Chapter 47



ANIMAL DEVELOPMENT
Development, or ontogeny, is an orderly, predictable sequence of events beginning with fertilization and ending with death. 

It includes fertilization, embryogenesis, birth, infancy, childhood, adolescence, adulthood, senescence, and death.

Messenger RNA, proteins and other substances made by the mother are heterogeneously distributed in the unfertilized egg, and these substances have a profound effect on the development of the future embryo.

These substances contributed by the mother are called cytoplasmic determinants.

These substances affect development of the cells that inherit them during early mitotic divisions of the zygote. 
In some species, the initial differences between cells are due primarily to their location in embryonic regions with different characteristics.
Both, cytoplasmic determinants and location are important in establishing differences between early embryonic cells. 

Morphogenesis is the process by which an animal takes shape and the differentiated cells end up in the appropriate locations. 
EARLY EMBRYONIC DEVELOPMENT

After fertilization, embryonic development proceeds through cleavage, gastrulation, and organogenesis. 

FERTILIZATION

Fertilization involves three steps. This description is based on the steps followed by sea urchin gametes during fertilization.

In sea  urchins:

1. The acrosomal reaction. Contact and recognition

A thin vitelline membrane made of protein fibers surrounds the plasma membrane of the egg and outside this, a thick glycoprotein layer called the jelly coat or zona pellucida (in mammals). The zona pellucida is made of three different types of glycoproteins.

Contact between the zona pellucida and the sperm causes the acrosomal reaction.
· Membranes surrounding the acrosome fuse.

· Pores enlarge and Ca ions move into the acrosome.

· Acrosome releases proteolytic enzymes and digests its path through the zona pellucida to the vitelline membrane.

· Growing actin filaments create the acrosomal process. 

· Species-specific proteins called bindin, located on the acrosomal process adheres to species-specific bindin on the vitelline membrane.

· Enzymes in the acrosomal process dissolve the vitelline coat allowing the contact between the egg's plasma membrane and the sperm's plasma membrane. 

Sperm enters the egg.

· After recognition, enzymes dissolve the area of contact between the acrosome and the vitelline membrane.

· The egg's plasma membrane has microvilli, which elongate to surround the head of the sperm forming the fertilization cone.

· Then the plasma membrane of the egg and sperm fuse.

· The fusion of the membranes causes ions channels to open in the egg's plasma membrane, allowing sodium ions to flow into the egg cell and change the membrane potential.

· The depolarization prevents more than one sperm cell from fusing with the egg's plasma membrane. This is a fast block to polyspermy. Depolarization occurs 1 to 3 seconds after the sperm binds to the vitelline layer. 

2. The Cortical Reaction.
· At the moment of fusion a signal transduction pathway causes the channel ions in the ER to open and Ca2+ pass into the cell. 

· Second messengers IP3 and DAG are involved in the opening of the ligand-gated calcium channels in the ER.

· Depolarization causes Ca granules beneath the plasma membrane to release Ca2+.

Cortical reaction. These granules also release enzymes by exocytosis into the area between the plasma membrane and the vitelline membrane.

· Enzymes from the granules separate the vitelline layer from the plasma membrane. Proteins linking the two membranes dissolve.

· Mucopolysaccharides produce osmotic gradient drawing water.

· Water passes into the space between the membranes.

· Vitelline membrane becomes elevated and hardens in some animals.

· The vitelline layer becomes the fertilization envelope, which prevents the entry of other sperms.

· Polyspermy is prevented.

3. Fertilization activates the egg.

Release of Ca2+ into the cytoplasm is necessary for the cortical reaction and it triggers metabolic changes.

A burst of protein synthesis occurs a few minutes after sperm entry.

Diacylglycerol or DAG, a second messenger, produced in the cortical reaction opens and causes transport proteins to pump H+ out of the cell. The cytosol becomes slightly alkaline. The pH change is apparently responsible for the increase in metabolism  

· Microtubules probably guide the sperm nucleus toward the egg nucleus.

· Both nuclei swell and are called pronuclei.

· They fuse to form the diploid nucleus of the zygote.

