with this organism started when scientists established lines of mutant flies with abnormal phenotypes (Fig. 1.3). The analysis of these mutant lines led to the discovery of the genes that were mutated in each case. By finding the genetic defects that caused the abnormal phenotypes, researchers gained knowledge of the functions of critical genes.

phenotype the observable characteristics of an organism, such as its physical appearance or behaviour.

Working from phenotype to gene is often referred to as forward genetics. Box 1.1 illustrates in more detail how lines of Drosophila with abnormal phenotypes can be generated in a so-called forward genetic screen. Drosophila contain 13 000–14 000 genes many of which are named, sometimes fancifully, after the phenotype that results from their mutation; in comparison, the human genome contains around 20 000–25 000 genes. Remarkably, about 50% of fly protein sequences have mammalian homologues. Drosophila is being used increasingly as a model organism in which to study human disease2: 75% of human disease-associated genes have fly homologues. The importance of research on this organism was recognized in 1995 by the award of a Nobel Prize to Ed Lewis, Christiane Nusslein-Volhard and Eric Wieschaus for their discoveries on the genetic control of early embryonic development.3

As well as being ideal for forward genetics, Drosophila can also be used for the opposite type of approach, called reverse genetics, in which one starts with an interesting-looking gene and manipulates its activity so as to learn about its function. It is possible to activate specific genes in Drosophila using a method called the GAL4/UAS system. Box 1.2 outlines how the GAL4/UAS system works.4 It allows specific genes to be activated in a spatially and temporally controlled manner and it can be used in a variety of ways. For example, genes normally found in the Drosophila genome can be activated by the experimenter to discover what they do (called a gain-of-function approach). Alternatively, the method can be used to activate genetic inhibitors manufactured by the experimenter to produce molecules that block the actions of a specific Drosophila gene (called a loss-of-function approach). How such blocking molecules work is discussed in more detail below (see Fig. 1.4).

Fig. 1.3 Two fruit flies face each other: the fly on the right is a normal (wild-type) fly, the one on the left is a mutant. In the mutant, a gene that is essential for the formation of eyes is defective. Flies lacking this gene don’t develop eyes. The gene in question, Pax6, can be found in virtually all animals: in humans, flies, molluscs and even very simple worms. The Pax6 gene is also called eyeless in Drosophila, since Drosophila genes are often named after their mutant phenotype: thus, somewhat confusingly, the eyeless gene is required to make the eye. This striking image is reproduced here with permission and is the copyright of Jürgen Berger and Ralf Dahm, Max Planck Institute for Developmental Biology, Tübingen, Germany (www.ralf-dahm.com).
[image: c01_image005.jpg]

1.4.2 Worm [image: c01_image006.jpg]

Another invertebrate model organism even simpler than Drosophila whose analysis has contributed greatly to understanding mechanisms of neural development is the nematode worm, Caenorhabditis elegans (C. elegans, right), which lives in the soil and feeds on bacteria and fungi. It is easy to maintain in the laboratory and viable organisms can be stored frozen. Its development is completed rapidly within 2–3  days, it is transparent and its anatomy is known in precise detail: for example, all of its neurons and the connections between them are known. Furthermore, its development is highly stereotypical and, from zygote to adult worm, we know all the cell divisions that occur to generate a particular differentiated cell (i.e. we know the full details of each cell’s lineage). Detailed knowledge of cell lineage is unusual and valuable; in most model species indirect methods must be used to deduce lineages and knowledge is usually far from complete. Further discussion of cell lineage can be found in Box 1.3.

zygote a fertilized cell that gives rise to an embryo.

[image: c01_image007.jpg]
In C. elegans, for any cell at any point in normal development it is possible to know what that cell will do and what it will become, that is its fate. Against this background of precise morphological knowledge, it is relatively straightforward to study gene function by forward or reverse genetic methods, that is by generating mutant worm strains or by interfering with the actions of specific genes (for example, using RNA interference methods, Fig. 1.4). Since one of the sexes of C. elegans is hermaphrodite (the other is male), mutant worms that are severely hermaphrodite an organism with defective and would be unable to mate can still be bred via self-fertilization. In 2002, Sydney Brenner, Robert Horvitz and John Sulston were awarded a Nobel Prize for work on the genetics of C. elegans development.7 Since many of the genes in C. elegans have functional counterparts in humans and whole biochemical pathways are often conserved, research on this relatively simple organism has given us a major insight into our own development (for example, in work on naturally occurring cell death described in Chapter 11).

hermaphrodite an organism with both male and female sexual characteristics and organs.

Box 1.1 Forward genetics: working from phenotype to gene

[image: c01_image008.jpg]
This diagram in Box 1.1 shows an example of a strategy in Drosophila to mutate randomly a large number of genes and then screen for those mutations that produce abnormal phenotypes in the offspring. This allows the experimenter to go on in further work to identify genes that are important for the normal generation of the structures that are rendered defective. Mutations are usually induced by feeding male flies the potent mutagen ethyl methane sulphonate or by X-ray irradiation (top right). This induces mutations in the male germ cells. These mutagenized males are crossed to wild-type females (top left) to generate an F1 population containing a large number of flies many of which will be heterozygous for a random mutation (ml, m2, . . . ). At this stage, the experimenter will only know of flies carrying dominant mutations that generate phenotypes in the heterozygotes. Each F1 fly is crossed to wild-type females (second row) to generate populations of F2 flies (third row). Sibling mating between the members of each of these populations will generate populations of F3 flies (final row) some of which will be homozygous for each mutation, allowing phenotypes due to recessive mutations to be identified. In this way, the experimenter can establish many lines of Drosophila carrying dominant or recessive mutations that generate phenotypes of interest.5 Similar approaches can be taken in other species. Amongst mammals, the mouse is the species of choice and many lines carrying naturally-occurring mutations or mutations induced by chemicals or radiation have been established (Section 1.5.4). Once phenotypes of interest have been identified by these screens, the process of identifying the genes whose mutation causes them begins. Descriptions of how this is done can be found elsewhere.6


Box 1.2 Reverse genetics: working from gene to phenotype

The GAL4/UAS system is used by many researchers to study the function of genes in Drosophila (it has also been used in other species such as frogs and fish). The system has two parts, each contained in a different line of organisms. The two parts are brought together by crossing the two lines, resulting in a line in which a specific gene is activated in a specific set of cells.
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(1) To make the first line, the experimenter generates a length of DNA with three components: (i) the sequence of the gene (X) to be activated, (ii) a sequence that will activate the gene (called the Upstream Activation Sequence, or UAS) provided it is bound by a protein called GAL4 and (iii) a sequence called a P-element (not shown) that allows the whole piece of DNA to enter the genome when it is injected into an embryo. In this way, the experimenter generates a line of transgenic organisms (called a responder line) carrying this part of the system. However, gene X will not be activated in this line since GAL4, which the UAS needs if it is to activate gene X, is a yeast protein that would not normally be there. Thus, the second part of the GAL4/UAS system is designed to deliver GAL4 to cells where the experimenter wants the gene of interest (X) to be activated.
(2) For the second line, the experimenter generates another line of transgenic organisms (called the driver line) in which GAL4 is activated selectively in the cells where the experimenter eventually wants the gene of interest (X) to be activated. To do this, the experimenter makes a piece of DNA containing: (i) the GAL4 gene, (ii) sequences that will activate the GAL4 gene in the desired pattern (called regulatory elements) and (iii) a P-element (not shown) to carry the DNA into the genome. Making this piece of DNA requires the experimenter to select a regulatory element that will activate the GAL4 gene in the desired pattern. This selection would be based on prior knowledge from research on the regulatory elements that normally activate specific genes in specific patterns. How genes are controlled by regulatory elements is described in Chapter 3.
Once these two lines have been generated, they are crossed to achieve activation of the gene of interest (X) in the desired pattern. This might seem a long-winded way of doing things: for example, why not put the gene to be activated (X) directly under the control of sequences that will activate it in the desired pattern? There are several reasons for this; a main one is that large numbers of GAL4 driver lines have already been made and, in practice, the experimenter should only need to make the responder. Once the responder line is made it can then be crossed to a large variety of existing GAL4 driver lines, increasing the flexibility of the experiment.

