Tetrapod Limb Formation
There are four limb buds in land vertebrates, always opposite each other across midline

· limbs can form in a limb field
· can still form if some tissues are removed (only slower)

· but removal of the ring of progenitors surrounding the limb as well will prevent limb development entirely

· early on, limb field regulates for lost or added parts

· excision and relocation of half a limb field will generate a new limb

· splitting (by cysts) results in multiple limbs at one site
· limbs develop at different somite numbers, but are constant wrt Hox gene expression along anterior-posterior axis

· forelimb buds are found at the first thoracic vertebra, the most anterior expression point of Hoxc-6

· retinoic acid is essential for limb bud outgrowth
· gradient of RA along anterior-posterior axis activates cascade of homeotic genes (source is probably Hensen’s node)

· exposure to RA allows amputated limbs to reform
· limb bud is formed by FGF10 secreted by lateral plate mesoderm
· it’s initially expressed throughout the mesoderm, but later its expression is restricted by limb bud sites by Wnt2b (in forelimb regions) and Wnt8c (in hindlimb region)

· FGF10 induces apical ectodermal ridge (AER) formation in competent ectoderm (at boundary of dorsal and ventral sides) through Wnt3a and FGF8 expression
· FGF8 is a reciprocal signal back to mesenchyme that maintains mitosis and FGF10 expression (feedback loop); and prevents cartilage formation
· cells proliferate and migrate out of the lateral plate mesoderm

· forms the skeletal precursors 

· limb bud bulges outward

· musculature of limbs is formed by myotome (from the somites)

· forelimb is specified by expression of Tbx5; hindlimb, by Tbx4
· showed this by inducing growth of a chimeric limb with a bead of FGF10 at interface of Tbx4 and -5
· humans heterozygous for TBX5 have Holt-Oram syndrome (heart and upper limb abnormalities; legs unaffected)
Roles of the AER:

· maintain underlying mesenchyme so there is linear growth of the limb

· maintain molecules that generate anterior-posterior axis

· interact with proteins specifying anterior-posterior and dorsal-ventral axes; instruct differentiation

The progress zone (PZ) is the distal mesenchyme below the AER

(1) If AER is removed at any time, development ceases
(2) If an extra AER is grafted onto an existing limb, supernumerary structures are formed

(3) If leg mesenchyme is placed below a wing AER, distal hindlimb structures will form at the end

(4) If limb mesenchyme is replaced by non-limb mesenchyme beneath the AER, the AER regresses and limb development stops.

There are 3 axes:
· proximal-distal

· stylopod (proximal), zeugopod (middle), autopod (distal)

· this pattern is common to the bones of any limb

· bone replaces cartilage in that order
· the AER determines the proximal-distal polarity

· removal of it at various stages of development interrupts limb formation

· Progress zone model postulates that the amount of time the mesodermal cell spends dividing in the PZ determines how distal its specification is

· this is not true, time in PZ does not specify position
· early allocation and progenitor expansion model says early cells are specified and division just increases the number of these discrete populations

· there are predetermined individual regions in a limb bud; limb formation is the result of cell proliferation in each of the individual regions

· Hox genes play a role in determining where the limbs will form, but also whether a mesenchymal cell will become part of the stylopod, zeugopod, or autopod

· 9-13th paralogue groups appear to be active in mouse forelimbs

· anterior-posterior

· little fingers are posterior; thumb is anterior

· specification of this axis occurs before visible limb bud forms, by a small block of mesodermal tissue near the posterior junction of limb bud and body wall

· called the zone of polarizing activity (ZPA)
· transplanted ZPA can induce formation of additional digits that mirror those usually present
· sonic hedgehog is expressed in ZPA
· shown by inserting shh-expressing cells into limb bud anteriorly; you get a mirror image duplication

· shh is activated by FGF coming from AER; FGF8 activates shh only in posterior portion (of mesenchyme) where Hoxb-8 and dHAND (transcription factors) are already present
· digit specification is depending on the amount of time Shh is expressed, and somewhat by the [Shh[ that other cells receive

· digit 5 is exposed/expresses Shh longer than digit 4 (which was exposed in autocrine fashion, but it moves out and then is affected in paracrine)
· shh establishes a gradient of BMPs 2 and 7 in the interdigital spaces
· removing the space or putting BMP inhibitor there changes the identity of the digit anterior to it, into the digit anterior to it 

· ie. Removing the space between digits 2 and 3 changes digit 3 into another digit 2
· dorsal-ventral