· DNA synthesis begins and the first cell division occurs about 90 minutes after fertilizations. 

In mammals fertilization is internal.

Secretions in the female reproductive tract alter surface proteins located on the sperm surface and cause them to change and motility increases. This is called capacitation.

"Freshly ejaculated sperm are unable or poorly able to fertilize. Rather, they must first undergo a series of changes known collectively as capacitation. Capacitation is associated with removal of adherent seminal plasma proteins, reorganization of plasma membrane lipids and proteins. It also seems to involve an influx of extracellular calcium, increase in cyclic AMP, and decrease in intracellular pH. The molecular details of capacitation appear to vary somewhat among species.

Capacitation occurs while sperm reside in the female reproductive tract for a period of time, as they normally do during gamete transport. The length of time required varies with species, but usually requires several hours. The sperm of many mammals, including humans, can also be capacitated by incubation in certain fertilization media."
http://arbl.cvmbs.colostate.edu/hbooks/pathphys/reprod/fert/fert.html
A loose layer of follicle cells surrounds the mammalian egg and the sperm must pass through this layer before reaching the zona pellucida. 

The zona pellucida consists of three layers of proteins. One of these glycoproteins functions as a sperm receptor. 

The binding of the sperm to the glycoproteins causes the acrosomal reaction and exposes a protein in the sperm membrane that binds and fuses with the egg membrane. 

The basal body of the sperm's flagellum divides and forms two centrosomes with centrioles in the zygote. They will produce the mitotic spindle for cell division. 

In mammals, the nuclei do not fuse immediately. The chromosomes of both parents share a common spindle during the first mitotic division.

The diploid nuclei of the two daughter cells contain chromosomes of both parents, the genome of the offspring. 

Cleavage of the zygote

Early development in the frog embryo:

Cleavage is a succession of rapid cell divisions following fertilization. 

During cleavage the cell cycle includes the S and M phases, but the G1 and G2 are often skipped.

The large zygote cell is divided into many small cells called blastomeres. 

Different regions of the cytoplasm of the zygote becomes divided into the many blastomeres

The different regions of the cytoplasm contain different substances, which will determine the developmental future of the blastomeres. 

Except for mammals, most animals have eggs and zygotes with a definite polarity

The distribution of mRNA, proteins and other substances including yolk is not homogenous.

Yolk is made of stored nutrients.

The pole where the yolk is more concentrated is called the vegetal pole, and the other the animal pole.

In some animals, the animal pole determines where the anterior end of the animal is going to develop. 

The animal pole has melanin granules that give a grayish color; the vegetal pole has the yellow yolk.

In amphibians, the area opposite to the sperm entry becomes light colored due to the movement of melanin granules toward the entry point of the sperm. This area is called the gray crescent and marks the dorsal side of the future embryo.

Yolk slows down cell division causing the early embryo to have two kinds of cells: large cells in the vegetal pole, and small cells in the animal pole. 

· The first cleavage was vertical through the animal and vegetal poles. The second cleavage was also vertical, but at right angles to the first. The third cleavage was horizontal but unequal. The embryo now consists of four smaller blastomeres (micromeres) at the animal pole and four larger blastomeres (macromeres) at the vegetal pole. 

Cleavage results in a solid ball of cells known as morula.

A blastocoel, a fluid-filled cavity, forms inside the morula creating a hollow ball, the blastula.

Yolk affects the cleavage in the eggs of birds, reptiles, fishes and insects.

In some animals, cleavage is restricted to a small disc of yolk-free cytoplasm at the animal pole of the egg. This is called meroblastic cleavage. 

A complete cleavage of the egg that has little yolk is called holoblastic cleavage, e. g. sea urchins and frogs.

Reference: starfish: http://www.uoguelph.ca/zoology/devobio/210labs/gastrulation1.html
Gastrulation

A three-layer embryo is called the gastrula and is formed from the blastula by the process of gastrulation.

Gastrulation differs from species to species but there are some similarities.

During gastrulation some cells on the surface of the embryo move to the interior and a three-layer embryo is formed.

· Ectoderm, mesoderm and endoderm

The process in the sea urchin.