transgenic describes an organism whose genetic material has been modified

Box 1.3 Cell lineage
Cell lineage is a term used to describe the sequence of cell divisions that have given rise to any particular cell in an organism. To describe the lineage of a cell, therefore, we must observe directly, or infer by more indirect means, the divisions that have generated it. Direct observation is feasible in simple organisms. The first cell lineage studies were done by Charles Whitman in 1870 on leech embryos; since then, direct observations have been used to follow cell lineages in other invertebrate species such as C. elegans and Drosophila. In some situations in the analysis of invertebrate lineages, and in most situations in the analysis of vertebrate lineages, it is not possible to observe lineages directly. In such cases, the use of molecular markers carried through the generations from a cell to its descendents can help define cell lineages; suitable markers include dyes or reporter molecules (for example green fluorescent protein, see Box 1.4) whose genes are incorporated into the genome of selected cells. The latter have the advantage that they are not diluted with each round of division. In simple organisms such as leech (see below) and C. elegans, patterns of cell division are very similar or identical from individual to individual, and the lineages of the cells that are generated in this way are described as invariant. In the complex nervous systems of higher organisms it is hard to know the extent to which lineages are invariant. It is likely that lineages in higher organisms show greater variation because, as we shall see in later chapters, the fates of their cells rely heavily on signalling between cells and this process is inherently susceptible to variation from individual to individual.

[image: c01_image009.jpg]Bottom: early leech embryo developing from bilateral sets of teloblasts, five on each side named M, N, O/P, O/P and Q. Dye injection (red) into a teloblast labels the cells generated by that teloblast (small red cells making a bandlet). Top: front end cut off from a mature leech showing dye labelled cells descended from the injected teloblast in the segmental ganglia on the injected side.


1.4.3 Other invertebrates

Other invertebrates have been used as model organisms for research on neural development, including sea urchins (used since the 1800s because their embryos are easily viewed under the microscope), leeches (Box 1.3) and sea squirts (which, despite their appearance, are most closely related to vertebrates). These species have provided invaluable insights and have significant advantages for some studies. Sea squirts, for example, will be discussed again in the context of neural induction in Chapter 3.

1.5 Vertebrate model organisms
[image: c01_image010.jpg]
1.5.1 Frog [image: c01_image010.jpg]

Among vertebrate model organisms, the frog, in particular the African clawed frog Xenopus laevis (right), provided some of the earliest and most important insights into mechanisms of embryogenesis, including the initial formation of the nervous system. Starting in the late 1800s, German scientists exploited the relatively large robust frog eggs and embryos in experiments aimed at understanding how specific groups of cells instruct others to develop in particular ways. In this work the scientists studied the extent to which specific groups of cells are committed to the fates they are normally instructed to follow. At the heart of this work was the question: could the normal developmental fates of cells be altered by experimental manipulation? The experiments involved microsurgery on the embryos, which are easily accessible since they develop outside the body. In some experiments, portions of embryos were grafted from one region into another, to discover how they develop at the new site and their effects on their new neighbours. In other experiments, cells were cultured in isolation. One scientist, Hans Spemann, had his great contribution to the field of experimental embryology through research on Xenopus recognized by the award of a Nobel Prize in 1935;8 the discoveries that were made will be discussed further in Chapter 3.

Unfortunately, Xenopus laevis is not ideal for forward genetics because it takes many months for females to reach maturity, which would make the breeding required to establish mutant lines difficult, and they have four copies of many genes (allotetraploid), complicating the study of inheritance. The feasibility is greater with Xenopus tropicalis which matures more quickly and is diploid. In reverse genetic experiments, the size, accessibility and robustness of Xenopus eggs and embryos does make them favourable targets for the injection of molecules designed to raise or lower levels of specific gene products. The levels of a specific protein can be raised by injecting mRNA molecules; the levels of specific proteins can be lowered by injecting molecules that interfere with the function of specific mRNAs (this is sometimes called a knockdown, Fig. 1.4).

diploid an organism with a pair of each type of chromosome.

1.5.2 Chick [image: c01_image012.jpg]

Chick (Gallus gallus) embryos are favoured model organisms because of the ease with which eggs can be obtained and stored. The embryo has a short incubation time – the nervous system is well developed after only a few days – and is very accessible, allowing easy observation of embryogenesis. Since the early 1900s experimenters used fine surgical methods (micromanipulation) to transplant pieces of live embryos from one place to another (a process known as grafting) to find out how the transplanted parts respond (discussed further in Chapter 3). More recently, chick embryos have proved useful models for testing the functions of developmentally important genes using mRNA-mediated reverse genetic methods (Fig. 1.4).
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1.5.3 Zebrafish [image: c01_image013.jpg]

In the past decades the small freshwater zebrafish (Danio rerio, left), native to India, has become another very popular vertebrate model organism. Since its eggs are fertilized and its embryos develop externally, they are accessible for experimental manipulation. Its embryos develop rapidly and are translucent allowing morphogenesis to be recorded relatively easily as it unfolds under the microscope (Fig. 1.5) using stains such as green fluorescent protein and its variants that are compatible with life (see Box 1.4). Not only are reverse genetic approaches being exploited successfully in zebrafish, but the species is also proving suitable for large-scale forward genetic screens in which mutagens are used to create lines of fish carrying phenotypic abnormalities (along the lines shown in Box 1.1).

Fig. 1.4 Reverse genetics RNA interference can be used to block gene function experimentally. (a) Inside normal cells, genes are transcribed to make single-stranded messenger RNA (mRNA) that is translated by ribosomes to generate specific proteins. (b) To block gene function, antisense RNA molecules with sequences complementary to the sense sequences of specific mRNAs are introduced into cells where they interact with their target mRNAs and block their translation. Many types of antisense molecule have been developed. They fall into two broad groups: after binding to target mRNA, some cause its enzymatic degradation whereas others can block its translation. For example, antisense molecules called morpholinos, which have been exploited very successfully in studies of Xenopus development, are examples of the latter. As well as being experimental tools, antisense molecules have therapeutic potential for treatment of human diseases. The development of antisense methods to regulate gene function experimentally or therapeutically was followed by the discovery of a wide range of small RNA molecules called microRNAs that are generated naturally by cells and act as physiological antisense molecules (see Section 3.8.4 in Chapter 3).
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Fig. 1.5 A time-lapse series of images of labelled neural cells in a live zebrafish embryo showing one dividing while the other remains quiescent, made by Paula Alexandre in Jon Clarke’s laboratory, King’s College London, UK. Green is green fluorescent protein (GFP) that is being used to label cell membranes. Red is red fluorescent protein (RFP), a different fluorescent protein that is being used here to show nuclei (see Box 1.4 for details of these fluorescent molecules).
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1.5.4 Mouse [image: c01_image017.jpg]

Among mammalian species, the mouse (Mus musculus) has tremendous advantages for molecular genetics. Originally, Gregor Mendel studied inheritance in mice, but this was stopped by the religious hierarchy in Austria who considered it inappropriate for a monk to share a room with copulating animals! The topic was re-examined at the start of the twentieth century in France by Lucien Cuenot, who confirmed Mendel’s predictions from plants. Many inbred strains and lines selected for particular phenotypes now exist and are maintained for experimental research by large breeding facilities around the world, such as the Jackson Laboratories in the USA.9 For many lines the genes and their variants responsible for the phenotypes have been identified (an example of forward genetics). These lines are often the results of screening for abnormal phenotypes among populations of laboratory mice in which mutations have occurred spontaneously or been induced randomly with mutagens (e.g. the chemical N-ethyl-N-nitrosourea, or ENU).10

A huge breakthrough came in the 1980s with the discovery by Martin Evans, Matthew Kaufman and Gail Martin that stem cells from the early mouse embryo could be grown in culture and when reintroduced into mouse embryos were able to generate at least most if not all of the cell types in the body, a property known as pluripotency (Fig. 1.6).

stem cell a relatively unspecialized cell that can divide repeatedly to regenerate itself (self-renewal) and give rise to more specialized cells, such as neurons or glia.