· knuckle is dorsal; palm is ventral

· axis is determined by ectoderm surrounding the limb bud

· wnt7a is expressed on dorsal side but not ventral

· wnt7a induces Lmx1 ( induces dorsal fate if expressed in ventral cells

· wnt7a also maintains Shh (showing that molecules that define one axes may be used in maintaining another)
Cell death and Formation of Digits sand Joints
· the death or lack of death of specific cells in the vertebrate limb is genetically programmed
· interdigital necrotic zone = part between digits that dies

· interior necrotic zone = separate ulna and radius

· anterior and posterior necrotic zones = shape the end of the limb

· the cells die by apoptosis, not necrosis, signaled by BMP2 or BMP7
· if you inhibit BMP, there’s no apoptosis = syndactyly
· so initially, Dkk is present (Wnt inhibitor), so apoptosis occurs

· later, no Dkk is expressed, so the same BMPs later induce formation of bone and cartilage tissue in developing limb
· BMP2 and GDF5 are expressed in regions between the bones were joints will form
· In the absence of Noggin, there is no GDF5 expression or joint formation; nearly all mesenchyme is converted into cartilage (big hunk of bone)
· Wnt proteins and blood vessels are also critical in joint formation

Sex Determination

Chromosomal sex determination:
· in mammals, presence of a second X or Y chromosome determines M/F

· in birds, male = ZZ, female = ZW

· in flies, Y chromosome is unimportant; ratio of X chromosomes to autosomes determines sex

· in bees, wasps, and ants, diploid eggs = females; haploid = male
Sex Chromosome Abnormalities:

Turner Syndrome: XO
Metafemales: XXX (undistinguishable from other females)
Klinefelter Syndrome: XXY
XYY Syndrome: super males (XYY)
Primary and Secondary Sex Determination
Primary sex determination = determination of gonads 

· it is strictly chromosomal, not usually influenced by environment

· bipotential gonad can differentiate into testis or ovaries 

· it appears in mesoderm in week 4 and remains sexually indifferent until week 7

Male
· somatic cells initiate differentiation into Sertoli cells, which then organize themselves into testis cords

· cords form loops in the medullary region of the developing testes and are connected to a network of thin canals, called rete testes

· eventually testis cords become separated from surface epithelium by a thick extracellular matrix, the tunica albuginea

· Sertoli cells secrete Anti-Müllerian Hormone that blocks development of female ducts

· interstitial mesenchyme differentiate into Leydig cells which make testosterone

· at puberty, sex cords hollow to form seminiferous tubules; germ cells migrate to the periphery of these tubules to differentiate into sperm
· sperm passes from seminiferous tubules through rete testes into efferent ducts

· efferent ducts link testis to Wolffian duct, which differentiates into epididymis and vas deferens
SRY: The Y Chromosome Sex Determinant

· Sex-determining region of the Y chrosome

· found on the short arm of the Y chromosome, specifically in mammals

· codes for a 223 AA protein, probably a transcription factor that contains a high-mobility group (HMG) box (a DNA-binding domain)

· when XX mouse is made transgenic for SRY, it has the same external genitalia as an XY male (can’t produce sperm)

· has yet to be found bound to a target

· acts as a switch to activate Sox9 (in humans)

SOX9: an autosomal testis-determining gene

· another HMG-box protein; it is an autosomal gene that can induce testis formation

· XX with extra SOX9 copy develop as males even in absence of SRY gene

· XX mice made transgenic for Sox9 develop testes but no sperm

· knockout of Sox9 will cause sex reversal; XY can’t form testes even with Sry

· if one copy is missing in XY, 75% of them appear female or are hermaphrodites

· found throughout the vertebrate phyla

FGF9: fibroblast growth factor 9 

· may be regulated by SOX9 or SRY

· homozygous mutants are almost all female

· causes proliferation and differentiation of Sertoli cell precursors

· brings mesonephric cells into the gonad which are important in forming the testis cords

· in males, + Sry allows for the migration of mesonephric cells into urogenital rudiment

· fgf9 incubated with an XX urogenital rudiment allows for migration of mesonephric cells (whereas there should be none in females)

SF1: The link between SRY and the male developmental pathways

· steroidogenic factor 1 (SF1) is important in formation of bipotential gonad
· in females, Sf1 levels are downregulated in the genital ride

· Sf1 levels remain high in the developing testis; important in masculinizing Leydig and Sertoli cells

· in Sertoli cells, Sf1 + Sox9 elevate levels of AMH transcription
· in Leydig cells, Sf1 induces testosterone genes