· The blastula of sea urchins is one cell thick.

· Cells from the vegetal pole detach from the blastula wall and migrate to the blastocoel. These cells are called mesenchyme cells.

· Mesenchyme cell eventually will become the mesoderm.

· Remaining cells buckle inward in a process called invagination.

· Cells are rearranged and a deep narrow pouch called the archenteron forms.

· The open end of the archenteron is called the blastopore and will become the anus

· Mesenchyme cells form filopodia, string-like connections, between the archenteron and the ectoderm cells of the blastocoel wall. 

· Contraction of the filopodia contributes to the pulling of the archenteron cells towards the opposite end of the blastula. 

· A new opening forms at the other end of the archenteron that will become the mouth.

· The cells surrounding the archenteron will become the endoderm. 

The process in the frog is more complex. The blastula is several cells thick and has more yolk.

Gastrulation begins with the formation of the dorsal lip, a small tuck called the dorsal lip, formed by the invagination of the cells in that location. 

The invagination of cells forming the lip continues in a circular blastopore. The lip of the circular blastopore eventually surrounds a group of yolk-laden cells called the yolk plug.

The dorsal lip forms where the gray crescent was located.

Cells on the surface migrate to the inside of the embryo through the dorsal lip of the blastopore in a process called involution.

Once inside the embryo, these cells move away from the blastopore along the roof of the blastocoel.

These cells form then the endoderm, mesoderm and archenteron. The blastocoel shrinks as part of the gastrulation process.

Organogenesis

Organs derive from the three germ layers in a process called organogenesis.

· Ectoderm: skin and its derivatives; epithelial lining of mouth and rectum; cornea and lens of the eye; nervous system; adrenal medulla; tooth enamel; epithelium of pineal and pituitary glands.

· Endoderm: epithelial lining of digestive tract except mouth and rectum; epithelial lining of respiratory tract; liver; pancreas; thyroid; parathyroid; thymus; lining of urethra, urinary bladder and reproductive system. 

· Mesoderm: notochord; skeletal system; muscular system; circulatory and lymphatic systems; excretory system; reproductive system; dermis of skin; lining of body cavity; adrenal cortex. 

Brain, notochord and spinal cord are among the first organs to develop

First the notochord, in all chordate embryos, develops as a cylindrical rod of cells on the dorsal side. It is derived from mesodermal cells located just above the archenteron.

The developing notochord induces the overlying ectoderm to thicken and form the neural plate.

· Induction: certain cells stimulate or influence the differentiation of neighboring cells.

Cells from the neural plate move downward and form the neural groove flanked by the neural folds.

The ridges of the neural folds increase and eventually meet forming the neural tube.

The neural tube is formed beneath the surface. Its anterior portion will form the brain and the rest will differentiate into the spinal cord.

The neural crest consists of cells that lie near the neural tube and will differentiate into sensory neurons.

Later, the notochord will function as a core around which mesodermal cells gather and form the vertebrae. Part of the notochord persists in between the vertebrae as the vertebral discs.

Strips of mesoderm lateral to the notochord separate into blocks of cells called somites. 

The somites are arranged serially on both sides along the length of the notochord. 

Somites give rise to the vertebrae and muscles associated with the axial skeleton, e. g. intercostal muscles. 

Lateral to the somites, the mesoderm splits into two layers that form the lining of the body cavity or coelom. 

A layer of ectodermal cells called the neural crest is located above the neural tube and below the outer layer of the ectoderm. These cells migrate to various parts of the embryo.

The neural crest cells form pigment cells of the skin, some of the bones and muscles of the skull, the teeth, the medulla of the adrenal glands, and peripheral components of the nervous system. 

Amniote embryos

Amniote embryos develop in a fluid-filled sac within a shell or uterus. 

The shelled egg of reptiles and birds and the uterus of placental mammals are adaptations to reproduction in the dry terrestrial environment. 

The amnion is membranous sac filled with fluid that surrounds the embryo. 

Mammalian development: 

In most mammals, fertilization takes place in the oviduct, and early cleavage occurs while the embryo travels down the oviduct on its way to the uterus. 