The genomes of these stem cells, known as embryonic stem cells (or ES cells), can be manipulated by adding DNA sequences, for example encoding specific proteins, or mutating genes by replacing endogenous DNA sequences with mutated sequences by homologous recombination (Fig. 1.7). The modified ES cells can then be injected into early mouse embryos to generate chimeras: a chimera is an individual created when cells of different genotypes come together to form an embryo (Box 1.5). In these chimeras, some of the cells derived from ES cells with modified genomes will form germ cells and therefore genetic alterations made in the ES cells can be transmitted through the germ line to subsequent generations (Fig. 1.7). In this way, hundreds of lines of transgenic mice with specific additional DNA sequences (known as knock-in mice) or with loss-of-function mutations in specific genes (known as knock-out mice) have been established and studied. The generation of knock-out mice is an excellent example of reverse genetics. It was particularly effective in advancing an understanding of the mechanisms of neural development since the homologues of many developmentally important genes discovered initially in Drosophila could be targeted and shown to play critical roles in development of the mammalian central nervous system. Work developing the methods that made this possible was recognized in 2007 by the award of a Nobel Prize to Mario Capecchi, Martin Evans and Oliver Smithies.12

homologous recombination a phenomenon in which nucleotide sequences are exchanged between two similar or identical strands of DNA.

Box 1.4 Green fluorescent protein (GFP)
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GFP in living cells fluoresces bright green when illuminated with blue light. It was first isolated from jellyfish. Its gene can be introduced into organisms in a variety of ways, so as to label either all their cells (e.g. the mouse pictured top left, or a mouse embryo pictured bottom left) or only some of their cells (e.g. pictured right: red is a non-specific stain for all nuclei). Whether all cells are labelled or only some specific cells are labelled depends on what regulatory sequence the experimenter chooses to activate the GFP gene. GFP can also be joined to specific proteins to visualize their subcellular location. Labelling cells with GFP can be used in numerous ways, for example to follow cell lineages (Box 1.3) or to study where and when regulatory elements activate their genes. We will describe many examples of the use of GFP throughout the book. Martin Chalfie, Osamu Shimomura and Roger Y. Tsien were awarded the Nobel Prize in chemistry in 2008 for their discovery and development of GFP.11 Variations of GFP that fluoresce with other colours are now available, allowing more than one label to be used simultaneously (Fig. 1.5). Photographs of GFP-labelled embryo and cells are courtesy of Tom Pratt, University of Edinburgh, UK; photograph of GFP-labelled adult mouse reprinted from Hadjantonakis, A-K., Gertsenstein, M., Ikawa, M., Okabe, M. and Nagy, A. (1998) Generating green fluorescent mice by germline transmission of green fluorescent ES cells. Mechanisms of Development 76, 79–90 with permission from Elsevier.


Fig. 1.6 Mouse embryonic stem (ES) cells are derived from the inner cell mass of a mouse blastocyst (here from a line of mice with a white coat). The inner cell mass is transferred into culture medium in a plastic laboratory culture dish. The cells from the inner cell mass divide and spread over the surface of the dish to become ES cells. ES cells can be differentiated into many cell types in culture, including neurons, heart muscle cells and blood cells. They can be injected into new blastocysts, here from a line of mice with brown fur (although the blastocyst cells are shaded brown to help make the diagram clear, in reality they would be no different in colour to those from the blastocyst of mice with white fur). The injected blastocysts are implanted into the uterus to generate chimeric (Box 1.5) offspring comprising a mixture of cells derived from the ES cells and the host blastocyst (the chimeric mice would have a mixture of brown and white fur).
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Although the nervous system of mice is very much smaller than that of humans, it does share many of the same major structures carrying out similar functions. The mouse is, therefore, a popular choice of model organism for researchers wishing to investigate the molecular mechanisms of development of neural structures found in humans. Similarities between mice and humans extend to the DNA level: a large multinational study reported in 2002 that 99% of mouse genes have homologues in humans and 96% of genes in the two species are arranged on the chromosomes in the same order. This degree of similarity is remarkable. While it does help justify the use of mouse as a model in which to learn more about human development, it also raises an intriguing unanswered question: what in our DNA makes us so different from mice?

Fig. 1.7 Reverse genetics: generation of transgenic mice. This method allows the experimenter to manipulate specific genes in a mammalian species so as to learn about their functions. For example, a normal gene might be replaced with a non-functional version to generate a knock-out. To do this, the genome of embryonic stem cells (see Fig. 1.6) is manipulated in culture. (a) The experimenter constructs DNA molecules that have (i) stretches at each end identical to sequences in and/or around the gene that is to be mutated and (ii) a central portion whose incorporation into the target gene will prevent its function (red). (b) To enable the embryonic stem cells to take up these DNA molecules, they are put into the solution around the embryonic stem cells and a current is passed through the cells (this is called electroporation). In some cells the flanking sequences swap places with the identical sequences in the genome (a chance event called homologous recombination, indicated in (b) by the two x symbols), carrying the central portion into the genome to prevent the function of the target gene. (c) The mutated embryonic stem cells are then injected into blastocysts to generate chimeras (d) in which some of the animal’s cells are mutant, including some germ cells. (e) Since some germ cells in these chimeras should be mutant, subsequent breeding with normal mice will generate offspring in which all cells are heterozygous for the mutation as well as other mice that are normal. (f) A second round of breeding between heterozygotes will generate some mice that are homozygous for the mutation (double red dot), some that are heterozygous for it (single red dot) and some that are normal. Many variations of this method are possible: for example, DNA containing an entire gene controlled by appropriate regulatory elements might be added to the genome so as to overproduce a specific protein in a specific part of the animal.
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Box 1.5 Chimeras and mosaics
Chimeras and mosaics are animals that have more than one genetically-distinct population of cells. The terms mean different things but are sometimes used incorrectly. Chimeras arise when cells originating from different fertilized eggs come together to create a single embryo. Chimeras can be created by ES cell injections (Figs 1.6 and 1.7) or in other ways, for example by pushing two very early embryos together so that they fuse. In mosaic organisms the genetically-distinct cell types all arise from a single fertilized egg. For example, normal female mammals are mosaic. They have two X chromosomes but, early in embryogenesis, one X chromosome is functionally inactivated, a process called X chromosome inactivation. This inactivation occurs randomly: in roughly half of a female’s cells, the paternal X chromosome is inactive and in the other half the maternal X chromosome is inactive. This has important biological and medical implications, particularly for X-linked genetic diseases such as Fragile X Syndrome (see Chapter 10).


1.5.5 Humans [image: c01_image021.jpg]

We cannot experiment on humans, nor can we manipulate human embryos during nervous system development. However, it is important to recognize that major contributions to developmental neurobiology have been made by identifying genes whose disruption in humans is associated with disease. Studies in human genetics have now been complemented by the sequencing of the entire human genome. The identification of numerous genes that are critical for normal developmental processes has been achieved by analysing the genome of patients with genetic disease. Examples will be given in later chapters. How this type of research is done is outside the scope of this book.13 In overview, however, this approach can be seen as an excellent example of forward genetics, working from phenotype to gene.

1.5.6 Other vertebrates

Other mammalian species that have proved useful for studying specific aspects of development, for example cerebral cortical development, include the rat, guinea pig, hamster, ferret, cat and monkey. None have the advantages of the mouse for molecular genetics but they do have advantages for some types of study. For example, ferrets are born more immature than many other mammalian species commonly used in research, allowing easier access to the developing nervous system at an earlier stage. Cats have relatively high resolution binocular vision and have been subjects of research on the development of the visual system for many decades; the success of research in this area was recognized by the award of a Nobel Prize to David Hubel and Torsten Wiesel in 198114 (see also Box 9.5 in Chapter 9). Monkeys have the advantage of being closely related to humans and they have been used particularly to study the development of neural connections and function. Work using these species will be discussed mainly in the book’s final chapters (especially Chapters 9 and 12).