Female

· sex rods break down
· germ cells (ova) accumulate at the outer surface of the gonad, surrounded by somatic cells (which form cortical sex cords ( become granulosa cells)

· mesenchyme cells of the ovary differentiate into thecal cells
· thecal + granulose cells will form the follicles (they envelop a single germ cell (oogonium) that will enter meiosis, and secrete steroid hormones)

· Müllerian duct does not degenerate: differentiates into oviducts, uterus, cervix, and upper vagina
DAX1: a potential testis-suppressing gene on the X chromosome

· it is a member of the nuclear hormone receptor family
· initially expressed in genital ridges of both sexes (there’s Sry and Dax1 overlap in males, but only Dax1 in females); then Dax1 expression stops in males
· Dax1 antagonizes the function of Sry and Sox9, and downregulates Sf1 expression

· excess Dax1 expression (ie. 2 copies of DAX1 on X chromosome in XY humans) results in (gonadal dysgenesis and) female phenotype
WNT4: a potential ovary-determining gene on an autosome
· Wnt4 is present in bipotential genital ridge, then becomes undetectable in XY gonads but maintained in XX gonads as they begin to form ovaries

· transgenic mice that lack Wnt4 gene fail to properly form ovaries

· duplication of WNT4 region in XY humans overproduce DAX1 and form ovaries

· SRY may repress WNT4 expression and promote FGF9

	
	Male
	Female

	Gonads
Gonadal Type

Germ cell location
	Testis

Inside testis cords (in medulla of testis)
	Ovary

Inside follicles of ovarian cortex

	Ducts
Remaining duct

Duct differentiation
	Wolffian

Vas deferens, epididymus, seminal vesicle
	Müllerian

Oviduct, uterus, cervix, upper portion of vagina

	Molecules
	SRY
SOX9

FGF9

SF1
	DAX1
WNT4


Secondary Sex Determination = phenotype outside the gonads 
(ie.ductal systems and external genitalia)
· driven by hormonal expression in ovaries/testes
· male: penis, seminal vesicles, prostate gland
· female: vagina, cervix, uterus, oviducts, mammary glands

· specific body size, musculature, vocal characteristics

· there are two phases: first in embryo during organogenesis, second at puberty

· default sex is female even without functional ovaries (maternal estrogen will turn fetus female) (ie. If you remove the bipotential gonad)
· male requires two hormones: AMH and testosterone

· androgen insensitivity syndrome:

· XY individuals have SRY gene = have testes that make testosterone and AMH

· they lack the receptor protein for testosterone, but are able to respond to estrogen made by adrenal glands ( develop female phenotype (but are sterile)
· they can respond to AMH though; Müllerian ducts degenerate

· pseudohermaphroditism (one of several intersex conditions, where M/F traits seen in same individual) ( gonad and secondary sex characteristics contradict

· testosterone turns into dihydrotestosterone, which controls masculinization of external genitalia
Estrogen is necessary for both males and females

· estrogen is needed for the complete development of Müllerian and Wolffian ducts  
· in females, fetal ovaries provide sufficient estrogen to induce differentiation of Müllerian ducts
· in males, estrogen is needed for sperm formation and concentration; without it, vas deferens won’t absorb water from rete testis and mouse is sterile

· circulatory estrogen is higher in females, but concentration is even higher in the male rete testis

Brain sex
· brain is regulated directly by X and Y chromosomes, even before gonads differentiate

· Sry gene is expressed in brain as well as testes
· sexual dimorphism in brain is best exemplified in birds (males have large brain regions that produce song, females do not)

· some animals have male and female parts = gynandromorphs

Chromosomal Sex Determination in Drosophila
· females are XX and males are XY, but…

· sex is based on balance of female determinants on X chromosome and male determinants on the autosomes (nothing to do with the Y!) 

· 1X:2A = male (ie. 1 X chromosome in a diploid cell)
· 2X:2A = female (2 X chromosomes in diploid cell)

· Y is important in sperm formation, so XO flies are sterile

· animals can have some male and female regions when an X chromosome is lost from one embryonic nucleus; cells descended from that cell are XO male instead of XX female
· in XX, there is a specific splicing that leads to making Sex-lethal (Sxl); then transformer (tra) and transformer-2 (tra2) are also transcribed/translated
· Tra’s prevent the activation of fruitless gene

· then a female version of doublesex (dsx) is made that is missing certain sections that the male version has
· in the male, lack of Tra proteins yields male dsx and fruitless