The mammalian egg has little food reserves and is very small.

Cleavage: 

· Cleavage of the zygote is holoblastic and there is no obvious polarity with respect to the contents of the cytoplasm. The blastomeres are of equal size. 

· Cleavage is slow: in humans the first cell division is completed about 36 hours after fertilization; the second division after 60 hours; and the third division after 72 hours.

· The human blastocyst (blastula) is formed by about the seventh day.

· An inner cell mass is located at one side inside the blastocyst.

· The inner cell mass will develop into the embryo and the extraembryonic membranes.

· The outer layer of cells surrounding the cavity is called the trophoblast.

· The trophoblast and some mesodermal cells will eventually form the fetal portion of the placenta. 

Implantation: 

· The trophoblast secretes enzymes that allow the embryo to penetrate the endometrium of the uterus.

· The trophoblast begins to expand and form finger-like projections into the endometrium.

· The placenta will form from the invading trophoblast and the endometrium it invades.

· About this time, the inner cell mass forms a hypoblast and an epiblast.

· The embryo will eventually develop from the epiblast and the extraembryonic membranes from the hypoblast, as in birds. 

Extraembryonic membranes:

· The trophoblast will give rise to the chorion.

· The part of the epiblast will form the amnion.
· Some mesodermal cells derived from the epiblast will form part of the placenta.

Gastrulation: 

· Gastrulation follows the avian pattern: epiblastic cells migrate inward to form the mesoderm and the endoderm.

· Chorion develops from the trophoblast.

· Amnion develops from the epiblast and forms a dome above the proliferating epiblast. 

· The amnion eventually forms a cavity filled with fluid that surround the embryo.

· The yolk sac encloses another cavity but it contains no yolk.

· The yolk sac eventually will form blood vessels that will become part of the embryo.

· The allantois develops as an outpocketing of the embryo's gut.

· The allantois becomes past of the umbilical cord, where it forms blood vessels that transport substances between the embryo and the mother.

Organogenesis:

· The neural tube, notochord and somites form first.

· By the end of the first trimester, the rudiments of all the major organs have developed from the three germ layers.

CELLULAR AND MOLECULAR BASIS OF MORPHOGENESIS AND DIFFERENTIATION IN ANIMALS

MORPHOGENESIS

Morphogenesis involves changes in the position of cells, their shape and adhesion to other cells.

Morphogenesis involves the movement of cells in animals. Cells do not migrate in plant embryos.

Changes in shape:

Reorganization of the cytoskeleton changes the shape of the cells.

· Microtubules oriented along one of the axes help elongate the cell.

· Microfilaments of actin oriented perpendicular to the lengthening axis and located at one end of the cell, contract and contribute to the wedge shape formation of the cell.
· Example: See figure 47.19 on page 1001.
Cell movement:

· Cells migrate in the embryo by means of cytoskeletal fibers to extend or retract cellular protrusions. 

· Protrusions of migrating cells are usually in the form of flat sheets called lamellipodia, or spikes called filopodia. 

· By means of filopodia, a cell forms a wedge in between two cells and then drags the rest of the cell to the in-between position inserting itself between the two cells. This method is used in convergent extension.

· By means of convergent extension, a sheet of cells becomes narrower but longer.

What triggers cell movement along certain path is not understood:

· Glycoproteins in the extracellular matrix (ECM) are apparently involved.

· Glycoproteins may provide anchorage for the crawling cells.

· Receptor proteins on the surface of the migrating cells pick up chemical signals from the surrounding cells.

· These environmental signals direct the cytoskeleton to assemble or not in a given direction. 

· Non-moving cells along the path of the migrating cells may secrete substances that inhibit movement in certain direction and help the migrating cells move along the right path.

Cell adhesion:

· Cell adhesion molecules called CAMs are located on the surface of cells and can bind to the CAMs of adjacent cells. 

· CAMs vary in amount and chemical identity and this helps regulate cell movement and tissue building. 

· Cadherins are molecules important in the adhesion of cells. They require calcium for proper function. They are a type of CAM molecules.

Differentiation

Development requires the timely differentiation of many kinds of cells in specific locations.