1.6 Observation and experiment: methods for studying neural development
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Biological research often progresses through the following stages: (i) naturally-occurring phenomena are observed; (ii) experiments are designed to test hypotheses about the mechanisms responsible for the phenomena; (iii) the experiments are carried out; (iv) hypotheses are refined, dependent upon the outcome of the experiments. To discover the mechanisms responsible for a phenomenon, it is often necessary to challenge the biological system by altering some aspect of it and assessing the effects. In studying neural development, for example, a commonly used approach is to remove a specific gene’s function by making a line of knock-out mice to discover whether that gene is necessary for the developmental phenomenon in question. Alternatively, one might cause a gene to become active in the wrong place so as to discover whether, in those cells, its activity is sufficient to cause the developmental phenomenon or whether other factors are important. These and other similar approaches are critically dependent on methods for manipulating developing cells and their environment. In this chapter we have described how several model organisms offer advantages for experimental interventions that alter gene function, protein production and cellular environments (e.g. by transplanting cells).

In addition, experimental biology relies on methods for observing biological phenomena and for assessing the effects of experimental manipulations. As technology has advanced scientists have been able to employ an ever increasing range of sophisticated molecular, cellular, anatomical and functional methods to observe when and where specific genes act during development, to observe cells as they proliferate, grow, migrate, differentiate and die, and to observe cells functioning physiologically. Many such observational methods will be explained at appropriate places throughout the rest of this book.

Finally, there is the important issue of deciding which experiments are most likely to give insights into the mechanisms of development. An approach that can help greatly with this involves the use of formal computational models of developing systems. The design of formal models to test hypotheses relating to specific biological questions is now common to many areas of biology. Such models are formulated as a set of mathematical equations that represent the actions of the cellular or subcellular elements and their interactions in the biological system under consideration. Solution of the equations, which often uses computer simulation, specifies how (according to the model) the systems under consideration will behave under given conditions. This allows theoretical predictions to be made that can then be tested experimentally.

All biological research is based on the development of hypotheses but often these hypotheses are expressed in informal terms, using words or diagrams to represent the idea. Formal models are simply an extreme version of this same process in which the use of mathematics forces the designer to make a logically consistent hypothesis. One advantage of this approach is that it can generate theoretical reasons against hypotheses that might seem perfectly plausible at a less formal level. Another advantage is that formal models can involve a larger number of interacting elements than can be accommodated easily in informal models. Formal models do have potential problems, of course. They have to make assumptions concerning the underlying biology they are designed to model and in some cases the assumptions they are based on are questionable, or the model might be too simple. In the worst case it might not be possible to test the conclusions from a formal model. The development of formal models is not always possible – it depends on the system and the experimental questions being asked – but where their application is feasible they can provide an invaluable guide to experimental research. This will be discussed again particularly in Chapter 9.

1.7 Summary

	Understanding how nervous systems develop remains a major challenge for research with implications for human health and future technologies.
	Most modern developmental neurobiology seeks to understand the molecular mechanisms controlling key developmental events. The development of methods for manipulating the functions of genes has had a massive impact in this field.
	A small handful of animal species, referred to as model organisms, are used in most developmental neurobiological research because each has clear advantages for certain types of research. Such organisms include flies, worms, frogs, fish, chicks, mice and humans.
	To understand the molecular genetics of development two broad approaches are used: (i) forward genetics, where one seeks to find the genes responsible for a particular aspect of an organism’s phenotype; (ii) reverse genetics, where one starts with a gene and manipulates its expression to discover its functions.
	A major breakthrough in understanding mammalian neural development was the application of transgenic methods for manipulating the genome ofmice.
	Some areas of developmental neurobiology are amenable to the application of computational modelling approaches to test hypotheses theoretically prior to the use of experimental methods.
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2

The Anatomy of Developing Nervous Systems

An understanding of the mechanisms of neural development is built on a knowledge of the anatomy of developing nervous systems. There is a vast amount of literature describing the three-dimensional geometry of developing neural structures from a plethora of species and here we shall give only the briefest of accounts containing essential details required to follow later chapters. The focus is on the model organisms described in Chapter 1.

Nervous systems develop both peripheral and central components. The periphery extracts information from around and within the body. It passes neural signals to the centre, where neural information is processed and memories are stored. Decisions made centrally are signalled back to the periphery to make the body respond. The most complex nervous systems are found in vertebrates, in which the brain and spinal cord make up the central nervous system, or CNS, and all the neurons that reside or extend axons outside the CNS make up the peripheral nervous system, or PNS.

2.1 The nervous system develops from the embryonic neuroectoderm

[image: c02_image001.jpg]
One feature common to the embryos of animals is their early organization into three primary tissues called the germ layers (from the Latin word germen, meaning seed or bud). These layers are shown on the drawing of a frog embryo cut in half on the right: (i) an outer layer called the ectoderm (yellow and orange); (ii) a middle layer called the mesoderm (purple); (iii) an inner layer called the endoderm (grey). Ectodermal derivatives include the epidermis (or skin) and the nervous system, which is derived from the neuroectoderm (i.e. the neurogenic region of the ectoderm, shown in orange). The neuroectoderm is sometimes called the neuroepithelium since it comprises cells on the surface of the embryo that are part of the epithelium. The colour scheme on the right is used throughout this chapter (and where it would be useful in later ones) to help the reader recognize the germ layers and their derivatives. Mesodermal derivatives include muscles and skeleton and endodermal derivatives include gut and associated organs. There is great variation from species to species in the shapes of the three germ layers but their presence and relative positions remain conserved.


epithelium a tissue that lines the external and internal surfaces, including internal cavities and organs and other free open surfaces of the body, of all animals and their immature developing forms.
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Formation of the germ layers follows the repeated division of a fertilized egg to generate a collection of cells that are then rearranged to generate the germ layers. This rearrangement is called gastrulation. Gastrulation involves the movement of cells from the outer surface of the embryo to its inside. While this feature of gastrulation is common to the embryos of different species, the exact three-dimensional anatomy of gastrulating embryos varies greatly between different species, as will be seen from the examples in this chapter. The sequence shown on the left illustrates gastrulation in cross sections through a Drosophila embryo. We do not know for sure what mechanisms make cells move into the embryo but it is likely that changes in the shapes of cells generate mechanical forces that are important. In the diagram on the left, some of the cells at the bottom of the embryo become narrower along their outer edge, as if pulled by a drawstring, effectively pinching this surface. The cells caught in the pinch move inwards. Such changes in shape are brought about by contractile proteins in cells (the types of protein that do this are described throughout Chapters 6 to 8). Other forces from outside these cells pulling them into the embryo might also be important.

2.2 Anatomical terms used to describe locations in embryos
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The aim of this chapter is to describe the major stages of development of the nervous systems of the model organisms described in Chapter 1. Before doing so, we need to explain some terms used to describe how the different parts of developing organisms are located relative to each other; these same terms are also applied to adult organisms. The terms front, back, top, bottom and sides are avoided since they are likely to be used inconsistently in different species (e.g. along the top of a fish we might expect to find its spinal cord whereas at the top of a person we might expect to find a head). The end of the embryo where the head forms is referred to as anterior, and its opposite end is posterior. Anterior is also described as rostral (which means ‘pertaining to a beak’); posterior is also described as caudal, (which means ‘pertaining to a tail’). The axis running through the embryo from anterior to posterior is referred to as the anteroposterior or rostrocaudal axis. Perpendicular to this axis is the dorsoventral axis, running from the embryo’s dorsal side (i.e. its back, where the spinal cord develops in vertebrates) to its ventral side (meaning the side towards the chest). The third axis (mediolateral) runs perpendicular to the other two from medial (towards the midline) to lateral (away from the midline). These axes are indicated for an adult organism and an embryo in the drawings on the left.


2.3 Development of the neuroectoderm of invertebrates

2.3.1 C. elegans [image: c02_image004.jpg]

The embryo’s first cleavage generates a large cell (called the AB blastomere) and a smaller cell (called the P1 cell). The AB blastomere gives rise to ectodermal cells that spread to form the outer wall of the embryo, originally called the hypodermis but now sometimes called the epidermis, and the nervous system. The nervous system arises almost entirely from the AB blastomere. Gastrulation in C. elegans is not as spectacular as in other species in which cells move over much greater distances, but has the equally important result of internalizing cells that form endoderm and mesoderm. These cells come from the P1 cell and generate internal structures of the embryo, including the muscles, gut and gonads. These events are summarized in Fig. 2.1(a).

blastomere any of the cells resulting from the first few cleavages of a fertilized egg during early embryonic development.

epidermis the outermost layers of cells covering the exterior body surface.

To generate the nervous system, some of the ectodermal cells situated ventrally migrate inside the embryo (red arrows Fig.  2.1(b)) where they differentiate to form neurons (Fig. 2.1(c)). A fully developed C. elegans has 302 neurons with about 7000 synapses and 56 glial cells. Many of its neurons are organized into dorsal and ventral nerve cords running along the length of the worm. C. elegans has no real brain, but dense collections, or ganglia, of sensory neurons and interneurons are present in the anterior of the organism. There are also smaller ganglia in the tail. The nerve cords link these anterior and posterior ganglia; they contain motor neurons and receive sensory inputs. An excellent website (Wormatlas) contains more detailed information.1

2.3.2 Drosophila [image: c02_image005.jpg]

The early stages of development involve an unusual process of nuclear replication without cell division. This results in the formation of a nuclear syncytium, the name given to a structure in which many nuclei share a common cytoplasm. This syncytial stage is important because it provides nuclei the opportunity to communicate without cell membranes getting in the way (discussed further in Chapter 4). As the time of gastrulation approaches, several hours after fertilization, dividing nuclei move out to the surface of the embryo and become surrounded by membranes, forming cells. The embryo is now a cellular blastoderm. Fig. 2.2 picks up from this point in development.

blastoderm the superficial layer of the early embryo in species whose eggs contain relatively large amounts of yolk; cell division occurs in this layer, which surrounds the yolk in insects but is a flat disc at one pole of the egg in birds.

Gastrulation gets underway with the formation of a furrow along the embryo’s ventral surface. Future mesodermal cells enter the interior (Fig. 2.2(a)). As this is happening, ectodermal cells that were initially positioned laterally along the two sides of the ventral part of the embryo now come together at the ventral midline (indicated by the arrows in Fig. 2.2(a)). These ventral ectodermal cells become the neuroectoderm, which goes on to form the fly’s CNS. The formation of the CNS involves cells in the neuroectoderm enlarging and moving inside the embryo, a process called delamination, where they form neuroblasts (Fig. 2.2(b)). Neuroblasts are dividing cells that generate neurons and glia.

Fig. 2.1 Key stages in the development of C. elegans: development is highly stereotypical and the lineages of all the cells of C. elegans are known. (a) This diagram charts the first divisions of the embryo. The nervous system arises from the AB blastomere. Gastrulation is complete once derivatives of the AB blastomere have covered the internalized derivatives of the P1 cell. (b) Arrows show the inward migration of AB-derived ectodermal cells on the ventral side of the embryo. (c) AB-derived ectodermal cells form sensory and motor neurons along the body: single examples of each are shown here.
[image: c02_image006.jpg]

Fig. 2.2 Major stages of Drosophila development. (a) Blastoderm stage: arrows show the main directions of cell movements during gastrulation. The neuroectoderm (orange) is initially split into two domains along either side of the ventral part of the embryo and as the mesoderm involutes these domains coalesce ventrally. (b) Subsequently, some of the cells in this ventral neurogenic region move inside the embryo to become neuroblasts; this process is called delamination. Other cells in the lateral ectoderm delaminate to become sense organ precursors: the development of these cells is shown down the left between (b) and (d) (see also Section 2.6.1). (c) The neuroblasts divide to generate the neurons and glia of the Drosophila’s CNS, many of which reside in the ventral nerve cord. This is achieved through the production of intermediate cells the ganglion mother cells (GMCs), which divide to generate pairs of neurons or glia. (d) Sensory nerves from developing sense organs converge on the ventral nerve cord, which generates motor nerves. Axons in the ventral nerve cord are organized into longitudinal fascicles linked by commissures.
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The ectoderm becomes divided into reiterated units called segments. Within each segment, five waves of delamination eventually result in a stereotypic array of some 60 neuroblasts. Neuroblasts are progenitor cells that divide many times to form numerous intermediate cells called ganglion mother cells (GMCs) (Fig. 2.2(c)). Each GMC divides just once more to form neurons and glia. GMCs and their progeny pile up on the neuroblasts forming the bilaterally symmetrical ventral nerve cord.

Eventually, each segmental unit of the larval CNS (a ganglion) contains about 800 neurons, giving a late embryonic CNS consisting of about 100 000 neurons in total. A scaffold of axon bundles is generated on the inner (or dorsal) surface of the ventral nerve cord. Some bundles run in the anteroposterior direction and are called longitudinal fascicles while others run perpendicular to them and are called transverse commissures (Fig. 2.2(d)). The development of peripheral sensory organs depicted in Fig. 2.2 will be discussed again below, in Section 2.6. A second stage of neurogenesis occurs during metamorphosis in the pupa. This gives rise to a more complex adult nervous system with many more neurons.2

fascicle a bundle of nerve or muscle fibres.

commissure a bundle of axons (commissural axons) that extends across the midline to connect structures on either side of the nervous system. Commissures are important for coordinating neural activity on the two sides of the animal.

2.4 Development of the neuroectoderm of vertebrates and the process of neurulation
[image: c02_image006.jpg]
In mature vertebrates, a narrow cavity filled with cerebrospinal fluid called the central canal runs longitudinally through the middle of the spinal cord. It expands into several larger cavities called ventricles inside the brain (left). The fact that the mature central nervous system is hollow reflects its origin from a hollow structure in the embryo known as the neural tube. The process by which the neural tube is formed and acquires increasingly complex morphology is referred to as neurulation; it occurs through (i) rapid growth at rates that vary from region to region, (ii) cell movements and (iii) changes in cell shapes.


Neurulation is usually considered to be of two types, primary and secondary. Primary neurulation is the process by which a sheet of neuroectoderm called the neural plate rolls up as it grows to form the neural tube. This is schematized in Fig. 2.3, where the neuroectoderm (orange region situated dorsally) of a simplified vertebrate embryo (in this case a frog) is shown in isolation. The buckling that occurs as the neural plate rolls up is associated with changes in the shape of its cells: in general, they become more columnar but in some regions, such as along the centre of the neural plate, there are more complex shape changes. It is hard to tell whether changes in the shapes of cells are the cause or the effect of changes in the shape of the neural plate; the mechanics of neural tube closure remain poorly understood. Secondary neurulation achieves the same result as primary neurulation, that is a tube of neural tissue, but through a different process that involves the hollowing out of an initially solid rod of tissue (see below, Section 2.5).

Fig. 2.3 Schematic of primary neurulation in a vertebrate: note how the lateral edges of the neural plate roll up and join dorsally, while cells that are medial in the neural plate end up ventrally. This establishes the dorsoventral axis of the vertebrate neural tube.
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2.4.1 Frog [image: c02_image009.jpg]

The first steps in development are illustrated in Fig. 2.4(a). As cell division progresses, the embryo’s dorsal region, called the animal cap, becomes packed with many small cells. Cells in the opposite ventral region are fewer, larger and yolk-rich (this region is called the vegetal hemisphere). Prior to gastrulation, a fluid-filled cavity known as the blastocoel opens beneath the animal cap; the embryo is now called a blastula.

Fig. 2.4(b) illustrates gastrulation, which involves the inward movement of cells from the embryo’s outer layer at a region called the blastopore. This involution of a layer of cells is like the deformation of the surface of a balloon when poked. The first cells to move in migrate anteriorly from the dorsal lip of the blastopore (which has important organizing functions, discussed in Chapters 3 and 4). Their movement displaces the blastocoel anteriorly (it eventually disappears). These cells form the endoderm which lines the primitive gut (called the archenteron), the mesoderm of the future head and a transient dorsal mesodermal structure, the notochord, which is essential for differentiation of the overlying neuroectoderm. During these events, cells derived from the animal pole spread to cover the embryo with ectoderm (a process called epiboly). The result is an embryo surrounded by ectoderm, with an inner primitive gut lined with endoderm and with mesoderm forming between them.

Fig. 2.4(c) illustrates subsequent major steps in neural development, including primary neurulation. The development of the neural crest along the dorsal aspect of the neural tube is discussed further below in the context of the formation of the peripheral nervous system (Section 2.6).