1. In many animals, the uneven distribution of cytoplasmic determinants in the unfertilized egg leads to regional differences in the early embryo.

2. Interaction among embryonic cells brings about changes in gene expression, which in turn, bring about the differentiation of specialized cell types. This is called induction.

The researchers have been able to trace the fate of blastula cells through gastrula and later embryonic tissues. 

The diagram of the blastula that determines later stages in the embryo is called a fate map.

Fate map reveal the future development of individual cells and tissues.

Cytoplasmic determinants

Polarity and basic body plan is determined in frogs by the distribution of melanin and yolk in the egg, which will determine the animal and vegetal poles.

In mammals, the point of entry of the sperm is apparently involved in determining the axis. Polarity is not clear until after cleavage.

In many animals only the zygote is totipotent. It has the ability to develop into a complete organism.

In amphibians, the pattern of cleavage is crucial. E. g. if the cleavage is such that the gray crescent goes only to one blastomere, the one without gray crescent does not develop into an organism, but the one with the gray crescent does. 

Up the eight-cell stage, the blastomeres of mammals are totipotent.

In general, by the late gastrula the fate of the cells has been fixed. 

Inductive signals

As cells with different potential arise, these cells can influence the development of other cells. 

Induction is the switching on of a set of genes that make the cells differentiate into a tissue.

Experiments have shown that the dorsal lip of the blastopore of amphibians play a crucial role in determining the fate of blastula cells. The dorsal lip cells are called the primary organizer.

Bone morphogenic proteins (BMP) are apparently involved in determining the fate of cells. 

Organizer cells are apparently involved in inactivating the BMP molecules by producing molecules that bind to the BMP molecules. 

Inductive signals play a major role in the arrangement of organs and tissues in their characteristic places, the pattern formation.

Molecular cues give positional information and tell the cells where they are located with respect to the animal's axis, and how the cells and the cells derived from it should respond to future molecular signals.

Pattern formation requires cells to receive and interpret environmental cues that vary from one location to another.

Several proteins have been identified as signals for the formation of organs in a specific location.

Concentration gradient of molecules that provide positional information along the embryonic axis may be involved in triggering the production of something that acts in a graded manner. 

Earlier environmental signals set up the patterns of gene expression that distinguish the organs formed from a group of cells from those formed by a different group of cells.

A hierarchy of gene activations eventually affects the expression of homeobox-containing genes (Hox).

Hox genes seem to be involved in specifying the identity of various regions of the embryo and forming organs.

Homeobox is a sequence of about 180 nucleotides found within the coding region of many eukaryote genes.

· Similar and identical genes have been found in many species of animals (insects, nematodes, mollusks, fish, frogs, humans and other mammals, birds, etc).

· Similar sequences have been found in plants, fungi, yeast and prokaryotes.

These sequences containing positional information of organs and parts probably evolved very early in the history of life. It is very valuable and has been conserved unchanged in animals for millions of years.

These Hox genes have kept the same chromosomal arrangement in many species of animals. E. g. they have the same linear chromosomal arrangement in Drosophila and mice.

Homeobox-containing genes are not all homeotic genes.

These genes are involved in the expression of body part-specific, organ-specific and tissue-specific characteristics.

· They affect cell positioning and differentiation.

· They are responsible for place, repetition or elimination of structures in body segments.

Our current knowledge about how the information provided by the Hox genes is used to produce particular morphological structures is very limited.

Vertebrate Limb Development
· Lateral plate mesoderm forms the bones of the limb.

· Forelimb bones are: humerus, radius & ulna, metacarpals, digits 

· The vertebrate limb has three different axes that must be established in development. 

· Proximal to distal axis:  shoulder to fingertip (FGF in the Apical Ectodermal Ridge or limb bud, AER). 

· Anterior to posterior axis:  thumb to pinky  (sonic hedgehog in the zone polarizing activity, ZPA) 

· Dorsal to ventral axis:  nail to palm (Wnt-7a).

· FGF maintain mitotic activity. 

· The limb develops as a cooperative morphogenetic field where the chemicals involved in establishing the three different axes interact cooperatively. 