Fig. 2.4 The main stages of development of Xenopus: (a) formation of the blastula, (b) gastrulation and (c) development of the neural plate and neural tube (orange) through primary neurulation. In (c), the neural plate is first shown in a transected embryo tilted towards the viewer along its anteroposterior axis. Cells along the lateral edges of the neural plate (brown) form the neural crest: its cells migrate laterally throughout the body (see later in this chapter, Section 2.6). The final drawings show the tadpole stage: brain structures such as the retinae and optic tectum, which are major components of the visual system, develop from the neural tube anteriorly and become connected by axons, forming a favourite model for the study of axonal guidance (discussed further in Chapter 8).
[image: c02_image010.jpg]

2.4.2 Chick [image: c02_image011.jpg]

When the egg is laid the embryo is a disc of cells on the surface of the yolk. It comprises a central transparent area (the area pellucida) surrounded by an opaque ring (the area opaca) (Fig.  2.5(a)). The area pellucida is transparent because there is a fluid-filled cavity, initially cell-free, between the yolk and an overlying single-cell-thick layer of epithelial cells. The epithelial layer is called the epiblast. The area opaca is opaque because cells lie beneath the epiblast in contact with the yolk and there is no cavity. The epiblast generates the three germ layers of the embryo.

epiblast the layer of cells in the early embryos of birds, reptiles and mammals that gives rise to the three germ layers at gastrulation.

The posterior part of the area pellucida contains a crescentshaped ridge of small cells called Koller’s sickle (Fig. 2.5(a)). Fig. 2.5(b) shows the remarkable events that occur in this region. As epiblast cells are produced they move posteriorly in the plane of the epiblast towards Koller’s sickle, from where they move anteriorly along the midline forming a structure called the primitive streak. Formation of the primitive streak involves the ingression of epiblast cells into the interior of the embryo and results in the generation of the germ layers of the embryo, that is gastrulation (Fig. 2.5(c)). As the primitive streak lengthens from posterior to anterior, a bulge called Hensen’s node appears at the anterior tip of the streak. Hensen’s node is equivalent to the dorsal lip of the blastopore in Xenopus and has important organizing functions that will be discussed in Chapter 3.

Hensen’s node contains cells that are precursors of the notochord. The notochord is a midline mesodermal structure that has been described above in the context of Xenopus development (Fig. 2.4(c)). It is long and thin and it forms by a process of cell movement called convergent-extension in which tissue elongation is achieved by the convergence and intercalation of adjacent cells in a sheet to form a narrower, longer strip of tissue, a principle illustrated on the right.

This process forms the entire length of the notochord anterior to the primitive streak. Hensen’s node is sometimes described as retreating from the anterior end of the embryo, leaving behind the head process (cells that will eventually form the chick’s head) and subsequently cells destined to become the notochord. This relative movement of Hensen’s node is indicated by an arrow in the right-hand diagram in Fig. 2.5(c).

With the retreat of Hensen’s node, structures begin to differentiate; since Hensen’s node retreats from the anterior end of the embryo first, development in this region is ahead of that in more posterior regions. The process of neurulation is similar to that of other vertebrates and is not repeated in Fig. 2.5.

Fig. 2.5(d) shows later stages of development including (i) the elongation and bending of the neural tube, (ii) the formation of anterior swellings that become the forebrain, midbrain and hindbrain (further information on these regions of the brain will be found in the following section on mouse development), (iii) the division of the hindbrain into a series of anatomically distinguishable tissue blocks called rhombomeres (see Chapter 4, Section 4.3.4) and (iv) the formation of somites.

somites segmental masses of mesoderm lying on either side of the notochord and neural tube during the development of vertebrate embryos.
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Fig. 2.5 Main stages of chick development. (a) A small portion of the shell of the hen’s egg is removed to expose the early embryo (yellow), which is enlarged and viewed from above in the central drawing. A perpendicular section through the embryo’s posterior part reveals the cells beneath the epiblast around Koller’s sickle. (b) Arrows show the movement of cells in the epiblast posteriorly and then inside the embryo to form the primitive streak and, at its anterior end, Hensen’s node. (c) Gastrulation involves the movement of epiblast cells inside the embryo and the formation of the three germ layers, shown in a slice through the embryo. This is similar in principle to gastrulation in Xenopus but takes place in a flatter embryo. Hensen’s node retreats from the anterior end where the head process forms, elongating the neural plate as it moves. (d) Later stages show elongation of the nervous system, the formation of somites, the development of brain structures and the growth of nerves from the CNS (arrows). The branchial arches are a set of mesodermal structures on either side of the developing pharynx.
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2.4.3 Mouse [image: c02_image014.jpg]

Following fertilization, the embryo develops through the blastocyst stage (Fig. 2.6(a)) before implanting into the uterine wall and undergoing gastrulation (Fig. 2.6(b)). At implantation, the mouse blastocyst comprises three tissues: the epiblast, situated at one pole of the embryo, the primitive endoderm beneath it and the trophectoderm surrounding both tissues and the blastocoel cavity (which will disappear later).

blastocyst the mammalian embryo prior to gastrulation, comprising up to about 100 cells surrounding a fluid-filled cavity.

After implantation the epiblast expands and a central fluid-filled cavity opens in the middle of it. The epiblast organizes into an epithelium that surrounds this new cavity and is itself surrounded by primitive endoderm. The trophectoderm generates tissues such as the ectoplacental cone and extraembryonic ectoderm that go on to form placenta and membranes surrounding the embryo.

Whereas the chick epiblast is essentially a flat disc on the surface of the yolk, the mouse epiblast is a concave sheet on the inside of the embryo, but otherwise the process of gastrulation is similar in the two species. As in the developing chick embryo, gastrulation in the mouse embryo involves the movement of cells in the plane of the epiblast towards and through the primitive streak to form a new mesodermal layer between the outer endoderm and the inner ectoderm (shown in the right-hand drawing in Fig. 2.6(b)). The primitive streak elongates along the middle of the embryo in its anteroposterior axis (see Section 2.2 above for a reminder of the body axes). The node (which is equivalent to Hensen’s node in chick) forms at the anterior end of the primitive streak (Fig. 2.6(c)). The notochord grows anteriorly from the node forming a narrow midline rod ending in the broader prechordal mesoderm under the future forebrain. The notochord comes to lie along the midline of the embryo beneath the part of the ectoderm that will form the nervous system, the neuroectoderm (Fig. 2.6(c)).

The process of primary neurulation begins in the overlying neuroectoderm with the formation and folding of the neural plate (Fig.  2.6(c)) to form the neural tube. The neural plate is broader anteriorly and the folds it generates (the cranial neural folds, Fig. 2.6(d)) are larger than those made posteriorly. When they fuse, the cranial neural folds produce anterior swellings of the neural tube (called vesicles) that will develop into the brain.

Cells along the dorsal neural tube give rise to the neural crest (Fig. 2.6(d) and see Section 2.6), which forms at the junction of the surface ectoderm and the neuroectoderm. Strips of mesoderm on either side of the developing neural tube generate the somites (Fig. 2.6(d)), whose derivatives include vertebrae, ribs and skeletal muscle.

Neural tube closure begins around the posterior boundary of the midbrain and spreads anteriorly and posteriorly from this point, as if a zip were being closed in both directions (Fig. 2.6(d)). While this is underway, new closures occur further anteriorly and the closures spreading from these points meet to complete the formation of the neural tube. Photographs of neural tube closure are shown in Fig. 2.7. Analysis of the mechanisms regulating neural tube closure is very important for humans. Our neural tube closes in very similar ways and defects of these processes are relatively common, for example generating spina bifida (Box 2.1).

Fig. 2.6 Development of the mouse nervous system from (a) the blastocyst stage to (d) neural tube closure. (b) Cell movements at gastrulation, indicated by arrows, result in the formation of the primitive streak. To help understand this stage, imagine the flat chick embryo on the left in Figure 2.5(c) rolled up with its right-and left-hand edges joined and the primitive streak on the inside: essentially, this would give the diagram on the right in (b) here. (c) The notochord and the neuroectoderm form anterior to the node. Look at the diagram on the right in Figure 2.5(c): imagine looking at it along the surface of the page from its left-hand side, in which case the neuroectoderm (orange) would be to the left, the primitive streak to the right and the node in the middle, and if it is bent upwards at its ends it will have the equivalent layout of structures to those on the left of (c) and (d) here. The neural plate is divided into domains that will form the forebrain, midbrain and hindbrain before it folds as indicated by arrows. (d) The origin of the neural crest is shown. Growth of the neural tube is accomplished by proliferation on the side nearest the lumen, followed by migration to and differentiation on the other side. Further development continues in Figure 2.8.
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At the stage of neural tube closure, the embryo alters its shape dramatically. At the start of this phase, most of the anteroposterior axis of the closing neural tube is bent in a large curve with the convexity towards its ventral side: as shown in Fig. 2.6(d), it looks a bit like a snake rearing its head. Cell movements indicated by arrows in Fig. 2.8(a) cause it to turn. This process of turning results in its antero-posterior axis becoming concave along its ventral surface (Fig. 2.8(a)): effectively, the neural tube curls up into a shape retained until birth. The anterior part of the neural tube forms the forebrain (or prosencephalon), the midbrain (or mesencephalon) and the hindbrain (or rhombencephalon) (Fig. 2.8(a)). The optic vesicles form bilaterally and generate the retinae and optic nerves (development of the eye is outlined in more detail in Box 2.2). The posterior part of the neural tube forms the spinal cord.

Fig. 2.8(b) shows more details of the embryonic brain. The fore-brain vesicle expands to form two bilateral telencephalic vesicles and a central diencephalic vesicle that becomes engulfed by the rapidly expanding telencephalic vesicles. The telencephalon is divided into dorsal and ventral components that differ anatomically and molecularly. Dorsal telencephalon generates the cerebral cortex, which includes the neocortex (the part of the cerebral cortex that has expanded massively in the evolution of higher mammals) and surrounding phylogenetically older cortical regions such as the hippocampus. Ventral telencephalon generates the basal ganglia (large groups of neurons lying under the cortex involved in the control of movement). The major derivative of the diencephalon is the thalamus, which transmits sensory input to the cerebral cortex.

Throughout the process of primary neurulation, most proliferation to generate new progenitors and/or neurons occurs on the inner side of the neural tube closest to its lumen (Figs 2.6(d) and 2.8(b)). Cells destined to become neurons migrate away from this proliferative zone towards the outside of the tube to differentiate into mature neurons. In the brain, the proliferative zone is known as the ventricular zone, since the lumen of the embryonic brain forms the ventricular system of the adult. In the cerebral cortex, the first cells to migrate and differentiate form a structure called the preplate, that is later split into a superficial layer called the marginal zone and a deep layer called the subplate by newly arriving neurons which form a rapidly thickening layer called the cortical plate (Fig. 2.8(b)). The marginal zone forms layer 1 of the cortex, the cortical plate forms layers 2 to 6, and the subplate is a transient structure that largely disappears after birth. These processes and structures will be discussed more in later chapters.

Fig. 2.7 Scanning electron micrographs of neural tube closure in mouse embryos: reprinted from Copp, A. J., Brook, F. A., Estibeiro, J. P., Shum, A. S. W. and Cockroft, D. L. (1990) The embryonic development of mammalian neural tube defects. Prog. Neurobiol., 35, 363–403 with permission from Elsevier. Abbreviations: hnf, mnf or fnf: hindbrain, midbrain or forebrain neural folds; cnt: caudal neural tube; pn, posterior neuropore;  so, somite. Arrows indicate the directions of neural tube closure. Scale bars are 0.1–0.3 millimeter.
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Box 2.1 Neural tube defects
Neural tube defects are congenital malformations of the CNS resulting from a failure of neurulation. There are many different types, the commonest of which are (i) anencephaly, in which the cranial neural folds do not fuse in the developing embryo and most or all of the brain is missing, and (ii) spina bifida, in which there is a failure of the neural tube to fuse at its caudal end resulting in either an open lesion on the spine, with significant damage to the nerves and spinal cord, or a closed lesion. These two defects have a prevalence of about one in 1000 births, with variations throughout the world; anencephaly results in death around birth whereas infants with spina bifida can survive with a variable degree of disability. Spina bifida cystica is a severe condition causing nerve damage and disability, in which the membranes of the spinal cord and, rarely, spinal nerves, protrude through openings in the spine resulting in a sac filled with cerebrospinal fluid on the back. Spina bifida occulta is a mild condition in which the spinal cord is normal and there are no openings to the back, although there may be a gap in the vertebral column and subtle motor and sensory problems can develop with age. Craniorachischisis is a relatively rare failure of closure involving the entire body axis. The causes of neural tube defects are genetic and environmental, but are poorly understood.3
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Neuropore an opening at one or other end of the neural tube that normally closes eventually

Fig. 2.8 Development of the mouse brain, continued from Figure 2.6(a) A reversal in the embryo’s shape is caused by movements indicated by thick arrows. The drawing at the top is a simplified version of the drawing in Figure  2.6(d). Drawing on the right shows more detail of formation of the forebrain, midbrain, hindbrain and optic vesicles. (b) Subsequent growth and specialization increase brain complexity. Growth is achieved through continuing cell divisions in the brain’s ventricular zone followed by migration of these cells towards the outer surface of the brain where they differentiate (see also Fig. 5.16 for more detail). (c) The mature brain, containing maps of sensory surfaces such as the skin (more on this in Chapter 9).
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Box 2.2 Development of the mammalian eye
(a) As the cranial neural folds fuse (diagram taken from Fig. 2.6(a)), two pits appear bilaterally in the region destined to become forebrain. These pits are called the optic sulci (singular: sulcus). (b) The optic sulci continue to deepen laterally and bulge from the two sides of the forebrain to become the optic vesicles. (c) The optic vesicles remain connected to the developing forebrain by the optic stalks, which will become the optic nerves, and approach the surface ectoderm, with which they interact. (d) The neuroectoderm under the surface ectoderm changes its shape forming the optic cup. The layer on the inside of the cup becomes the retina. (e) The lens forms from a vesicle derived from the surface ectoderm (called the lens placode, see Fig. 2.11) overlying the optic cup. (f) The mature eye.
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2.5 Secondary neurulation in vertebrates

While primary neurulation generates much of the neural tube of higher vertebrates (Fig. 2.9(a)), the lumen of its caudal part is formed by the hollowing out of an initially solid rod of cells rather than the rolling of the neural plate. This is called secondary neurulation (Fig. 2.9(b)).

Fig. 2.9 Variations in neurulation at different positions along the neural tube and in different species. (a) Primary neurulation, involving the rolling or folding of the neuroectoderm around a central lumen, occurs along much of the length of the neural plate in most vertebrate species. (b) In posterior regions, secondary neurulation involves the initial formation of a rod of cells which then cavitates. (c) In some species of fish such as zebrafish, the neural tube forms by a thickening of the neural plate into a so-called neural keel due to movement of neuroectodermal cells towards the midline (arrows); the keel becomes a rod of cells that cavitates.
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Secondary neurulation occurs as the vertebrate body elongates along its rostral to caudal axis. A structure called the tail bud forms at its caudal end (Fig. 2.9). Cells from the caudal end of the neuroectoderm generate a solid caudally located rod that cavitates to form the caudal neural tube. Interestingly, they also generate mesodermal cells that contribute to the tail bud, notochord and somites; it is possible that caudal neuroectodermal and mesodermal cells originate from caudally-located stem cells that have the ability to generate several different types of differentiated cell (i.e. are multipotent). The outcome of secondary neurulation is the generation of the caudal neural tube which is continuous with neural tube generated by primary neurulation. Secondary neurulation resembles the process that generates the entire neural tube in some species of fish. In these animals, the first step in neurulation generates a neuroectodermal structure called the neural keel, which is a thickening of the neural plate along its rostral to caudal axis Fig. 2.9(c). Subsequent steps result in the formation of a solid rod of cells that cavitates along its length.

stem cell a relatively unspecialized cell that can divide repeatedly to regenerate itself (self-renewal) and give rise to more specialized cells, such as neurons or glia.

2.6 Formation of invertebrate and vertebrate peripheral nervous systems

The descriptions above have concentrated largely on the development of central nervous systems. Peripheral nervous systems are made up from all the neurons that reside or extend axons outside the central nervous system. They are essential for extracting sensory information from the animal’s internal and external environment and for controlling the actions of the body.
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2.6.1 Invertebrates [image: c02_image021.jpg]

The sensory nervous system of Drosophila provides an excellent model for the study of mechanisms regulating the development of specific cell types. It is represented largely by small sense organs called sensilla (singular: sensillum); a diagram of one is on the right. These comprise one or more bipolar neurons and a number of support cells. There are different types of sensillum for different sensory modalities. The most visible type is the sensory bristle, which consists of one sensory neuron and three support cells that form the bristle shaft and socket, and a sheath cell for the neuron (shown on the right, taken from Fig. 2.2 earlier in this chapter).


bipolar neuron a neuron with two projections emanating from the cell body or soma.

Sensilla develop from individual ectodermal cells called sense organ precursors (SOPs) (also known as sensory mother cells). Their locations and development were illustrated earlier, on the left-hand side of Fig. 2.2(b)–(d). SOPs appear in a segmentally repeated pattern just like neuroblasts, except that they are derived mostly from the lateral ectoderm. Each SOP then divides in a highly stereotypic manner to give the four cells that differentiate to give the sensillum. Depending on the location of the SOP, a fifth cell from this lineage either dies, forms a glial cell, or forms a separate multipolar neuron. At the end of embryogenesis, there are just 43 sensory neurons on each side of each larval body segment, although there are many more in the head.

multipolar neuron a type of neuron that has a single axon and several dendrites extending from its body.

The adult is also covered with sensilla (flies are notably bristly), but these arise much later in the pupa during metamorphosis. Within the pupa are epithelial sheets of undifferentiated ectodermal cells called imaginal discs, which give rise to the external cuticle of the fly. SOPs for adult sensilla are formed in these imaginal discs in patterns that are highly stereotypic. This feature of the larval and adult PNS has made them extremely useful in uncovering basic genetic mechanisms of neural development; this work will be discussed further in Chapters 4 and 5.

2.6.2 Vertebrates: the neural crest and the placodes

In vertebrates, most cells of the peripheral nervous system come from the neural crest (Figs 2.4(c), 2.6(d) and 2.10), which originates from the lateral edges of the neuroectoderm. Once these edges have joined to form the neural tube, neural crest cells end up dorsally along the line of fusion (Fig.  2.4(c)). Neural crest cells migrate widely throughout the body, contributing sensory neurons, autonomic neurons, neurons that innervate internal organs such as the gut, Schwann cells and other peripheral glial cells (Fig. 2.10). The neural crest also generates non-neural cells. Some of these contribute to structures including the adrenal medulla; others are pigment cells (called melanocytes) that migrate to the skin, hair and eyes. Rostrally, neural crest cells from cranial regions contribute to non-neural head structures including bone, cartilage and connective tissue.

autonomic neurons neurons in the peripheral nervous system that control body functions below the level of consciousness, such as respiration, heart rate, digestion, and so on.

Schwann cells glial cells of the peripheral nervous system that produce the myelin sheath around axons.

Fig. 2.10 Diagram illustrating the paths taken by neural crest cells in the trunk of a chick embryo. (a) The embryo seen from the side is cut as shown by the line to give (b) a cross section through the trunk. Some neural crest cells migrate under the skin and form melanocytes (pigment cells); others migrate in more ventral directions to regions alongside the neural tube (where they form dorsal root ganglia), near to the aorta (where they form autonomic neurons, aortic plexuses and adrenal medulla) and around the gut (where they form the enteric nervous system).
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Throughout the body, peripheral neurons and glia gather into dense collections called ganglia (Fig. 2.10). Ganglia in the head of vertebrates, such as the trigeminal ganglion (which transmits sensation from the face), the vestibulo-cochlear ganglion (which transmits signals from the ear) and others, are derived not only from neural crest but also from bilateral thickenings of the ectoderm of the vertebrate head, called cranial placodes (Fig. 2.11). As well as contributing neurons to sensory cranial ganglia, the placodes generate sensory structures including the olfactory sensory epithelium, lens and inner ear.

Fig. 2.11 The cranial placodes, shown on a diagram of a chick embryo. Similar to SOPs in Drosophila (Fig. 2.2 and Section 2.6.1), the cranial placodes arise in lateral ectoderm. Most rostral are the olfactory placodes, which generate the olfactory epithelium and its sensory neurons, and the lens placodes. Further caudally lie the trigeminal, geniculate, petrosal and nodose placodes, all of which contribute neurons to cranial sensory ganglia, and the otic placode, which generates the inner ear including its sensory epithelium and the auditory and vestibular ganglia.
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2.6.3 Vertebrates: development of sense organs

The way in which the lens develops from the lens placode has already been described in Box 2.2. The development of the inner ear provides another good example of how vertebrate sense organs develop.

The vertebrate inner ear is made up of a labyrinth of fluid-filled chambers. These are derived from the otic placode, whose position alongside the developing hindbrain is shown in Fig. 2.11. The otic placode invaginates (a bit like the lens vesicle, Box 2.2) and pinches off from the surface ectoderm to form the otic vesicle (or otocyst) (Fig. 2.12). As the otic vesicle grows its shape changes dramatically, generating the complex structure of the inner ear (Fig.  2.12). Specific parts of the otic vesicle give rise to (i) the hair cells that detect the sensory stimuli and (ii) the auditory sensory neurons that innervate them. The molecular mechanisms which control inner ear hair cell formation will be discussed in Chapter 5.4

Fig. 2.12 (a) The ear in humans showing its major components, including the vestibulo-cochlear nerve (also known as the auditory or eighth cranial nerve) responsible for transmitting information on sound and balance to the brain. (b) to (f) Steps in the early formation of the inner ear studied in chick, from the otic placode through the formation of a cup and eventually a fluid-filled chamber with the vestibulo-cochlear ganglion of the auditory nerve developing on its medial side.
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2.7 Summary

	The early embryos of animals are organized into three primary tissues called the germ layers: an outer layer called the ectoderm, a middle layer called the mesoderm and an inner layer called the endoderm. Ectodermal derivatives include the epidermis (or skin) and the nervous system, which is derived from the neuroectoderm.
	There is great variation from species to species in the shapes of the three germ layers but their presence and relative positions remain conserved.
	Formation of the germ layers occurs at gastrulation. Gastrulation involves the movement of cells from the outer surface of the embryo to its inside.
	The mature central nervous system of vertebrates is hollow. In most species this reflects its origin from a hollow structure in the embryo known as the neural tube, which is formed by the folding of an earlier structure called the neural plate.
	The anterior part of the neural tube forms the forebrain, the midbrain and the hindbrain. The posterior part of the neural tube forms the spinal cord.
	Most cellular proliferation occurs on the inner side of the neural tube closest to its lumen. Cells destined to become neurons migrate away from this proliferative zone towards the outside of the tube to differentiate into mature neurons.
	Cells along the dorsal neural tube give rise to the neural crest.
	The peripheral nervous systems of flies develop from ectodermal cells called sense organ precursors (SOPs). In vertebrates, most cells of the peripheral nervous system come from the neural crest. Others are derived from bilateral thickenings of the ectoderm of the vertebrate head, called cranial placodes. The placodes generate sensory structures including the olfactory sensory epithelium, lens and inner ear.


1 http://www.wormatlas.org/ [20 November 2010].

2 For details refer to Tissot, M. and Stocker, R. F. (2000) Metamorphosis in Drosophila and other insects: the fate of neurons throughout the stages. Prog Neurobiol., 62, 89–111.

3 For more information see Copp, A. J. and Greene, N. D. (2010) Genetics and development other end of the neural tube that nor-of neural tube defects. J. Pathol., 220, 217–30. mally closes eventually

4 For more on this topic, see Ladher, R. K., O’Neill, P. and Begbie, J. (2010) From shared lineage to distinct functions: the development of the inner ear and epibranchial placodes. Development, 137, 1777– 85.
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